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Objective of this thesis is to study available solutions to protect E-STATCOM components
with focus on utilization of solid-state devices. E-STATCOM combines traditional STAT-
COM as reactive power compensator with supercapacitor energy storage for active power
and virtually emulates inertia of synchronous generators. High-capacity energy storage, di-
rect current, high voltage and low impedance set challenges for fast fault current interruption.
In this work, through literature review, available technologies are reviewed for possible op-
tions. With supportive simulations, worst cases characteristics and suitability of solid-state
devices as circuit breakers are evaluated. Finally, embedded or internal protection strategies
of energy storage systems are investigated and discussed.

It has been concluded that solid-state circuit breakers would be the best solution for fast and
arc-less operation. Yet, due to high losses and costly design, such solutions are not techno-
economically justified. While E-STATCOM is installed in small areas and mainly indoors,
possibility of DC faults is expected to be near zero. This means that there is no benefit to
having individual direct current circuit breakers, beside the fact that it does not protect energy
storage from internal faults. It is recommended that energy storage has internal protection
strategy, which would inherently provide circuit breaking capability for external DC faults.
Such solution could be distributed with solid-state switches, but the same disadvantages still
apply. There have not been recognized any commercially viable ultimate solutions, but based
on patents, energy storage manufacturers are considering different options.
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Tdmén diplomityOn tavoitteena oli tutkia mahdollisia suojausratkaisuita E-STATCOM lait-
teille, painottaen erityisesti puolijohdekomponentteihin. E-STATCOM yhdistii perinteisen
STATCOM loistehokompensointilaitteiston superkondensaattorienergiavarastoon, joka va-
rastoi patotehoa seki jiljittelee virtuaalisesti tahtigeneraattoreiden inertiaa. Suuri energia-
varasto, tasavirta, korkea jannite ja vihdinen impedanssi asettavat haasteensa nopealle vika-
virran katkaisulle. Tdssid tyossd mahdollisia teknologiaratkaisuita arvioidaan kirjallisuuskat-
sauksen kautta. Simulointien avulla tarkastellaan pahimpia vikatilanteita sekd puolijohde-
komponenttien soveltuvuutta katkaisijoina. Lopuksi tutkitaan ja pohditaan energiavarastoi-
den sisdisid suojausratkaisuita.

Yleisesti voidaan todeta, ettd puolijohdekomponentit soveltavat parhaiten nopeaan ja valo-
kaarettomaan virran katkaisuun. Kuitenkin suurten hédvididen ja kalliin toteutuksen takia,
kyseinen ratkaisu ei ole kustannustehokkaasti perusteltavissa. Koska E-STATCOM laitteisto
on asennettu pienelle alueelle sekd pddsddntoisesti sisdtiloihin, tasavirtaosien vikojen ei ole-
teta olevan todennikoisid. Tadmén takia erillisistd tasavirtakatkaisijoista ei saada hyotyé, eikd
nimd itseasiassa kykene suojaamaan energiavarastoa sisdisiltd vioilta. Siksi suositellaan, ettid
energiavarastolla on sisdinen suojausstrategia, joka mahdollistaa myos vikavirran katkaisun
ulkoisissa vioissa. Tdssd voitaisiin hyodyntdéd hajautettua puolijohdekomponenteilla tapah-
tuvaa katkaisua, tosin sama haitat péitevit myos tdlloin. Yhtékiidn kaupallisesti kannattavaa
kokonaisvaltaista ratkaisua ei ole 16ydetty, mutta patenttihakemusten perusteella energiava-
rastovalmistajat ovat pohtineet erilaisia ratkaisuita.
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Symbols and abbreviations

Latin characters

A current characteristic constant

C capacitance F
C voltage characteristic constant

f frequency Hz
1 current A
i instantaneous current A
I current phasor A
k controller gain

L inductance H
P active power A\
0 reactive power var
R resistance Q
T transformation matrix

ty time delay S
Vv voltage \"
Ve submodule capacitor voltage \Y
Vy diode forward voltage \Y
v instantaneous voltage A"
A\ voltage phasor \"
w work J
X reactance Q
Greek characters

B (beta) nonlinearity current index

0 (delta) angle between two voltages rad
Y (gamma) nonlinearity voltage index

u (mu) micro 1076
(0] (omega) angular frequency (27 f) rad/s
® (Theta) angular position in o 3-plane rad
0 (theta) angle between voltage and current rad



Subscripts

TOT

Superscripts

Abbreviations

AIN
CB
CCDC
CES
DCCB

zero-sequence, symmetrical components
alpha component, stationary reference frames
beta component, stationary reference frames
clamping

compensated

collector-emitter

direct current

diode

direct component, synchronous reference frames
integral

load

line

maximum

midpoint

ON-state

proportional

quadrature component, synchronous reference frames
root mean square

receiving end

sending end

snubber

source

total

reference

Aluminium Nitride

Circuit Breaker

Current Commutation Drive Circuit
Centralized Energy Storage

Direct Current Circuit Breaker



DES
DSBC
DSCC
EDLC
ESS
E-STATCOM
ETO
FACTS
G3203
GaN
GFL
GFM
HCB
HVDC
IGBT
LCS
MAF
MCB
MMC
MOSFET
MOV
MTDC
MVDC
PI

PLL
RB-IGCT
RBSOA
RCD
RCVT
RES
SDBC
SiC

SM
SSBC
SSCB
STATCOM
TSO
UFD

Distributed Energy Storage
Double-Star Bridge Cell
Double-Star Chopper Cell

Electric Double-Layer Capacitor
Energy Storage System

STATCOM with Energy Storage
Emitter Turn-Off Thyristor

Flexible AC Transmission System
Gallium Oxide

Gallium Nitride

Grid-Following Control
Grid-Forming Control

Hybrid Circuit Breaker

High Voltage Direct Current
Insulated-Gate Bipolar Transistor
Load Commutation Switch

Mean Average Filter

Mechanical Circuit Breaker
Modular Multilevel Converter
Metal-Oxide-Semiconductor Field-Effect Transistor
Metal-Oxide Varistor
Multi-Terminal Direct Current
Medium Voltage Direct Current
Proportional-Integral

Phase-Locked Loop

Reverse Blocking Integrated Gate-Commutated Thyristors
Reverse-Biased Safe Operating Area
Resistor-Capacitor-Diode Snubber
Resistive-Capacitive Voltage Transformer
Renewable Energy Source
Single-Delta Bridge Cell

Silicon Carbide

Submodule

Single-Star Bridge Cell

Solid-State Circuit Breaker

Static Synchronous Compensator
Transmission System Operator

Ultra-Fast Disconnector



VARC
VSC
VSG
VSI
WBG

VSC Assisted Resonant Current
Voltage Sourced Converter
Virtual Synchronous Generator

Voltage Source Inverter
Wide-Bandgap
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1 Introduction

Most of us are aware of the discussion around climate change and the need to reduce carbon
emissions and usage of fossil fuels. Renewable energy has been a hot topic for a while to
achieve necessary changes. For example, the European Union has released Directive (EU)
2023/2413 of the European Parliament and of the Council of 18 October 2023 amending
Directive (EU) 2018/2001, Regulation (EU) 2018/1999 and Directive 98/70/EC as regards
the promotion of energy from renewable sources, and repealing Council Directive (EU)
2015/652 (2023), where Union’s renewable energy share targets are set to 42.5% in 2030.
Solar and wind power might be the best known, and currently utilized, renewable energy
sources (RES). Such systems are connected to electrical grids via power electronics-based
converters, which are replacing traditional synchronous generators. Generators have inher-
ent capability to maintain and regulated voltage and frequency during disturbances, due to
the energy stored in rotating mass (Liang, 2017). Decrease in this stored kinetic energy and
system inertia has introduced concerns of system stability and as counter act, question how

to compensate such changes.

E-STATCOM is recognized and realized as one solution to present challenge. Static syn-
chronous compensator (STATCOM) is shunt-connected reactive power compensation device
(Hingorani & Gyugyi, 2000, pp. 164—166). This technology is mature level and is widely
utilized as voltage regulators. With prefix “E” is referred to energy storage as source of active
power. These devices have been under extensive study, but there are not yet unified naming
conventions. In this thesis, the term E-STATCOM is used to refer to Enchanced STATCOM,
or in general STATCOM devices equipped with energy storage systems (ESS), as this ter-
minilogy appears to be the most commonly used (also referedded to as ES-STATCOM).

However, one additional element remains to be considered.

Concept of virtual inertia control is presented to emulate the inertia of synchronous gener-
ators (Kerdphol et al., 2021, pp. 4-6). Virtual synchronous generators (VSG) are devices
which emulate inertia and use stored energy to compensate for kinetic energy (Ratnam,
Palanisamy & Yang, 2020). There are several methods to store required energy, for example
battery storage and supercapacitors, and every solution has its own advantages and disadvan-
tages. System requirements set some limitations for energy storage, such as capacity, charge
and discharge times, expected lifetime and environmental conditions. Some comparisons of
different ESSs can be found in an example from Sang et al. (2022) or Keskinen (2022). Here,

supercapacitors are considered as energy storage.

Studied system is now STATCOM with supercapacitor energy storage and suitable control

strategy. It is not clear what kind of future requirements will be set by transmission system
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operators (TSO) for such equipment at a system level, for example required active and re-
active power and by those voltage and current ratings. To fulfill recent requirements, ESS
will have relatively high DC voltage level. High voltage direct current (HVDC) sets its own

challenges especially in terms of circuit breaking.

Interrupting HVDC requires artificial current zero-crossing (Ito, 2019, pp. 506-509). Tra-
ditional circuit breakers (CB) are by that not suitable for E-STATCOM applications. Later
abbreviation DCCB as direct current circuit breaker is used. It is understood that protecting
E-STATCOM equipment, especially ESS and related DC terminals, is challenging and re-
quires new approaches. Low circuit impedance, high DC voltage and huge energy storage

sets new kinds of difficulties for engineering.

This thesis focuses on studying solid-state devices, which could be utilized to protect E-
STATCOM components. As solid-state devices, or more commonly semiconductors, do not
have moving parts and do not suffer from arching, are considered as solution to aforemen-
tioned problems. Yet to say, these have own disadvantages. First it is studied what kind of
direct current breaking possibilities there are from a techno-economical point of view. Then,
ESS protection strategies are considered with support of simulation results. The objective of
this thesis is to gather available information from recent achievements in the research field
with general information packets on technologies of topic to provide adapted solutions for
E-STATCOM protection design. While the primary goal is to present required information
to support decision making while defining ESS and HVDC equipment protection strategies

with opinion and recommendation for most suitable or promising approach.

Content of this thesis is organized as follows. Chapter 2 presents theory and main compo-
nents of E-STATCOM to provide necessary understanding for the system. HVDC circuit
breaking with implemented solutions are found in Chapter 3. Here focus is for most recent
advances especially related to solid-state devices, and realized DCCBs in use are also dis-
cussed. In Chapter 4 are simulated usage of DCCB with available system model. It shall
be understood that this thesis is not aiming for accurate modeling and simulation results, but
more to gain some insight into possible challenges and other findings to support for final
conclusions. Chapter 5 focuses on ESS protection strategy as comprehensive solution for
E-STATCOM while concentrating also to internal faults. Conclusions and recommendations

are provided in Chapter 6.
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2 Active and Reactive Power Compensation

In the following chapter basic principles and components of E-STATCOM are presented.
First, the operation of STATCOM as a reactive power compensator is introduced with com-
pact theory followed by a short introduction to ESS. The rest of the chapter focuses on
E-STATCOM as an entire system.

2.1 Flexible AC Transmission System

Flexible AC transmission systems (FACTS) are a concept of power electronic based con-
trollers. These can enhance the control of reactive power and power flow, increase active
power transmission capability and improve system stability under disturbances (Y.-H. Song
& Johns, 1999, pp. 30-31; Andersen & Nilsson, 2020, pp. 92-93). As a result of Iberian
Peninsula blackout in 2025, Spanish TSO Red Eléctrica recommended for improvements to
transmission system voltage control capabilities by FACTS devices (Red Eléctrica de Es-
pafia, 2025). FACTS devices can be divided into shunt compensators, series compensators,
phase-angle compensators and unified power flow controllers (Rashid, 2014, pp. 627-628).
This thesis focuses only on shunt connected compensators and specifically STATCOM as a

such device.

To understand the basic concept of reactive power compensation, one should consider simple
presentation of transmission line with some assumptions. In Figure la is presented such
system, where two buses at both ends of the transmission line are presented as a voltage
source. Transmission line is considered lossless, shunt capacitance is ignored and voltage
magnitudes at both ends are the same, i.e. V; =V, = V. Figure 1b present phasor diagram of

the same equivalent power system.

