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On Control of Grid-connected Voltage Source Converters
Mitigation of Voltage Dips and Subsynchronous Resonances
MASSIMO BONGIORNO

Department of Energy and Environment

Chalmers University of Technology

Abstract

Custom Power and Flexible AC Transmission Systems (FACTE®pte the application of
power electronics in distribution and transmission neksprespectively.

Custom Power is the application of power electronics to oaprthe quality of power distribu-
tion for sensitive industrial plants. Power electronic\aeners connected in shunt or series with
the grid and equipped with energy storage can provide pioteof sensitive processes against
voltage disturbances, like short interruptions and vatdgps. The first part of this thesis fo-
cuses on the control of Voltage Source Converter (VSC) cotedan series or in shunt with the
grid for mitigation of voltage dips. In both configuratiorise core of the control system is the
current controller. Here, the deadbeat current contrédlegrid-connected VSC is presented
and analyzed in detail. The controller includes time delaypensation and reference voltage
limitation with feedback, to improve the current controkithg overmodulation. Improvements
for proper control of the current under unbalanced conaitiof the grid voltage are investi-
gated. For use in a series-connected VSC, the deadbeahtcaomroller is completed with
an outer voltage loop, thus realizing a cascade contrdibgris presented and analyzed in de-
tail. Further, a similar cascade controller for voltage dgmnpensation using shunt-connected
VSC is investigated. In both configurations, it is shown t@atrol of the negative-sequence
component of the injected voltage is needed for a propegatitin of unbalanced voltage dips.
FACTS is instead the application of power electronics atdnaission level. In transmission sys-
tems, other control objectives are more important tharageltdip compensation. Controllable
series compensation is used for e.g. power flow controljlgjaimprovement, and damping of
power oscillations. Traditional non-controllable serwesnpensation based on series capacitors
can create problems due to unwanted resonance with thefrém power system. A specific
problem that often arises in conjunction with series capegiis subsynchronous resonance
(SSR), which can lead to damage of generator shafts. In #ss,@ series-connected VSC,
similar to the one used for the distribution system and hatied Static Synchronous Series
Compensator (SSSC), could be used as a dedicated devic&Ronfigation. In the second
part of this thesis, a novel control strategy for the SSSCGSBR mitigation is investigated and
analyzed. It is shown that, by injecting only a subsynchusneoltage into the power system,
SSR mitigation is achieved by increasing the network dampimy at those frequencies that
are of danger for the generator-shaft system. This wilkatlmprovide SSR damping with very
low voltage injection, leading to a cost-effective altdivato the existing solutions.

Index Terms: Power Electronics, Voltage Source Converter (VSC), Powali§y, Current
Controller, Voltage Dip (Sag), Subsynchronous ResonaB&&j.
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Chapter 1

Introduction

This chapter describes the background of the thesis. Theaannthe outline as well as the
fundamental scientific contributions of the thesis are @nésd. Finally, a list of the scientific
production is given.

1.1 Background

During several decades, power electronic based soluterestheen successfully applied both at
the distribution and transmission levels to improve théaatiion of the power system. The ac-
tual trend is to use power electronic converters conneatddib series and shunt with the main
grid. Although similar configurations are used both at th&rthution and transmission lev-
els, the applications and, thus, the adopted control giegeary depending on the considered
voltage level. The following is a brief description of pdssi applications of power electronic
devices for distribution and transmission systems.

