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SUMMARY

This proposed research explores the functionalityesbnanfault currentlimiting
and series compensas Being a variable impedance from both amplitude and phase point
of view enables a series or parallel type resonate circuit to be suitable for various
applications from power quality to power system protection. Accordingly, this thesis can
be divided intotwo distinctly different partsThe first deals withan abrupt impedance
changeausedfor fault current limiting purpose The other offers a continuous and moderate
change of impedance that can eliminate voltage sag/swell. As a ttesfiftal device will
be calleda Resonanc@8ased Series Compensating Fault Current Limiesgnant series
compensated FQL

The wprecedented cost reduction of rooftop Bystems hasnotivated many
homeownerdo install rooftop PV systems However, their intermittengenerationcan
causeproblemsin the distribution networks ability to accommodatea high penetratian
This legitimate concern inspired this researctieeelopa controllableaesonantevice for
bothseries compengah and fault current limihg. Theresonant series compensated FCL
proposed in this workan increase the hosting capacity, i.e., the accommodatiacita
of PV units ineach distribution area, and, at the same time, improve the reliability of a
distribution systemby preventing power interruptisnduring momentary or transient
faults. An efficientresonant series compensated Falst fulfill the requirements of both
series compensator and fault current limiter (FCL), which somewhatmutually
exclusive. As such, this research study starts with the desigresbaantCL (RFCLS),

and theris modified to includeseries compensan operatiorduring normal conditions.
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PROBLEM STAT EMENT AND PREVIOUS WORK

This chapter presents a thorough discussion to clarify the fundamental concepts upon
which theresonanseries compensadfault currentimiter hasbeendevelopedSince this
research study intends to merge these two topics, i.e., fault cimé@img and series
compensation, the following literature revieadividedinto two segments. The following
segment overviews the historical evolution of fault current limiters, followed by the
research background on series compensation. Finally, the reason sdywbeareas can

be merged and what would be the outcome of this integration will be discussed

1.1 Fault Current Limit ing

In essence, an electrical fault is defined as an unexpected failure that interrupts the
regular operation of an electrical system and most likely causes an undesirable change in
voltage/current. Unfortunately, electrical faults are inevitable, but thearaglvmpacts on
the electrical grid can bgreatly suppressed by deploying variable impedadeeices
known as fault current limiters (FCL3h the following section, the impact of an electrical
fault on a power grid will be investigated to accentuagdrtiportance of deploying FCLs

in a power system

1.1.1 Electric Fault Impact

A modern power grid includes a highly integrated power transmission and
distribution network to deliver energy to customers. Howeverhtgtslevel ofintegraton

will increase theateof faults and outagethereby reducinghe power systet eliability.



Energy interruption or even loguality energy delivery could be devastating for many
sensitive loads like hospitals and higdth industries [4].

A failure in an electrical system is often called an electrical fault. Electrical faults
happen when a devideasfailed, or an unwanted connection or disconnechtiastaken
place. Among all types of electrical faults, the most common and crucial one is the short
circuit faultthathappens if two or more nodes with different voltage leget€onnected.

A short circuit creates largeflow of current through the whole system and willchete
destructiveif it is allowedto continuefor a certainperiod d time. Circuit breakers are
design to interrupt the fault current, but@nnot comprehensively safeguard the power
grid because circuit breaketas a limited interruption capigdy and cannot interrupt the
fault current if it exceeds beyond the circuit breaker capdeatylt current levels in power
systems continue to increadae to thegrowth in powerdemand. The replacement of
existing circuit breakes is, and will be, required without something to limit the fault
current.

For instanceassume distribution system own@tans toconnect a new distributed
generation system to the old feeder, as shoviaigare0.1. The fault current on one ttie
subfeeders will be increasddr beyond the nominal fault curremy, because of this new
generatiorunit.

The same problerarisesif a new load is added to an old feeder, as shoviigare
0.2. If CB1 is closed, the fault current in the feeder connected to CB2 would be about two
times higher than the CB2 interruption capacity, which cannot be interrupted by CB2. As

a result, when a new electrical generator or customer joins the power distréygiom,



the interruption capacity of tharcuit breakes in the systemmustbe enhanced, which

would be so expensive for the utilities to replace them frequen8y. [5
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Figure 0.1. One-line diagram of a typical distribution system with a new DG
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Figure 0.2. One-line diagram of a typical distribution systemwith a new load

Consequently, because of demand growitiding new feeders to a distribution
system leads to a profound fault curnectreaselikely exceeding thénterruption capacity

of the existingthe existingcircuit breaker capacityBased ora survey conducted by the



Electric Power Research Institute (EPRI) [9], up to 20% of utilities are expecting to replace
5 to 10% of their circuit breakers in the next ten years, which is very costly.

Circuit breakes cannot be modified to interrupt higher curréheymust be replaced
with a higher interruption capacityrcuit breakes because the interruption rate depends
on the physical dimension and the volume of the gas/liquid insulator involved during the
current interruption.

To combat this problepfiault currentlimiters (FCLs) can be used to redutiee fault
current level ¢ a levelthat can be interruptiby existingcircuit breakers Utilities facing
a large number of necessaixcuit breaker replacemegdrevery likely to employan FCL
The percentage increases to 30% of utilities when the range of circuit breaker replacement
need expands to 5 to 30®. Therefore there issignificantongoingeffort to develop a
technically feasible and economically viable new technologiowf cost FCLs in the

literatureand by utilitieq9].
1.1.2 First Peak of the Fault Current

In most cases, fault curreniscludes both AC and D€omponents Considera
simple circuitasshown inFigure0.3. In this casefor the source voltagequals to/s = Vm
sin (¢ t+ d), the fault currently, in thetime domainis given by [10]:

W - .

A A I 4
(O] — OBI10 — - OEed —1Q he Al O— (1)
Y w

whered is the angle associated with the starting time of the f&ubim (1), the
exponential term has the same amplitude as the sinusoidal {&rdwf /2. Therefore, in
the worstcase scenario, thiest cycleof the fault current becomes almost two times higher

than the steadgtate level, as shown Kigure0.4.
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Figure 0.4. Fault current waveform (Rs= 0.02Y ,Xs= 0.2Y ,Vm = 200V,and f =
60Hz2)

Thetime constant of thBC componentlepend on the ratioXs/ Rs. It is clear that
a longer time constambcreases the destructive capability of the fault current. Although
the peakto-peak value of the resultant fault curreamains constanthe DCcomponent
can result in grofound increasé the RMS value of the fault currenfTherefore the

transient behavior of the fault current, in twerstcasescenario, can double the risk



beyond the steady state falelvel. Furthermorethedelayin detecting fault currenmesults
in acircuit breakempotentially beingnot able torespond duringhat first or second cycle
of the fault current which has the worst impact on the other elsmlase to the fault

location compared to the rest of the fault current
1.1.3 Momentary Nature of the Fault

A shortcircuit fault can sometimes lwery quickly andautomaticallyclearedfrom
the network For instanceif a tree brancltauses a short circuit betwetsvo conductors,
the fault current does not rise instaneuslybecause the tree branch is moist amaly
have significant resistanceThus a relaively small currentinitially flows through the
branch The electric field close to each conductor initiates carbonization of cellulose in the
wood, as shown ikigure0.5. The current then increases as thdoarin the path of the

current grows.

© @) o
\'\'I —* \ \Q'I ®_— :J :i
Branch ) u—& G:omngl\ \ \\

Carbon Path Fault Occurs

Conductor

Figure 0.5. A tree branch resulting in a phaseto-phase fault [11]

On the other hand, at the same time, the branch fiber heats up and the wood fibers
beginto dry. This results inreincreased resistance of the branch and therefore decreases
thefault current. Simultaneously, the carbon path created by the electric field continues to
grow from each side€Eventually,thosecarbon paths linland create &ess resistance path
inside the branch results in a phésghase fault, as shown on the right sid&iglure0.5

[11]. However it does not take long because wood carbonization makes the branch too



fragile to stay over those conductors. After a few millisecotiesywad will break down,

and the shortircuit will be interrupted Thi s rselfckearingpd t o as A
Accordingly,spe i f i ¢ d e v irexlessso have besmeaignedfio reconnect

the system if the faultlears itself However, recloser operation still interrupt service to

one or more customers only briefly. The recloser operation creatasi mo ment ar y o

interruption inthedistribution systemesults inreducing the systemeliability [11].
1.1.4 Fault CurrentLimiter Technology

An FCL acts asavariable impedance that has no impact on the power system during
normal conditions, but during a fault, its impedance gets increased to reduce the fault
currentto a manageablievel. Figure 0.6 shows a simple demonstration of how an ideal

FCL works in a simple power system

Source Impedance o@r:lx Line Impedance
a\ FCL Impedance

o

©

@ Normal Mode

Load
6) @ Fault Mode [:I Center

Sendir_1g end Receiving end
Figure 0.6. A simple power system with an ideal FCL

Ideally, anFCL prevents replacinthe existing CBb&y keepinghe fault current level
within the CB interruption capacity. AlsmstantFCL activationupon onset of the fault
canattenuatehe higtestpeak of the transieriawlt current.Also, deployingan FCL can

eliminate the need of reclosesisice the system can handle that limited fault current for a



longer time to determine the faultis momentary or permanem{s a results, even if the
CB replacement was ntiteforemostu t i | i t i ,edspldying BALscarrimprove the
systenreliability by reducing the number of momentary interruptions.

Because aiCL acts as a variable impedandecan also be used improve the
power quality, transient stability, and reliability of the distribution netw{drk, 12]
Furthermore,the FCL can potentially enhance the systéhs abi | i tngrmat o han
momentary overload currentA common example of this is thaitial inrush current
resulting fromswitching oncapacitive loads [12]Therefore an FCL can offer more than
just limiting fault currentit has the abilityo improve the service quality of a distribution
systemduring both normal and fault conditians

In recent decades, many different types of fault current limiters (FCLs) have been
proposed, designed, and examinEldese includsuch as superconducting FCLSs, resistive
FCL, solidstate FCLs, fludock-type FCLs, and resonaRCLs (RFCLSs), and it is still an
ongoing investigation in many utilities to come up with the best FCL for their transmission
or distribution systemg. 3-22].

According tothe above discussiorany idealFCL should meet the following
requirements [147]: 1)zero impedancénd therefore npower los¥at normal operation,

2) large impedance during a fault, 4ast activation time, 5)fast recovery after fault
removal, 6)creatingno DC componenin the current and 7)no additional harmonic
distortion.

Amongthe above FCL types, supercucting FCLsdrawmore attentiorbecausa
superconductor is an FCL by natugeiperconductive material can show zero resistance if

the surrounding temperature, current density, and magnetic flux density do not exceed a



critical level, as shown ifrigure0.7. The concept of operation is thdringthe fault one
or more than one dhose critical limits will bdbreachedndthe superconductor becomes
a normal conductor with considerable resistafi¢eerefore, superconductirfgCLs can

meet all the requirements mentioned above 228
Current density /

JC(T=0K,H=0)

Ho(T=0K,J=0)

Temperature T Tc(H=0,J=0) Magnetic field H

Figure 0.7. Critical Surface of a Superconductor[18].

Clearly, due to the very low temperatures which are reguarsdperconductingCL
is far too expensive to be commercialiable and therefore neauperconducting FCLs
are stillbeinginvestigaed [23i 25]. Among nonsuperconductivé-CLs, this thesis will
focus onthe resonanFCLs (RFCLs) due to their exclusive features enable them to meet
jointly the requirements listed above; however, they still need significant modifications to
becomeaseffectiveassuperconducting FCLwhich will be compreehsivelgliscussed in

next chapter.

1.1.5 Resonanc#®ased Rult Current Limiters

For a pure LC circuit, the resonant frequency is glwen

. P
Q — 2
¢“V0 0 2




wherefies is the resonance frequency in he@zs the capacitance in farads, dnés the
inductance irHenries

Ideally, if the inductor and capacitor are in series, the net impedarice resonant
frequencyis zero, whereas in parallebmbination the net impedandeecomesnfinity.
Consguently, the most straightforward design @fesonantCL is to usethe LC series
combination in normal conditions apdrallel combinatiomluring a fauliasproposedand
designed in [26]namelytuned impedance current limiter [26].

As shown inFigure0.8, the switchSis open during normal operation, and two series
LC circuits tuned to the power frequency act as a shiantit (with no voltage drop). But,
during a faultSinsertsR in the middle branch, and the limiter changes into two parallel

LC circuits, which results puttinga significant impedance along the line where deployed

L C
i<

S

R

S T
C L
Figure 0.8. Tuned impedancecurrent limiter [ 26).

Sincethe mechanical switchS, is unable taopen or close the circuit at the current
zeracrossing a thyristor controlled reactortifyristorcontrolled reactgr was later

proposedo be used instead of the mechanical,aseshown irfFigure0.9 [27].
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A0

T

L2

TCR
Figure 0.9. thyristor -controlled reactor fault current limiter ( thyristor -controlled
reactor-FCL) [27].

In Figure0.9, thethyristorcontrolled reactois off during normal operation, ahd
andC are tuned to thgrid frequency. However, in the fault modkethyristorcontrolled
reactoris activated to insert a sizealteluctancel 2, in parallelwith C to limit the fault
current.However the recentesonant FCldesignsdo not employbothseries and parallel
LC combinationsimply becausesing only one combination can be as effective as using
both combinationsTherefore, receRFCL designautilize either series or parallel resonant
circuits

A seriesswitchedcoupled inductoand a fixed capacitawas presenteih [28] as a
seriestype RFCL which limits the fault current by shedircuiting thecoupled inductor
(therebyintroducing the impedance of tlkapacitor) during the faylas shown irFigure

0.10.

Thyristor Switch
Figure 0.10. Seriestype RFCL with switched transformer [28]

Anothermethodwhich shortsthe capacitor instead of the inductor, was introduced

in [29], and isshown inFigure0.11.
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Figure 0.11. Seriestype RFCL with switched capacitor [29].

In [32i 34], another type of FClusingaresonant parallel RLC circuitas proposed
and is deictedin Figure0.12. This proposed FCktonsists of diode bridgevith a switch
(and smallDC inductor)across the dc terminalBuring normal operatigrthe switch is
on, andthereforethe bridgeacts ideally, asa short circuitDuring the fault, théridge
circuit is turned off and theparalletresonantRLC branch impedance limits the fault

current.

Cs']r Rs'.a’}

Figure 0.12. Single-phase power circuit topology of the proposed RFCL if32].

The same combination has been proposed in [35] in the presence of PV and wind

resourcesThis study proves that the proposed parallel type RFCL can stabilize the system

12



during and after the faul& comparison between a resohbaranchas opposed tasimple
series RL branch has been madestiow the improvement in tHeFCL stability. This
method has been further examined in [88] fault ridethrough capability The paper
suggestseplacing a proportionahtegratbased (Rbased) controller with a fuzzy logic
controller to control the DC reactoDuring normal operation, the switch in the middle of
the bridge is closed and fully carries the line current. In the peditalf cycle of the
voltage, theD1i Lqd D4 path is conducting, and during the negative half cycleP@ie
Laci D3 path carries the line current. The current passing through the inductor is in the same
direction, and therefore, it is very close to a DC. During each dyglés charged up to
the peak value of current aatteruatesthe current ripples. Although the inductor, diodes,
and the switcthave internal resistancets valueis negligibleand haso significant effect

onthe system voltage duringpmmal operation [36]
1.2 Reactive PowerCompensation

In an AC systenther e a ct i v evoladeandh@mentdesot in phasewhich
means thatthe | e me n t &ignalcan be leadirty or laggiogmpared to its voltage
signal For instancethe current passing through RL loads laggingfrom the loadvoltage
if an AC source supplies the loathe following equation calculates thead current
amplitude and thdnitial phase difference (or in short form phase differetetjveen the
load currentandvoltage The load voltagés assumetb beVn sin (23fst + Gy).

0 © - © . aal®
. A oA “ Q) N [ a * ‘ 3
v, D~ OA IC !YQ) Y ¢ D Y (3

whereR, andL are the resistance and inductance of the load.
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This phenomenon, i.e., having aasedifferencebetween ar | e m ealtag® and
current, introducestwo new power definitiog in AC systems namely apparent and
reactive powerThe apparent powelefinesthewhole outpupowerasa complexaumber
The realand imaginaryart of theapparent powedefinethe active and reactive portion of
the ouput power respectivelyFor instancethe reactiveportion of thepower delivered to
that load Q., is given by:

. W ¢ D

0 OE} OAT—— 6! 2 4
cNY oo Y (4)

Since an inductor's anchpacitor's reactance are opposite, a capacitive load can
supply the reactive power demanded by an inductive load. So, instead of transferring the
reactive power demanded by the load from the upstream generator, a parallel capacitor can
provide it at thedad site Providing the reactive powday an onsite, paralletapacitor
enhances the transmission capatiytransfer more active powewhich can besolely
provided bythe generabr. Furthermorethe ohmic loss created by transferring reactive
power through a transmission line can be avolaeproviding the reactive power locally.