T — T

‘]XI "Vm

OX % (v I

s [
2 2
(a) Simple presentations of transmission line (b) Phasor diagram

Figure 1: Transmission line equivalent circuit and phasor diagram
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Bus voltages are presented in phasor form as follows:

o .0

V=V (cos§+jsm§) and ()
0 . 0

V=V (cosz —jsmz) , )

where Vj is the sending end voltage phasor, V; is the receiving end voltage phasor and 9 is
the angle between voltages (Rashid, 2014, p. 629). Next, ideal midpoint voltage phasor Vpy,

of the line is presented as the average of sending and receiving end voltages and is expressed

by
Vi+V
Vi = )
(Rashid, 2014, p. 629). Substituting (1) and (2) to (3) becomes
Vv (cos%—i—jsin%) +V (cos% —jsin%)
Vm —
2
4 cos% 4)
2
1)
=V —.
cos >
Transmission line current is calculated as
Vi—V
I=—"_—~, (5)
jX

where I is the line current phasor and X is the line reactance (Andersen & Nilsson, 2020,
p. 40). Substituting (1) and (2) to (5) becomes

Vv (cos%—l—jsin%) -V <cosg —jsin%)
JjX
_ j2Vsing (6)
jX
PATEENN)

= —-sin—.
X 2

I=

Active power P and reactive power Q can be calculated as follows:

P =V, sImscos 6 and @)
Q = Vrmslrms sin 67 (8)

where V,,,,s and I, are root mean square (RMS) values of voltage and current respectively
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and 0 is the angle between voltage and the current (Andersen & Nilsson, 2020, pp. 29-30).
If taking sending end voltage V; =V as reference and substitute (6) to (7), active power of

sending end of the transmission line can be written as

2V 0 o)
P=V (Ysin§> cosz
VZ
= YZsinzcosz
9

2
= V— sin (2§)
X 2

V2
~ Y ins.
XSln

Performing same for sending end reactive power of transmission line by substituting (6) to

(8) gives as

o=V (Z—Vsin§> sin§

X 2 2
2
=VY25inzg
> (10)
x (17 ()
=—|(1—cos|2=
X 2
2
= VY(I —co0s0).

One shall notice that (7) and (8) are in scalar form, and RMS value of current is real part of
vector (6). As transmission line was considered as loseless, sending and receicing end active
power is the same. If calculation by (10) is repeated for receiving end, it can be noted that
receiving end reactive power is equal by magnitude but opposite by direction, i.e. Qs = —Q,
(Andersen & Nilsson, 2020, p. 94). Transmission line power versus angle characteristics are
presented in Figure 2 as calculated by (9) and (10). Maximum active power delivered via

transmission line is P,,;c = V2 /X when phase angle is § = 7/2.

Next, one should consider same transmission line, where ideal reactive power compen-
sator locates at midpoint (i.e. no active power transferred via compensator) (Hingorani &
Gyugyi, 2000, pp. 135-137). Such system is illustrated in Figure 3a with corresponding
phasor diagram in Figure 3b. Same assumptions still applies as earlier and for simplicity
Vs =V,, =V, =V. From figures, transmission line can be considered as two parts, sending
and receiving end divided by midpoint. Repeating same derivation than earlier in (3)—(6),

following magnitudes for voltages and currents presented in phasor diagram (Figure 3b) can
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2Pma1: .................................. 0 \T"(l cos ())

Praw |

w1
[SET J
IS

Figure 2: Power vs. angle characteristics of the transmission line

be written as

Vv (cosg—kjsing) +V
Vsm = )

v (1+cos(25)) +vsin (22)
- 2

<(1 +2cos? (g) - 1) +j251ngcos§> (1)

= cos? 0 ~+ jsin 0 CoS 0
) 4 Ty

| <

\®)
<

—Vcosa 0056+'sin6
- 4 4 /Yy

and

2
0 , 0
—j | cos (22> — 1) + sin <22>> 12
0

where Vg, is voltage phasor between Vg and Vi, and Igy, is current phasor respectively.
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X X
J Elsm J 7Im'r

(a) Simple presentations of compensated transmission line (b) Phasor diagram

Figure 3: Compensated transmission line equivalent circuit and phasor diagram

If calculations as (11) and (12) would be repeated for Vi, and Iy, one could notice that

magnitudes (i.e. RMS values) of phasors would be the same. Following relationships apply

as given by
0
Vem = Viur =V cos 1 and (13)
4v o
Ism :Imr: YSiHZ (14)

(Rashid, 2014, p. 630). Now, as transmission line was considered loseless, sending and
receiving end active power are the same and it can be calculated with (14) substituted to (7).

Taking sending end voltage V; =V as a reference, active power becomes

PV 4V . 6 0
= Xs1n4 cos4

= 2VzZsin 0 cos 0
D ¢ 47774

V2% )
= —-ssin|2—
X 4

2V §
= ——sm—
X 2’

(15)

where P. is the active power of the compensated transmission line. As earlier noticed, Q5 =
—Q, and rective power cannot be provided from other bus only, so it is fed to transmission
line from both buses (Andersen & Nilsson, 2020, p. 94). Compensator needs to supply

reactive power for both parts, or sides, which is given by

0. = 2VIsin§, (16)

where Q. is the total reactive power of the compensated transmission line (Rashid, 2014,

p. 631). With the same voltage reference and substition of (14) to (16), reactive power
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supplied by compensator becomes

4v 6\ . 6
Q. =2V <Y sin Z) sin
4v:_ 5§

— " 2sin? =
X Sll’l4

22 o)

4y? b
=—11—cos—
X 2

7)

(Rashid, 2014, p. 631).

Figure 4 presents power versus angle characteristics of the compensated transmission line.
Compensated active and reactive powers P. and Q. are presented as calculated by (15) and
(17). Also uncompensated active power is drawn to figure for comparison. It is obvious, that
with compensation maximum active power is Pqy = 2V?> /X, when phase angle is § = 7.
This means that transferred active power can be doubled, but this increases reactive power
supply from compensator and buses (Hingorani & Gyugyi, 2000, p. 137). Eventually reactive

power compensation can be used for transmission line voltage control (Kirby & Hirst, 1997).

P.Q
A
V2 . d
4Pmuw e . e (2"7 ‘\ (‘1 7(.()\2)
2P, e . cefe P. = 2V2 s 6
max c — X S111 5
P’rn,am e
V .
I X S111 ¢
> §

3 ™
4

ENE]
[SIERE 3
|

Figure 4: Power vs. angle characteristics of the compensated transmission line

2.2 Static Synchronous Compensator

STATCOM as compensation technology is well studied and in mature age being in utility use.
The first one was taken into use in 1980, with capacity of 20 M Var and afterward capacity has
increased to several hundred MVar (Yu et al., 2004). Topology and operation principles have
evolved throughout the years, and the first systems utilized thyristor based multilevel voltage
source inverter (VSI) topology with common DC bus (Sumi et al., 1981; Schauder et al.,
1995). Recent systems have adopted IGBT-based (insulated-gate bipolar transistor) modular
multilevel converter (MMC) as voltage sourced converter (VSC) design for STATCOMs.



21

Simplified topology and grid connection of STATCOM is presented in Figure 5. Here source
DC voltage stored to capacitors are designated as V;. and C; respectively, the purpose of
which is explained below in this chapter. STATCOM is connected to electrical grid (dashed
box on the left side of the figure) via coupling transformer, which reduces voltage to safe
level for converter and with phase reactors forms coupling reactance to the electrical grid
(Andersen & Nilsson, 2020, pp. 225-226).

Coupling VSC

transformer

Reactor ~_
Easamd C| e

Figure 5: Simplified STATCOM topology

The STATCOM main components are phase reactors and VSC valves. It is important to no-
tice that literature does not use standardized naming conventions for different components. In
this context, VSC valve refers to MMC structure formed by multiple submodules (SM). One
topology is presented in more detail in Figure 6, and also SM internal circuit is illustrated.
As previously mentioned, phase reactors are used to form coupling reactance, but those have
also protective current limiting purposes in case of short circuit in the transformer’s sec-
ondary side (Andersen & Nilsson, 2020, pp. 226-227). VSC valves are presented in Figure 5

as DC/AC-converter with capacitor as DC voltage source.

As MMC refers, it offers modularity for VSC configuration depending on the system power
requirements. IGBTs have certain current limits, and an increase of power can be achieved
by increasing voltage levels. The number of SMs in VSC valves is defined mainly by system
voltage level. Only a few advantages of MMC listed, multilevel converter has less har-
monics, lower switching frequency, redundancy and overall better PQ performance (Ghosh,
Rajakaruna & Shahnia, 2015, p. 43). The downside of the configuration is the increased
amount of semiconductor switches, complexity, cost and the need for more advanced control
and balancing logic (Ghosh, Rajakaruna & Shahnia, 2015, pp. 43—-44).

Different kinds of topologies are available for STATCOM, such as presented later in Fig-
ure 11 and Chapter 2.4.1 with energy storage. Figure 6 presents a traditional delta-connected
STATCOM, and it is notable that this topology requires full-bridge (bridge cell) circuit for
SM. Full-bridge consists of four IGBT switches with anti-parallel diodes, and with parallel
connected capacitor it forms the structure of SM (Sharifabadi et al., 2016, pp. 23-24). De-
signed system voltage level is achieved by series connections of several low voltage SMs and

balancing of these are done by circulating zero-sequence current inside the delta (Chaudhary
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Figure 6: Delta connected STATCOM

et al., 2020). Each SM has four states, which are presented in Table 1. Switch position refers
to SM output state, i.e. output voltage, and switching states are presented for each IGBT
switches designated as S; — S4 for each position (Ruusila et al., 2023). Positions 1 and 0
can be seen as ON and OFF states respectively, and SM output voltage can be 0 or £v,,
where v, is the SM capacitor voltage. From table one can also notice that SM charging and
discharging can be controlled based on current direction and SM state. Technically there
is also a fifth SM state, blocked, when all the IGBT switches have switching state 0. In
this state full-bridge behaves as diode bridge causing capacitor voltage to be equal to SM
terminal voltage and it is not affected by current direction (Sharifabadi et al., 2016, p. 24).

Submodule states are illustrated in Figure 7.

Table 1: Swithing states of submodule (adapted from Ruusila et al., 2023)

Switch | Submodule | Switching state Submodule state
position VOltage Sl ‘ SZ ‘ S3 ‘ S4 Ivalve >0 ‘ Ivalve <0

1 +ve 11001 Charge | Discharge
0 0 110|110 Bypass Bypass
0 0 O] 1]0]1 Bypass Bypass
-1 —Ve O (1] 1] 0 |Discharge | Charge

When considering STATCOM operation with electrical grid, transformer secondary side can
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Figure 7: Submodule states

be considered as simplified circuit in Figure 8a. Transformer secondary winding is seen as
voltage source v,,q presenting grid voltage, which is coupled via phase reactor to controlled
VSC as voltage source vy,. In this case transformer winding reactance is ignored. Gen-
eration or absorption of reactive power can be achieved by increasing or decreasing VSC
voltage, respectively, compared to grid voltage (Kundur & Grigsby, 2012, pp. 351-352).
This produces voltage difference over phase reactor causing current to flow through reactor
either toward or away from the grid. One should consider an example, when some capacitive
reactive power output is requested from the compensator. Now VSC voltage is controlled to
be higher by magnitude in respect to grid voltage and current flows toward the grid. Such a
case is illustrated in Figure 8a and corresponding voltage and current vectors are seen in Fig-
ure 8b. In addition, instantaneous waveforms are plotted to Figure 8c. For inductive reactive
power VSC voltage would be less than grid voltage, and for zero reactive power voltages
would be equal. A typical example of MMC output voltage can be seen from Figure 8c. In
this example, there are ten SMs in valve which each can be controlled to produce 0, —v,
or +v., forming sinusoidal-like waveform. Plot is a rough example, and more about MMC
modulation can be read for example from Ruusila et al. (2023) or Sharifabadi et al. (2016,
Chapter 5).
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Figure 8: STATCOM operation principle

It is essential to notice that in this simplified example of STATCOM operation principle, VSC
and grid voltage are in the same phase. As an outcome voltage difference, i.e. reactor voltage,
is also in the same phase. By that, the current flowing through phase reactor is leading or
lagging by 90° depending on the sign of a voltage difference. While analyzing Figure 8c,
and taking the first half cycle as a reference, it can be concluded that current in the example
case is flowing equally in both directions during the half cycle. As per Table 1, ideally and
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simplified capacitors are equally charged and discharged, i.e. maintaining DC voltage, while
this period. By controlling the phase difference between grid and VSC voltages, active power
can be transferred between grid and DC capacitors (Grigsby, 2012, p. 353). As an obvious
result, this causes charging and discharging to be unequal during half cycle and enabling
control of DC voltage. Utilizing this, DC voltage can be increased making available MMC
voltage to be higher than grid voltage and enabling STATCOM to operate for capacitive
reactive output. Also, constantly some active power is required to flow into DC capacitors
to compensate for losses, and this is achieved as previously explained by controlling VSC

voltage to be lagging against grid voltage (Acha et al., 2004, p. 34).

2.3 Energy Storage Systems

Many types of energy storage are available, and detailed comparisons of different types are
not presented in this thesis. In Chapter 1 was discussed about virtual inertia emulation with
stored energy. Depending on properties of individual energy storage type, some are more
suitable to provide active power for electrical grid support. This is dictated by specifications
given to the compensation system. Depending on the source, there are few different ways to
divide energy storage by types. One popular method is to categorize storage by the form of

stored energy as follows:
e Mechanical

o Pumped hydro storage
o Compressed-air energy storage

o Flywheel energy storage
e Electrochemical

o Secondary battery

o Flow battery
e Electrical

o Capacitor/Supercapacitor energy storage

o Superconducting magnetic energy storage
e Thermochemical
o Solar fuels

e Chemical
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o Hydrogen
e Thermal
o Sensible/Latent heat storage

(Luo et al., 2015). In the book by Hoff (2022) is presented a slightly different categorization
as in chapter structure with more theory. Recent research is focused on flywheels, lithium-ion
batteries, supercapacitors and superconducting magnetic energy storage, which has desired
characteristics for power systems (Farhadi & Mohammed, 2016). For short-term assistance
of power grid, high power capabilities are preferred with fast discharge rate which can be
achieved with flywheel, supercapacitors, compressed air energy storage and superconducting
magnetic energy storage (Tripathi, 2022). Keskinen (2022) concluded that supercapacitors
are preferred solutions as energy storage for E-STATCOM applications.