1.1.1 Use of power electronics in distribution systems

At distribution level, power electronic controllers, alsalled Custom Power Devicefhave

been introduced to improve the quality of power distribatio industrial plants [31], in re-

sponse to growing demand from industries reporting prodactops due to voltage distur-
bances, like short interruptions and voltage dips. Thesgepquality phenomena are normally
caused by clearing short-circuit faults in the power systamd, despite their very short du-
ration, can impact the operation of low-power electronicickes, motor contactors, and drive
systems [18, 19,46, 74]. Among the most sensitive indisséiie paper mills [15], semiconduc-
tors facilities [21] and other industries with fully autoted production, where the sensitivity
of electronic equipment to voltage disturbances can cduesstbppage of the whole facility. To
solve this problem, several different custom power deviaa® been proposed, many of which
have at their heart a Voltage Source Converter (VSC) cordéotthe grid. One way to mitigate
voltage dips is to install a VSC connected to the grid in shtihts device, also known under



Chapter 1. Introduction

the name of distribution STATCOM or D-STATCOM, injects a tatlable current in the grid.
By injecting a current in the point of connection, a shuntoected VSC can boost the voltage
in that point during a voltage dip. Alternatively, voltaggsl can be mitigated by injecting a
voltage into the grid with a series-connected VSC. The tegwoltage adds up to the supply
voltage during the dip in order to restore the load voltagéggre-fault value. This device,
known also with its commercial name of Dynamic Voltage Rest¢DVR), has been applied
successfully in a number of facilities around the world, e.garn manufacture [80], semicon-
ductor plants [20, 79], a food plant in Australia [78], andaegke paper mill in Scotland [15].
Both in shunt and series configuration, the VSC must be cliedrproperly to inject the nec-
essary current (in shunt connection) or voltage (in ser@section) into the grid in order to
compensate for a voltage dip. Since some sensitive loadshagrdown because of a dip that
lasts some hundreds of ms, the speed of response of the deaickcisive factor for success-
ful compensation. Moreover, the majority of voltage dips anbalanced, and therefore another
requirement for successful dip compensation is a fast tleteof the grid voltage unbalance
and a high-performance control of the VSC.

1.1.2 Use of power electronics in transmission systems

At transmission level, instead, power electronic basedcds\are mainly applied for power flow
control and to improve the stability of the power systemeitobnnected transmission systems
are complex and require careful planning, design and aperathe continuous growth of the
electrical power system (especially, of large loads likdusstrial plants), resulting in growing
electric power demand, has put greater emphasis on systeratimm and control. It is under
this scenario that the useldfgh Voltage Direct CurrenfHVDC) andFlexible AC Transmission
SystemgFACTS) devices represent both opportunities and chadlefigr optimum utilization
of existing facilities [33, 66]. Furthermore, FACTS descare used as a countermeasure to
dynamical problems such as loss of synchronism, voltageps# and low frequency power
oscillations [33]. As an example, series compensation 10§ iwansmission lines can be used
to increase the power transfer capability of long transimisknes by improving the angle sta-
bility in the system and thyristor controllers (like the Tisgfor Controlled Series Capacitor
(TCSC)) can provide damping of power oscillations by offgricontrollable series compen-
sation [49]. However, implementing the series compensatising fixed capacitor banks in
systems powered by thermal generating stations might Gagsegere problem called subsyn-
chronous resonance (SSR) [25]. This is a resonant conditieare the generator-turbine shaft
system exchanges energy with the electrical system. Setb¢ion of oscillations may cause se-
rious stress on the shaft system and in the worst case majoéaeakdown. One way to avoid
the risk of SSR is to (at least partially) replace the fixedeserapacitor banks with a TCSC. By
changing the total reactance of the network seen from thergesr terminal at subsynchronous
frequencies, the TCSC can provide appropriate dampingksysiehronous frequencies, thus
presenting an economical solution to the SSR problem [1grAktively, SSR damping can also
be achieved by using a series-connected VSC, addresse&tateesSynchronous Series Com-
pensator (SSSC) [33, 65], similar to the DVR utilized in thstrbution network for voltage
dip mitigation. The main limitation preventing a widespitegpplication of VSC-based series
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compensation is its high cost. However, if used for specpliaations such as SSR damping,
the rating of the device can be drastically reduced, thusimgak cheaper and economically
competitive with other existing mitigation devices.