Therefore,parallel §hun) capacitorscan beinstalled locally in the distribution
systemdo providethe necessamgactive powerShunt capacitorsan alsamitigate voltage
harmonics since they act asa secondorder lowpass filter. Shunt reactive power
compensation has evolved significarttlyough the usef powerelectronicsNonetheless
shunt compensatiozannotcontrol powerflow in the grid [37]

According to [37, 38]series compensatotsan managghe active power exchange
between the source and the ldadorotect sensitive loads if the source is unbalanced or

distorted
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The primary example of how a series compensation can impact the active power

exchange is demonstratedrigure0.13.

Series Compensator Reactance

VL0 Xsc v, £6,

Total reactance of the source

and transmission line Load

Sending end Receiving end

Impedance

Figure 0.13. Single-line diagram of a power system including a source and a load

As shown inFigure0.13, Xs represents the whole reactance of the sourcetend
transmission line and is consta@n the other had, theseries compensator reactanXe,
can be adjusted ifeeded

The power flowP, fromthesending end to the receiving endrigure0.13is given

by:

0 vy o)=1] 7

As expressed in5), the power exchanged is directly related to the line and
compensator reactance inverseXdfis dynamically adjusted, the power system stability

is improvedby increasing the stability margin [37].
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In modern power systems withhigh penetration of distributed generation systems
such &PV and wind, series compensators have become an essential part of the distribution
systemsManaging poweflow is no longer unidirectional due tbe intermittency ofthe
distributed energy resourcéd¢onethelessenewable energy is clearly desirable

Largescaledistributed energy resour@ategration causes new technical challenges
such as reversactive power and voltage violation in leveltage (LV) and medium
voltage (MV) grids, which could jeopardize voltage regulation by the mechanical tap
changers of distribution or transmission tfansers [3942]. This challenge is known as
hosting capacityMany methods have been proposed and investigated to tackle those
difficulties. These includareabasedon-load tap changing transfornsereactive power
absorption bydistributed generatoradding battery energy storage system and PVs, and
usinga distributedSTATCOM in parallel with théow/medium voltagdous [39].Another
method applied to residential/commercial distribution networks to improve the overall
voltage unbalance problem ie usea fundamental load currefiitased algorithm with
neutral compensation to handle tibalancedoad current in a system [40]. In addition
to improving the controller of those PVs, a storage system like a battery can offer a better
solution by changing the dynamic of active power exchange between the PV and the grid.
However, optimal sizing and plament of the battery storage system (BSS) is the critical
challenge of this topic upon which many techniques have been proposed, such as a
quadratic power control for a central BSS in LV grids to improve the HC of rooftop PVs
in [41].

Besides PV integration increases the complexity of power system monitoring

Therefore severalmethodshave been developed to facilitate detailed analysis of veltage
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related PV impacts on realistic, unbalancguhase distribution feeders with conventional

and modern controllers, among which the short and novel -gt&si time series

simulation algorithimhas proven to bmost efficient [42].

The active power exchange between the customers who utilize PV generation

systemsand the distribution system can also be manageijmsting thdine impedance

connecting those pointsThis function can be incorporatedinto the FCL operation

Application of RFCLs in Series Compensation

An FCL clearly needs to havae different impedance at different operational

conditions It could therefore be thought of ascontrollable impedanceFrom this

perspective, an FCL and a series compensator have a similar falittionthat theyboth

change the line impedance if desiratbeit in different waysThis was firstutilized by

Karady [43]inapaperent i t | ed
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Figure 0.14. Current limiter and compensator with components connected a) in
series, and b) in parallel #3]

Both circuits shown irFigure 0.14 have a fixed capacitoCo, several switched

capacitors,Cy, Co,

..., and a switched inductpthereby facilitatingadjustment of the
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impedance of each circuib adesired valueTable 0.1 shows the application of these
circuits based on the status of thyristor switches. Although the switches can continuously
change the impedance by adjusting their firing angiessngle at each periodic cycle that
represents thgate signal timingsignificantlyundesirable current harmoniasegenerated
[43, 44].

A series controllable impedance, which is also knowathgristorcontrolled series
compensatortiiyristorcontrolled series capacijpalong witha dynamic voltage restorer,
can provideseveral important functions in tlygid. Thosefunctionsinclude but are not
limited to scheduling power flow, decreasing unsymmetrical components, reducing net
loss, providing voltage support, limiting shaitcuit currents, mitigating susynchronous
resonance subsynchronous resonajceamping the power oscillatiomnd enhancing
transient stability [45817]. It can also significantly improve the reliability of the power grid

by reducingheloss of load expectation atiteloss of energy expectation [48].

Table 0.1. Operation modes for the circuit shown inFigure 0.14 [473]

No. Switch Switch Switch Capacitance Connection  Operation Mode

Steps S S S Impedance

1 0 0 0 Co, C1, C2 in series  Series Compensatiol
2 0 1 0 Co, C2 in series  Series Compensatiol
3 0 0 1 Co, C1 in series  Series Compensatiol
4 0 1 1 Co in series  Series Compensatiol
5 1 0 0 Co, C, Co, L in parallel Current Limiter

6 1 1 0 Co, Co, L in parallel Current Limiter

7 1 0 1 Co, Cy, L in parallel Current Limiter

8 1 1 1 Co, L in parallel  Current Interrupter

In 2006, [49] introduced a new type of flexible AC transmission system (FACTS),

called ADistributed floating series active
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(DFACTS) devices that later were introduced subsequent papers, particularly for series
compensation applications [B#]. The series DFACTS devices, also known as
Adi stributed static series compensatorso
utilize multiple low-power singlephase inverters surrounding the transmission conductor
and enable the transmission line to dynamically adjust its impedance to cope with the
power flow along the line. The placement and architecture of such a device areisho
Figure0.15. The purpose oDFACTS devicesis to change the reactance associated with

the power flow andhereforethe phase angle between sending and receiving end voltages

Power Line

Transformer
DSI Modules Power
/ AN - Supply|

A AN

I »
| v
b =

Figure 0.15. Installation of DSIs on the line (left), structure of a DSI (right)[52]

The DSI shown irFigure 0.15 adjuss the reactancd,e, the denominator of the
power flow expressiom (5), to control the power flow along the line. Such devices can
enhance asset utilization, reduce system congestion, increase available transfer capacity of
the system, improve system reliability and capacity under contingencies, improve system
stability, and educe capital and operating cost compared to most conventionasigie
Al umpedod solutions, such as FACTS devices.
An integrated fault current limitgpower flow controller, showirigure 0.16, was

proposed tsuppress the fault current by a power flow controller.[35]
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Figure 0.16. Schematic of proposed integrated FCLPFC device p5]
According to

Figure0.16, all capacitors will be bypassed to suppress the fault current, while in
power control mode, the line impedance will be adjusted by switching on/off several
capacitors [55]

Since voltage source converterdS(s) can continuously change their terminal
voltage,VSI-based compensators have beemmonlyused to mitigate voltage sags and
swells Theyregulate the load bus voltagsingtwo distinctmethods:seriesVSI-based
compensators known as dynamic voltage restorer (DVR), and paxfiebased
compensata known as distributed static compensator (DSTATCOM). In [56], the
comparisorwas presented dVRs and DSTATCOM in terms of voltage controlia a
closedloop frequencyresponse characteristics. The conclusion drawn by [56] was that
performance of a DVR is preferable if the AC supply is vital. However, in a weak AC
supply, DSTATCOM performance is more recommended. However, DSTATCOM cannot
be involvel in limiting fault current if needed. This fact has inspired the authors in [57] to

develop a new device called FOVR, as shown irFigure0.17.
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Figure 0.17. Schematic of proposed FCEDVR [57]

The FCL-DVR utilizes thyristors to select between two modes of operations which
are fault current limiting and power flow/voltage control. If the thyristors are on, as shown
in Figure0.17 the device will limit the fault currenélternatively, the FCL1-DVR worksto
control the voltage or power flowk transformesess hybrid series active filter is proposed
in [58] for the distribution system, which is in contradicts the conclusion drawn inlfb6].
the low voltage case, thteansformetless hybrid series active filter does not requre

transformedue to the capabilities of the electronithis case ishown inFigure0.18.
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Figure 0.18. Schematic ofa transformer-less hybrid series active filterconnected to
a single-phasepower system[58]

Figure 0.18As shown inFigure 0.18, a passive shunt filter is utilized to mitigate
current harmonicdn addition a dc source fed by a PV generation system combined with
energy storagesuch as dattery is connected tthe supply power during a voltage drop
and absorbthe energguringanovervoltage [58].

A comprehensive review on D\&has been done in [S9DVR topologies can be
categorized into two groups: with energy storage and without energy storages DVR
topologiedn the literaturdnaveall utilized, at the mininum,atransformerand a converter.
They have been proposed for uséath single and threghase application#n [60], two
different techniques for fault curreliiting havebeen studied, namelysing asaturable

reactor, and DVRystemas shown irFigure0.19.
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Figure 0.19. Schematic ofa saturable reactor (top), and a DVR (bottom) FCL [60]
As shown in

Figure0.19, a saturable reactor consists of two windingth oneconnectedo a DC
source andhe other coupled tthe AC system. The DC sourgristinject enough current
to keep the reactor in saturation mode during normal conditions, putting minimal reactive
impedance along the line. However, the DC sowa® beblocked bya control signal
during a fault, whicttauses th&C winding tohavea significant reactance.

During normal conditionghe DVR regulates the voltage of the line by injectthg

appropriatevoltage between two transfoers, shown at the bottom ofFigure 0.19.
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However, during a fault, the DVR operates with 100% voltage injection capability to limit
the fault current by decreasing the voltage drop between the grid and the load.

The simulation studin the paper, usinthe PSCAD/EMTDCshows that as an FCL
the saturable reactor can limit the fault current within one cycle and bring it down to a
lower value than the DVR. So, the saturable reactor FCL is faster and more efficient than
the DVR to limit the fault currenfThe saturable reactor solution is also purporteleto

less expense to manufactyé®].

1.3 Summary

This chapter outlined most of the published reseaajerson FCLs and series
compensators to develop a solid background for the works presented in the coming chapters
of this thesis. As a result of the studies overviewed in this chapter, a restiagedeRFCL
does represent the best dynamics compared torathesupercoductingFCLs due to their
exclusive feature in limiting the fault current by reactance, not by resistance. Also, an
RFCL can be designed so that they detect a fault inherently, which pua very excellent
position to compete withuperconducting FCLia terms of limiting the fault current in the
first peak. Therefore, in the next chapter, the design of RFCLs will be discussed in detail

to enable them to be as effectivesaperconducting FCLis practice.
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COMPREHENSIVE ANALYSIS AND DESIGN OF RESONANCE-

BASED FAULT CURRENT LIMITERS

A comprehensive studyf RFCLs will be conducted in this chapter to determine their
impact on a power distribution system during a fault. The findings of this investigation will
then be used to open a new opportunity to improve the RFCL performance so thheit can
compeitive with superconducting FCLERFCLs use resonance phenomena to limit the

fault current in two distinct ways: series and parallel combination
1.4 Seriestype Resonant Fault Current Limiter Design

As discussed before, a combined series and parallel resonant circuit to limit the fault
current are rarely used nowadays, and this is mainly because each type of resonant circuit
can be easily modified to be inactivated during the normal condition ardtadtiduring
a fault. So, this section explains the design consideration s#rias resonant FCLs
individually, and the next section will discuss the parallel type RFCL

The impedance function of a series resonant circuit is given by:

; Q ;
Gl Y @ o— Y O b
1 Qb G

P
— M (6)

whereR, L, andC are the resistance, inductance, and capacitance of that circuit.

If tuned to the grid frequency, the imaginary part of the impedance shq@nwil
be zero, and therefore the impedance reaches its lowest possibldrvalatrast, if the
reactance of the inductor and capacitor become unequal, the impedance becomes

significant, and it can reach its highest possible value if one of thaveeatéments
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becomes zero. Thereforseries resonant FCLdesign needs to meet the following

requirements

1) During normal conditios, the inductor and capacitor reactance must have the
same amplitudé.,e., L C %= 1,and the resistance, whighprimarilythe inductor
coil, must beas low as possibleThis requireseither increasing the cross
sectional area of the coil wire or decreasing its length.

2) During the fault condition, eithéineinductor or capacitor must be shaeitcuited

to apply the highest impedanpessiblealong the fault current path

Decreasing the winding resistard@ngeghe inductance valuas well Therefore,
physicalrestrictions on the coihust beconsidered.

In [61], a series transformer connected to a capacitor is proposed to nullify the
impedance in normal conditions. In contrast, during a fault, the transformer secondary is
shortcircuited using a semiconductor switch to put a significant impedance aleng th
distribution line. Another approach proposed in. &4 is to use a bypass circuit equipped
with a bidirectional thyristor switch to shesircuit the capacitor, which in turn changes
the FCL impedance significantly

Figure0.1, shows the impact of a series resonant circuit on a fault current. The fault
occus at point F ands cleared after 40ms. The fault impedance is purely resistive and is

equal to theseries resonant FClesistance.
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Li=0.1mH

Ve=220V2 sin (100w = R=0.20
L=13.5mH

C= 750 pF
Load = 10+/5 Q
Grid Load

Figure 0.1. Schematicof a simple power system utilized with aseries resonant FCLs

The fault current waveform flowing in the power system showfigure 0.1 is

drawn inFigure0.2.

0.45 0.5 0.55 0.6
Time (s)

Figure 0.2. The fault current waveform of the system shown irFigure 0.1

As shown inFigure0.2, the fault starts at 0.5s and ends at 0.54s. The fault current
pattern is distinctively different from the one described in the first chapter, which had the
highest value in the firstycle Using a series resonant circalbnewithout anylimiting
function can suppress the firstggeof the fault current, which is due to the presence of a
series inductor in that circuit. However, if no action takes place to change the series

resonant circuiinto aseries resonant FCLthe current will ramp up quickly to the nominal

27



value of the fault current. The higher the inductance value, the higher theiparage will
be The currentlimiting can be done by removing either the inductor or the capacitor.
Although the result of botlactionswill be the same inhe steadystate condition, the

transient response for each mechanisentgely different as shown irFigure0.3.
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Figure 0.3. The fault current waveform of the system shown irFigure 0.1

when series resonant FCLdimit the current by removing either the capacitor (top),
or inductor (bottom).

As shown inFigure 0.3, if the inductor is shottircuited, a significant spike will
appear at the instant of activation, which is detrimental to the source and adjacent loads.
However, the DC component of the limited current is less than that dinthimg by
removing the capacitor.

Clearly, series resonant FClLare very easy to build and operate, and they can
inherently limit the fault current's first peak. Also, there are two different methods for

limiting the fault current, either by removing the capacitor or inductor, which the former
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one is more effective. However, all elementsaaferies resonant FCLearry the fault
current, and therefore they might not be able to withstand if the fault current exceeds their

ratings

1.5 Parallel ResonantFault Current Limiter Design

A parallel resonant circuit shows a significant impedafideally infinite) if the
capacitor and inductor are tuned to thee frequency Therefore,designing aparallel
resonant FCLlfor normal conditiongs more complicated as comparedstries resonant
FCLs Furthermore asindicatedin equation(7), the impedance of a parallel resonant
circuit, shownin Figure0.4, directly depends on the resiatewhich was not the case for

theseries resonant FClisipedance

C

Figure 0.4. The parallel resonant circuit.

The amplitude and phase of the impedamegiven by:

— 8

) OAT , 9)
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where |Z(¥)|, and” Z(¥) are the amplitude and phase of a parallel resonant circuit,

respectivelyThe resonant frequendyes, is,

Y m Q —

P P
¢ 00

Al (10
U

From (10), the resonant frequency directly depends on all three components, which
was not the case for the series resonant circuit. To reach the highest/lowest value of the
impedance, any combination of R, L, and C can be changed to satisfy the system needs.

Figure0.5 depicts the impedance amplitude for the parallel resonant cas& with

0. 20, 1001 ¢ F15/1G1ImH.