In terms of this thesis, further understanding of supercapacitor technology is not essential.
These can be considered as “boosted” conventional capacitors. Supercapacitor electrodes
have greater surface area and are separated by an ion-conducting separator in addition to
that the dielectric is replaced by an electrolyte (Arote, 2021, p. 2-4). Table 2 highlights few
differences for performance parameters between supercapacitors and capacitors. As main
parameters, capacitance varies between 100. ..6000 F and voltage rating somewhere around
2.5...3.0 V (Keskinen, 2022).

Table 2: Few difference for performance parameters between supercapacitors and capacitors
(adapted from Arote, 2021)

] Parameter \ Supercapacitor Conventional capacitor
Capacitance Comparatively very high | Low
Charging/Discharging time | Typically high Typically low
Energy density Comparatively high Comparatively very low
Power density Comparatively low Comparatively very high
Operating cell voltage 2.3-2.775V 6-800 V
Charge-discharge cycles 10°-10° 10°
Cost Expensive Comparatively very cheap

Some discussions for E-STATCOM system parameters, such as voltage and current ratings,
are provided later. As one could have noticed, voltage rating for supercapacitors is relatively
low. To achieve appropriate ESS voltage and current rating, series and parallel connections
are required. Used terminology and example concept for realization for ESS is as follows.
Individual supercapacitors are usually referred to as “cells”. Certain number of cells are
series connected to as “module”. Commonly this module is rack-mounted unit and might

already include some control and protection functionalities. Series connected modules forms
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“racks”. Racks can be physically considered as rack cabinets where module units are stacked.
“Strings” are series connected racks and could be considered as queue of racks which would
have adequate voltage withstand. To achieve necessary current ratings, appropriate number
of strings are connected parallel to DC terminals. Figure 9 illustrates previously described
ESS system realization with used terms. Although ESS can be considered (and will be
visualized) just as series connected capacitors, or even one capacitor, actual realization would

be much more complex.
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Figure 9: Realization of energy storage

2.4 Static Synchronous Compensator with Energy Storage

2.4.1 Topologies

It was shortly mentioned that there are several topologies available for STATCOMs and delta-
connection was presented as an example. Example also presented full-bridge connection of

SM, which is designated as bridge cell in many references. Half-bridge is also possible
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structure of SM and is designated as chopper cell respectively. Following topologies are

possible:

e Single-star bridge cell (SSBC)

e Single-delta bridge cell (SDBC)
e Double-star chopper cell (DSCC)
e Double-star bridge cell (DSBC)

(Akagi, 2011). Each topology has its own advantages and disadvantages, such as an ex-
ample SM count and number of switching devices. As one drawback with SSBC, it is not
capable of controlling negative-sequence reactive power as it lacks ability to circulate zero-
sequence current (Akagi, 2011). This property is used for capacitor voltage balancing and in
SSBC applications balancing is done by zero-sequence voltage and it has limitations during
negative-sequence injection (Cupertino et al., 2019).

Reference solution in this thesis has adopted DSBC structure, which differs from DSCC
by SM structure. This solution is illustrated in Figure 10. Benefit of this topology can be
seen, as it has two DC terminals at both star points of arms. Now as an example simplified
supercapacitor ESS is connected to these. Also, designations used in this thesis are illustrated
in the figure. As STATCOM application, DSBC has lower losses compared to SSBC and
SDBC (Belhaouane et al., 2022). DSBC has also advantages over DSCC with controlling
DC voltage (Akagi, 2011).

When it comes to the integration of ESS to STATCOM, it can be done either by distributed
energy storage (DES) or centralized energy storage (CES) topology (Chaudhary et al., 2020).
Examples of DES for earlier presented topologies can be seen from Figure 11. Respectively
CES topology, which is possible for both double-star topologies, is illustrated in Figure 12.
In DES applications, energy storage is integrated into SM structure. DC/DC-converters are
utilized in some studies for DES applications to optimize current flow to energy storage
(Bharadwaj, Maiti & Dhal, 2018). Also, different hybrid energy storage solutions are pro-
posed. In Viatkin et al. (2024) is proposed supercapacitor and battery-based energy storage
solution for E-STATCOM, where supercapacitors provide fast response and batteries provide

extended reserve.

Chaudhary et al. (2020) compared all proposed topologies. In addition, they included also
double-star configuration, where hybrid valve principle utilizing both half and full-bridge
structures for SMs. It should be noted that the study was performed for battery energy stor-
age. The comparison was made between DES and CES topologies. They concluded that

low-voltage battery packs and failure tolerance are advantages of DES solutions. In case
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Figure 10: Double-star topology of STATCOM

of battery failure, it is possible to isolate only failed units and only the energy of the faulty
unit is lost. As disadvantages were seen, thermal management of batteries, possible ca-
bles requirements and difficulty of the maintenance. Difference between CES solutions was
mainly in modulation schemes, losses, design and operation in minimum voltage. As addi-
tional difference, DSBC (and hybrid valve) has benefit of DC terminal short circuit handling.
(Chaudhary et al., 2020)

The advantages of CES solution were batteries thermal management and the possibility to
operate as traditional STATCOM by isolating energy storage for maintenance. High volt-
age design of ESS and energy storage balancing were disadvantages of CES solutions. In
comparison, it was concluded that it is possible to end up with 55% higher ampacity and
30% higher volume with DES topology. In double-star CES configuration, hybrid valve had
24% lower silicon area compared to DSBC but it also adds design complexity. Therefore,
DSBC-CES was seen as the most suitable solution as E-STATCOM topology. (Chaudhary
et al., 2020)

2.4.2 Control

Over the years, controlling of STATCOMs has been under extensive study. Sharma et al.
(2024) carried out comprehensive review of studies made during recent years. Currently
there are control philosophy transitions ongoing in the field of STATCOM control. Tradi-
tionally, STATCOM control follows electrical grid, i.e. it is synchronized to grid voltage.
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Figure 11: Distributed energy storages (DES) (Chaudhary et al., 2020)

This control is nowadays designated as grid-following control (GFL). Recent research inter-
ests are focusing on control strategies, which can improve support for electrical grids during
disturbances. Based on operation, GFL maintains the grid current by changing converter

voltage to follow grid voltage (Halonen et al., 2024).

There are many kinds of control systems, or controller philosophies, adapted in STATCOM
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Figure 12: Centralized energy storage (CES) (Chaudhary et al., 2020)

control. The typical control system is cascaded with inner current control and outer upper-
level control. Figure 13 presents a block diagram of common control system structure for
MMC. Upper-level control (cf. higher-level control) in simplest form includes synchro-
nization, active and reactive power control and DC voltage control with minimum inputs
of AC-bus and DC-bus voltages and output current providing output current reference. Usu-
ally, STATCOM operation is divided into constant reactive power and voltage control modes,
with some additional features such as negative-sequence compensation. Negative-sequence
current is used to compensate unbalanced grid conditions (Marzo et al., 2021). Inner cur-
rent control (cf. output-current control) has output current as minimum input and provides
output voltage reference based on error of output current reference and measurement. Op-
eration of the system requires balancing control for losses and unbalanced conditions (cf.
arm-balancing control). In Figure 13, circulating current can be understood as balancing
between valves and sum capacitor voltage as total voltage balancing of the converter. Based
on output voltage reference and balancing control references, insertion indices (i.e. number
of inserted SMs) for each valve are generated. Last stage presented in illustration is modula-
tion and submodule balancing. Based on individual SMs’ capacitor voltage, valve’s internal

balancing is performed, and final modulation (i.e. gate signals) are provided for each SMs.

One suitable control system is presented in Figure 14. Teodorescu, Liserre & P. Rodriguez
(2011) proposed such a control system for different kinds of applications, but it could be
exploited as an example. It is not relevant to fully cover this subject, but some basics are pro-
vided. First, controlling sinusoidal signals is the entire topic. Commonly used PI-controller

(Proportional-integral controller) is not suitable to track sinusoidal signals (Sharifabadi et
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Figure 13: Typical MMC control overview (Sharifabadi et al., 2016)

al., 2016, pp. 149-150). One solution for this is to transform three-phase sinusoidal signals
to DC quantities. Three-phase abc-components are first transformed into of30-stationary

reference frames, with Clarke transformation as follows:

ia 21}3%—% ia
o Vs[s T )
N AR AR A

[Tapo]

where i, - are three-phase current quantities and i, g ( are stationary reference frame current
quantities (Teodorescu, Liserre & P. Rodriguez, 2011, p. 360). It should be noted, that same
and following applies also for voltage quantities. O’Rourke et al. (2019) provides geometric
approach for discussed transformations. As a result, symmetrical vectors (i.e. positive and
negative-sequence components) are now presented in o f3-plane (Teodorescu, Liserre & P.
Rodriguez, 2011, p. 360). As zero-sequence components are normally ignored, three-phase
system can be presented as two-phase system (Sharifabadi et al., 2016, p. 178).

This presentation is stationary, where o-frame can be considered to be aligned with real axis
and a-phase, and -frame with imaginary axis in complex plane, and af-vector is rotating
as abc-vector. In symmetrical network « is equal to a and 3 is scaled difference between
b and ¢, leading B to be equal in magnitude with o and lagging by 90°. Next step is to
introduce dq0-synchronous reference frames, where the idea is to rotate reference frames

respect to af0-stationary reference frames. Park transformation is given by

ig cos® sin® 0] |ig
ig| = |—sin® cos® 0 ig | (19)
io 0 0 1] |ig

~~

[quO]
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where iy 4 o are synchronous reference frame current quantities and ® is angular position in
o 3-plane (Teodorescu, Liserre & P. Rodriguez, 2011, pp. 361-362). @© is usually synchro-
nized to electrical grid voltage. In balanced system, dg are DC components of abc. From

(18) and (19), one can write following relationships

ig o iq
ig | = [Tago)] |ig | = [Tago] [Tapo] |iv
) ig Ie
20
cos(®)  cos(®@—F cos (@+ 2 iq 20
:\/j —sin(®) —sin(®@—2F) —sin(0+2F)| |ip
1 1 1 .
V2 V2 V2 fe

(Teodorescu, Liserre & P. Rodriguez, 2011, p. 362). As it was mentioned that zero-sequence

can be ignored, (20) shall be simplified as

e

This transformation, i.e. (19), is designated as e /9 in Figure 14 (where 0 presents ® based

c0s(©) cos(@—%) cos(0+%) ] | @1
—sin(®) —sin(®@—2F) —sin(0+ %) l'b :

le

on previous notations), which we will discuss later. Before that, in terms of synchronous

reference frames, active and reactive power can be expressed as follows:

P= (Vdid + tiq) and (22)

QS
|
N W W

(vqid - vdiq) y (23)

where vy  is dg-reference frame (direct-quadrature) quantities of electrical grid voltage and
iq4 18 dg-reference frame quantities of converter current (Teodorescu, Liserre & P. Ro-
driguez, 2011, p. 220). Without going into the detailed design, phase-locked loops (PLL)
are used for electrical grid synchronization. PLL try to track reference signal phase angle.
This is relatively simple in balanced three-phase system, but unbalance, harmonics and other

non-idealities tends to cause error in phase angle estimation. There are advanced methods
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to estimate desired phase angle for such systems, but these are not discussed in this thesis.
For simplicity, PLL in this context is referred to as ideal method to track reference signal’s
positive-sequence phase angle. Usually synchronization is driving g-component to zero, i.e.
synchronized to reference signal d-component (Teodorescu, Liserre & P. Rodriguez, 2011,

p. 220). By this, one can write (22) and (23) in simplified form

P = Jvjiy and (24)
3 .
Q = —Evdlq (25)

(Teodorescu, Liserre & P. Rodriguez, 2011, p. 220).
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Figure 14: Synchronous frame closed loop voltage oriented control (Teodorescu, Liserre &
P. Rodriguez, 2011)

While analyzing briefly the example control system presented in Figure 14, the lower part
of the figure presents outer upper-level control, and the upper part presents inner current
control. Upper-level control consists of converter active and reactive output calculation and

then error compared to references P* and Q* are inputs for PI-controllers. PI-controllers are
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denoted as kp + ]% DC voltage control is added to d-component control, as can be seen
from (24) and (25) that active power in controlled by i, quantity and reactive power by i,
quantity. Inner current control consists of PI-controllers and additional decoupling circuits.
Decoupling enables individual d ja g-component control (Ghosh, Rajakaruna & Shahnia,
2015, pp. 122-123). Finally voltage reference v* is fed to modulator. From illustration

above, one can form upper-level controller as follows:

P controller Vpc controller
/_/% A
i = (kgp-l— %) (P* = (vaig +vqig)) — (kppc-l- I’f ) (Vpe —vpe) and (26)
* kr, . . .
‘9= (szQ * TQ) (Q" + (vgia —vaig)) @7)

Q controller

where i; and 7 are reference current dg-components respectively, V- is DC voltage refer-

ence and vpc is DC voltage measurement. For inner current control, one can write following:

d-current controller
decoupling term

. = kra\ . .

vy=vq+ L, + (kgd + T) (iy—ig) and (28)
* . k],q ok .

va=vg—  OLig  + | kpgt+ =2 (i —iq) » (29)

decouplingterm — N=——.——
g-current controller

where v;; and vy are reference voltage dg-components respectively and @L is inductive reac-
tance of converter. Upper-level control references (26) and (27) can be substituted to inner
current controls, (28) and (29), to produce reference voltages to modulator. dg-component

reference voltages can be converted to abc-components by inverse transformation of (21).