1.2 Aim and outline of the thesis

The thesis is divided into two parts. The first part deals wh#hproblem of voltage dips in the
distribution system and possible solutions for their naitign. The aim of the first part (Chap-
ters[2 to[b) is to improve, analyze and test different conaitgbrithms for VSC, which are
suitable for mitigation of unbalanced voltage dips for beghies- and shunt-connected configu-
rations of the VSC. ChaptEl 2 of the thesis gives an overviamwltage dips, of their causes and
effects, and of possible mitigation methods. Both in shumtseries configuration, the heart of
the control system for the VSC is a current controller, whichresented and analyzed in detalil
in ChapteB. The investigated algorithm includes time yleampensation and reference vol-
tage limitation with feedback, to improve the current cohtturing overmodulation. Stability
analysis of the resulting control algorithm is includedrtRermore, improvements to the inves-
tigated control system to allow a proper control of the VS@eunt also in case of unbalanced
condition of the grid voltage are discussed.

The current controller presented in Chajader 3 is completddam outer voltage loop for the use
in a series-connected configuration, thus realizing theabesscontroller presented and analyzed
in Chapte#. Stability analysis of the investigated casaamhtroller is presented in this chapter.

In Chapteib, the control system for voltage dip compensatging the shunt-connected VSC
is presented and analyzed. A modified configuration inclydim LCL-filter between the VSC
and grid is proposed to improve the system performancacpkatly in the presence of a weak
grid.

Furthermore, the second part of the thesis deals with thklgmro of mitigation of subsyn-

chronous resonance in the transmission system. The aimsqgbdint of the thesis is to derive,
analyze and simulate a novel control strategy for a SSSGdsdi to SSR mitigation. Chapfér 6
gives an overview of the problem of subsynchronous res@anpower systems. Definition
and classification of different kinds of SSR are given. Femtiore, in this chapter conditions
that might lead to SSR and possible mitigation methods aserited. The proposed control
strategy for the SSSC is described and analyzed in ChdpEarrther, in this chapter the pro-
posed approach is compared with the control strategy agistithe literature. Stability analysis
together with time-domain simulation results are presknte

Finally, conclusions and suggestions for future work aveggin Chapter 8.

1.3 Main contributions of the thesis

In order how they appear in the included papers, the listMoelammarizes what, in the opinion
of the author, are the main contributions presented in Hasis:
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The well-know Delayed Signal Cancellation method for phssguence estimation of
the measured voltage and current [40] is analyzed in Pagerd Il. The influence of a
non ideal sampling frequency and of harmonics in the medssigmals is investigated.
Methods for reduction of the estimation error are proposed.

It is shown in Chapters 3 and 4 that often the heart of the obsystem, both for the
shunt and the series-connected VSC, is a vector-curretrodien In Papers Il and IV the
dynamic behaviors of three different vector-current coligrs are investigated. Although
not new, this analysis is meant to be a guideline for the nmetadselect the most suitable
control strategy, depending on the application.

Papers V and VI deal with the control of series- and shuntieoted VSC for voltage
dip mitigation, respectively. Several publications orsttopic can be found in the lit-
erature and, thus, this is hardly new. The main contribstiorthis thesis that relate to
this topic involve a detailed analysis of the investigatedtmllers and suggestions to
improve their transient performance, in particular in thsecof unbalanced voltage dips,
which represent the majority of the dips that can occur inpiveer systems.

For the second part of this thesis, Paper VIl proposes amastin algorithm for the
estimation of subsynchronous components in the measuftyes and currents. Apart
from the control point of view, detection of subsynchrongakages and currents in the
power systems is of importance for a proper monitoring anéfiimely operation of the
protection system, in order to avoid damage in the genesitait.

Papers VIII to X show a new control strategy for subsynchusn@sonance mitigation
using an SSSC dedicated to SSR mitigation. The proposedotatriategy is compared
with the existing method, showing the advantage of the peg@pproach. In particular,
it is shown that with the adopted control strategy, SSR miian is achieved with very
low voltage injection, leading to a reduced voltage ratimigthe device.