Bl:::l 1 1 1 T 1 1 1

(=]
=]

Amplitude (€2)
=
[ ]

]
]

10 20 30 40 50 60 70 80
Frequency (Hz)

Figure 0.5. The impedanceamplitude variation of the parallel resonant circuit with
R=02Y, &r100k F

In Figure 0.5 the impedance magnitudariation is shown with three different
inductancesi.e., 15mH, 10mH, and 1mH, which results in the amplitude varying from
0.41Y to 50.5¢. Also, the impedance phase85.19° wherl. = 15mH,.3.22° wheih. =
10mH, and 53.65° wheh = 1mH, which implies that the impedance can be either

capacitive, almost resistive, or inductive
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From Figure 0.5, the impedance of the parallel resonant circuit itk 1mH is
clearlythe best choicéor this case undarormal operahg conditions However, for fault
conditions, the highest impedance vataenot be usesince the current would tieo low
to be detectedTherefore, e circuit values should not laned to the line frequencyAs
a result, instead of design based on the resonant frequereajlel resonant FCHesign
involves determininghe proper impedance for both normal and fault conditions based on
the sensitivity of the amplitude and phase function to the resistance/inductance/capacitance

variations

1.5.1 Sensitivity Analysis of the Amplitude Function Bbaallel Resonant Rult Current

Limiter

Unlike series resonant FCLsvhich are purely resistive during normal conditions
and almost purely reactive during a fatitte parallel resonant FClmpedance can be a
variety of low/high impedances in normal and fault mod®sviously,the total impedance
is lower than the impedance of either branchpractice, the typicalapacitivereactance
atlow frequenciess much higher than that of inductance, so the current is nyesthing
throughthe inductive branchand therefordnas more impadhan the capacitive branch.
Choosingappropriaé minimum and maximum impedancan be done usingensitivity
analysis which is a method that identifies the effect of an independent variable on a
dependent variable. In this study, the impedance amplitude and phase are the dependent

variables, andesistance, inductance, and capacitance are the independent ones.

1.5.1.1 The Amplitude Function in terms of the Resistance

The derivative of the amplitude function in terms of the resistance is given by
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Yp ¢ 00
[0 AT Y 10 (1)
QY p 1 08 1 Y6

From (11) sign of thederivativehas nothing to do witthe resistancd-or instance,
if 2¥2LC is less thamng the amplitude function is ascending and vice vefsay?LC is

morethan one, the amplituds increasd with reducedesistance andice versa
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Figure 0.6. The impedanceamplitude and phase function variationsin terms of the
resistance R if ¥2LC is 00395(left), and 0987 (right).

Therefore, the resistor candependentlychange the impedance amplitude to a
appropriate level for both normal and fault conditiolisthe value of the derivative

becomes significant, small change in resistangesults in a largehangein impedance
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magnitude Converselywith a low value of the derivative,tagh variation in resistance
is requiredo change the impedance amplitude significantly

As shown inFigure0.6, the impedance of parallel resonant FCls monotonically
changed byaryingthe resisince Also, theFCL impedancés capacitive whenr?LC is
higherthan 0.5 and inductivebelow 0.5. However,a cagcitive impedanceallows the
resistorto beshortcircuited during a faulas opposed tduring normaloperationresults

in a significant extension of the switch lifetime.

1.5.1.2 Analysis of the Amplitude Function iferms of thdnductance

The derivative of the amplitudeith respect to thenductancas,

1 06 1 0O 1 YO
[0 AT Y 10 (12
Qo p1 06 71 Y8

Unlike the resistance, the inductargan alterthe sign of the amplitude derivative
The impedance amplitude tisereforenot monotonic in terms of the inductance, and the
signof the derivativas solely determined by the quadratic function in the numerator of the
derivative The discriminant is
Y 160 101 Y6 1 p 1 Y6 (13
Although there are twsolutiors of this quadratic equatigrwhich arethe solution
of i W’CL®+ WLR?C = , only one of them with the inductance equal tho, is

appropriate

p Wp 1 Y6

- (14
¢ O
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If the inductance chosen for the parallel resonant circuit shown in Error! Reference

source not found. is higher thag, the impedance is increasjrand vice versaas shown

in FigureO0.7.
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Figure 0.7. The impedanceamplitude and phase function variationsin terms of the
inductance, L

FromFigure0.7, the maximum impedance occurd.at 10.5mH using the values
¥= 10R= ,0. 6 YC,= aln0dHbweker,usingthe maximum impedancir
limiting the fault currenis not reasonable sinéereduceghe fault currento the extent
that itwould beundetectableTherefore the equitableapproacthis to vary the inductance
from nearly zero, i.e., 0.1mH, to nearly 6msbl thatthe fault currenhot only be limited
but being detectableNonethelessthe maximum inductance should be chosased on
thetypical values of thdoad and fault impedanse

In contrast, decreasing the inductance can also increase the impéclaexample

varying from15mH to 12mH However performances not improved undenormal

conditiors sincea high impedances insertecduring normal operation. Although it might
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be possible to have a lownpedanceassociated with a high inductance with lower

resistance and higher capacitance, low inductance always creates the lowest possible

impedance

1.5.1.3 The Amplitude Function in terms of ti@apacitance

The derivative of the amplitude functiomterms ofthe capacitance is given by:

Q) s 1Y 100 6Y 10
05 — — (19
Y p ] 06 1 Y6

The derivative polarity is now linearly changed with respect to the capacitance since

the only term dictating the polarity lis C (R? + ¥2L?).

X 0.0041659
Y 2.6102
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o
|| X 5.5822e-05
Y 0.49563

X 0.0079458
Y 0.54845
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o
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Capacitance (F) %107
Figure 0.8. The impedance amplitude and phasas a function ofcapacitance

The impedancemplitudeshown inFigure 0.8 goes upwhen the capacitance is

increased from 0 to 4mF and then goes down at the samwlratethe capacitance is
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further increased from 4mF to 8nhfrthis methodthevariationin the impedance much
less than irthe twopreviousmethodswhich is a relativadisadvantage. For instance, the
capacitancevould have to béncreased by nearly 100 timesdofficienty limit the fault

current.

In conclusion, there are threeethodsto vary the impedance of a parallel resonant

circuit described as follosy

1) Varying the resistance makes the impedance amplith@@mgemonotonically
sincethederivativepolarity is independentf the resistance

2) Varying the capacitance alters the slope of the impedance ampéincdethe
derivativepolarity has dinearrelationship with the capacitance

3) Varyingtheinductanceehangeshe impedanceubstantiallyas expressed (12)

sincethederivativepolarity has a seconrdrder relationship with the inductance

A similar simulation study has been conducted on the power system shbBigore
0.1 to show the efficacy of each method described above. The new system used for this

study is shown irfrigure0.9.
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PRFCL

Line Impedance W [6666\
WA—I g ' a
A b ¥ R=0.10
g L= 0.1mH
V.= 220V2 sin (100ms) = R=0.10
L=2mH
C=25mF
= L Load =10+/50Q
Grid Load

Figure 0.9. Schematicof a simple power system utilized with garallel resonant
FCL.

The current flowing before, during, and

parallel resonant FCL is changed after 50ms fronY @24Y is shown inFigure0.10.
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Figure 0.10. The fault current waveform of the system shown irFigure 0.9 whenthe
resistance is changed fron®.2Y  #Yowith ¥2LC = 0.0395.

Based on the inductance and capacitance chibgederivative of the impedance
amplitude ispositiveg which meanghe impedance increaswith increagd resistance.

Insertinga4qg r esi stor parall el wi tofht hae 00..2211qq rreessi|
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resuls in, the total impedancgoingfrom 069q i n nor mAOiA nmond e atud t

The phasef theimpedancehangegrom 71.59° t0.5.74° during the fault.

As shown inFigure0.10, the parallel resonant FCtannotcontainthe first peakn
the currentiike series resonant FCLmainly because of the parallel capaciBacause
even thoughhe capacitordoesnot allow the voltage across the impedance thange
instananeously its currentdoes Thereforethefirst three cycls of thefault currentareas
if there is noFCL. Additionally, the first three cycles of thault currentrepresenthe

detectiordelay, setto be50ms. After that, thparallel resonant FCL limits tHault current

from 360 A to about 71 A. The reduced current is 2.7 times higher than the nominal current,

26.4 A, which isstill detectableThe fault currentcan also be controlled/bncreasng the

resistanceas shown inFigure 0.6. ChoosingL = 4mH andC = 2.5mF, the termy?LC

becomes more thamehalf, and the impedance derivative becomes negative. Accordingly,

if the resistor goes down f pamlel resdhant RCbo

goes up from 1.28 to 4.21 and can limit the fault current as showrFigure0.11.

450 500 550 600 650
Time (ms)

Figure 0.11 The fault current waveform of the system shown irFigure 0.9 whenthe
resistance of theparallel resonant FCL with ¥2LC = 0.987is changed from 10Y t o
0.4y.
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The difference between the initial impedance ofgheallel resonant FCIn these
two casesauseghe current to be lower compardtan the current ifrigure 0.10. The
initial impedancdor the second casen®tthe same as the first sinttee capacancemust
betoo high to be practical
As shown inFigure0.11, the current spike sharplyat the beginning of the fault
since initially, nearly all thefault currentflows throughthe capacitorThe impedancées
theni ncreased by putting a parallel 0. 42q r
Therefore, the total i mpedance goes .from 1
Also, the phase goes fro82.74° t015.28° during the faultvhich shows the impedance is
always capacitive.
Fromthe simulation results shown kigure0.10 andFigure0.11, limiting the fault
current,via increasing the resistance, forces the switch torbidne majorityof the time,
which is not desirableHowever,increased resistanceeates exceptional flexibility in the
selection of the elements. Decreasing the resistance to limit the fault current, on the other
hand, requiresthe switch to beon solely during the fault However,it is muchmore
difficult to bring thetotalimpedance down during normal operation
Besides restor, changingnductance has the same impact on the total impedadnce
a parallel resonant circuithe same system shownhgure0.9 is now consideredvith
minor changestesistor,and capacitor, whiclare now0 . 6 q , a n th this @aBd) ¢ F .
inductance was changed from 0.01mH to 3.71mH after 50ims current waveform

before, during, and after a @.Zault is shown irFigure0.12.
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Figure 0.12. The fault current waveform of the system shown irFigure 0.9 whenthe
inductance of theparallel resonant FCL is changed from 0.01lmHo 3.71mH.

Thefault current shown inFigure0.12, has almost no DC valuanly because of the
perfectswitching time,which rarely happen# practice The impedancén this casds
increasedoy openinga 0.01mH inductorwhich isin parallel with a 3.71mH inductpr
during a fault The impedancgoesf r om 0. 35q i n nor mal mode t
mode and the phase chandesm 10.38° to 46.16°The mpedance ithereforecapacitive
during normal operation and inductive duriadgault. However, this technique has two
main drawbacksl) a slight change dhe inductorcanprofoundly change the impedance
and make it undesirable to limit the fault currpriaiperlyand?) requires thewitch to be
on almost all the time to keep the inductance as low as poskitWecver, thesensitivity
of the impedanct theinductanceehangs can bemorerestrained ithe impedance is kept

inductive all theime.

The last technique for limiting the fault curremith a parallel resonant FCis to
increase/decrease the capacifs.can be seen iRigure0.8, the impedance chandmas
the same ratehen it goes up and dowhhereforeincreasing the capacitancefr@dn 0 1 ¢ F
to 4mF, or decreasing from 8mF to 4mFereates the sanm@mpedance. The only difference

betweertheseawo different methodss that theFCL impedance is inductivetifie capacitor
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was set t® . 0 JJandEapacitive when it set @mFduringthe normalmodeof operation

Consider the following examplédssumer esi st ance and i nductance
respectively. The impedance amplitude incredse om 0. 4q to 4q i f the
from 0.01¢eF to 4mF. Al teducedram IOmFetd ¥2mF,ithe t h e
impedance amplitudecreases r om 0. 32 q t oag4hg impedancemhbies f i r st
inductive, and its angle reducesfrom 72.34° to 22°, whereas in the secaiate the

impedance is capacitivehroughout andthe impedanceangle increasesfrom.74.83°

t0.22.33°. Since #argercapacitor might have a lower nominal voltage, the first method

would be more realistic

Figure0.13 shows the current before, during, and after g @ailt. In this case, the
capacitance was changed from @Hlto 4mH after 50msAs shown inFigure0.13, the
current reduces rather smoothThis method is very similar to the first method shown in
Figure0.10 which had an initial inductive impedance, and it has a smooth response at the
instance of activation. However, having a capacitive impedance during a normal mode of

operationis for reactive power compensat.
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Figure 0.13. The fault current waveform of the system showrin Figure 0.9 whenthe
capacitance i s cthdnmhged from 0. 01l¢ekF
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1.5.2 Inductive vs. Capacitive Current Limiting Impedanc

Like series resonant FCLs, parallel resonant FCLs can limit the fault current with an
inductive or capacitive impedance, but parallel resonant FCLs has a unique ability to put
an inductive or a capacitive impedance during a normal mode of operation, ig/laish
essential as the fault mod&s shown inFigure 0.10 and Figure 0.13, when the initial
impedance is highlynductive, there will be DC offset in the fault current, increasing the
first current peak is more than its nominal value. However, after activation, when the
impedance becomes capacitive or less inductive, the current is smoothly transitioned to a
new leel, unlike when the limiting impedance is inductive, as showfignre0.11, and
Figure0.12.

This transition is smoothavith capacitive limiting impedance because the current
mainly goeghroughthe inductive branch, and the inductor suppresses any rapid change in
current by natureHowever, capacitive impedance in a normal modé aperationis
desiredin compensating the line inductance and improving the power exchange between
the distribution feeder and the lo@d a conclusionthe methods above canrmtthsatisfy
currentlimiting and reactive power compensation requirements. Also, those methods
cannot limit thepotentially destructivéirst peak of the fault currenthe following section
discusses some ndechnigueghat can be applied torasonantCL andrestrict thefault

currentat the instant of the fault

1.6 Sensorless Operation of Bsonancd~ault Current Limiters

As mentionedprevously, the distinct feature of a superconducting FCLs its

activation time which is instangiven the natural property afsuperconductive material

42



Although, nonrsuperconductive materiatsannothave that feature,there aretwo other
featureghat nonsuperconductive can usesomehow minimizer eliminattheactivation

time, i.e, the delay betweefault initiation and FCL activatianThis clearly reqires a
profound reduction of theletection time.This will enable thenonsensorless FCIlto
suppress the most undesirable part of a fault current, i.e., its first peak. Conventionally, the
only method proposed to eliminate activation time is to shattitithe capacitor via a
metal oxide varistor (MOV) or a spark gapparallel with the capacitor ithe series type

RFCL shown irFigure0.14 [65-68].

R L C R L C

———

! N
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t

\ ]

-_——

MOV Spark Gap
(a) (b)

Figure 0.14. Self-activated series type RFCL with a) MOV and b) spark gap

Since the capacitor voltage will be significantly increased during a fault, the MOV
or spark gap wilshort circuitthe capacitorandactivatethe RFCL. However the capacitor
is not short circuitethroughouteach cycldecause of the sinusoidal nature of the voltage
In fact when the capacitor voltage is under the threshold value of the MOV or spark gap,
the FCL impedancas still negligible Therefore FCL limits the fault current onlguring
apart of each cycle.

An alternativesolution is proposed hereising a saturable inductor tachieve
sensorlesfault current limiting with theletection timesliminated The characteristgof

saturable reactors asbown inFigure0.15[69].
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Figure 0.15. Saturation and inductancecurve of a typical saturable inductor

The inductance of a coil with a ferromagnetic ooaia be expressed as,

0 T (16)
whereN, A, andl are the number of turns, the core cresstional area, and the core length,
respectively. Alsogo is the permeability of free space ands the relative permeability of
the coreObviously, the relative permeability (and therefm@ductance) will significantly
decrease after the knee point. If untuned to the resonant frequency, the circuit impedance
can be significantly increased during the fault, by exploiting magnetic saturation. For
instance, a simple power system includingreeseesonant FCLs with a saturable inductor
and its characteristics curig@shown inFigure0.16.

Figure0.17 shows the fault current and the voltage applied tcséhres resonant

FCLif a temporary fault withF.0.1q resistanc

44



Saturable

Line Impedance Inductor Breaker
AP —
R A Ri=0.10
L= 0.1mH
V= 220V2 sin (10075 R=2Q
_ C=506.6 uF
S Load = 500

PuFer

Grid
" Resistive

10pH

. i . . . ]
200 -150 -0 -50 0 50 100 150 200 Load
I(A)

Figure 0.16. A simple power system includinga series resonant FCLswith a
saturable inductor.
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Figure 0.17. Seriesresonant FCL current and voltageduring a 0.1q fault.

The current shownn Figure 0.17 is nonsinusoidal during the fault due to the

saturation effect. The maidominant component in theurrent is the third harmonic
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content However, the voltage waveforaiowsno voltage distortion on the bus to which
it is connectedand thereforano distortionat the local loads. Without an FCL, the fault
currentwould exceed 250040r this simulation However, applying the saturalderies
resonant FClreduces the current to roughly 141 Apeaik69 Arms. This self-detection
mechanism based on the saturation efidotvsthe series resonant FClts compete with
superconducting FCL§ he onlyreal downsidef this method is theather seerevoltage
spikeacross the FC#at occus immediately after the fault cevery, due to the series

topology.This voltage transient cdye dampedusing aZnO surge arrestdi70].
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Figure 0.18 MOV -basedseries resonant FCL<urrent and voltageduring a 0.1q
fault.