As discussed in Chapter 1, VSG is concept to mimic synchronous generator behavior, and
this requires dedicated control strategy. L. Zhang, Harnefors & Nee (2010) presented power-
synchronization control, where they introduced an early version of control system to operate
in same manner as synchronous machine. Today this control strategy is designated as grid-
forming control (GFM) and presents recent research referred earlier. One major difference
between GFL and GFM relates to, as reference implies, synchronization of the control sys-

tem. In this strategy, phase angle tracking is based on active power output following against
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the reference, instead of grid voltage (Sharifabadi et al., 2016, pp. 204-205).

As stated above, in GFM control PLL implementation is basically replaced with suitable
VSG control. X. Wang et al. (2020) presents main differences between GLF and GFM con-
trol and studies stabilities of synchronization methods. Especially in electrical grids with
low short circuit ratio GFM control is preferred, but it might have stability issues in strong
network and requires additional research for suitable control strategy (X. Wang et al., 2020).
Generalized structure for GFM control system is illustrated in Figure 15. This follows the
same kind of cascaded outer upper-level and inner control loops structure as earlier pre-
sented. Rosso et al. (2020) presented main control blocks of GFM control loops with differ-
ent implementations and discussed challenges with the control strategy. Rosso et al. (2021)
extended previous research and provided literature overview for challenges and future trends.
Due to the diversity of the subject, GFM control system loops and theory are not presented

any more precisely in this thesis.
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Figure 15: Generalized structure for GFM control system (Rosso et al., 2021)

2.4.3 Reference Solutions

As the concept of E-STATCOM is relatively new, commercial products are not yet well
known. In Table 3 a list of a few available products is gathered from different manufacturers
with commercial names. It was recognized that the recognized manufacturers did not provide
detailed information yet about the systems. By that, the list presented is not comprehensive,
but more about giving some perspective on markets. Products on the list were gathered in-
formation available from companies’ webpages, product brochures, press releases and other
search related to topic. Potential E-STATCOM manufacturers were searched from compa-
nies known to provide utility-scale STATCOMs and wild card search from internet. Only the
products, which were presented as STATCOM with ESS, were included in. There were also
hints and mentions of such products, but these were ignored due to the lack of information.
Also, few manufacturers provided ESS with stated reactive power compensation, but those

did not directly present were there STATCOM technology used.
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Table 3: E-STATCOM manufacturers

Company \ Product name |
GE Vernova Inc. FACTSFLEX GFMe
Hitachi Energy Ltd. SVC Light® Enhanced
Ingeteam Power Technology S.A. | INGEGRID™ STORAGE
Nidec ASI S.p.A. E-STATCOM
Siemens Energy AG SVC PLUS FS®
Sieyuan Electric Co., Ltd. E-STATCOM

In 2011 Hitachi Energy (formerly ABB Ltd.) and Durham University commissioned E-
STATCOM with battery ESS at Norfolk in England (Hitachi Energy Ltd., n.d.). This was
connected to 11 kV distribution network and has 200 kWh capacity with 600 kW peak out-
put capability in addition to 600 kvar reactive power compensation (Wade, Taylor, et al.,
2009; Wade, K. Wang, et al., 2013). Used STATCOM topology was 3-level neutral point
clamped converter rated to 850 kVA with lithium-ion battery ESS (CES)(Hitachi Energy
Ltd., n.d.; Wade, Taylor, et al., 2009). Recently for utility-scale, in 2022 German-Dutch
TSO TenneT B.V. ordered from Siemens Energy AG one E-STATCOM system, which is
planned to be commissioned in 2025 (Siemens Energy AG, 2022). In 2024, German TSO
TransnetBW GmbH ordered from Hitachi Energy Ltd. two E-STATCOM systems expected
to be commissioned during 2028 (Hitachi Energy Ltd., 2024; TransnetBW GmbH, 2024).
Also in 2024, German TSO 50Hertz Transmission GmbH ordered one E-STATCOM system
from Nidec ASI S.p.A., targeted to be ready in 2028 (Nidec ASI S.p.A., 2024). Detailed
specifications of the systems were not available in public and can be expected that design

mostly follow standard ratings given in Netztransparenz.de (2023).
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3 High Voltage Direct Current Circuit Breakers

Here, challenges of direct current interruption are discussed and concepts developed for
DCCBs are presented. Focus will be on recent progress around topics with techno-economic
perspective. Also, latest achievements of wide-bandgap semiconductors usage for DCCBs
are investigated. As an outcome, based on general overview of maturity of technology,
advantages of DCCBs can be evaluated for E-STATCOM protection.

3.1 Background

Meshed multi-terminal direct current (MTDC) grids are electrical network utilizing DC in-
stead of AC. Traditionally HVDC links are point-to-point type, where DC transmission lines
are connected to AC network with converter stations at both ends. Idea of MTDC is to form
meshed DC network with multi-terminal connection points to provide benefits of HVDC
technology to transfer energy, for example in the case of offshore windfarms. Importance
of the subject is recognized, and several research projects has been started to promote this
concept. As an example, PROMOTioN was EU funded project to study MTDC network tech-
nologies between 2016 and 2019, where one goal was to develop and demonstrate DCCBs to
protect HVDC grids (PROMOTioN, 2016). If one considers traditional HVDC transmission
line where fault occurs between DC lines, isolation is performed by AC side CBs. In meshed
network, this would paralyze entire system. If half-bridge SMs are used in MMC HVDC
converter, during DC faults converter acts as diode rectifier and AC side is feeding fault cur-
rent (Sharifabadi et al., 2016, p. 362). This is illustrated in Figure 16, where half-bridge
topology is used for SMs in E-STATCOM system. Advantage of full-bridge topology is the
ability to block SMs to prevent fault current feeding from AC side.

Discussion of protection for MTDC has accelerated designing of DCCBs, and it would be
expected that such applications would be available for commercial markets in near future.
By inspecting Figure 16, even with full-bridge structure in blocking mode, short circuits in
DC terminals lead to relatively low fault impedance with supercapacitor ESS. This raises the
need to study utilization of DCCBs in E-STATCOM protection to protect components from

high currents present during faults.

Lack of natural zero crossing of current produces main difference between AC and DC CBs,
in addition to need for very fast operating time and dissipation of high amount of stored
energy (Franck, 2011). Current zero crossing is used to extinguish electrical arcs, which
generally are complex topics requiring understanding from many fields of engineering. To
interrupt DC current, DCCBs needs to form artificial zero crossing with some kind of scheme
(Ito, 2019, pp. 506-509). DCCBs usual structure consist for different paths or parts, which
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Figure 16: DC fault at E-STATCOM with half-bridge SMs

are designed for example current commutation or energy absorption. In literature, designs
are divided commonly into three categories based on operation principles:

o (Electro)mechanical circuit breaker (MCB)

e Solid-state circuit breaker (SSCB)

e Hybrid circuit breaker (HCB)
Zheng et al. (2022) presented development roadmap for DCCBs, where they pointed out
the potential of wide-bandgap (WBG) semiconductors used in SSBCs. As there are many

comprehensive reviews or surveys available for DCCBs, focus on this thesis is to study recent

publications made for WBG technology.

3.2 Categories

Following sections present basic concepts of each earlier listed DCCB categories. As there
are many kinds of design for each type, it is not practical to present variations and modifi-
cations proposed in literature. Purpose is to provide simplified overview of basic principles

with pros and cons.

3.2.1 Mechanical Circuit Breakers

MCBs presents the early generation of DCCB design. Usually, it is divided into passive and

active design, and it does not have semiconductor devices in topology. From publications,
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typical passive structure is adapted to Figure 17. It is presented to be formed by three differ-
ent current paths, here designated as main, commutation (some literature refers as auxiliary)
and energy absorption paths. A metal-oxide varistors (MOV) are usually used for energy
absorption as it tolerates high amount of stored energy (Norrga et al., 2015). In high voltage
applications, required withstand is achieved by stacking components.

_______________________

Figure 17: Mechanical circuit breaker topology

Under normal conditions, current flows through the load path consisting of CB. This can be
typical AC CB (Franck, 2011). When trip command is given to CB to open and interrupt
the current, an electrical arc is formed between contacts. Due to the characteristics and
fluctuation of the arc voltage, increasing current oscillation is triggered between load and
commutation paths (Bachmann et al., 1985; Franck, 2011). Now this increasing oscillating
current is superimposed to fault current flowing through main path eventually providing zero-
crossing (Jovcic, 2019a, p. 423). This extinguishes the arc in CB interrupting current to flow
through main path, causing fault current to commute and charge capacitor (Bachmann et
al., 1985). When voltage over charged capacitor exceeds the threshold of MOV, it starts to
conduct causing fault current to flow through energy absorption path which eventually ceases
it (Franck, 2011). In early designs, operation time of MCB was 50. .. 60 ms, but in recently
reported to be even less than 10 ms (Jovcic, 2019a, p. 423).

Improvement for operation time can be achieved by using faster CB opening mechanism
or active design, usually referred as active current injection with pre-charged capacitor and
additional switches (Jovcic, 2019a, p. 423). Jovcic (2019b) proposed design with fast dis-
connector, where simulated operation time was 7.5 ms for 320 kV DC application. Tahata
et al. (2015) presented topology for active current injections and studied performance of such
DCCBs. Still notable problems with MCB are arcing between contacts causing accelerated
wear with increased maintenance costs (Negari & Xu, 2014). Table 4 lists advantages and
disadvantages of MCBs.
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Table 4: Advantages and disadvantages of MCBs (adapted from Zheng et al., 2022)

| Pros \ Cons |
High efficiency Low speed operation
High electrical ratings Arc problem
Utilizing AC switches | Low power-density
Low cost Noisy operation
Simple design Limited lifetime

3.2.2 Solid-state Circuit Breakers

Operation principles of SSBCs are relatively easy to understand. Simplified topology is pre-
sented in Figure 18. Main paths consist of semiconductor switch, in figure two IGBTs with
anti-parallel diode connected anti-series. This structure enabled fault current interruption in
both directions. During normal operation, semiconductor switch is switched ON and by that
conducting (Taherzadeh et al., 2023). During fault, semiconductor switch is switched OFF
stopping current to flow though switch. Now stored energy in system inductance and rapid
change in current causes increasing voltage stress to switch (Rodrigues et al., 2021). As for
MCBs, also SSDC requires energy absorption path to prevent any damage to switch and to
absorb that energy. SSDC enables very fast operation time, but its turn-OFF capability is lim-
ited by semiconductor characteristics (Jovcic, 2019a, p. 432). Required current and voltage

rating is achieved by series and parallel connection of switches.

.

Figure 18: Solid-state circuit breaker topology

Taherzadeh et al. (2023) presents categorization for different SSCB topologies, semiconduc-
tor types and voltage clamping solutions. Semiconductor switches introduce higher losses
in normal operation compared to mechanical CB (Norrga et al., 2015). SSDC design needs
to consider cooling of the switch, which in addition to possible high cost of semiconductors
increases costs. One solution could be utilizing reverse blocking integrated gate-commutated
thyristors (RB-IGCT), which have low conduction losses and good current and voltage rat-
ings providing reduced cooling requirements (Kizilyalli, Shen & Cunningham, 2023, pp. 41—

45). Besides losses, problems occur from asynchronous switching of semiconductors lead-
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ing to imbalance of devices and potential damage to individual components or entire SSCB
(Xiang et al., 2014). Table 5 lists advantages and disadvantages of SSCBs.

Table 5: Advantages and disadvantages of SSCBs (adapted from Zheng et al., 2022)

’ Pros \ Cons
Fast response time Low efficiency
Modularity Low electrical ratings
Improved lifetime High cost design
More compact Costly cooling system

3.2.3 Hybrid Circuit Breaker

One can put into words that HCBs are combination of MCBs and SSCBs aiming to utilize
both advantages and trying to avoid undesired drawbacks. One commonly presented topol-
ogy of HCB is illustrated in Figure 19. In this example, same kind of path or branch division
is used as earlier. Load or main path is conducting during normal operation and is formed
by ultra-fast disconnector (UFD) and load commutation switch (LCS) connected in series.
First, operation is considered without LCS. While mechanical CB in main path opens, arc
voltage generated between contacts is higher than voltage drop over semiconductors at com-
mutation path forcing fault current to be commuted (Taherzadeh et al., 2023). Commutation
and energy absorption paths can be considered same as in SSCB. This reduces current to
zero in main path, and descibed method is designated as natural commutation (Taherzadeh
et al., 2023). Depending on literature, semiconductors in commutation path are conduct-
ing during normal operation or controller as such immediately when operating command is
given. When mechanical CB, in here UFD, is opened to have sufficient voltage withstand
capability semiconductors are switched OFF to commute current to flow through MOV to
dissipate stored energy (Sharifabadi et al., 2016, pp. 364—-365).

_________________________________________________________

_______________________________________________

_______________________________________________

Figure 19: Hybrid circuit breaker topology

With previously described operation, there is a risk of commutation failure. When semi-

conductors are series connected to achieve required voltage withstand, voltage drop over
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commutation path increases higher than arc voltage preventing successful commutation and
causing arcing (Mohammadi et al., 2021). Considering addition of LCS to main path, it is
normally conducing and blocked at the same time when open command is given to UFD
(Sharifabadi et al., 2016, p. 365). In this simplified example LCS is modeled as anti-series
connection of two IGBTs. When blocked, i.e. switched OFF, fault current is commuted to
commutation path and LCS is exposed to voltage drop over semiconductors of commutation
path (Hassanpoor, Hafner & Jacobson, 2015). One alternative method for LCS is current
commutation drive circuit (CCDC) (Taherzadeh et al., 2023). Table 6 lists advantages and
disadvantages of HCBs.