1.4 Scientific production

The publications originating from this Ph.D. project are:

I. J. Svensson, M. Bongiorno and A. Sannino, “Practical enmpntation of Delayed Sig-

nal Cancellation Method for Phase Sequence Separati®BE Transactions on Power
Delivery, vol. 22, no. 1, pp. 18-26, Jan. 2007.

. M. Bongiorno, J. Svensson and A. Sannino, “Effect of SangoFrequency and Harmon-

ics on Delay-based Phase-sequence Estimation Methodhiiged tolEEE Transactions
on Power Delivery

A similar version of this paper appeared in 2006 as:
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J. Svensson, A. Sannino and M. Bongiorno, “Delayed Signalc€idation Method for
Sequence Detection - Effect of Sampling Frequency and Haieag in Proc. of IEEE
Nordic Workshop on Power and Industrial Electronics (NdI6).

[ll. M. Bongiorno, J. Svensson and A. Sannino, “Dynamic Berfance of Current Con-

VI.

trollers for Grid-connected Voltage Source Converter Urldebalanced Voltage Con-
ditions,” in Proc. of IEEE Nordic Workshop on Power and Industrial Eleaics (Nor-
PIE'04).

M. Bongiorno, J. Svensson and A. Sannino, “Dynamic Panfance of Vector Current
Controllers for Grid-connected VSC under Voltage Dips,Piroc. of 40th Annual IEEE
Industry Applications Conference (IAS’Q%pl. 2, Oct. 2005, pp. 904-9009.

M. Bongiorno, J. Svensson and A. Sannino, “An Advancedc@ds Controller for Series-
connected VSC for Voltage Dip Mitigation,” to appearlBEE Transactions on Industry
Applications

A similar version of this paper appearsimoc. of 40th Annual IEEE Industry Applica-
tions Conference (IAS’05Yol. 2, Oct. 2005, pp. 873-880 .

M. Bongiorno and J. Svensson, “Voltage Dip Mitigatioring Shunt-connected Voltage
Source Converter,” to appearliBEE Transactions on Power Electronics

A similar version of this paper appearsinoc. of 37th IEEE Power Electronics Specia-
lists Conference (IEEE PESC’Q&)une 2006, pp.1-7.

VII. M. Bongiorno, J. Svensson and Bngquist, “Online Estimation of Subsynchronous Vol-

tage Components in Power Systems,” to appeHtHE Transactions on Power Delivery

VIII. M. Bongiorno, L. Angquist and J. Svensson, “A Novel Control Strategy for Subs

chronous Resonance Mitigation Using SSSC,” to appeHtiE Transactions on Power
Delivery.

M. Bongiorno, J. Svensson and BAngquist, “On Control of Static Series Compensator
for SSR Mitigation,” inProc. of 38th Annual IEEE Power Electronics Specialistsféon
ence (IEEE PESC’'07)

M. Bongiorno, J. Svensson and Angquist, “Single-phase VSC Based SSSC for Sub-
synchronous Resonance Damping,” to appedEEE Transactions on Power Delivery

The author has also contributed to the following publiaagi¢not included in this thesis):

1.

2.

M. Bongiorno, A. Sannino and L. Dusonchet, “Cost-EffeetPower Quality Improve-
ment for Industrial Plant,” ifProc. of IEEE Bologna PowerTech 2003

C. Rong, M. Bongiorno and A. Sannino, “Control of D-STATMGor Voltage Dip Miti-
gation,” inProc. of International Conference on Future Power SystdeRsS) 2005



Chapter 1. Introduction
Finally, the author has contributed to the patent apphcati

M. Bongiorno, L.Angquist and J. Svensson, “An Apparatus and a Method for aePow
Transmission SystemPCT (WO) Application, Appl. nr. SE2006/001106



Part | - Control of VSC for Voltage Dip
Mitigation
In this first part of the thesis, the use of power electronseladevices in the distribution system

will be treated. As mentioned earlier in the introductiomter, the focus will be on control of
series- and shunt-connected voltage source converteof@ge dip mitigation.