Figure0.18shows the current and the voltage of the MBAsedseries resonant FCL

for the sameystem as used for tisaturable reactor caséompared tdhe saturablecore
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series resonant FCLthe MO\-basedseries resonant FClwltage has more harmonic
content.There isstill avoltage spikealbeit smallat the end of the fault.

An MOV-based limiteccannot beusedin aparallel resonant FClsince it will short
circuit the FCLentirely, whereas the saturable inductor can be appliep&oadlel resonant

FCL for limiting the fault current, as shown figure0.19.
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Figure 0.19. The current and voltage waveform of goarallel resonant FCL with
saturable core during a 200ms fault

Note that therés adistinct differencéetween series and parallel tylpsonantCL
operation The currenit the instant of the fautiannothavethe highest peakinceseries
type resonant FCIorces the fault currento pass through sizable inductanceOn the
other handparallel typeresonantCL allows the currento have the highest peak at the

beginning since the current is freep@ss through the capacitor
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1.7 Considerations for Designing aResonantFault Current Limiter

According tothe simulation results, the followingre some consideratiorier

resonantCL design

1) The design of &eries resonant FCis rather simple due tits straightforward

circuit analysis

2) In parallel resonant FClthe resistor can also participate in fault curheniting
by changing the impedance amplitude and phase, which was not theseréesin

resonant FCLs

3) Due to the presence of a series induct@eines resonant FCLthe fault current

cannot be instantly increased, and thiukes notequirea fastdetection time

4) In series resonant FCLall the elements are in series with the line, and therefore,
mustcarry theline current during the faulMWhereasin parallel resonant FCI_s
thetwo parallel circuit branchesplit the curren(more or less, depending tire

specific operating point and design)

5) In most cases, limiting the fault current by an inductive impedance and having a
capacitive impedance during the normal conditisrdesired However, if a
capacitive reactance limits the fault current, the current transition during RFCL

activationis smoother
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6) All RFCLs limit the fault current based on reactance rather than residtance
minimize power loss, voltage stresand theDC componentof the current.

Reactive limitingalsosomewhatmproves the power qualify2].

7) Sensorless operation can significantly improve the performance of the RFCLs
making them a competitive solutiongoperconducting FCL#1oreover among
thetwo seltdetection techniquedescribed aboyenamelythe MOV-based and
saturable inductebased, the latter can be used in Iz#hes resonant FClasd
parallel resonant FCivhile the former is only applicable to tkeries resonant

FCLs

8) In a normal mode of operatioparallel resonant FCLsanact as nearlya pure
reactiveline impedance, whileseries resonant FCLact as anearly resistive
impedance. Although the resistance o$axies resonant FCLis very small
during normal conditions, it still consumes power. So, lowering the resistance

would be essential in designingeries resonant FCL

A qualitativecomparison othe RFCLs described in this chapten terms the level
of currentlimiting, the DC component, voltage sag, harmonic contents, recovery after the
fault, capital cost, and activation tireegiven inTable0.1. Each type has been scored on
each factor as excellent (E), good (G), moderate (M), and not applicable (N/A).

The best and worst RFCL types are the inductive sensorless series and the capacitive
sensored series, respectively. However, the weight of each factor given by the designer can

specify which type is the best choice.
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Table 0.1. Comparison of RFCL types [/ 3]

Series Type RFCLs Parallel Type RFCLs
Sensoed Sensorless Sensoed Sensorless

Ind. Cap. Ind. Cap. Ind. Cap. Ind. Cap.
Level of the
Current E G E G E G E
Limiting
DC M E E E G M M
component
Voltage sag M G M E M M E
Harmonic E M E M G G N/A G
contents
Quick E G E E E E E
recovery
Capital cost G G G M M E M
Actlvatlon G G E E M M E
time

According toTable0.1, although the sensorleparallel resonant FChas a tangible
DC component, it shows an excellent performance in terms of the clinnéirtg level
and the voltage sag. Both sensorlssses resonant FClsave a weakness in either of
those factors, while those are not much better than the sengantaisl resonant FCin
suppressing the DC component.
In addition, Table0.1 shows that theeries resonant FCllgave a quicker response
to the fault mainly because the fault current cannot be quickly increased due to the presence
of the series inductor. However, those are unable to badetated.
According to the capital cost shown Table 0.1, series resonant FClare much
more expensive because they have three series elements that need to withstand the total

fault current. Neverthelesparallel resonant FCLare less expensive due to having two
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parallel branches among which the current is divided, particularly the capacitive sensor
parallel resonant FCLn conclusion, choosing one of them directly depends on the specific
requirements that must be met. The authors in [73] have published this comprehensive

design guideline

1.8 Chapter Summary

In this chapter, aesonantfault current limiter (RFCL) has been introduced and
analyzed based on its features to limit the fault current. Also, a comprehensive assessment
has been conducted on common types of RFCLs in terms of climéirig capacity,
harmonic content, voltage dip during a fault, DC component, and activatiorCtesieed
characteristichave been addresseddreatly assist irdesignfor both normal and fault
conditions. In addition, a new sensorless RFCL has been introduced based on a saturable
inductor which has improved performanceover nonsensorlessFCLs. Finally, a
comprehensive analysis has been done to help the distribution system designer pick the

best RFCL for a particular purpose
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RESONANT FAULT CURRENT LIMITERS FOR USE AS SERIES

COMPENSATORS

This chapter reviews the reactive power concept and reactive power compensation
techniques. After this introductory part, the rest of this chapter will be focused on designing
a series reactive power compensator using RFCLs. Accordingly, the followingnsecti
introduces reactive power, and the second section represents and analyzes the conventional
reactive power compensation techniques. The third section examines the concept of
reactive power compensation in RFCLs, and how an RFCL can become a series

compesator. The final section summarizes this chapter

1.9 Reactive Compensation

It is very well known that @active parallel (shunt) compensation effectively
maintains the voltage at its nominal value along the transmission/distribution line where
two feeders are interconnected and supports theieedvoltage of a radial line if power
demand increases. Theredpreactive shunt compensation can increase the line capacity
for transmitting active power up to the thermal limit of the line if the angle between the
two end voltages is large enough. However, shunt compensatiguoods control the
power exchangbetween two endpoints of a power systaguen thewell-knownequation
for power transfewhichis,

. LU .
V) —0OgBI | 7 (17)

whereX is the reactance connecting two endpoints.
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Clearly, the line reactance significantly contributes to active power transmission as
it varies thePi U curve of a power system shown kigure 0.1. If the transmission line
reactanceX, becomes lower, the transferred power between sending and receiving points
is increased. Dynamically controlling the reactance helps enhance the sttadstability
of the power system if the demand is increased. Therefore, if a capacitor is pleeaesn
with the lineimpedanceas shown irFigure0.2, the capacitor can cancel out a portion of
theline inductance and make the impedance smaller, thereby increasing the line capacity

to transfer more active power.

18 T T T T I T T T T

16 O Ny .
e | N X=0.6pu
e I N/

14+ // N, ]

e ,_l_\\ \“ X=0.8pu
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/ g | ~ \

1+ 7 7 AN \ i
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0.6 /

Active Power Transferred (p.u)

Instable Operation Zone \\\‘
N
N\
\\

0.2F 7,

O 1 | | |
0 20 40 60 80 100 120 140 160 180

S (degree)
Figure 0.1. The per unit Pi U curve of the AC system shown irFigure 0.13.

In addition to enhancing the steaskate stability of a power system, the series
capacitor can reduce the reactance of the line and reduce the voltage variations at the
receiving end. Nonetheless, by reducing the reactance, the fault current willdasaucr

at the receiving end. Additionally, a series capacitor can cause a sustained oscillation below
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the system frequency, known as subsynchronous resonance which was observed as early

as 1937 in an incident in whidlwo turbinegenerator shagtwere crashedat the Mojave

Generating Station in southern Nevada.

Line Impedance C
AA—TIT €
R L

Series Capacitor

V.

Grid Load

Sending End Receiving End

Figure 0.2. Series compensation by a capacitor

Instead of using a simple, fixed capacitor in series with the transmission/distribution
line, a more complicated, powelectronicsbasedcompensator can now be usedl
provide the sam&unctionwith less adverse consequences known as the dynamic voltage

restorers (DVRS) described in chapter.oAm example DVR is illustrated below.
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Figure 0.3. Typical configuration of a DVR
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1.10 Controllable SeriesCompensation

Althougha fixed series capacitor increases the riskusynchronous resonarared
creates higheiault currentit can effectivelycompensatfor the line impedanct transfer
more active power However, ifthe series capacitands dynamially controled, those
risks can be avided Accordingly, different types of controllable series compensators have
been proposed to protect sensitive Efaom undesirable voltage fluctuations and enhance
the system stabilityT'his dampingof thepower oscillatios increaseshte magnitude of the
Pi Gcurve. The first option to control the compensator is to deploy a thyhiasad switch
in parallel with a capacitpmwhichis known as adthyristorswitched series capacitoor
AThyristorControlled Series Capacitor (thyristorcontrolled series capacijob
Accordingly, the voltage across the capaatreactance can be controlled foyning on a

thyristor, as discussed in the following sections

1.10.1 Thyristor-Controlled SeriesCapacitors

As discussedn the previoussection a fixed series capacitor can enhance the line
power transmissionapacity butit increases the sensitivity of that line if the adjacent line
fails to operate, or the load is rapidly increased. Therefore, deploying an adjustable series
capacitor is crucial to control the power exchange during both normal and undesirable
conditions. A variable series compensatoan be formed usindpackto-back phase
controlled thyristors in parallel with a series capacitor, as shownFigure 0.4. The
inductancel, is addedn series with a thyristor switcto the ratechange of the current
passing through the switch;. If the thyristorswereto beswitchedat a specifidiring

angle this circuitcan alsdimit the fault current. However, the switch and the capacitor
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needprotectivedevicesto preventa surge or voltage spike that can be detrimental to the
capacitor. ThereforanMOV is deployedn parallel with the capacitpas shown ifrigure
0.4. SincetheMOV cannot entirely shottircuit the capacitor, it can remain in the circuit

even duringafault andincreasdahe transmission system's transient stability

MOV
L le G
o—p > O
e
Lo 1 I
/7] LT
\ T

ThyristorControlled Reactor

Figure 0.4. thyristor -controlled series capacitorsingle-phase model

1.10.1.1thyristorcontrolled series capacittodes ofOperation

Due to theeduction in voltage, which is a function of tireng angle, onlyaportion
of the inductor reactana@n bein parallel with thecapacitof{78-80]. Consequently, the

thyristor-controlled series capacitogactance is given by,

1_695910 |
@ O " ® a m (18)
g A

where Xrc and Xtcr are the reactance of tleapacitorand thyristor-controlled reactqr

respectivelyandLrcr(s) is the inductance inserted by tiigristor-controlled reactoas a
function of thethyristor firing angle,s. Note that thdiring angle is with respect to the

capacitor voltage.
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Accordingto [75, 78], the inductance of ththyristorcontrolled series capacitor

inductor branchs given by

~ ~

Qo | Qo 5 (19

AN m

O kil

As aresultif s is equal tg/2, the denominator becomes zeand therefore the TCR

d

(or inductor)branchbecomepen which means ththyristorcontrolled series capacitor
impedance becomes purely capacitie. addition, die to the presence of the parallel
capacitor, therés an angleU, at which the inductor and the capacitorm a parallel
resonantircuit, i.e., Xrc = Xtcr (Sr). For instance, iXrc, XLo, andj areselected to be
78 F2mH, and 12G radiangs respectively, the fing angle at which the resonant
frequencywould take place will betl.6° as shown irigure 0.5. The upshot is thahe

firing angle cannot be changed continuously as showigimre0.6.
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Figure 0.5. thyristor -controlled series capacitor impedance in terms of the firing

angles.

According toFigure0.6, the firing angle should not be more thaigim) or less than

Ckgim) to limit theimpedance change within thiee. In practice howevedue tatheinternal
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resistancethe resultant impedanoeight notchangesignificantly, therebythe angldimit

can beignored However,because no resistance has been consideré®)nin theory,
those limiting angles need to be consideredrigure 0.6 also shows that #hyristor
controlled series capacitdnas two operating regions known as the inductive and
capacitive, enablinghyristorcontrolled series capacitdo compensate for the line
inductance, i.e., decreasing the total line impedance or adding more inductmdethe

power exchange.
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Figure 0.6. thyristor -controlled series capacitoimpedancelimiting by introducing
U.qim) and Uc(im).

A simple power system is implemented in MATLAB to study the dynamics of a
thyristor-controlled series capacitor practice, as shown irigure0.7. The voltageVs, is
6908 2sin (1203t) V, andR = 0.2q ,and X, = 7.54q .Based on the practical guidance
presented ifi75], theratio of the inductor reactance to the capacitor reactateco is

around0.133, and theeriescapacitorshouldbe huge enough tprovide the maximum

series compensation at rated curyeet, Xco=3.7990. Bas ed o nXygiskthmsee apaci

0.499] .
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Figure 0.7. A simple power system witha thyristor -controlled series capacitor

Figure 0.8 shows both amplitudeof the thyristorcontrolled series capacitor
impedance and its imaginary part as thgristorcontrolled series capacitoeactance

when thefiring angleis gradually increased from zero to Iaglians

—8—7 (ohm) Reactance (ohm)

10
8
6
4

0 01 02 03 04 05 06 07 08 09 1 11 12 13 14 15 16

Fire angle (rad)

Figure 0.8. Impedance and reactance of théhyristor -controlled series capacitolin
terms of the firing angle.

The impedance valués the figureare determinedoy measuringhe fundamental
component of théhyristorcontrolled series capacitopltage and current phasoErom
Figure 0.8, it can be seen that théyristorcontrolled series capacitompedanceis
inductive beforeU = 065 radians(or 37.24°)and is capacitive afteras expected by

comparingthe impedance variatiorshown inFigureO.6.
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1.10.1.2thyristorcontrolled series capacitas a Power Controller

It is well known thatpowerflow between two nodesan be controlled bthe node
voltage anplitude or angle or by controlling the impedance between nodgsice a
thyristorcontrolled series capacitacts as a variable reactanitesan control thdlow of
powerbetween two nodes amad the same timsuppressny power oscillation. However,
in this thesisdue toits focus on the distribution networkje thyristorcontrolled series
capacitoris studied asa power flow controller, not a power oscillation limiter The
operaton of athyristorcontrolled series capacitas a power controlles illustrated in
Figure0.9. The poweflow at differentfiring angles ranging from 0.7adiango 1.2radians
for the simple power systermshown inFigure0.7. As shown inFigure0.9, by increasing
the firing anglethethyristorcontrolled series capacitactionresultsin more active power

and less reactive powar the lineby reducingthe effective lineinductance

T T T
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4400 [~ 1 rad ] N B
\ FMNVW A
N\ \
4350 - 0.9 rad \ { 1.2rad
0.8 rad \ Wu\i
0.7 rad \ \ w
4300 \ (PNAN s s .
N oo
9 J"W\vaxzww
4250 e | | ‘ —Active Power (W) 7|
4 5 6 7 8 9 10
2150 ‘ I T T T -
S ataaan —Reactive Power (VAR)
2100 - LV‘A/\/‘/\A/\N\/\’\/WVV‘M‘/M B
il T e, |
2000 - WMW% B
1950 - —
| | | I |
4 5 6 7 8 9 10
Time (s)

Figure 0.9. Power exchange between the source and the load showrFigure 0.7 vs.

firing angle.

Since heactive poweis almosta linear function othefiring angle as illustrated in

Figure0.9, asimpleproportionalintegralcanbe used fopowerflow control. One such
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control scheme is showin Figure0.10 [86, 87] The control mechanism measures the
difference between the power reference and the actual power exchanged/transferred to the
load,which generates arror signalThe Pl regulatoand a limiteoutput thefiring angle

A phaselocked loop PLL, determinsthe zerecrossingpointof the voltageTheoperation

of thePLL in determining the zero crossingshown inFigure0.11.

/ O
- \
Error Signal Limiter
k; 1 :
Rf‘(’f k;l? + i Fire 711
+ 5 1+ st, Angle 3
Li}gter l » Lo
P Delay 1]

T:
Figure 0.10. Pl-based pwer exchangecontrol system applied to ahyristor -
controlled series capacitor

50 I I I -
TCSC Voltage (V)

4.9 4.905 4.91 4.915 4.92 4.925 4.93
Time (s)
Figure 0.11 PLL signal and thyristor -controlled series capacitovoltage and
current at U= 0.3radians for the power system shown irFigure 0.7.
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Since thethyristorcontrolled series capacitonpedance, itheideal case, is either
purely inductive or capacitivéhe zerocrossingtakesplace when the current reaches its
maximum asis shown inFigure0.11. This powerflow control systenis nextexamined in
a new test system that includes two sources that feed the load on two different buses, shown
in Figure0.12. The reasoehind choosing this system to liedsed is its resemblande
the system in which the proposegries compensator will be examined. explained in
chapter 1, thdinal systemfor which the proposed series compensator isghesl, is a
distribution systenintegrated with rooftop PV&hich has the same configuration the

doubly fedpower system shown frigure0.12.