Table 6: Advantages and disadvantages of HCBs (adapted from Zheng et al., 2022)

’ Pros \ Cons
High efficiency Arc problem
High electrical ratings | Low power-density
Fast response time Limited lifetime
Modularity Costly design
Costly cooling system

3.3 Wide-bandgap Technology

This chapter presents first very short theory for WBG semiconductors with focus on benefits
in high power applications. Then recent research of DCCB utilizing WBG semiconductors
is studied. As the topic is very theoretical and macroscopic properties require understanding
of quantum mechanics, it is not reasonable to present operation of WBG semiconductors in
detail.

3.3.1 Properties

One might ask what WBG is. While looking for answers, things become complicated quite
rapidly. Here are presented some simplified explanations as understood from references. In
quantum mechanics, electrons can have only certain amount of energy, i.e. energy level,
corresponding to orbitals of Bohr model in atoms (Enderlein & Horing, 1997, pp. 38-39).
In solids due to the electrical interactions and the exclusion principle, energy levels shift be-
tween atoms forming energy bands (Young & Freedman, 2020, pp. 1446-1447). When con-
sidering semiconductor material at zero temperature, lowest energy level fully occupied by
electrons are called valence band and empty upper level as conduction band leaving forbid-
den energy gap between (Enderlein & Horing, 1997, pp. 38-39). This energy gap is referred
to as bandgap. Compared to semiconductors, insulators have wider bandgap and in case of
conductors, conduction band is partially filled (Young & Freedman, 2020, p. 1447). Material

can be considered as insulator, when bandgap is 3 eV or so while traditional semiconductors
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have bandgap of 1 eV or so (Patterson & Bailey, 2007, p. 173). WBG is considered when
energy gap is larger than 2 eV (Takahashi, Yoshikawa & Sandhu, 2007, p. 2).

Desired advantages of WBG technology are high current rating, high switching frequency,
high operating temperature, breakdown field strength and lower losses, to name but a few
(Takahashi, Yoshikawa & Sandhu, 2007, pp. 11-22). In Figure 20 characteristics are pre-
sented of WBG semiconductors, where parameter capabilities are in blue, physical properties
in red, power electronic characteristics in green and product benefits in orange (Ballestin-
Fuertes et al., 2021). One can rationalize that these characteristics enable DCCBs to be
smaller, faster and have less losses. Currently SiC (Silicon Carbide) and GaN (Gallium Ni-
tride) are receiving most attention in literature as most promising technology. Lately the
next generation of semiconductors referred to as Ultrawide-Bandgap have been under de-
velopment, consisting of Ga;O3 (Gallium Oxide), diamond and AIN (Aluminium Nitride)
(Ravindran & Massoud, 2025). Physical properties of semiconductor materials are compared
in Table 7.

)
. Reduced ] (
High electron o . Reduce passive
- switching »| Faster switching Reduced cost
mobility . components
recovery time L
~—
o ) {
( ) v Increase Reduced energy
i Reduced losses - > .
—| HV Un.lpolar > efficiency consumption
devices . J \
High breakdown
field
a ) D —————
_’ . . .
Thinner devices Lower resistance Less heat
> J generated
Low intrinsic N
concentration
 EEEE——
Higher operation
temperature

| -~
i "1 Reduce cooling Weight and size
High the.rn.1al > systems reduction
conductivity \

Figure 20: Wide-bandgap technology characteristics (adapted from Ballestin-Fuertes et al.,
2021)

Table 7: Comparison of the physical properties of semiconductor materials (H. Zhang et al.,
2020)

] Materials parameters \ Si \ GaAs \ 4H-SiC \ GaN \ Diamond \ B —Gay03 ‘
Bandgap E, (eV) 1.1 1.43 3.25 34 5.5 4.8
Dielectric constant € 11.8 | 12.9 9.7 9 5.5 10
Breakdown electric field E, (MV-cm™1) | 0.3 0.4 2.5 33 10 8
Electron mobility u (cm?-V~!.s71) 1480 | 8400 1000 | 1250 2000 250-300
Saturation velocity Vy (107 cm-s™1) 1 1.2 2 2.5 1 1.8-2
Thermal conductivity A (W-cm™ - K1) | 1.5 | 0.5 4.9 2.3 20 0.1-0.3

WBG technology still suffers from some limitations. Such are for example manufactur-
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ing process, defect and thermal management, parasitic parameters and long-term reliability
(Ravindran & Massoud, 2025). Nevertheless, for example Infineon Technologies AG has
SiC-based CoolSiC™ MOSFET currently available with rated drain-source voltage of 3.3
kV and drain current of 1 kA (Infineon Technologies AG, 2024). In topics of DCCB and
HVDC, SiC-based devices are expected to be leading WBG semiconductors in the future
(Ravindran & Massoud, 2025). Millan et al. (2014) expected that SiC-IGBTs with break-
down voltages higher than 10 kV will be commercially developed. 15 kV SiC-IGBTs have
been reported in literature, but current rating for such products was relatively low. While
WBG semiconductors are now surveyed from DCCB perspectives, it is essential to notice
that such devices could be utilized in all the fields of semiconductors in E-STATCOM appli-

cations.

3.3.2 Recent Research

As WBG technology has not yet achieved mature stage, present research around the topic is
mostly conceptual for design and operational proofing. Meaning that it was not succeeded
to find any research for prototypes of DCCBs utilizing WBG semiconductors targeted for
higher voltage and current ratings and suitable for E-STATCOM applications (cf. Chap-
ter 3.4). Roslan et al. (2024) performed literature analysis for recent technologies for SSCB
and concluded that most common keywords were “SSCB”, “SiC device” and “DCCB”,
which shows the interest in WBG. While it is expected that realizations of future DCCBs
are modular and consist of several stacks of lower rating modules combined as single de-
vices to fulfill system requirements, some indicative analysis can be performed for lower
rating modules. Such modularity can be beneficial as lower current rating components are
more easily available and cost-effective, and it increases reliability by providing redundancy

and eases maintenance (Nandakumar et al., 2022).

Dsa et al. (2025) provided comparison for different WBG-based SSCBs (Table 1 in refer-
ence), from where one can notice that fastest response times were less than 0.5 pus with lower
rated design. Although it was not clarified by which conditions response times were defined,
and actual cut-OFF times are expected to be longer. They also proposed 800 V and 30 A
SiC-MOSFET SSCB design (tested for 400 V and up to 25 A) with integrated protection
providing response time of 290 ns and cut-OFF less than 500 ns (Dsa et al., 2025). While lit-
erature commonly states conducting losses as main disadvantage of SSCBs, now focus is on
component protection, meaning that operation of DCCBs should be relatively fast to prevent
further damage and tolerate high currents with suitable turn-OFF capabilities. This does not
exclude other desirable characteristics, but one can expect that development of commercial

DCCBs is covering economic aspects.
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Bidirectional SiC-JFET SSCB rated as 1200 V and 125 A with self-powered protection cir-
cuit has been proposed, and unidirectional version was tested with 400 V to cut-OFF 125 A
within announced 1 ps (Shen et al., 2015). Although there are seen some trailing current for
additional 5 ps. Mejia-Ruiz et al. (2022) focused their research on GaN-based SSCB solu-
tions with the goal for even reduced ON-resistance and faster switching. Instead of MOV,
they utilized RCD (Resistor-Capacitor-Diode) snubber in their work. Device was rated to
180 V and 3 A, and in short circuit test the current was cut-OFF within 900 ns while peak
current 28 A was reached (Mejia-Ruiz et al., 2022).

X. Song, Peng & Huang (2017) proposed 15 kV SiC emitter turn-OFF (ETO) thyristor-based
HCB, which uses Thompson coil based UFD with silicon-based MOSFETSs and diodes as
LCS and rectifiers, for bidirectional operation in commutation path, respectively. Simplified
topology is presented in Figure 21, which follows earlier illustrated HCB topology. Within
their research, estimated cut-OFF time is 2 ms for 10 kV and 200 A. Also, other proposals
are utilizing ETOs, such as DCCB where three SiC-ETOs are connected parallel forming
unidirectional SSCB rated for 15 kV and 200 A which tested to cut-OFF in less than 2 ps in
4.5 kV test setup (L. Zhang, Woodley, et al., 2018).

_________________________________________________________

_________________________________________________________

_______________________________________________

_______________________________________________

Figure 21: Hybrid circuit breaker topology with SiC-ETO

As asynchronous switching of semiconductors is known challenge for cascaded DCCBs,
research for suitable gate driver design is needed. Individual gate driver topology increases
the cost and unreliability, and for example 2.4 kV SiC-MOSFET SSCB with current rating of
20 A was proposed with single gate drive utilizing capacitive coupling topology to improve
voltage sharing among semiconductors (Ren et al., 2017). MOSFET has some undesirable
characteristics, why cascaded 6 kV and 15 A SiC-JFET design with improved single gate
driver topology was proposed and tested to cut-OFF withing 3 us (L. A. G. Rodriguez et al.,
2023). As discussed in previous reference, there are many available research studies focusing
on cascaded SiC-based DCCB solutions. It could be expected that major issues are solved

within near future enabling commercial applications for suitable control and operation of
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solid-state based DCCBs. Giannakis (2022) studied voltage imbalance mitigation strategies
for series-connected IGBTs within his thesis.

Fault clearing comparison between SiC-MOSFET and Si-IGBT SSCBs has been made,
where SIC-MOSFET solution’s cut-OFF time 720 ns was roughly four times faster than Si-
IGBT’s 2.8 us (Li et al., 2019). This study also described the detailed designing for SSCB,
but it was not clearly presented that was SiC-MOSFET design fully comparable to Si-IGBT
design with equivalent auxiliary circuits. It was concluded that with faster clearing time
fault current peak was limited to 80 A while it rose to 300 A with Si-IGBT design (Li et al.,
2019). Other Si versus SiC comparison was made for HCB and SSCB topologies. For HCB
design SiC-MOSFET was approximately 750 ps faster with cut-OFF time of 5.45 ms than
Si-IGBT and for SSCB the corresponding advantage was 250...50 ps in tripping current
range of 25...150 A respectively (Gu et al., 2017). As a note, previously presented results
were approximated and interpreted from figures and might include some defects. Another
interesting result was that normal operating efficiency was better for SIC-MOSFET at lower

currents, but for higher currents efficiency was in favor for Si-IGBT (Gu et al., 2017).

As expected, it was shown that WPG semiconductors produce majority of SSCB costs, in-
troducing 84% of main branch costs and 63.4% of the total costs in 4 kV and 100 A example
design achieving 99.97% efficiency (Kheirollahi et al., 2022). Although the design studied
was unidirectional and included active current injection auxiliary branch for soft turn-OFF
characteristics, from these cost distributions can be concluded that in future realization cost
of WPG semiconductors determines viability of commercial products. Kheirollahi et al.
(2022) also discussed parallel connection of main branches to increase efficiency at the cost
of increased number of WPG semiconductors. One can conclude that, besides increased effi-
ciency, parallel connection provides increased current rating with redundancy and reliability,

which would justify the introduced costs.

As research was not found for WPG-based DCCBs design with applicable ratings for E-
STATCOM, it indicates that technology has not yet reached sufficient maturity. Secondly
development around the topic would provide strategic advantage for industry and intellectual
properties for design are wanted to be protected before details are published. From review,
some indicative conclusions and estimations can be made for characteristics of WPG DCCBs

available in future.

While analyzing higher rating designs, for HCB and SSCB utilizing WPG semiconductors
total operation times can be expected to be within few milliseconds and microseconds re-
spectively. Now operation time is defined from the moment of interruption command to the

moment of total current cut-OFF without any detection delays. In this concept, there are ex-
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pected to be separate protection system for monitoring and decision-making logics giving
external tripping command to DCCBs. Biggest advantage achieved by WPG could be sig-
nificant reduction in both losses (in case of SSCB) and number of required semiconductor

switches. Eventually leading to more economic size and cost of equipment.

3.4 Commercial Applications and Full-scale Realization

Generally, HVDC is referring to voltage levels >100 kV, while MVDC (Medium Voltage
Direct Current) is in range 1.5...100 kV. In case of E-STATCOM and as reference in this
thesis, nominal DC terminal voltage is expected to be slightly below 100 kV and nominal
DC terminal current around 5 kA enabling rating for 300...500 MW. Desired characteris-
tics for DCCB are passive cooling, self-powered electronics, fast operation time, low losses,
small footprint and acceptable cost. These characteristics depend on each other. For ex-
ample, low losses reduce the requirements for cooling system and higher component ratings
reduce number of semiconductors which together reduces the size and footprint of the device

making it economically feasible.

As electrical grid infrastructure has been built up over the years, it is reasonable to assume
that so-called greenfield projects are nowadays decreasing. With greenfield projects are re-
ferred to as cases where there are no existing infrastructure and installation does not have
certain space limitations. With all other characteristics, electrical or economical, space re-
quirements can be seen as one major factor and smaller size of DCCBs as chased goal is
desirable. Compact size with low cost and losses, fast operation and simple operation prin-
ciples are evaluated criteria for choosing possible solution to protect ESS and other com-
ponents of E-STATCOM. R. Zhang (2024) presented some recent development status for
DCCB including challenges, intellectual property listing and demonstration projects with

current estimation of price to be approximately 8. .. 10 M$ per unit.