Chapter 2

Voltage Dips and Mitigation Methods

This chapter presents an overview of the power quality @oisland especially of voltage dips.
Furthermore, different solutions for voltage dip mitigati like power system improvements,
improvement of the load immunity and installation of mitiga devices are treated.

2.1 Introduction

The utilities’ aim is to continuously provide their custorsevith an ideal sinusoidal voltage
waveform, i.e. a voltage with constant magnitude at the irequevel and with a constant
frequency. In case of three-phase operation, the voltdgrddbe symmetric.

Unfortunately, due to power system variations under noraparation and to unavoidable
events like short-circuit faults, the supply voltage nesemplies with the above mentioned
requirements. On the other hand, utilities require thatcilitomers draw sinusoidal current
from the main supply.

The term “power quality” has arisen trying to clarify dutiesutilities and customers versus
each other. The interest in power quality has increaseckitetiest years, especially due to the
increased number of electronic devices in industrial glant

Among the power quality phenomena, voltage dips are gdperahsidered the most severe
issue for electronic-based equipments [46]. Definition dadsification of voltage dip will be
given in the next section.

2.2 \oltage dips

According to IEEE Std.1159-1995 [35], a voltage dip is dediae a decrease between 0.1t0 0.9
pu in the RMS voltage at the power frequency with duratiomf5 cycles to 1 minute. A vol-
tage dip can be caused by different events that can occueipdiver system, like transformer
energizing, switching of capacitor banks, starting of éangduction motors and short-circuit

9



Chapter 2. Wwltage Dips and Mitigation Methods

faults in the transmission and distribution system. In thesis, only voltage dips due to short-
circuits will be considered.

To quantify the magnitude and the phase of a voltage dip idialraystem due to a three-phase
fault, the simplified voltage divider model shown in Eigl2dn be used [12]. In this system,
two impedances are connected to the point of common cou@g): the grid impedance,
denoted withZ, which includes everything above the PCC, and the fault ttapeeZ;, which
represents the impedance between the fault and the PCCoatied connected to the PCC
through a transformer and its voltage is denotedvasThe source voltage is denoted B.
The voltageE 4 at the PCC during the fault is given by [12]

Ey=— Zt_ Es (2.1)

From (21) it is possible to observe that the voltage dip nitage depends on the fault location
(since the impedancg; depends on the distance between the point in the power sysiene
the fault occurs and the PCC) and the grid impedance. Obd&ti;en the ideal case of infinitely
strong grid €4 = 0), the voltage at the PCC will always be constant and indepeinain the
fault location. The argument of the voltage veckgyduring the voltage dip, called phase-angle
jump, depends on the X/R ratio between the grid and the fangdedance and is given by

¢ = arg[Ey) = arctan( % ) - arctan< )]_;Z 1;5: ) (2.2)
The duration of the dip is related to the tripping time of thetpction device which controls the
circuit breaker, denoted as CB in Figl2.1. When the CB itesfah the feeder where the fault
occurs clears the fault, the voltage is restored for theafgbie system. This results in very short
dips for faults in the transmission system (50-100 ms ahggiime to avoid stability problems)

and much longer ones for faults in the distribution systetnerg protections are delayed to
ensure selectivity [12].

Often, itis preferable to characterize a voltage dip withdistance between the fault point and
the PCC. In this case, the voltagg during the fault can be expressed as
B el
97 14 Nelo

(2.3)

where )\ denotes the “electrical distance” between the faultedtpaoid the PCC and, called

PCC CB Z:

Supply _
O gt

— load
=

Fig. 2.1 Single-line diagram to display voltage divisiorridg voltage dips.

10



2.2. \Wwltage dips

impedance angle, is the angle between grid and fault immedan

Xt Xg
= arctan| — | — arctan| — 2.4
“ ( Ry ) ( Ry ) (2.4)

Typically, the impedance angtevaries betweefn° and—60° [12].