Ry JXi JXao JXn Ry
(i 7 31_'\|
i
|
Vo A - v
Sourcetl Variable Load Source#2

Figure 0.12. Doubly-fed power system equipped with thyristorcontrolled series
capacitor to examine the power exchange control strategy.

The source voltag&/ssandVeo,ar e b ot h 639+B@&°pV,wsthRn= (A 2D q,
R2=0.8q ,X1 = 7.54 ,andX;2 = 11.31g ,shown inFigure0.12. The load impedance is
initially 80 +j3 7 . 7 qis themdecreased for 2econdsto 70.36 +j2 7 . 5Thege
parameteraretaken from aypical distribution systemuser manualNote thatchoosing
these valuesloes not have anything to do with ttigristorcontrolled series capacitor

performance assessmedbwever, it is of utmost importante use the same value for all
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simulation studieperformed in this chapteso thatthe conventional and proposed series

compensator can be fairly compared.

P Firing Angle Command Quiput

Limiter
0.135 + 0.24 0.006 < P
s 0.035s+0.2
PI Controller 3600

Pref
Figure 0.13. thyristor -controlled series capacitorbased power flowcontrol system

The PI controllemwith its parametevaluesis shown inFigure0.13. The value for
the firing angleis initially 0.7 radiansandis thenchanged tal.6 radians(represenihg
thyristor-controlled series capacitoperation in the capacitive regijprlso, the reference
power, Pref, is set so thadource#1 delives only 3600W to the loadrigure0.14 shows the
power delivered from sourggl beingmaintained at 3600W, which forces the generation

of source#2 to provide the remainirgowerto the load approximately\850W.
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Figure 0.14. Delivered active power fromsource # and #2 to the load shown in
Figure 0.12.
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Figure 0.15. Simulation results for the delivered active power fronsource #, firing
angle fadians), and the load RMS voltage (V) for the system shown iRigure 0.12.

As seen inFigure 0.15, the delivered active power frorsource # has been
maintained within an acceptable range, indicatingtthatstorcontrolled series capacitor
operation is effectivel he firing angle decreased from almost thdiangto 0.9radiansto
maintain the active power delivered to the load fsouarce # to 3600W. However, the
load voltage dropped to about 8V, 1.2% of the nominal load voltage, simply because
#2 had to inject more active power. Tthgristorcontrolled series capacitopltage and
the current passing through the capacitive and inductive branthyrigtorcontrolled
series capacitare showrnn Figure0.16.

A seen inFigure 0.16, the voltage acrosthe thyristorcontrolled series capacitor
contains significant harmonic contents causing the load voltdge/gapproximately5%
THD, which might not be suitable for sensitive loaltsFigure 0.16, the thyristor gate

signal is also shown only for the forward l@dghyristor. The reverse biedthyristor gate

signal is generated with™  raradédlay.
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Figure 0.16. Simulation results for the thyristor-controlled series capacitor voltage
and current for the system shown irFigure 0.12.

The simulation results prove thattayristorcontrolled series capaciteffectively
maintains the power exchange between two nodes, hasit potentially adverse effect
on thereceiverend voltage due tthe variableimpedanceln other words, since the
thyristorcontrolled series capacitas not designed to be a voltage controller, it may

jeopardize the receivirgnd voltage.

1.10.1.3ThyristorControlled SeriesCapacitoras a Voltage Controller

Obviously, thyristorcontrolled series capacigrwith a broad range of operation
(from inductive to capacitive modegan effectively supporthe load voltage during a
voltagedip or swell. Thelocationof athyristorcontrolled series capacit@ critical for
deciding what operating region should be chosen for thiyeistorcontrolled series
capacitor For instance,fithe effective, or equivalenteactance caus@svoltage dropat

the load, thehyristorcontrolled series capacitoreeds to be opeed in the inductive
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region and vice versa. The load voltage variations in terms of the firing angle are shown in

Figure0.17.
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Figure 0.17. Load RMS voltage in terms of thefiring angle for the system shown in
Figure 0.12.

As shown inFigure 0.17, increasing the firing anglancluding operation irthe

capacitivemodg would not monotonically increase the load voltage.

- » Firing Angle Command Ouiput

Limiter

A

PI Controller

Figure 0.18. Voltage control system for thyristorcontrolled series capacitor.

Therefore, the limitedoes nonheedto be set between Orddiansand 1.6radiansto

deploy a capacitive reactanceraguiredin the power control applicatio® lower firing
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angleincreaseshe load voltagetherefore, the firing angle limit is nosetfrom O radians
to 1.6radians as shown irrigure0.17.

The load voltages simulatedvith and without the control mechanisfFigure0.18.
Theloadsc hanged fr om8sends oj 4. 2qfora e®rdsThe2 q
firing angle will be set to 0.8254diansor 47.29° to simulate the "no control” scenddo
hold thenominal voltageat 650 V during no injectiorfrom the source #2I'he load RMS

voltage without any voltage controllErgure0.19.
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Figure 0.19. Load RMS voltage with a fixedfiring angle (0.8254radians) for the
system shown irFigure 0.12.

As shown inFigure0.19, the nominal load voltageith a fixedfiring angle(0.8254
radian$ is 650 V,resulting in avoltage drops 3.1%. Now, if the voltage control strategy
shown inFigure0.18, is employed the voltage dromcrosgshe loadis 1.2% as given by

in Figure0.20.
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Figure 0.20. Load RMS voltage for the system shown ifrigure 0.12 w/o the voltage
control strategy shown inFigure 0.18.
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Figure 0.21. Power delivered to the load if voltage control system shown figure
0.18is applied.
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The proposed voltage control system enablethiréstorcontrolled series capacitor
to maintain the load voltage effectivelyhe power delivered to the load from both sources
#1 and #2 is shown ifrigure 0.21. This indicates that the power delivered from both

sources has been increased to serve the extra load ttansgent

1.10.2 Gate TurrOff Thyristor-Controlled SeriesCapacitors

A gate turnoff thyristor (GTO) is a thyristor witkhe capability of being turned off.
As shown inFigure0.22, a Gate TurrOff ThyristorControlled SeriesCapacitor(GTO-
controlled series capacijancludes backo-back GTO thyristor switaksthat change the
voltage on thearallelcapacitor The inductorlo, resistory, and the diodeD, are used to

limit the GTO forward current rise [44].
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| N ,a<]_ |
N W~ &7, /]
N Lo v/
~ -

GTO thyristor-Controlled Capacitor
Figure 0.22. A GTO thyristor -controlled series capacitofGTO-controlled series
capacitor) topology[44].

The operation of &TO-controlled series capacites very similar to ahyristor
controlled series capacitowith the difference being that the capaciottage. Ignoring

Lo, r, andD, when eitheiGTO. or GTG; is conductingthe capacitors shortcircuited.
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Like the thyristorcontrolled series capacitathe firing angle of & TO-controlled
seriescapacitoiis determined by the line current angle, which is 90° ahead of the capacitor
voltage. However, the switch is turned on when the capacitor vaotageo to prevena
voltage/current transient argturned off(insering the capacitgrwhen the voltage reaches

a certain leveli.e.,Vm sin(0 ,)as shown irFigure0.23.
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GTO, P
Figure 0.23. Switching mechanism ina GTO-controlled series capacitor

The angleo represergthe point at whichthe switchis turned off and is referred to
as theturn-off angle.If the switch is completely off all the timéhe capacitor voltage is
V(0= 0). Otherwise, a portion of this voltage will be applied to the capatitaeduce the
capacitive impedance of the line.

According to [44, 8483], GTO-controlled series capacitoperation does not change
the line currentwhich determing the capacitor voltagand provides the zercrossing
signal for the phaskcked loop (PLL) unit Assuming the line current is,

W WCOAT100 (20)

The capacitor voltage thereforegiven by

"Qo’QoT—.d()E]Tb O Erl 10 “8 (21)

Vico
wo £ mao &
(0]
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The capacitor voltage of this equation applies duitiegpositive half cycleFor the
negative half cycle, the voltage is the negative' ().

The harmonicomponents oY are given by

T T O
wo -y wOEd] o ¢ Qu Qe (22

Only even harmonicand the sin coefficientsxist sincéV/c is oddsymmetric

N

© —~ OBflo OET OEd] @ o
(23
, 1T OETAT ©r &¢AT/O0Ed L
W - e € Q0Q
£ E p
The fundamental component of the capacitor voltsgeis :
N0 PR
6 5 p o rOEG OIS (24
The GTO-controlled seriesapacitoreactance cathenbe written as
. p C P . .
0 5 p I +OEF m (29

Clearly, XacTocontrolied series capacitols maximum wher = 0 and zero wheo= 3/2.
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Figure 0.24. The fundamental component of the capacitor voltagen terms of 2.
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Figure 0.24 shows the normalized value ®f: in terms ofthe turnoff angle.In
equation(24), two terms are subtracted from the maximatue ofV¢: a linearandasine
term Figure0.25 shows theGTO-controlled series capacitonpedances a function of
the turnoff angle The GTO-controlled series capacitorapaci t or i s assumec
which isthe same valuased inthe thyristorcontrolled series capaciteimulation in the

previous sectionThe maximum capacitanetd = 0 (using| ¢* o s,
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Figure 0.25. GTO-controlled series capacitoiimpedance amplitudein terms of 0.

o

As illustrated in botlFigure0.24 andFigure0.25, there is no prohibitive range for
the turnoff angle as compared to the firing angle of théyristorcontrolled series
capacitor This fact is a significanimerit of using GTG instead ofthe thyristors.
Additionally, GTO-controlled series capaci®have a better dynamic respongban
thyristorcontrolled series capaci®r82]. Table 0.1 lists the outlines the salient
characteristics ofGTO-controlled series capaci®rand thyristorcontrolled series

capacitos.
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Table 0.1. Dual characteristics of theGTO-controlled series capacitorand thyristor -
controlled series capacitof84]

GTO-controlled series capacitor thyristorcontrolled series capacitor

1 GTOthyristors aren parallel with 1 Thyristors are in series with the
the capacitor reactor

1 Connected to the transmission lir 1 Connected to the transmission lir
in series in parallel

1 Supplied by a current source 1 Supplied by a voltage source

1 The amount of the capacitor 1 The amount of the reactor voltag
current is controlled through is controlled through switching
switching mechanism mechanism

1 The capacitor voltage is controlle 1 The reactor current is controlled
by switofhangled t u by switchesodo fii

1 Firing and blocking the switches 1 Firing and blocking the switches
with zero voltage with zero current

Althoughthyristorcontrolled series capaciwaredesigned to show both inductive
and capacitive impedance, the system usually nesdls capacitive impedance to
compensate the inductive impedance of the lifidhe GTO-controlled series capacitor
inability to insert an inductive impedance does not make it less usefultiastor
controlled series capacitf84, 85]. As shown inFigure0.6, thethyristorcontrolled series
capacitoimpedance will not be zerat any firing angle, whereaSTO-controlled series
capacitorimpedance has a range @fto Zmax When the GTO branch is entirely off.
Therefore, to compare the capacitance requirementtHgristorcontrolled series
capacitos and GTO-controlled series capacitofor the same compensation level of the
line impedance, the following equatiarustbe satisfied:

5
F

© 2
= (27)
whereZmin is the minimum impedance of thieyristorcontrolled series capacitarhen it

is in the capacitive region [84].
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The capacitance needed thyristorcontrolled series capacite higher thartGTO-
controlled series capacitfor the same compensation rate. Albyristor-controlled series
capacitos need an inductive branch with the saowerentrating asdoesthe capacitor.
ThereforeaGTO-controlled series capacitagquires a capacitor with less capacitance and
a lower current rating compared acorespondinghyristorcontrolled series capacitor
However, the switch used aGTO-controlled series capacitaeeds to tolerate a slightly
higher voltage tham the case of ththyristorcontrolled series capacitor

A study in [84, 85] shows a comparison between the rating of an existingtor
controlled series capacitor Brazilian northsouth interconnection and@r O-controlled
series capacitgproposed to have the same compensation as shoWwabie 0.2. In this
study, all of the element ratings show that ti&TO-controlled series capacitdras

significant better performan@the sameamount ofcompensation.

Table 0.2. Comparison between an existinghyristor -controlled series capacitorand
a similar GTO-controlled series capacitorused in Brazilian north-south

interconnection [84]
GTO-controlled | thyristorcontrolled series
Parameter ) : )
seriescapacitor capacitor
Capacitor Impedance 13. 27 39.81 q
Capacitor Capacitance 200 ¢H 66.6 ¢F
Maximum Impedance 39.81 39.81 q
Impedance Range 13.273 9. 81 0039. 81 q
Max/RMS Fundamental Voltage| 59.7/60.3 kV 59.7/60.3 kV
Max. RMS Capacitor Current 5025 A 1500 A
Max. RMS Reactor Current 3735 A 1500 A
Max. RMS Switch Current 3735 A 1500 A
RMS/PEAK Switch Voltage 51.34/74.41 kV 59.73/84.47 kV

The voltage harmonic content a GTO-controlled seriegapacitorhasa slightly

higher THD tharathyristorcontrolled series capacitdyut can be significantly improved
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if, instead of oneGTO-controlled series capacitorseveral GTO-controlled series
capacitos in series are used [&5]. Figure0.26 shows the capacitor voltage of iG& O

controlled series capacitowhen 9 = “/7 in order to partially compensate the line

impedance.
__ 40
2
S 20F i
g
3
> of 4
g
& -20 1 -
o
]
o -40 | 1 | 1 | | 1 | 1
7 7.01 7.02 7.03 7.04 7.05 7.06 7.07 7.08 7.09 7.1

Time (s)

Figure 0.26. Capacitor voltage of a typical GTGcontrolled series capacitor.

The waveform shown iRigure0.26 is identical to the same result presented in [82
85] which verifiesthe accuracy of the simulation modededin this thesisFigure0.27
shows thathe GTO-controlled series capacitdeploys almost pure capacitive reactance
to counter the line reactance since it does not need auxiliary ciegigghe case with the

thyristor-controlled series capacitdfor theresults infigure the capacdnceis3 6 5¢ F or

j 7 . atg=O0andgoes tazerowhentheturof f angl e reaches ~ [ 2.
Z (ohms) Reactance (ohms)
8
6
4
2
0
-2
-4
-6
-8
0 0.3 0.6 0.9 1.2 1.5

Turn-off Angle (rad)
Figure 0.27. GTO-controlled series capacitoiimpedance and reactancén terms of
the turn-off angle.
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1.10.2.1The GTO-controlled series capacitas a Power Controller

As discussed earlier, to maintain the power exchange between a source and a load,
GTO-controlled series capacitean deploy a capacitive reactanceptotially eliminate
the reactance of the line so that the power exchange capability of tieificeased. The
samedoubly fed power system shown ifigure 0.12 is usedto examine theGTO-
controlled series capacitarperatng as a power controllerin order to compare its
performance witlthe thyristorcontrolled series capacitofhis time, it will be equipped

with theGTO-controlled series capacitehown inFigure0.28.

Ryt JXi JXo JXn Rn

— ()(}{}){] '—o —_

Sourcettl Variable Load Source#2

Figure 0.28. Doubly fed power systemequipped with GTO-controlled series
capacitor to examine the power exchange control strategy

For thesystemdepicted inFigure0.28, the source voltagésiandVscar e bot h 690
sin (120 t Rp= 300.A2)% .V, X8and. 54 &ahd31q. The
i mpedance i s i niisdiexlrleyas&@ +# ojr3 2AFdicossedd . 3 6
earlier, theGTO-controlled series capacitoan be much less than ttigristorcontrolled
series capacitoiso, in this simulationthe capacianceis chosen to b86% FTherefore,
the reactance of th@ TO-controlled series capacitat aturn-off angleof zerois -7.27q,

whichis very closen magnitudeo the line reactance.
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The main difference betwedhethyristorcontrolled series capacitandthe GTO-
controlled series capacitorterms of power exchange control is their impedance variations
regarding the firing angle athyristorcontrolled series capacitandtheturn-off angle in
aGTO-controlled series capacitdn aGTO-controlled series capacitdhe lower turroff
angle deploys more capacitive reactance, the oppositiee thyristorcontrolled series
capacitor Consequentlythe power control designed f@GTO-controlled series capacitor
is somewhatdifferent from thethyristorcontrolled series capacitaontroller shown in

Figure0.13. Figure0.29 shows the control system used for povfi@w.