In 2011, prototype design for HCB rated to 320 kV and 2kA with maximum breaking ca-
pability of 9 kA was proposed (Héfner & Jacobson, 2011). One such modular 80 kV uni-
directional breaker cell was tested with announced 2 ms breaking delay for UFD (Callavik
et al., 2013). From figure presented in publication, total operation time from LCS opening
to current cut-OFF is estimated to be 3...4 ms. For TWENTIES project, an HCB design
was proposed where commutation branch consisted of several stages with series connected
thyristors and capacitor bank (C. C. Davidson et al., 2015). Chen et al. (2021) and C. David-
son et al. (2024) has presented several recently realized projects for higher rated DCCB,
listed in Table 8. As main parameters are found from list, following attention is diverted to
other characteristics, such as size, found from accessible literature from said projects. As a

clarification for terminology used in Table 8, coupled negative voltage injection is referring
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to earlier mentioned CCDC and VARC is abbreviation for VSC assisted resonant current as

a type of active current injection method (C. Davidson et al., 2024).

Table 8: Recent realized DCCB projects (adapted from C. Davidson et al., 2024)

‘ Year ‘ Project ‘ Commutation technology ‘ Rating ‘
2013 | TWENTIES | Hybrid 120kV /52kA /2 ms
2016 Zhoushan Hybrid 200kV /15kA /3 ms
2017 Nan’ao Active current injection 160kV /9 kA /5 ms
2019 Zhangbei Active current injection (2 units) 535kV/25kA /3 ms

Coupled negative voltage injection (2 units) | 535 kV /25 kA /3 ms
Hybrid (12 units) 535kV/25kA /3 ms
2020 | PROMOTioN | Active current injection 200kV /16 KA/ 8 ms
Active current injection (VARC) 80kV/15kA /2 ms
Hybrid 350kV/20kA /3 ms

Zhou et al. (2015) presented picture of DCCB demonstrator (Zhoushan), from which can
be estimated that surface area of device is several meters in both directions and height is
even more (without cooling system for LCS). Although this is not accurate and does not
provide useful information, it was noted that both Zhou et al. (2015) and Héfner & Jacobson
(2011) used press-pack IGBTs to achieve reliable short circuit failure mode. Illustrations and
pictures in X. Zhang et al. (2020) for HCBs used in Zhangbei verifies relative massive size
of DCCBs for 500 kV DC voltage ratings. They used CCDC commutation method in their
design, which eliminates the need for cooling system and on the other hand requires isolated
charging system. For HCBs installed in Zhangbei are stated to have dimensions of 12 x 8 x
14 m? (length x width x height respectively)(C. Davidson et al., 2024). For VARC design,
respective dimensions was 1.5 x 1.5 x 3.5 m? with total mass of 1500 kg (JWG B4/A3.80,
2022, p. 68). Perspective of sizes can be also seen from pictures presented in Smeets &
Belda (2021) and for latest related prototypes from PROMOTioN (2020).

Few major companies manufacturing HVDC systems were contacted with inquiry about their
DCCB portfolio with request for technical information and view of commercial availability.
One contacted company kindly replied that due to strategic and proprietary nature of such
technology they are unable to provide requested information. It was concluded that develop-
ment stage of commercial DCCB realization is not topical. Development has been relatively
slow and expensive while demands and requirements have been unclear (C. Davidson et al.,
2024). Based on findings, currently it is hard to justify usage of DCCB for traditional point-
to-point HVDC transmission system. While interest in MTDC seems to be evolving one

might expect that markets and development of DCCBs will accelerate.

Now considering E-STATCOM operating in MVDC ratings, justification is even harder. Ref-
erence solution utilizes full-bridge SM topology which already enables VSC valve blocking.
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On ESS part of system, impedance is low leading to high short circuit current and di/d¢ char-
acteristics. In turn, in case of positive-to-negative terminal fault, after blocking the valves
only ESS is feeding the fault current with decaying energy. It is expected that HCB or
MCB could operate in <2 ms and SSCB in <2 ps. Delays by measurements and protection
logic, while considering also valve blocking time, shall be added to DCCB operation time
to estimate total fault clearing. Disadvantage of losses for SSCB should be evaluated for

E-STATCOM as active power transmission is dependent on electrical grid conditions.
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4  Fault Simulations

In this section simplified fault analysis and SSCB simulations are done. First, it is discussed
about possible fault types. Then simulation model for SSCB is built with presented necessary
theory and component selection for designed ratings. Recognized fault types are simulated
within possibilities with available E-STATCOM model. Results are studied to determine
advantages and disadvantages of SSCB usage. One shall understand that following study is
indicative and is not aiming for accurate modeling. Goal is to understand present phenomena
for E-STATCOM faults to provide base for further studies.

4.1 Fault and Risk Assessment

To begin with, studied topology is presented in Figure 10, where E-STATCOM is coupled
with electrical grid by delta-connected transformer secondary. This can be considered as
HVDC terminal, where DC transmission line is replaced by ESS. Such topology is des-
ignated as symmetric monopole configuration and there are different options for system
grounding (Leterme et al., 2014). H. Wang et al. (2014) presented different grounding meth-
ods on the AC side of the converter. Here, in simulations, high impedance grounding on AC

side is considered as grounding method.

Now risk assessment refers to fault and disturbance case considerations related to ESS pro-
tection. While literature directly considering E-STATCOM’s DC side and energy storage
protection solutions has not been found, common analysis is carried out next. Two obvious
faults that can be analyzed are pole-to-pole and pole-to-ground faults on DC terminals. In
addition to earlier, ESS internal faults are considered and special cases derived from pole-
to-pole short circuit, where one phase leg (i.e. upper and lower arms of same phase) is

simultaneously bypassed or both terminals are low impedance grounded simultaneously.

It is important to notice that E-STATCOM system is installed in relatively small footprint,
and its components are mainly indoors. Also, concept is in that sense new that there are
not yet available experiences for possible faults. By this, following thinking is not based
on any research or statistics but instead different scenario consideration. Fault mitigation is
possible by component arrangements, for example positive and negative poles are installed
as far as possible from each other. By looking at Figure 10, arrangement as presented could
provide benefits to minimize pole-to-pole fault probabilities. While installed indoors, it is
expected that external or environmental factors causing direct short circuit between positive

and negative terminals exist with near zero probability.

Studied topology is CES and one benefit of it is the capability to operate E-STATCOM as
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traditional DSBC-STATCOM while ESS is isolated for example for maintenance. This re-
quires disconnectors with grounding switches to DC terminals. By erroneous user actions,
switches could raise possibility to ground both poles of charged ESS at the same time. Miti-
gation of such scenario would require mechanical and software-based interlocking schemes

to prevent such situations.

Each valve SM has internal protection for different fault cases. In some scenarios protec-
tive action is to bypass SM, usually with mechanical bypass switch. This introduces some
operate delays, and to prevent damage for SM, faster semiconductor bypass is performed
simultaneously. Switching was illustrated in Figure 7b and Figure 7c. Victor Matos Farias
et al. (2021) presented SM failure tolerance schemes used in industry. One shall analyze
is there any possibility to entire phase leg to be bypassed and before mechanical bypass is
successfully achieved, what level of current is circulated through IGBTs. Based on analysis,

mitigation strategy shall be performed.

Earlier discussed recognized pole-to-pole short circuits as possible faults. In protection point
of view, these are considered more harmful as fault currents might rise relatively high due to
low impedance and interruption might not be techno-economically possible. Next pole-to-
ground faults are treated. As presented earlier, studied topology is high impedance grounded
on AC side of converter. There are also auxiliary components connected to system, such
as resistive-capacitive voltage transformers (RCVT), surge arrestors and insulators, which
couples’ system to ground. But impedance of these is considered in megaohm class. Also,

stray capacitance of conductors is considered negligible.

By these, pole-to-ground faults cause only relatively small fault currents but instead intro-
duces overvoltage issues. And, due to the overvoltage on healthy pole, which could cause
another pole-to-ground fault leading to pole-to-pole fault through ground as similarly pre-
sented earlier. As possible reasons for pole-to-ground could be mentioned, for example con-
tamination or failure of insulator or false user actions. Mitigation for first can be considered
filtered air conditioning with humidity control and maintenance program. Overvoltage shall
be studied for system design and appropriate insulation level, and surge arresters, should be

chosen. Also, protection system actions to reduce overvoltage levels need to be considered.

While considering ESS internal faults, one shall revise Figure 9. It is not easy to evaluate
possible faults, as structural details are not known. This topic will be discussed later in Chap-
ter 5. It is coming obvious, that external protection means are not suitable for E-STATCOM,
meaning one dedicated SSCB to protect DC side. This transfer focuses on internal protection

of ESS to provide solutions for entire DC protection strategy.
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4.2 Simulation Model

There was simulation model available to study discussed faults. As this model is used for
commercial purposes and includes intellectual property, and besides the fact that it is remark-
ably complex including grid, plant and controller models, detailed presentation is practically
impossible. While modelling power electronics with switching phenomena is entirely own
topic, here are adapted simplified modelling approaches to study main characteristics. Sim-
ulation focuses on understanding immediate advantages and disadvantages of DCCBs and
provides support for conclusions. Accurate modeling is out of scope of this thesis, and one

shall understand that presented results might not hold true.

4.2.1 Assumptions and Principles

While SSCBs are not yet mature technology for full-scale realization, such is used for mod-
eling. It has been concluded that SSCBs offers fast and arc-less switching and expectations
of WBG as enabler for commercial viability in future, those are only beneficial solutions for
E-STATCOM applications. Recalling Figure 18, simplified model requires load path con-
sisting of semiconductor switches and energy absorption path to handle transient interrup-
tion voltage and dissipate stored energy. Simulations are done with MATLAB and Simulink
software by MathWorks Inc. For semiconductor switches were chosen earlier mentioned
SiC-MOSFET from Infineon Technologies AG and Simulink’s MOSFET block was used as

simulation model. Block model is seen in Figure 22, which is adapted from manual.

d o~ AN oS

Figure 22: MOSFET model implementation in Simulink

Some shortcuts were taken and model is treated as ideal, so to reach desired nominal volt-
age rating, series connected MOSFETs are simplified as lumped one. To achieve this, 37
series connected switches are parameterized as in Table 9. Meaning that series connection is
modeled as one block, where base parameters are multiplied by number of MOSFETs. To
enable bidirectional operation, two such blocks are connected anti-series. By uniformity, one
shall designate this series connection as string. To gain suitable current rating, 4 strings are
connected parallel. See Figure 26 for clarification. Base parameters are got and interpreted
from product datasheet (Infineon Technologies AG, 2024).
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Table 9: Used MOSFET parameters

Parameter \ Value |
Nominal voltage (37x)1.8kV
Maximum voltage (37x)3.3kV
Nominal current 1000 A
Maximum current (RBSOA) 2000 A
Turn-OFF delay time (¢5 orF) 370 ns
Internal resistance (Roy) (37x)3.7 mQ
Internal inductance (Loy) 0 H!
Internal diode resistance (R;) (37x)3.5 mQ
Internal diode forward voltage (Vy) | (37x)3.9V
Snubber resistance (Ry) (37x)10° Q
Snubber capacitance (Cy) o F

"Proposed by manual

To model MOV, simplest approach was considered. Nonlinear behavior of varistor can be

written as

V =CIP and (30)
[=AV”, (31)

where C and A are constants eventually obtained by least squares fitting and 3 and y are
nonlinearity current and voltage indexes respectively (IEC 61051-1:2018:en, 2018, p. 11). It

is said that 7y is reciprocal of nonlinearity current index 3, which can be calculated by

_ log(V1/V2)

P =Yg ti/D)

(32)

(IEC 61051-1:2018:en, 2018, pp. 11-12). In previous, while not exactly defined in reference
are interpret as, V; is limiting voltage across varistor and /; is corresponding peak current
defining voltage versus current characteristics. In other words, (32) is defined by two points
from characteristic curve and used points are presented in Table 10. Again, to simplify mod-
eling, lumped series connection model is used. There would be two MOSFETSs connected
anti-series as one unit, and 37 of such units are series connected as string. Each unit would be
protected by own MOV, so in simulations 37 MOVs are modeled as one while parametriza-

tion follows earlier principles by assuming components as ideal. Here we have searched for
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suitable MOV for unit’s nominal 1.8 kV rating. Parameters adapted from found datasheet for
suitable MOV model V881BA60 by Littelfuse are seen in Table 10 (Littelfuse Inc., 2020).

Lumped current model is scaled to follow same characteristics for higher voltage.

Table 10: Used MOV parameters

’ Parameter \ Value ‘
Continuous voltage (Vpc) (37x)1150 V
Energy Wru 2 5) (37x)32007
Varistor voltage at ] mA DC test current (V1) 1500 V

il

Maximum clamping voltage V¢ at 200 A current (8/20 ps) (V) 2340V
I

Typical capacitance f = IMHz (C) 2700 pF(/37)

For calculation purposes, from (31), A = VL'y is assumed and where i is one known point

used for fitting calculation. To perform mentioned scaling, voltage over single MOV is

considered as V = %, where Vror is total voltage over lumped model and N is number

of series connections. It shall be noted that current would be equal in each series connected
MOVs. Then (31) and (32) can be written as

_ log(hi/h)
log (V1 /V2)
;- di (Yror 4
AN
) A 24
_ L TOT
=L x
vlY~ NY

Vi
N——

Axcal ed

and (33)

(34)

Alternatively one can consider Vyor = N X V with assumption C = ;/—é from (30) and write it

1

as

(35)
Cscal ed

Now MOV can be modeled as current source with (33) and (34) or as voltage source with
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(32) and (35) by substitution of two known V — [ points from Table 10. Although not pre-
sented in referenced standard, literature usually models capacitance in parallel with nonlinear
resistor. This was adapted also in used simulation model, which will be discussed later, in
Chapter 4.3. Again, by simplification, capacitance was modeled as series connected capac-
itors by formulation Cror = 1% parallel to nonlinear resistor. In Figure 23a and Figure 23b
are presented single and lumped MOV’s V — I characteristics calculated as described. To be

explicit, for example (34) is calculated as

I = Sgn(VTOT) X Ascaled X ‘VTOT‘Y- (36)

Due to the challenges for MOV modelling, RCD snubber was added parallel to MOV during
later simulations. Reasons will be discussed later. For simplicity, only RC components

without diode were modeled. Dimensioning of components was defined by

Inct
C, ~ 2% and (37)

L
Ry>24/ 2, (38)

where C; is snubber capacitance, Ry is snubber resistance, Ipc is maximum current, ¢ is dura-
tion time of turn-OFF transient and V¢ is clamping voltage of MOV, and L; is line inductance
in current path (Zhao et al., 2021).