» » Turn-off Angle Command Output
Limiter
0.135 + 0.24 0.006 N
® s * | 0035+02 | Q‘ !
m PI Controller
Pruj

Figure 0.29. Power exchange control system fo6 TO-controlled series capacitor

As shown inFigure0.29, the Ptcontroller coefficients are the samelagseusedfor
the simulatiorthe thyristorcontrolled series capacitpower contral But, there are two
main changes in terms of thieyristorcontrolled series capacit@ower control system

shown inFigure0.13 as follows:

1) The reference powePyer, is subtracted from the measured powesairce #,
P, because to increasts power, the turroff anglemustbe decreased and vice
versa

2) Unlike the firing angle, the turoff anglebegins aD sinceit would not deploy
any inductive reactancand thereforeherewould beno need tmperaten the

capacitive region
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As wasthe case forthe thyristorcontrolled series capacitdhe PLLis locking the

phase when the current reaches its maximum
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Figure 0.30. Simulation results for the delivered active power fromsource #, tur -
off angle fadians), and the load RMS voltage (V) for the system shown iRigure
0.28.

Figure0.30 shows the simulation results for the active power transferred to the load
from source #1, the turoff angle variations, and the load RMS voltage for the system
shown inFigure0.28 based on the proposedFdsed power exchange control strategy in
Figure0.29. Figure0.30indicates that the delivered active power fremarce # has been
maintained within an acceptable range. The -affnangle increased from almost 0.4
radansto 1.1 radansduring the transierib maintainthe active power delivered to the load
from source & to 3600W.Also, withinthe load transiergeriod, the load voltage dropped
about 18V, which is 2.65% of the nominal load voltage, becsosee 2 had to inject
more active power. The load voltage level is much higher even though the voltage drop

higher thann the case of thtéhyristorcontrolled series capacitor
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TheGTO-controlled series capacitgoltage and the current passing through the capacitor
and GTO switch branch are shownhkigure 0.31. The voltage acros&TO-controlled
series capacitocontains significant harmonic contents, but it does not impact the load
voltage withonly aboutl% THD. Thisis muchlower thanthe5% THD of the load voltage

for the thyristorcontrolled series capacitorin the next sectionGTO-controlled series

capacitos will be studied for usén voltage loadsoltage contral

50

Voltage (V)
o

50 | | | " GCSC Voltags; |
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Capamtor Current

20

Current (A)
O
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s 4 4 i h
; r I I r I
© 0 | . | GTO Switch Curtent | |
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Figure 0.31. Simulation results for the GTO-controlled series capacitorvoltage and
current for the system shown inFigure 0.28.

1.10.2.2The GTO-controlled series capacitas a VVoltage Controller

The voltage control mechanism ®GTO-controlled series capacitm very similar
to thyristorcontrolled series capacitoexceptthat aGTO-controlled series capacitoan
only be operated in the capacitive regwinich results intie load voltagéncreasedvhen
theGTO-controlled series capacitmoperateecause it inserts less resistarides turn

off angle \s. voltagas shown inFigure0.32. the load voltag&ariance with respect to turn
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off angleis not significant when the tuwif angleis more tharaboutl radan,as expected.

The input ofthe system must be positive when the measured voltage is higher than the
reference voltage to increase the tafhangle so that the voltageducesWhen the turn

off angle is zero, th&TO-controlled series capacitourrent reaches its maximum value,

as shown inFigure 0.23. Therefore,the PLL must measure th&TO-controlled series

capacitorcurrent to find theorrecttime to initiate turn-off.

690
688
686
684
682
680
678

Load RMS Voltage (V)

(@)}
~J
(@)}

674

672
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Turn-off Angle (rad)

Figure 0.32. The load RMS voltagein terms of the tun-of anglefor the system shown
in Figure 0.28.

The load voltages first simulatedgivenno voltage contrainda fixedturn-off angle.
In the simulation, the loads changed from 80 +j37d t o 5 4 . ®Rfor2se¢oBdd . 6 2
beginningat 8secondsThe firing anglas initially setat0.745radiansor 42.68° to achieve
the nominal voltage, 675 V, at the load. The simulation result with no voltage control is
shown inFigure 0.33. The voltagedropsabout 10V,or roughly 1.5% of the nominal
voltage.

To better regulatéhe load voltage, the twoff anglemust bedecreased tmject

more capacitancd his is achieved using thel-based voltage control system shown in

Figure0.34. The PI controller takes the error signal; Vrer, and outputs the turoff angle
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required for maintaining the load voltage at its nominal level. The simulated control system
is shown inFigure0.35. Figure0.36 shows the load voltage with and without Blebased

voltage controller.
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Figure 0.33. Simulation result of the load voltagewith no voltage control systenfor
the system shown irFigure 0.28.

Pl -
Vier Limiter Turn-Off GTO,
- Controller Angle
+

l

; Delay
GTO,
Figure 0.34. Pl-basedvoltage control system applied to aGTO-controlled series
capacitor.

P - Firing Angle Command Output

Limiter

0.13s + 0.24 0.4+ 1.8
@‘ p Y Tas+i2 '@' Vi

PI Controller

Vrrzf
o)

Figure 0.35. Voltage control system forGTO-controlled series capacitor
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The PI coefficientsised for the resulis Figure0.35 are identicato thoseused for

thethyristorcontrolled series capacitoontrollerof Figure0.18.
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Figure 0.36. Load RMS voltage for the system shown ifrigure 0.28 w/o the voltage
control strategy shown inFigure 0.35.

Compared to the load voltage variatiohthe thyristorcontrolled series capacitor
illustrated inFigure0.20, theGTO-controlled series capacitolearly maintainshe voltage

closer to the nominal valuéespite the higher voltage rangetbé thyristorcontrolled

series capacitor

1.11 Resonant Fault Current Limiter as a Controllable Series Compensator

As stated earlier,nductancevariationin an RFCL isnot necessaryf a saturable
inductoris used asin the proposed RFCL Additionally, the RFCL capacitor must be
tuned with the inductor to be effective for the fault curdemiting. Consequently, the

resistoris the best choice amongethree elements teary. It alsohas thdeastimpact on
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the operation of dault currentlimiter. As before thyristor and GTGswitcheswill be

comparedor the purpose of varyintipe resistance

1.11.1 ThyristorControlled RRsonanfault Current Limiters

Figure0.37 shows a thyristecontrolledseries compensated RF@lhich variesthe
resisanceby changingfiring angle. At zerdiring angle the resistois shortcircuited
When the firing angles © , entineeesisance is appliedTherefore, unlikehethyristor
controlled series capacitor wher e t he firing angthwistocoul d |

controlled RFCL be operated wietfiring anglefrom 0t radiaris

Go

(o]
¥ ~.
o

iy i

T Loy

Ro
Figure 0.37. A Series Compensadd thyristor -controlled RFCL.

Figure0.38 shows the block diagram used change the resistance, using TCS in MATLAB.
Two series resistors are connected to a voltage source, as shbigarm0.38. One of

those resistordyy, is parallel with the thyristor switckvhile the otheyRs, is only used in

series to prevent a short circuit over the voltage source. Since the voltage and current are
in phase, the source current can be used as an input of the PLL to determine the initial
phase angle of the resistor voltage. Also, a ramp smgradrator is used to increase the

firing angradansf rom 0 t o
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Figure 0.38. Experimental setup to measure the effective resistance Bi.

For the results shown Figure0.38, the source voltage is 100 V RM&60 Hz.The
firing signal width is constant at Ocadians and the resistance Bi is measured based on
its RMS voltage and current. The PLL measures the initial angle of the vatteageR,,
based orits current

The thyristor gateontrol(shown inFigure0.38) is the samasused in thehyristor
controlled series capacitermulation modellt receives three inputs to generate the proper
gate signal for the thyristor switcAhe PLL isinputto the gate control systeso that the
gate signal is generated based on the initial phase of the vattaagsR:. Then, thdiring
angleinput determines how long after the initial phase of that voltage the gate signal is
initiated. The third input determines how long the firing angle will last. Also, there is a
ti me delay bl ock t o app laystothéteyristomtherewdrser i ng s

direction
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The curve plotted irFigure 0.39 shows that the resistance charngeot lineaty
related tothe firing angle. Using the "basic fitting" tools in MATLAB, three different
polynomial functionsarecalculatedo replicate this relationshiince all the polynomial
approximation iglosely following the data curve, th@wvest 3rd degreeis good enough
to beusedas the resistance functiodhat is,

Y| x|l TP TBICI¢ T8 K (28)

wheres is the firing angle in radns Since the initial resistance Bii s R (@®)isa

normalized function. Therefore if the resistance of an RFCL resistorRsohms the

expression irf29) would be multiplied byR.

T T T T
Ty =-0.075*% + 0.33*x% + 0.022*x + 0.016
y = 0.0029*x* - 0.094*x> + 0.36*x? - 0.0021*x + 0.019

N
N

—_

o
(o]
T

Effective Resistance of R1 (ohms)
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»

0.4r
o0 datal
o2 =z |7 cubic s
—— - 4th degree
— 5th degree
0 : | | | I
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Fire Angle (rad)
Figure 0.39. The effective resistance oR: in terms of the firing angle.

The curve plotted irigure 0.39 shows that the resistance change does not have a

linear relationship with the change of tharfg angle. Using thé b a fittingd tools in
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MATLAB, three different polynomial functions have been discovered that can replicate
this relationship. Sincall those polynomial functions are closely following the data curve,
the least powered on&“ degree (cubic)would begood enough to be taken as the
resistance function as stated29):

Y | TIXV TP T8IGC TBIPpY (29
whereg is the fiing angle inradians andR(g) is the resistance function of tRe. Since
the original resistance g1 i s 1 q, t he ex (@9 dediresamormabkzédo wn
function.So, if the resistance of an RFCL resistdrRishms the expression shown (29)

will be multiplied withR.
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Figure 0.40. Three different modes for RFCL impedancen terms of the thyristor
switch firing angle (radians).

The impedanceduring a faulican becalculatedn three differentvaysbased on the

derivative ofthe RFCL impedance amplitudes afunction of its resistances given by
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equation (11). If 2¥2LC is less/more than one, the amplitude the inpedanceis
ascending/descending, and #%2.C is equal to one, the amplitudeunchanged, as shown
in Figure0.40.

All threeavenuedo set the impedanaaeuseful forseries compensatioalbeitin
different ways. For instancéf, 2¥?LC is lessthanone (L=0. 006 Hthand C=.
impedance woultiave both inductive and capacitive regiolfi 2¥2LC is equal to one, on
top of having both inductive and capacitive regidhe impedance amplitudeconstant.

Now, suppos@¥?LC is morethanone In that case, the impedance of the RFCL is only
capacitive, and the amplitude variation range is much broader than the other cases, which
enables the RFCL to cancel out the line reactance more than the otheHoas®aser, it

puts a higher impedance along the linAnother viable arrangement of thbyristor
controlledRFCL is to separate the resistor into the fixed and variable parts, as shown in

Figure0.41.

Co

| AN

7 Lo

Roy Ror

Figure 0.41. Schematic of athyristor -controlled RFCL with fixed and variable
resistor.

The resistancef thethyristorcontrolledRFCL only changes within the rangeRuf

to Rov+ Rof, which enables furthdimiting on the operating range of ttig/ristor-controlled
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RFCL impedance. The fixed resistd®y, can also be taken as the inductor's internal
resistance, which helps model thgristorcontrolledRFCL inductor more precisely
ForexampleFigure0.42 shows the impedance and components (R and X) variations
of athyristorcontrolledRFCL if the fixed and variable parts thiyristorcontrolledRFCL
resistance arBov=2.50 aRuwre 0.5q. Also, the inductor and capacitor are choseloas

=0.0/H,Co=67C F .

10 I T T -
of -~~~ _
0 bm e T T T —ZTSC_RFCL(oth) H
—~RrscrreL(0Nms)
_____ ) S (ohms)
'20 C | | 1 | ITSC RFCL I ]
0 0.5 1 1.5 2 25 3

Fire Angle (rad)

Figure 0.42. The thyristor -controlled RFCL impedance, resistance, and reactance
variations in terms of the firing angle (radians) if the resistor is split into Rov= 2.5q
and Ror = 0.5 .

The same systerasin Figure 0.12 and Figure 0.28 will be usedto examine the
similarity of the impedance variation in calculation and simulatéenshown irFigure
0.43. All elements used iRigure0.43 are the same as those used in the simulation studies
shown inFigure0.12 andFigure0.28. Also, Rov andRor are2.5q, and0.5q respectively,
and the inductor and capacitor are chosehoas 0.017H,Co = 6 7 Uhe Bimulation
results are compared with the calculation results, as shokigune0.44.

The slight difference between the calculation and simulation is most likely caused
by the nonidealities of the thyristor. However, that difference is insignificant in terms of

series compensation. Because of the parallel connection between the inductive and
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capacitive branches of thlyristorcontrolled RFCL, the impedance takes its highest

amplitude when the firing angle becomes zero.

Rt J Xz j IC; iXn Rn
Mt ¢ o —W—
InY T,
O o
Lo
6\_
Roy Ror
Variable Load Source#2

Source#l

Figure 0.43. Doubly-fed power system equipped withhyristor -controlled RFCL to
examine theimpedance variation ofthyristor -controlled RFCL.

10.5
10

9.5

8.5

Impedance (Q)

7.5

0 0.5 1 1.5 2 2.5 3
Fire Angle (rad)

—e—Simulation Study —e—Calculation

Figure 0.44. Comparing impedance variation ofa thyristor -controlled RFCL
between the simulation and calculation

Therefore, the series compensation effect tyaistorcontrolled RFCL is more
significant if the firing angle is changed downward, as shoviaigare0.45. The delivered

power fromsource # reduced from 6.5kW to less than 4.5kW when the firing angle
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increased from 0 to The results shown iRigure0.45are based on a simulation study on

the power system showigure0.43 while the loads constanat 80 + j37.¢ .
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Figure 0.45. Power delivered fromsource # and load voltage variations in terms of
the firing angle in Figure 0.43.
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As shown inFigure0.45, the power delivered frormource # is decreasing function
with the firing angle while the load voltagmly monotonicallydecreassaftes U =
radiansor 18°. Consequently, the firing anglan vary fron0D t radiarisfor powerflow
control but only from” / 1 0 radiansfér load voltageregulation Due to the
monotonicallydecreasing power and voltageey must be subtracteiiom the reference
valuesas shown inFigure 0.46 and Figure 0.47, respectively. The PI coefficients are
chosen to be identical with the-Bdntroller used for botkthe thyristorcontrolled series
capacitorand GTO-controlled series capacittw compare théhyristorcontrolledRFCL

performance for both power and voltage control.
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Figure 0.46. Voltage control system designed fothyristor -controlled RFCL.
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m PI Controller 6000
PJ'ef
Figure 0.47. Power exchange control system designed fadryristor -controlled
RFCL.

1.11.1.1Voltage Control Mechanism

As in section 3.2the load voltagés first simulated withno voltage control.From
Figure0.45, if the firing angleis 1.39radians the load voltagés atits nominal valueof
675V. Therefore the firing anglds heldat 1.39radians while the load will be changed
from 80 + j37.7 to 54.07 + j26.1§ for 2 seconds beginningt 8 secondsFigure0.48

shows the results of thismulation
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Figure 0.48. The RMS voltageof the load shown inFigure 0.43 with no voltage
control for the thyristor -controlled RFCL.
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Figure 0.49. The RMS voltage of the controlled load voltage.
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Unlike thethyristor-controlled series capacitandGTO-controlled series capacitor
simulations the magnitude of the load change for this simulation is higher sincanhe
load change did not create a significant voltage dftye. voltage drop fois about 10V
during the loadncreaseThe saméPIl-controled systemasfor thyristorcontrolled series

capacitofGTO-controlled series capacit@hown inFigure0.46) effectivelyregulateshe
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voltage its nominal valuéllowing a transiety as shown irFigure 0.49. The transient

oscillation ofthe load voltageis higher than whemsing thethyristorcontrolled series

capacitofGTO-controlled series capacit@hown inFigure0.49. However this oscillation

was notincreasingthe load voltagenarmonicsince the currenof thyristorcontrolled

RFCL does not include any n@musoidal contents, as shownHigure0.50.
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Figure 0.50. The instantaneous voltage of the thyristecontrolled switch (top), and
thyristor -controlled RFCL current and the firing signal of the system shown in
Figure 0.43.

As shown inFigure0.50, although the voltage applied to the resistor is completely

distorted, the current is still sinusoidalThe THD in this simulation was only 1%,

indicating that théhyristor-controlledRFCL is superior t&TO-controlled series capacitor

andthyristorcontrolled series capacitor terms of harmonic distortion level.

The thyristor switching does not create any significant harmonic distortion because

the thyristorswitchingis acrosghe resistor.Thedi/dt anddv/dtfrom the switching creates
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significantly lesstransient voltage andurrent,in comparisonto switching acrosghe
capacitor or inductor. ThilyristorcontrolledRFCL impedance amplitude and phase are

shown inFigure0.51.
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Figure 0.51. The instantaneous amplitude (up) and phase (down) value of the
thyristor -controlled RFCL impedance

As expected, the phase angle of thgristorcontrolled RFCL impedance was
always capacitive and has not been significantly changed, as shéwgure0.51. Also,
as mentioned, the power delivered to the load from both sources would not be constant
during the voltage control process, as showrigure0.52. The power delivered bsource

#2 is negative, indicating thatource # feedsboththeload andsource 2.
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Figure 0.52. The instantaneous power delivered to the loaffom source # (top) and
source #2 (bottom) for the system shown irFigure 0.43.

1.11.1.2Power Control

Another application ofhyristorcontrolled RFCIs is to limit the power exchange
between the source and lo&bnsider agaithe power system shown ffigure0.43 as an
example. Ifsource # is limited to generating only 6000W fan8 0 + | 3 7. 7q | o a
firing angle must be set to 0.6adians or 34.95°.With the load change starting at 8
secondd r om 80 + | 37. 7 gfor 2 secordgthe @aiver &b fiked fringl 3 q
angle increasto nearly 8155W, as shown kgure0.53.
Not only issource # feedingthe load, it also providesdditionalpower forsource

#2 sincethe delivered power fromsource 2 is negative over thentire period of the
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simulation. Since the impedancetbyristorcontrolledRFCL is almost purely capacitive,

the power delivered frormource # is increased more thantime other cases.

9000 T T T T T T T T T
Power delivered to the load from source#1
8000 — .
s
g 7000 - .
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o
6000 T ——
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& -1500 - .
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| | 1 | 1 | | | |
7 7.5 8 8.5 9 9.5 10 10.5 11 11.5 12

Time (s)
Figure 0.53. The instantaneous power delivered to the load frorsource # (up) and
source # (down) of the system shown ifrigure 0.43for fixed firing angle at 0.61
radians.

If the control system shown igure0.47 is activated, the proper firing angle will
be provided to the thyristor switch dfyristorcontrolled RFCL to limit the delivered
power fromsource # to 6000W, as shown Figure0.54.

The power delivered to the load fraource # hasalimit of 6000W. Although the
power oscillationin the figureseems significant, it does not adversely impact the load
voltage/current THD as it effectively maintains 1Simce the delivered power frosource

#1 islimited to6000W,source 2 nowdelivers power tahe load.
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Figure 0.54. The instantaneous power delivered to the load frorsource # (up) and
source #2 (down) of the system shown ifrigure 0.43 with power control.

The reason whyource 2 was not generating before the load change is that the
impedance of thehyristorcontrolledRFCL is almost purely capacitive, so mostheline
reactancés canceled out, ansburce 2 was notable toprovide sufficient powethe load.
However, when the load is increased, the control system increased the firing angle, as

shown inFigure0.55, to make the impedane®t purelycapacitive

7 7.5 8 8.5 9 9.5 10 105 11 11.5 12
Time (s)
Figure 0.55. The firing angle change tocontrol the power exchange fronsource #.
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As shown inFigure0.55, thefiring angleis very close tag radiansbefore the load
changean orderto decrease the amplitude and increase the phasetbftigor-controlled
RFCL impedance to bring back a portion of the line inductive reactance and limit the power
delivered fronsource # at 6000W.The impedance of thtyristor-controlledRFCL goes
from9.%7 -8 2 A q Zt-&6 Ain a@lérto limit the power exchange frosource # of

the power system shown lfigure0.43.
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Figure 0.56. The amplitude and phase angle of the thyristecontrolled RFCL
impedance to maintain the power exchange from source #1 shownkigure 0.43.

1.11.2 GTO-Controlled Switch Bsonanfault Current Limiter

Figure0.57 shows a GT@ontrolled RFCL resistor by changing the taffiangle.
Zero turnoff angle means that the resistor is fully deployed, and when thetiuamgle

becomes ° /| 2sshortcincaited esi st or
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Figure 0.57. Series Compensad GTO-controlled RFCL.

The resistance variation of a resistor in parallel with a @datrolled switch can be

obtained, as shown igure0.58.
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Figure 0.58. The effective resistance of R1 in terms of the GTO turoff angle
(radians).

The resistance dr; is notlinear with the turroff angle However,a polynomial

approximation can be use#igure 0.58showsboth a quadratic and cubic pahpmial
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approximation. Both approximations are adequated for simplicity sake thquadratic
approximation will be usedFrom the figure it can bgeen thathe resistance is nqw
Y | K T8tolg pm (30

whereUis theturn-off angle inradians Since the resistance Bf(0)is1q, t he expr es
in (30) can be considered a normalized functidherefore, equatio(80) can simply be
multiplied by any different value @1,

Figure0.59shows th&sTO-controlled RFCLimpedancevhenthe fixed and variable
resistancearechosemasRov= 2 . 5 [§r =a rOdABdiionally, Lo = 0.017HandCo =
6 7 0 eTRe.impedance of the GFEbntrolled RFCL is more capacitiand resistiveor
higher turnoff angles resulting in lower losses for decreased levels of series
compensation. This is the opposite of the thyristortrolled RFCL operation. To examine
the GTOcontrolled RFCL operation in terms both voltage and power exchange control,
the same simulation setup showrFigure0.60is implemented in MATLAB. Except for
the GTO replacing the thyristor switch, all other elements used in this study are identical

in the simulation.

---7Z GCS_RFCL —--R_GCS_RFCL ——X_GCS_RFCL
15
10 }m—r-yt—1t e
E ------------------------------
S et i A R SR
8 o -
[
3]
T -5
o
E -10 —
-15
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Turn-Off Angle (rad)

Figure 0.59. The GTO-controlled RFCL impedance, resistance, and reactance
variations in terms of the firing angle (radians) if the resistor is splitintoRov= 2. 5q
andRot= 0. 5q
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Figure 0.60. Doubly-fed power system equipped witta GTO-controlled RFCL for
examining the impedancea of a GTO-controlled RFCL.

1.11.2.1Voltage Control Mechanism

The load voltage corresponding to each4offrangle can be found through a simple

simulation in which the turoff angle is gradually increased using a ramp souteero
turn-off angle, theentireresisance is irseries At aturn-off angleof " /2, the GTOis short

circuitedwhich bypassgstheresistanceThereforejncreasing the turoff angle decrease
the GTO-controlled RFCL resistance and vice versélowever, this relationships not

monotonicallyincreasing as shown irfrigure0.61.

682
680
678
676
674
672
670
668
666
664
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Turn-off Angle (rad)
Figure 0.61. The RMS voltage of the load shown ifrigure 0.43in terms of the turn-
off angle.

Load RMS Voltage (V)
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The load voltage dbw turn-off angleis not significantly decreasingut as soon as
the turnoff angle becomes higher thanrdd it changesover a much broader range of
voltage.Theplot shown inFigure0.61representtheloadvoltage if L = 17mH, C = 6 &F,
and R ranging bet wlr®nontledR&CL teleme®sjare chosen t h e
differently, the load voltage change will differ.

To examine the effectiveness o6d O-controlledRFCL for load voltagecontrol it
is essential tdirst analyzethe voltagewith no control in placeReferring the simaltion
shown inFigure0.60, the load voltage is 670V if the twaff angle is set to 1.3adians
Now, if the loadis changed from 80 +j37.d t o 5 4 . @ Tor 2secgtd&tibg al 8
seq the uncontrolled load voltage dripas shown irFigure 0.62. For a fixed turroff
angleof 1.37 radians the GTO-controlled RFCL resistancés 2.75q .To observe the
switching performance of the GTOBigure 0.63 shows the instantaneous voltage of the

GTO, which is in parallel with the variable resistor, at the beginning of the load change.

g 680
@©
g
S 70— e ]
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; N PUUSE SVt s,
= n i
¥ 660
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]
3 650 1 1 1 1 1 1 | 1 1
7 7.5 8 8.5 9 9.5 10 10.5 11 11.5 12
Time (s)

Figure 0.62. The RMS voltage of the load shown ifrigure 0.60if no voltage control
is applied (Turn -off angle is set to 1.37adians).
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Figure 0.63. The instantaneous voltage of th&TO switch (top), andGTO-
controlled RFCL current and the turn -off angle signal (down) of the system shown
in Figure 0.60.

As shown inFigure0.62, the voltage draopfrom8 secto 10sec The turnoff angle
stayed at the same level throughout this simulation, as showigune 0.63. With the
GTO-controlledRFCL is equipped with the voltage control system showFignre0.64,

a drop in thdoad voltageaesults in an increasn theturn-off angleand vice versa.

Unlike thyristorcontrolledRFCL, GTO-controlledRFCL currentshown inFigure
0.63, has athe measured TH®f 1%, showingthat theharmonic performance of the
proposedGTO-controlledRFCL is at least goodas thyristorcontrolled RFCL. And, of
course,both are superior compared @rO-controlled series capacit@nd thyristor

controlled series capacitor
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Figure 0.64. Voltage control system designed foa GTO-controlled RFCL.

Next, the PI coefficients areeptthe same, but the transfer function usechtmify
the input error differs from thiayristorcontrolledRFCL voltage control systettmy having
the turnoff angle range shorter than the firing angle usethymistorcontrolledRFCL.

The is result is illustrated iRigure0.64. The load RMS voltage and the tuoff angle

variations are shown iRigure0.65.
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Figure 0.65. The load RMS voltage (top) and the turn-off angle variations (bottom)

if the voltage control system shown irfrigure 0.64is applied to theGTO-controlled
RFCL.
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Compared td-igure0.62, Figure0.65 shows almost the same voltage profiletees
thyristor controlledRFCL. However, the range of operatidre., being in both capacitive
and inductive rangés more limited foiGTO-controlledRFCL in terms of the firing angle.
Despite the limitedange of operatigrGTO-controlledRFCL is as effective ahyristor
controlledRFCL in series compensatisimce both can provide the same level of reactive
compensationThethyristorcontrolledRFCL andGTO-controlledRFCL onlycreatedl%
harmonic distortion compared thyristorcontrolled series capacitor GTO-controlled
series capacitawhich create 5% THD or more.The GTO-controlledRFCL impedance
both amplitude and phaseith the voltage control system is shownHRigure0.66. The
impedancechange shown irFigure 0.66 are close likethyristorcontrolled RFCL
impedance when the voltage control is deployexexpected, the phase angle of the 6GCS

RFCL impedance is always capacitivedh only a small changéuring the voltage drop
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Figure 0.66. The instantaneous amplitude of th&5TO-controlled RFCL impedance
with voltage control.
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Duringaload change, the power delivered to the loadsamuoice 2 fromsource #
must be increased, as showrkigure0.67. According toFigure0.67, source # increases
the power delivery to almost 2.5kW. At the same tismyrce 2 receives an extra 850W
power, which implies that the load power was increased by 1650W as expéetedwer

oscillation is clearly decreased compared to the thyriatrolled RFCL.
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Figure 0.67. The instantaneous power delivered to the loafbr the system shown in
Figure 0.60.

1.11.2.2Power Control Mechanism

Varying the line impedance allowthe GTO-controlledRFCL tocontrolthe power
exchange between the source and l@ammpensatingut the reactive impedance of the
line, causesource # to deliver more power to the load, as showifrigure0.68. For the
results shown in Figur8.69 the loadimpedance is constaat 80 + j37.7q .A ramp

generator is used to apply the twffi angle signal to the GTOs in this simulation to avoid
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any transient power exchanges shown inFigure0.68, thepower delivered fronsource
#1 is not linearly related to the tunif anglecompared to thyristecontrolled RFCL, bt
it has abroader range of operatiolm. this caseto deliver 6000W, the turaff angle must

be set to 1.47Vadians

—
- w
T T
\

Turn-Off Angle (rad)
o
3

Time (s)
Figure 0.68. Turn -off angle variations (up) and he instantaneous power delivered to
the load from source # (down) of the system shown irFigure 0.43Figure 0.60

Without power control, the power delivered fragaurce # is 6000W if the turroff
angle is set to 1.4/adians Now, if the load is changed, as showirigure0.69, even with
the constant turoff angle, the power delivery frosource # is more than 6000W, which
indicatesthat the power contralesignfor a GTO-controlledRFCL is unique foreach
individual distribution network. In other words, the power (or even voltage) control needs
to be designed in such a way that it meets the requirements of the particular distribution

network in which th&TO-controlledRFCL is deployed
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Figure 0.69. The instantaneous power delivered to the load frorsource # (up) and
source #2 (down) of the system shown ifrigure 0.60 when no power control is
applied.

Figure0.69 shows the power delivery from both sources during the load change. As
expected, when the load is increased, the power deliveguote # becomes high enough
to serve the load and feedurce 2. The impedance of the line connectsayrce £ and
the load becomes so tiny tismturce £ prefers to absorb rather than generate power. If the
control mechanism igurned onit is expected thatource £ suppliesthe load due to the

6000WIimit enforced orsource #.
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Figure 0.70. Power control system designed foa GTO-controlled RFCL.
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Figure 0.71. The instantaneous power delivered to the loadith power control.

As shown inFigure0.70, the GTO-controlledRFCL power control systefasthe

sameform as thethyristorcontrolledRFCL power controllepresented earliehe only

difference is in the transfer function coefficients because the range of operaBa®in

controlledRFCL is much lower than in thtyristorcontrolled RFCLFigure0.71 shows

the resultsvhenthe power contrak used

The power delivered to the load fraaaurce # is againimited to 6000W as shown

in Figure 0.71. Although the power oscillation seems significant, it does not adversely

impact the load voltage/current THD as it has been effectively maintained 8int¥%the

delivered power fromsource # is maintained at 6000Wsource 2 now becomes a

generator to help serve the loadowever, the voltage is no longer kept at its nominal



value. Figure 0.72 shows the impedanc&f the GTQcontrolled RFCL with the above

described power control
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Figure 0.72. The GTO-controlled RFCL impedancewhich maintainsthe power
exchange fromsource # shown inFigure 0.60.

As shown inFigure0.72, the impedance of the TO-controlledRFCL went from
9762 -78A q 6Z06427A2q t o | i mi t t h soupesdtwithe posvarc han g ¢

system shown ifrigure0.60.

1.12 Summary

In this chapter, the series compensapernformanceof parallel resonant FClvas
examinedn comparsonwith two series compensatongll known in the literaturenamely
the thyristorcontrolled series capacit@nd GTO-controlled series capacitoAlthough

there are other types of series compensators, theseompensate by varyintpe line
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impedance. Boththe thyristorcontrolled series capacitand GTO-controlled series
capacitomwereexamined and compareding the benchmarkisted Table0.1.

The capability of the RFCL proposed in chapter 2 was investigatatbtermine its
current limiting performance RFCL impedance depends not only on its inductor or
capacitor, butalsoits resistancaffectsthe impedance. So, unlikbe GTO-controlled
series capacit@andthyristorcontrolled series capacitaxhich are only operated based on
changing capacitor/inductor, RFCL impedance can also be adjusted through its resistance.
Two new series compensators are introduced based on the proposed RF@hyusiiog
controlled series capacitaand GTO-controlled series capacitdechniques, namely
thyristorcontrolledRFCL andGTO-controlled RFCLThese compensatouse switching
to vary theRFCL resistor rather than its indictor/capacifbinisdecreasethe THD to 1%.

Based orcomparablesimulation setups, the following comparisons have been made:

1) ThyristorcontrolledRFCLs havea broader operational rangee, inductive and
capacitive It variesfromQ  tradiariswhile GTO-controlledRFCL variesfrom
0 t o(Fire &ngle vs Turoff angle)
2) Both thyristorcontrolled RFCLs and GCSRFC have insignificant harmonic
contents even during the paid change of the firing angle compatieyristor
controlled series capacitandGTO-controlled series capacitor
3) The PLL applied to the control mechanistoes notrequire phase shifting to
measure the voltagacrossthe resistr, making thethyristor gatefiring angle
signalvery accurate As noted thyristorcontrolled series capacitand GTO-
controlled series capacitoreeded “~/ 2 phase shifting o

signal
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4) Both thyristorcontrolled RFCL and GTO-controlled RFCL show negative
reactance, making them a perfect match to compensate for the line reactance.
However,thyristorcontrolled reactesRFCL can be redesigned to show some
reactive impedance

5) Unlike thyristorcontrolled series capacitandGTO-controlled series capacitor
both thyristorcontrolledRFCL andGTO-controlledRFCL are designed so that
the switching mechanism is directly applied to the resistor instead of the
capacitor. Since the voltage and current are in phase, there is no need to create a
"/ 2 del ay thysdstorcengolled seged capanitandGTO-controlled

series capacitor

In the nextchapter, the performance of the proposed series compengdtdoe
examinedas a case study af thyristofGTO-controlledRFCL application tadetermine

their suitabilityfor integrationof PV rooftops in a distributed power system
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CASE STUDY: FACILITATING PV INTEGRATION USING
THYRISTOR/GTO-CONTROLLED RESONANT FAULT

CURRENT LIMITER

Smallscale PV generation units, known as rooftop PVs, are getting more and more
attention nowadays due to their very lpwced and environmentally friendly energy.
However, due to their intermittent nature, rooftop R¥sjeopardize the operation of a
distribution network, particularly if their generation becomes significant. The following
section presents some of the significant challenges caused by the substantial penetration of
rooftop PVs. After that, the available sbtins to those challenges wille discussed.
Finally, the role ofthyristorcontrolled RFCL andGTO-controlledRFCL in preventing
those adverse impacts will be described, and their effectiveness in maintaining the power

quality of a distribution network with high penetration of rooftop PVs will be examined.