4.2.2 Implementation Model

Built simplified model follows principles presented in Chapter 4.2.1. Overview of SSCB
implementation model is illustrated in Figure 24. As used simulation model did not have
suitable protection logic, integrated overcurrent protection logic with external trip signal was
used. This external trip signal was used for blocking valves. Trip logic is seen in Figure 25.
It was parametrized to operate for 1.5 times of nominal design current and 1 ms definite
time delay with latching feature and additional delay to simulate semiconductors’ turn-OFF

delays.

Load path is presented in Figure 26 and energy absorption path in Figure 27. Now de-
signed nominal current was 4 kA, and 4 parallel strings each rated for 1 kA was needed.
MOSFET modelling was described earlier. Principles of MOV model have been discussed,

but following clarification are needed. Model contains following additional blocks, INIT
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Figure 23: MOV V — [ characteristics

and MAF. These were added due to simulation technical reasons. At beginning of simula-
tion, high frequency and amplitude voltage oscillation existed, in which response of current
source caused simulation to be unstable. INIT block freezes voltage measurement to zero
for first 200 ps. Due to system dynamics and ideal switching, high transient interruption
voltages were expected and absence of, or very low, stray inductance enabled high current
transients. Capacitance parallel to MOV’s current source was necessary to prevent unstable

response for such events. It was not studied any further, but addition of capacitance intro-
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Figure 25: Trip logic model

duced multi-mode high frequency oscillations one at rate of simulation timestep. Again, to
prevent unstable response, mean average filter (MAF) of two samples was added to voltage

measurement. Such solution damped enough measurement with least delay.

SSCB model was connected to positive DC pole as standalone device. As it is recognized
that DC fault current interruption must be fast for E-STATCOM protection, SSCB are seen
as a best option. Now SiC-MOSFETs were used, but discussed briefly later, it is not yet
techno-economical solution. In realized solutions, protection logic delays are expected to
be dominating in total operating delays, and 1 ms delay is assumed to be maximum for fast
action. It still provides some robustness but does not take advantage of fast turn-OFF of

solid-state switches.
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Figure 27: MOV model

4.3 Simulation Results

As SSCBs would be used for fault current interruption, pole-to-ground faults are not sim-
ulated. This was justified earlier by the fact that system is high impedance grounded, and
simulation of fault currents would be negligible. Instead, two most harmful faults recognized
are inspected. From these, pole-to-pole short circuits would introduce highest possible fault
current. Any fault impedance is not considered. As early said, benefit of DSBC-STATCOM
is that full-bridge VSC valves can block fault current fed from electrical grid, and one could
say that converter already present SSCB. While DC terminal busbars, or conductors, are
only connecting ESS to converter star points, length of those are only several tens of meters

at maximum. Placing separate SSCB there would not produce any realistic benefits.

In simulation point of view, now SSCB is placed on positive DC terminal pole and pole-to-
pole short circuit is located between SSCB and converter, i.e. SSCB is on fault current path.
Arrangement is visualized in Figure 28, from where “Fault 17 is referring to first studied
pole-to-pole short circuit. In simulations, system is driven in steady state conditions with
full capacitive output before event. Presented time has offset to set event to occur at time

t = 0s. Most interesting characteristic waveforms are presented in Figure 29. Additional
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measurements and larger plots are seen in Appendix 1. From topmost plot of figure, load
path current rises to 18 kA. Also operating delay 1 ms is notable at time = 0.001 s. In second
plot from top, current over single MOSFET rises over 4 kA. Maximum current in reverse-
biased safe operating area (RBSOA) was defined as 2 kA it is obvious that presented design
is not suitable based on simulations. Without any redundancy, at least 10 parallel strings
would be required to interrupt such faults current. Saying that SSCB should be rated in this

case approximately five times of nominal current.

Fault 2. ] Fault 1. ! i W
i Submodule (Full-bridge) Tl : T T

Energy storage system

000 ———

Figure 28: E-STATCOM fault simulation cases

Two bottommost plots in Figure 29 presents current and voltage of energy absorption path,
1.e. MOV. Both instantaneous and filtered measurements are plotted. Although simulation is
not accurate, it can be concluded that dissipated energy in MOV is minor. DC busbars, or
conductors, are short by length on ESS side and total series inductance of path is considered
as negligible. While some fault currents are fed from AC side to fault, after blocking valves

energy stored to arm reactors are absorbed by SM capacitors.

Next, phase leg bypass as “Fault 2” from Figure 28 was simulated. For this simulation, it has
not been found successfully solution to simulate fault with MOV. Voltage source modeling
approach was tested, but it produces worse response. Either increased filtering or signal

amplitude limitations did not give successful results. In this scenario, there would be higher
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Figure 29: SSCB waveforms for DC short circuit (Fault 1.)

inductance in current path, which would cause transient overvoltage due to instant switching
and by ideal modeling with numerical inaccuracies led to unstable results. By that, for this
simulation MOV was replaced by RC(D) snubber. Now, situation where each SM of phase
leg would be bypassed simultaneously was analyzed. Model was modified to force all SMs

in phase A in bypass state at time ¢ = Os.

Results are seen in Figure 30 and Appendix 2. Again, system has same before event steady
state conditions. Two topmost waveform plots present same load path currents than earlier.
It took approximately 3.9 ms for current to rise to defined pickup level with total 4.9 ms
clearing time, while event occurred at time instance # = 0s. Snubber current is in second
plot from bottom, and it took approximately 1.5 ms to absorb energy while Ims was design
parameter. Challenges in simulations can be seen from bottommost plot, where voltage over
SSCB rises over 800 kV. Results are inconclusive because of unrealistic behavior, but in

general designed SSCB should be able to interrupt the current fault.

While simulation models are not comprehensively detailed and challenges of modeling do
not produce trustworthy results, following conclusions can still be made. In case of “Fault 17,
1.e. DC pole-to-pole short circuit, fault current is expected to be very high and mainly char-
acterized by ESS internal equivalent series resistance and capacitance when fault impedance
is zero. Based on model parameters, simulated and calculated results are close to each other.

Due to the high fault current, SSCB should be dimensioned many times of nominal current.
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Figure 30: SSCB waveforms for bypass short circuit (Fault 2.)

Additional reactors could be used as fault current limiters, but those would require installa-
tion space and introduce extra costs and losses. In case of “Fault 2, SSCB would provide
extra protection for phase leg bypassing, but while such case is not expected to be realistic it

does not justify considering SSCB.

To perform quick comparison for SIC-MOSFET and Si-IGBT, only few interesting parame-
ters are discussed. To clarify, author has limited knowledge of power electronics and follow-
ing might not be accurate. In high power electronics, IGBTs have advantages over MOS-
FETs. Few main parameters of Si-IGBT are found from Table 11 (Infineon Technologies
AG, 2023). To focus safe operating area, example Si-IGBT has higher ratings and equivalent
voltage withstand are achieved of 24 series connections. With 3 parallel strings rated current
would be 5.4 kA. Besides breakdown voltage and junction temperature, safe operating area
limiting factors for MOSFET are fusing current of wire bonds and ON-state voltage drop
depending on ON-resistance (Baliga, 2019, pp. 453-454). Safe operating area of IGBT are
defined by breakdown voltage, junction temperature, latch-up of the parasitic thyristor and
dV /dt characteristics (Baliga, 2019, pp. 969-983).

ON-state power losses Poy of MOSFET are given by

ToN
Poy = TRONlﬁ, (39)
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Table 11: Example IGBT parameters

Parameter \ Value |
Nominal voltage (24x)2.8kV
Maximum voltage (24x)4.5kV
Nominal current 1800 A
Maximum current (RBSOA) 3600 A
Turn-OFF delay time (¢4, 0rF) 7.32 us
Collector-emitter saturation voltage (Vcg sar) | (24x)2.85V

where 7oy 1s ON-time over time period 7', Rpy 1S ON-state resistance and [y, is load current
(Baliga, 2019, p. 449). This can be simplified as

Pon.mosFeT = RonT?. (40)

Similarly, for IGBT one can write following

fo
Pox = 2 1LVon. (1)

where Vpy is ON-state voltage drop (Baliga, 2019, p. 1048). This can be simplified as

Pon 16T = ILVCE sAT- (42)

Now we can make one rough estimation. While ignoring diodes in anti-series path, from
(41) and (42) with parameters from Table 9 and Table 11, string wise losses are multiplied
by number of parallel strings. Then one can calculate total losses for nominal rated current
of 4000 A by

string
"

~

4000 \?
Pon,ror,sic-mosFET =4 X (37 % 0.0037 Q x <T A> )

= 547.6 kW and
4000

Pon.Tor si—16BT = 3 X (24 X A x2.85 V)

=273.6 kW.



64

In addition, unit prices from same vendor for SIC-MOSFET and Si-IGBT was 7827 € and
2508 € respectively, at the beginning of 2026. By simplified assumptions, total number
of semiconductor switches for rated bidirectional SSCB would be 2 x 4 x 37 = 296 pcs
for SIC-MOSFETs and 2 x 3 x 24 = 144 pcs for Si-IGBTs. One can calculate total price
for semiconductors in simplified SSCB by presented numbers. It’s clear that by losses and
price comparison WBG technology is not yet techno-economically reasonable. Although
best possible models might not be compared, it should be understood that SiC-IGBTs would

change the situation as discussed in Chapter 3.3.
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5 Protection Strategy of the Energy Storage

As described earlier, in Chapter 4.1, this chapter focuses on ESS internal protection strate-
gies. As understood, DCCBs for MVDC rating exists, but such equipment introduces high
costs and footprint. Although it is not clear what the exact size and cost for MVDC CB would
be, these have not yet reached enough mature level to be commercially available or even un-
der active study. More realistic solution would be modular protection included, for example,
in rack design providing flexibility. Here, it is searched for different embedded solutions
and based on finding, the goal is to form general understanding for most techno-economic

solutions.

5.1 Embedded Solutions

Several supercapacitor manufacturers provide grid-scale ESS racks which could be utilized
for E-STATCOM applications. Few different commercial products were inspected by data
available from manufacturers webpages and following conclusion was made. Now it is as-
sumed that each rack could have approximately 10 modules stacked. Each module is as-
sumed to has voltage rating somewhere 50...300 V, producing rack voltage of 500...3000
V with varying level of capacitances. Racks have some levels of management and control
properties. Few mentions were found about rack protection, such as contactors and fuses
(Skeleton Technologies, 2025).

Research literature was not found for ESS embedded protection. Mostly topics are related
to monitoring and balancing and not directly to protection features. Manufacturers’ data
was general in nature and did not provide detailed concept. Earlier mentioned contactors
and fuses are more likely used with single rack ESS and not in MVDC applications with
ESS strings. Found on fast search that DC fuses and contactors are rated at maximum 1500
Vpc. Reflecting to earlier findings, development of supercapacitor ESS is constantly active
and used solutions are wanted to be kept in private. By that, patents related to subject were

searched.

It was concluded that one DCCB might not be the most efficient solution for E-STATCOM.
This is rationalized by the fact that pole-to-pole short circuit is not probable, and such solu-
tion does not provide protection for ESS internal faults. It is more desired to have protection
strategy that protects ESS internally and inherently provides capabilities for DC terminal
protection. Mentioned modular DCCB, where instead of one device breaking capability is
divided within ESS strings, offers benefits in protection aspect. Few to mention, first is the
intrinsic rating of components. If it is considered that racks, or even modules, are protected

by switching capabilities, strings would have sufficient protection ratings by series connec-
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tions. Secondly, such solution enables string-wise switching providing reliability with re-

duces storage capacity for ESS internal faults while only faulted string can be disconnected.

Papastergiou, Hermansson & Demetriades (2009) applied patent for such solutions. It was
proposed that each string has enough SSCBs within and each SSCB consists of IGBT with
anti-parallel diode enabling controlled discharging of energy source with additional bypass
solid-state switches (Papastergiou, Hermansson & Demetriades, 2009). They also proposed
bidirectional switching capability. Solid-state bypass switches were used for internal faults of
IGBTs, as failure mode of traditional IGBT is open circuit. Especially high-power thyristors
have short circuit failure mode due to the press-pack design (Andersen & Nilsson, 2025,
p. 304). It is clarified that different types of switches and combinations can be used. Solution
is illustrated in Figure 31, where SSCBs are colored as purple. Also, disconnectors were
proposed for each string, visualized in yellow in previous figure. For E-STATCOM, each

string would need to be considered as one unit and would require simultaneous switching.

Reliability could be improved with earlier mentioned press-pack IGBTs, but still some re-
dundancy is needed for rating. Other disadvantages can be listed as losses and complexity
of controller. As there would be semiconductors connected to current paths, load losses and
by that cooling requirements should be considered. Liquid cooling system among ESS racks
or modules is not desired. Here WBG technology might introduce potential solutions for re-
ducing losses and cooling requirements. It is important to notice that active power stored to
ESS is not constantly transferred among the electrical grids with nominal ratings. Yet there
is no available data to estimate average and expected peak characteristics of need for active

power supply or absorption, so losses evaluation is not possible.