1.13 Distribution Network with High Penetration of Rooftop PVs

Since renewable resources such as wind and solar have made an excellent
contributionin bringing down the carbon footprint, many governmental organizations have
subsidizedheir installation and incentivized generatidRooftop PVscan beabundantly
installed almost anywhere at a low ¢asiaking them attractive to many home/building
owners However, their growth might put the stability of a power system in danger due to
their intermittent nature. Highly integrated rooftop PVs can endanger the distribution
system in various ways, such as eveltage, reverse power, protection coordination, and
harmonic contents [882]. The most common problem in a distribution system with high

penetration of rooftop PV is overvoltagelhis is caused by the fact that during peak
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daytime sun insolation hours, Rjéneration increas¢o such arextentto thatdistribution
transformervoltagesmay become high enough to pilte load and transformesrin
jeopardy.Severalsolutions have been introduced to mitigate overvoltdgese include
reducing the transformer ratio [93] amdducing the line impedance byncreasing
conductor size [94]These methods canrexttivelymitigate the overvoltage since they are
fixed and uncontrollable. Therefore, it is essential to find an activeatidgigmethod to
avoid overvoltage in a distribution system with a high penetration rate of rooftopARVs.

already illustrated, thyrist®&TO-controlledRFCLs can perform this task

1.13.1 Voltage Sweltlue to PV Penetration

Considerthree homes with rooftop B\tonnected to a distribution transformer, as
shown inFigure 0.1. The distribution feeder provides energy for three homes, each
equipped with rooftop PVs. The load for each home is taken constantly to bring down the
unnecessary complexities of the studied system. The solar generation profile of each

rooftop PV is also dégned to be similar to a smdlme shift, as showm Figure0.2.

Rooftop PV #3

Rooftop PV #1

@

L

Distribution Transformer

7>=0.1+;0.19Q
Z1=0.9+0.94 Q Z3=0.1+j0.19Q
75kVA \
20kV/120V \
R =10.003 p.u '

vef’
X =0.04 p.u \Jf

Rooftop PV #2

Figure 0.1. A study distribution system with three homes each equipped with a
rooftop PV.

114



The tap changer of thdistribution transformer is set to +16% to compensate for the
voltage drop. Each hour is assumed to be equal to a sedaomdderto shorten the run
time. The primary bus voltage and current are 1396616° Vrms without any solar
generation and5.2% -24.58° Arms. The voltage of those three homes equipped with
rooftop PV#1, #2, and #3 are 117/087.28°, 115.3% -8.49°, 114.7Z -8.97° V,
respectively. Al so, the correspo#dddl°®Ag 1 npu
8.17 -17.2°A, and 4.0& -13.73° A, respectivel)When thePVs generate electricity due
to sun irradiation, the bus voltages increase significantly due to the reducing the line
current, as shown iRigure0.2. In this simulation study, the P§ystemis modeled as a
controllable current source to reflect only its generation due to the purpose of this study.
Although the source curreid significantly reduced, the source voltagenearly
maintained at its nominal valueThe source voltageemains within£0.2V of nominal
during the solar generatioAdditionally, thegeneration of the second RYstemis higher
than the other two PV units, btite powercontributionis not solelydueto itself. The
voltage of the other twbusesare alsdncreasedThe voltage of altheload buses will be

increased during PV generatjas seen ifrigure0.2.
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Figure 0.2. Bus voltages over 24 hours when each rooftop PV generates electricity in
the distribution system shown inFigure 0.1.

As can be seemhé¢ generation of the PVs was not enough to reverse the power flow
of the distribution transfornmelf the number of installed rooftop P&doubled, the power

will be reversed

1.13.2 Voltage SwelMitigation by ThyristorControlled Series Capacitor

As describedn chapter 3thyristorcontrolled series capacigandGTO-controlled
series capacitsrare primarily used to reduce the line reactance by deploying negative
series reactanc&TO-controlled series capacitwcan only provide negative reactance.
Therefore, tcompensate faavoltage swellGTO-controlled series capacitarsustact as
an inductor that increases when positive reactive powerededIn other words, it should
initially set at its maximuncompensatioto mitigate the voltage swell reduce its reactance
to its minimum, which would not be practically recommendedwever, thyristor-
controlled series capacitcanact as gositive reactance if the firing angle becomes less

than the lower limit firing angl€sLgim)), shown inFigure0.6. Therefore in this study, the
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contribution ofthyristorcontrolled series capacisfor mitigating the voltage swell will
be examined.

The impedance characteristics aghgristorcontrolled series capacitareshown in
Figure 0.8. The thyristorcontrolled series capacitampedanceis not amonotonically
increasingfunction of the firing angleNonethelesswhen thethyristorcontrolled series
capacitorimpedance is inductiveéhe relationship is nearijonotonicfor the simulations
in this study.To study this effect furthea typicalradial distribution feeder connected to a
home with a rooftop P\6 studied which throughdistribution transformer is connected

to athyristorcontrolled series capacitoirhis configuration is shown iRigure0.3.

" Vv, NE I(
] 20kV/120V : e
| X, / Ry JXi
Grid | / @ \"ﬁ“/ \N\; G:J [\} GD )

(T Th1 ) Distribution §

I L % | Transformer §
— U000

| Ao Thz ) L

Constant Load
Figure 0.3. Experimental setup forthyristor -controlled series capacitoroperation in
presence of PV injection

A 20kV:120V transformereducesthe grid voltageVe, to 120V which provides
110V for the home and the load,.. Note that the voltage, current, and impedance of the
thyristorcontrolled series capacit@re always represented from the load side of the
transformer. So, all simulation results have been converted to the load side of the

distribution transformer. For the simulations, theesistance and reactance of the

distribution line,R andX,ar e 0. 7 q, and 301. 6mq, respect.i



reactance of the transformer primary side are 0.001p.u and 0.03p.u, and for the secondary
0.002p.u. and 0.01p.u, respectively. The constant load is set to absorb 600W and 50VAR
active and reactive power.

At zero firing angle, or when theyristorcontrolled series capacitds running
without any control, the voltagé. is 110 V if the rooftop PV is disconnectéwm the
distribution feeder. Thus, generatimpwer due to the solar irradiation reduces the
transferred power from the grid, and thereforectineent injected to the feeder line will be
decreased. Accordingly, the voltage drops over the line impedance become lower, and
subsequently, the load experiences a considerable voltage swell at its tdfiginal0.4
shows the load voltag¥,y, during PV generation to prove the above pdiing rooftop
PV generation, particularly for 8s, between 10s and 18s, the veltageds almost 119V,
which is %8.2 more than the nominal volta@dviously,his problem can be resolved by

addinga variable impedance along the line

400 - =

Volatge (V)

) Load Voltage, Vpv

100 1 1 1 1 1 1 1 1 1
6 8 10 12 14 16 18 20 22 24

Time (s)
Figure 0.4. Rooftop PV generation (top), and the load voltage (bottomyithout the
thyristor -controlled series capacitor.
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The voltage swell€an be avoided binsering a variable impedanceuch as a
thyristorcontrolled series capacitoalong thedistribution line to increase the overall
impedance and decrease the voltage.

Figure0.5 shows the transferred power from the source to the load and its associated
current, reduced during PV generatioifhe controlof the thyristorcontrolled series
capacitorin this situation is very similato the control shownin Figure0.10. However,
because of the lower voltage level, the capacitor and indonctstbe modified to create a
lower impedanceAlso, the Pl coefficientsmustbe set to a different value because of the
different voltage and current levels. Tsienulatedcontrol parametersnd block diagram

areshown inFigure0.6.
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Figure 0.5. Source power (top), and current (bottom)without the thyristor -
controlled series capacitor.



In this case study, the firing angle upper and lower $imaite0.85 radiansand 0
radians respectivelysince,if the firing angleis largerthan 0.85radians the thyristor

controlled series capacitonpedances capacitive.

"/

» Fire Angle Generator

Limiter
0.12s + 0.44 0.4s+0.8 ’ o
P T4s+12 @' Vv
PI unit Vis

Figure 0.6. Thyristor-controlled series capacitorcontrol system for the simulation
setup shown inFigure 0.3.
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Figure 0.7. Power generated by the rooftop PV (top), and the load voltage (bottom)
with a thyristor -controlled series capacitor
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The load voltage is maintained around its nominal value of 110 V during PV
generation. It needs to be pointed out that although the change of the PV generation might
not be as fast, to reduce the simulation runtime and to show the reaction of the voltage
control system through thyrist@ontrolled series capacitor, the timeframe of a rooftop PV
generation has been shrunk to about 20s

Hence, those fluctuations in the load voltagruld bemuch less in realityFor the
simulation shown ifFigure 0.3, the thyristorcontrolled series capacitts operated at its
highest capacitin orderto bring down the voltage sintlee compensatompedance went
briefly to the capacitive region. Therefore, the is no room lefvdttage compensation if
the rooftop PV generates more power

This can be considered bBmiting of the thyristorcontrolled series capacitor
operating range for voltage swell compensation. Howeverlithiing can be extended
by increasing the ratio oX./Xc in the thyristorcontrolled series capacitdout the initial
impedance will consequently increase, which might not be desirable.

So,the operating limitlepends on the systggarametersuch aghe line impedance
and the load voltage range.

Since the load voltags maintained at 110 V, the load current was fixed at its
nominal value while the source current decreased, as shokigure0.9. The thyristor
controlled series capacitoraintained the quality of the delivered power to the load despite
the intermittent nature of the PV generation and source current reduction. Hothever,
total harmonic distortion (THD), has gotten worse, which was not unexpected. Any power
electroniebased deviceincluding a PV inverterwill increase the THD of the system

depending on their operation or where they are located
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Figure 0.8. Thyristor -controlled series capacitor impedance (top) and phase
(middle), and the generated power by the rooftop P{bottom) if thyristor -
controlled series capacitor is used.
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Figure 0.9. Power delivered by the distribution transformer (top), and the
source/load current (bottom) during PV generation with a thyristorcontrolled

series capacitor.
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As describedn [90], the voltage THD of a rooftop PV can be around 2.65%, so
adding 5% more THD due tthyristorcontrolled series capacitmperation could be

significantly harmful

007 T T T T T T T T T

006k Load Current THD
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'Load Voltage THD

003 | | | | | | | | |
6 8 10 12 14 16 18 20 22 24

Time (s)
Figure 0.10. Load voltage/current THD during PV generationwith thyristor -
controlled series capacitor

The current THD is slightly more than the voltage THD, which is expected due to

the switching effects ahyristorcontrolled series capacitcais per the simulation shown

in Figure 0.10. In addition toharmonics, thehyristorcontrolled series capacit@aiso
suffers from another operational aspect related to its transition from inductive to capacitive
injection As shown inFigure0.8, to change the operational statughofristor-controlled

series capacitdrom inductive to capacitive, another-BPased control system required
Whenthe PV generatiors unavailableand the load is increasgtie thyristor-controlled

series capaa@ncedoes novary monotonically. Therefore, two individual control systems

mustprovide the proper firing angle for operatiorbimthinductive and capacitiveegions

1.13.3 Voltage Swell Mitigation Using S GTO-controlled ResonantFault Current

Limiter

Figure0.11 shows the configuration of thyristorcontrolled RFCLandthe GTO-

controlled RFCL The resistiveomponentf boththeTSC andhe GTGcontrolledRFCL

12¢



has been divided into the variable p&, and fixed partRor, So that the resistancan be

variedwithin a lower and upper limit. For instanceRdy andRora r e

the resistance of TC&®TO-controlledRFCL varies betweefl . 5 q

G

Go

t

set

o

4 .

Ir 7

Tz

Rov Ror
TSC-RFCL

Lo

Ig

GTO

GTO,

Ry

Ror
GSC-RFCL

to

5q.

Figure 0.11. Thyristor -controlled RFCL and GTO-controlled RFCL schematics.

4.q

In chapter 3, the RFCL parametexgre chosen to create a variable capacitive

impedance since the purpose of deploying TGBD-controlledRFCLswas toreduce the

equivalentine inductive reactance. However, in teection those parametersust beset

to deal with the voltage swellThere must be a higherductive reactancen orderto

reducethe voltageAs stated irchapter 2;x?LC must be less than 0.5 so tila¢ RFCL

acts as aimductive impedance during resistarumntrol The simulatiorshown inFigure

0.12illustrates thidact In this case, th& FCL impedancas, L = 4.4mH andC = 60C&F,

andthe equivalentresistance isariedf r o m 0 . 8lkis range is<hpseao havethe

same initial impedancef the thyristorcontrolled series capacitayperationcan be

compared wittthe thyristorcontrolled RFCL With this selectiony?LC is 0.261 thereby

resulting in inductive compensationThe simulation resultsvith these parameterae

shown inFigure0.13.
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Figure 0.12. RFCL impedance amplitude (top) and phase (bottom) in terms of its
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Figure 0.13. Power generated by the rooftop PV (top) and load voltage (bottom)

with thyristor -controlled RFCL.
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In the simulation ofigure0.13, it can be noted thatith the same PV injectioas
in the series capacitor agshethyristorcontrolledRFCL controlis equallyeffectivein
regulatingthe load voltage very close to 110 VRMSYy looking at the firing angle
variations throughout the PV injection and the harmonic content of the load voltage and
current, shown irFigure0.14, the thyristorcontrolledRFCL has aaumberof significant
advantages ovehethyristorcontrolled series capacitasexplained below.

Thevariation of thefiring angle signal was not as broad as the change applied to the
thyristorcontrolled series capacitéiring signal, which meanthyristorcontrolledRFCL
can compensate fa higher voltage swell. In other wordihe capacity to restore the
voltage during PV injection is more than that tbfristorcontrolled series capacitor,

increasing its ability t@ope witha higher penetration of rooftop PV.
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Figure 0.14. Firing angle signal for thyristor -controlled RFCL (top) and load
voltage/current THD (bottom) with thyristor -controlled RFCL.
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This is illustrated inFigure 0.14. Additionally, it can be seen that thieyristor
controlledRFCL s betterin terms of harmonic injectigisince the load voltageasat most
2% THD, while with the thyristorcontrolled series capacitdhe load voltagdHD had a
maxmum value of5%. Needless t@ay, this 2% THD is still acceptable even the
presence o0& 2.56% voltage THD created blye PV injection.

The first step is to set up a simulation with no PV injection to determine the degree
to which the voltage level will be decreased. The results of this simulation reveal the
highest capacity of thenyristorcontrolledRFCL in compensating voltage swell and the

corresponding firing angle range, as showRigure0.15.
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Figure 0.15. Firing angle signal for thyristor -controlled RFCL (top) and load
voltage (bottom) during no PV injection

According toFigure0.15, the load voltage drops to more than 20VRMS if the firing

angle increases to 1.248diansas expected. Comparing the same simulation conducted



for thyristorcontrolled series capacitahyristorcontrolled reacteRFCL can bring the
voltage down more than two times whibgristorcontrolled series capacita deployed.

So, based on that observation, the ultimate firing angle that designates the upper level of
the limiter unit in the control system showrFigure0.6 for thethyristorcontrolledRFCL
application is 1.248adians This new upper limit can add around 200W of PV injection
into the same system while the voltage is effectively maintained at HiQ\re 0.16

shows the rooftop PV injection at about 1.5 times more than the previous scenario, shown
in Figure 0.13, to prove the compensation capacity enhancemetityoistorcontrolled

RFCL compared tthyristorcontrolled series capacitor
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Figure 0.16. Power generated by the rooftop PV (top) and load voltage (bottom)
with thyristor -controlled RFCL (at the maximum capacity).

As shown inFigure 0.16, the most delivered power by the rooftop PV is now

increased from 375 W (whethyristorcontrolled series capacitavas at its maximum
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compensation capacity) in the last scenario to 572.2 W (theistorcontrolledRFCL
is at its maximum compensation capacity). Also, there is a minor voltage drop within a 1s
period between 14s and 15s, which is reasonable because around that firing angle, the
voltage is less rapidly changed than other firing angles, as shdwguire0.15. The firing
angle changes during the PV injection are showkigare0.17.

Also, the harmonic content generated during the voltage compensation is shown for
both load voltage and currentkigure0.17. As shown inthese graphs, the THD of both

voltage and current is low enough to be acceptable from the distribution system viewpoint.

Figure 0.17. Firing angle signal for thyristor -controlled RFCL (top) and load
voltage/current THD (bottom) with thyristor -controlled RFCL (at the maximum
capacity).

Since thethyristor-controlled RFCL maintains the voltage at its level, the load

current must be constant while rooftop PV generates, and only the source current would be





























































