Synchronous switching coordination by controller would need to be guaranteed. In worst
case, entire DC terminal voltage stresses semiconductors with shortest turn-OFF delays. This
and switching transients would require overvoltage protection and energy absorption such as
for example MOV addition to SSCB. One can see here direct analogy to earlier presented
DCCB solutions. In generally, this “distributed DCCB” is seen more justified solution for
short circuit interruption rather that earlier presented single DCCB device. Besides, due
to distribution, inside string or between strings faults can be interrupted by certain regions
providing extended internal protection. In this case, development of suitable topology and
control systems would be needed by ESS manufacturers. It can be also understood that
such protection system intrinsically inherits same advantages and disadvantages as SSCBs

presented in Chapter 3.2.2.

For distributed DCCB it is expected that required semiconductors increases costs and intro-

duces losses, while required installation area is not expected to be increased significantly as
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SSCBs are located inside racks, or modules. Several patent applications were found related
to bypassing-based protection schemes. Here faulted supercapacitors or other energy sources
are bypassed and disconnected by switches with additional discharging circuit (Noisette et
al., 2021). Similarities can be found, for example, from EP 4593235 Al, EP 4607744 Al
and EP 4664721 Al. Also, here it is stated that different types of switches and combinations
can be used. Reference does not exactly clarify operation principles, especially related to
breaking fault current. Main remarks are that pyrotechnical switches are possibility for in-
terrupting fault current and string resistance changes needs balancing actions from controller
(Noisette et al., 2021). Solution is illustrated in Figure 32, where bypass system is imple-
mented to inside rack. Here, SW1 is the main switch (fault switch in reference), SW2 is the

bypass switch and SW3 is the discharge switch.

By default, main switch is closed and other switches are open and during fault, main and by-
pass switches state can be changed simultaneously or with delays preferably when current in
main switch is zero or near (Noisette et al., 2021). To achieve near zero current, actions from
converter controllers are needed, but for actual fault current such operations are not possible.
This can be considered as preventive action for certain internal faults, such as overvoltage
or overheating. For considered application, opening one main circuit is not possible due to
the voltage stress. If bypass switch is closed simultaneously, or in advance, bypass circuit is
forming low impedance short circuit path for supercapacitor and peak current is expected to
be high. Main switches should be rated for such current, and mechanical switching would

cause arching issues.

It is realistically expected that besides semiconductors, proposed pyro fuses could be solution
rather than traditional mechanical switches. Availability of suitable pyro fuses, or pyrotech-
nical switches, are not studied in this thesis. Nevertheless, bypassing solution is considered
to have advantage for reliability, as entire ESS string is not necessarily isolated. If only one
rack is needed to separate, lost energy capacity is less. As mentioned, these changes affect
string resistance and changes current flow with increased voltages over rest of modules. Pro-
posed solution was to balance strings by isolating equal number of racks and control DC

terminal voltage accordingly (Noisette et al., 2021).

For internal faults, such isolation protection is beneficial as early said. The smaller isolated
blocks, or sections, into which ESS can be divided would increase reliability, although costs
and complexity would increase. Especially considering external high current short circuits,
portion of current would flow through all connected blocks, in Figure 32 racks, which shall
be considered. But one should consider that racks could be divided into smaller protective
sections. By that, if bypassing system can be used for overcurrent protection without any

major steady state losses gives advantage over earlier presented options.
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Figure 32: Energy storage rack bypass

Following will be based on limited knowledge of subject and by that might include false as-

sumptions and conclusions. But to play by idea, it is expected that supercapacitors have very
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low equivalent series resistance. In next theoretical short circuit characteristics are calculated
by resistor-capacitor circuit and first-order differential equation, as bypassed supercapacitors
can be simplified modeled by those. Now, because capacitance is high, although circuit re-
sistance is low, circuit’s time constant would be relatively high. Due to assumed low circuit
resistance, peak current will be high and following mentioned relatively long decaying time
characteristics. Energy stored to supercapacitors is released as heat during short circuit. Now
taking information from Skeleton Technologies (2025) (p. 9, 10s1p, 1500 V, 6.2 F and 108.2
mQ), and expecting external resistance to be equal to ESS rack’s internal resistance, circuit
time constant would be 1.32 s and peak current 6925 A. If, for example, pyro fuses would
operate in few milliseconds, it could be used to reduce stress caused by fault current. Rest
of the energy could be released by discharge circuit if possible. Again, heavily simplified
characteristics for circuit are visualized in Figure 33. Here earlier assumptions apply, with
consideration of total 3 ms response for detection and operation for pyro fuse, for exam-
ple. From zoomed axis, now the interrupted current would be 6.91 kA and I*¢ as 148 kA’s.
Dissipated energy is illustrated with blue curve and corresponding value would be 32.1 kJ.

Components and switching ratings should be designed to tolerate these.
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Figure 33: Bypass switching characteristics

Two questions arise which should be considered. Can components be designed to tolerate

bypassing or can techno-economic switch solution be found for main switch. First one can
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be considered as simple but violent solution. There would be accepted that components
would be subjected intentionally to fault currents. Here operation should be fast, and sacri-
ficed semiconductor switches could be utilized in parallel to slower mechanical switches as
backup. Mentioned press-pack thyristors could be considered for these purposes. Such sac-
rificial operation is utilized earlier in MMC SM design (Andersen & Nilsson, 2025, p. 418;
Tsyplakov & Wikstrom, n.d.). Second solution could be achieved by dividing protected parts
into smaller ones to achieve suitable ratings for switches and fault current interruption. Pyro
fuses rated for 1000 V and 400 A can have 20 kA breaking capacity with <2 ms operating
time (Eaton Corporation plc, 2025).

It is understood that these solutions might be patented and protected intellectual property,
which might reduce wider commercial usability. For both options considered, fault would
require part replacements. Again, utilization of semiconductors as main switch would intro-
duce losses and is not considered. One should also understand that external short circuits
cause high fault currents, from which portion would flow through each string. In case of
overcurrent, system would response by bypassing basically all blocks in ESS. Then number

of replacement parts might increase high.

Based on number of found patents related to topic, bypassing solution is seen as dominating
solution for ESS protection. By that, it is assumed that in recent grid size ESS solutions
have more probably bypassing system rather than any kind of circuit breakers. Here are
seen the potential for WBG semiconductors as enablers for fast switching for high currents
with low losses. While research and business around subject are evolving, usage of other
solutions, e.g. pyro fuses, should be studied. Eventually best option could be flexible solid-

state switch-based combination providing both features, breaking and bypassing.

5.2 Mitigation Strategies and Other Protection Aspects

As shortly discussed in Chapter 5.1, it is not understood that can supercapacitor cells with-
stand intentional “internal” short circuits and what are outcomes for those. To get back to the
protection strategy of responding external short circuits by activating ESS bypassing without
circuit breaking capability. With available knowledge, it is hard to evaluate whether it is
better to allow ESS to be discharged through external fault or internally by bypassing. While
external discharge might expose fault contacts, for example arcing and potential fire risk,
internal discharge might eventually be more controlled event. As in both actions, there is no

possibility of interrupting the current and stored energy would in any case be released.

Literature seems to have gap for research of supercapacitor failures, such as overheating and

overcharging, and is rather focused more on aging and other performance aspects (Mazloo-
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mian et al., 2025). These are not directly related to performance under external short circuits.
External short circuit tests have been made for hybrid supercapacitors, which are combining
properties of lithium-ion battery and electric double-layer capacitor (EDLC), and results in-
dicated for reduces energy performance and increased internal resistance (Wu et al., 2024).
Such events caused material decomposition and gas production, which are direct indication
that short circuits would cause some permanent damage in every case and at least accelerate
aging. Although, it was not understood what kind of short circuit testing was exactly done,
and how exactly results should be interpreted. And these hybrid supercapacitors differ sig-
nificantly from more common and “traditional” supercapacitors (EDLC), why results are not

comparable (Mazloomian et al., 2025).

In general, it seems that there are no available data and research for detailed supercapacitor
failure mechanisms. As stated by Mazloomian et al. (2025), most probably manufacturers
will have this information and have performed tests, but these are not publicly available.
Now it is considered that short circuits are one kind of extreme overheating case. EDLC
overheating caused breakdown and vaporization of electrolyte, gassing, cell rupture and
decomposition leading eventually to internal short circuits and overcharging caused more
localized damages (Mazloomian et al., 2025). While overcharging cell voltage would rise
which is opposite to short circuits, one might expect that same kind of local hot spots could

be present in case of external short circuits.

Internal short circuit protection is own dedicated topic and, in this thesis, it is discussed only
at a general level. It is highly unexpected to occur external short circuits as discussed earlier.
And separate DCCB for those are not justified. This all leads to the fact that circuit breaking
capabilities should be inherently embedded in ESS. It should be preferably with combination
of bypassing and main switch. To provide internal protection, protective blocks should be
divided to as small blocks as it is techno-economically reasonable. All this culminates to
proper supercapacitor management system. Naseri et al. (2022) performed literature review

for overview of such systems.

This management system should have capabilities to estimate individual supercapacitor cell
conditions to prevent any failures and short circuits. This would of course introduce preven-
tive maintenance plan. Protection related condition monitoring would react to all internal
cell failures or harmful conditions, which are considered more probable as ESS, and E-
STATCOM, is in very static environments. What is said is that there have not been seen such
cases where external factors would cause short circuits with realistic probabilities. This does

not rule out other hazardous events, for example DC terminal overvoltage.

Based on all findings, short circuits are expected to be caused by manufacturing errors or by
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abnormal conditions of supercapacitors, which highlights importance of supercapacitor man-
agement system. This management system shall have common interface, or be integrated,
with actual converter and E-STATCOM controller to coordinate correct actions for different

events.
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6 Conclusions

The primary objective of this thesis was to study solid-state devices as protective equipment
for E-STATCOM. This considered technology and solutions mainly focused on ESS and
MVDC applications. One emphasized topic was WBG semiconductors as enablers for low
loss and high rating switching. Subject was reviewed from separate SSCB point of view
and for ESS internal protection strategies. Besides primary object to understanding best
available solution, the secondary objective is to gather general theoretical information for

different technical solutions and most recent achievement in research fields.

As an outcome, following main conclusions are made for E-STATCOM and ESS protection.
While solid-state devices, or semiconductors, provide fast and arc-less switching, those have
higher losses with requirements for active cooling, low electrical rating and high cost. MCB
and HCB are not considerable solutions based on slower operation time. Separate SSCBs
are not justified by cost, size and realized benefits in E-STATCOM applications. ESS should
have internal protection, which inherently provides fault current interruption capabilities for

external short circuits.

While there have not been recognized any “silver bullet” as techno-economical solution to
provide inexpensive, comprehensive and efficient overall DC protection, some perspective
for industry solutions can be highlighted for future observing. Some expectations are given
for WBG technology, to allow usage of semiconductors in MVDC and HVDC circuit break-
ers. Basic theory, recent advances and challenges of semiconductors as circuit breaking de-
vices are presented in Chapter 3. With mentioned perspectives are meant discovered ESSs’
embedded protection strategies for discussed problems. It is said that supercapacitor ESSs
are expected to have necessary protection, which requires manufacturers to be responsible for

designing and providing suitable solutions with advanced control and management system.

As E-STATCOM is mainly indoor and have small footprint, separate SSCB would be nat-
urally installed on one of the DC terminal poles. Such busbar or conductors are expected
to be length of maximum few tens of meters. SSCB would be protecting only small part
of equipment, and it can be seen as one additional source of fault. This and the fact that
full-bridge valves can block current feed from AC grid, SSCB would be useless and cannot
be justified. DC terminal short circuits would draw fault current from ESS, causing high
overcurrent in which internal protection should respond. Meaning that internal protection
mainly designed to internal faults would inherently protect against external ones. For ESS
internal protection, it is recommended to divide storage to as low rated protected blocks as
possible for reliability. This protection should be capable of bypassing affected cells or mod-

ules and interrupting any present fault currents. Due to low impedance and high currents,
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circuit breaking will be challenging. But for example, pyro fuses was recognized as possible
solutions and could be in interest for further reasearch for suitability. Semiconductors would
require over dimensioning based on the maximum allowed current. Although it was not
analyzed what kind of active power exchange is expected, losses and cooling requirements

would reduce attractiveness with introduced costs.

As development of supercapacitor ESS is active and based on founded patent applications, it
is assumed that some kind of bypassing system is considered by manufacturers. It is not clear
if any kind of circuit breaking capabilities are realized in commercial solutions. While lack of
publicly available data for supercapacitor behavior for abnormal conditions, it is understood
that short circuiting supercapacitors at least affects aging and main parameters negatively.
Still direct bypassing solution might be most techno-economical solution balancing between

costs, probabilities and risks.

In terms of semiconductors as protective devices in example system, based on available
information, these do not provide realistic solutions for challenging DC circuit breaking.
WBG-based solid-state switches could be game changers for low loss and fast switching
with extended rating to reduce number of semiconductor devices. While waiting for major
breakthroughs and industrial maturity for WBG semiconductors, it is understood that re-
quired progress is not seen in near future and too much hope shall not be given. It is seen
necessary that ESS manufacturers should provide adequate protection solutions for overcur-

rent situations and E-STATCOM as system will rely on those for DC side short circuit faults.
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Appendix 1  Simulation results for DC short circuit
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Figure 34: DC short circuit DCCB waveforms
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Figure 35: DC short circuit main waveforms



Appendix 2 Simulation results for converter leg bypass
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Figure 36: Phase A leg valves bypass DCCB waveforms
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Figure 37: Phase A leg valves bypass main waveforms
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