An extended analysis of voltage dips and their classificaBacarried out in [82]. Depending
on the type of fault (three-phase, phase-to-phase with wowt ground involved, single-phase
to ground), the resulting voltage dip at the PCC can be onxa§ges displayed in Fifg.2.2.

The load is usually supplied through a distribution transfer, connected i\ /Y. The trans-
former swaps the phases and removes the zero-sequencerempecause of the delta con-
nection, where no connection to ground exist. This resulsstransformation of the dip charac-
teristic as listed in Tabled.1 (right column). This dipsddication is further extended in [81],
where it is shown that type F is in fact a particular case oét@mnd D. It can be concluded that
voltage dips that affect the load downstream AY-transformer can only be of type A, C and
D. The voltage dip type Ais a drop in voltage in all three pisabalanced dip). The voltage dip
type C is characterized by a drop in two phases with the thiabp voltage almost undisturbed.
Finally, the voltage dip type D is characterized by a largepdn one phase and smaller drops
in the other two phases. However, in some applications, agatontrol of VSC connected to
the grid, it can be preferable to characterize the voltagerdierms of the remaining positive-
sequence voltage and the unbalance, expressed as magsfituelgative-sequence voltage in
percentage of the pre-fault voltage [62].

= dip type A = dip type B dip type Q

dip type D _ dip type E dip type

Fig. 2.2 \oltage dip classification “A” to “F”. Phasors of #d&-phase voltage before (dotted) and during
fault (solid) are displayed (from [82]).

11



Chapter 2. Wwltage Dips and Mitigation Methods

TABLE 2.1. VOLTAGE DIP CLASSIFICATION AND PROPAGATION THROUGI—A/Y-TRANSFORMERS

Fault Dip seen at PCC Dip seen by the load
3-phase fault type A type A
1-phase fault type B type C

2-phase to ground type E type F
phase-to-phase type C type D

2.3 \oltage dip mitigation

The main problem related to voltage dips is that they canecygping of sensitive industrial
equipment, leading to relatively high economical lossessi®own in Fid.Z13, different ways to
reduce the number of voltage dips experienced by the loabdeadopted [12]. The possibilities
are to improve the power system, improve the immunity toagstdeviations of the end-user
equipment and finally to use a mitigation device at the uderface. In the following, a brief
description of these solutions will be carried out.

Voltage dips

Dip mitigation

/ v \
Power System Load Mitigation
improvements immunity devices

Fig. 2.3 Mitigation methods against voltage dips.

i

2.3.1 Power system improvement

A way to reduce the number of voltage dips experienced bydhe ils to improve the reliability
of the power system. This can be done in three different ways:

e Improve the network design and operation;
e Reduce the number of faults per year;

e Use faster protection systems.

An extended analysis of these solutions is carried out ify fb2 following is a brief summary.

12



2.3. Woltage dip mitigation

Improve network design and operation

By improving the power system design, the number and sgvefithe voltage quality phe-
nomena experienced by the load can be drastically redudeal niitigation method against
short interruptions and voltage dips is mainly the instadlaof redundant components, like
feeders, generators or more substations to feed the bu® whesensitive load is connected.
The problem related to this solution is that the costs fos¢henprovements, especially at the
transmission level, can be very high and, thus, this saluiamot often economically feasible.

Reduce number of faults

Since the majority of voltage dips experienced in the powstesn are related to short-circuit
faults, an obvious way to deal with the problem is to redueentmber of faults. The problem
is that, since a fault represents an economical loss notfonlthe customer but also for the
utility (a fault can damage the utility equipment or plantjost of the utilities have already
reduced the fault frequency to a minimum. Improvementsrigdtice the number of faults per
year include replacing the overhead lines with undergroeatules, increasing the insulation
level and increasing the maintenance.

Faster protection system

By reducing the fault clearing time, the number of voltagesdexperienced by the load will
not be affected, but the duration of the dip will be reducego&sible solution to reduce the
clearing time of the fault is to use current-limiting fusesmdern static circuit breakers, which
are able to clear the fault within one half-cycle [12]. Howegwsome caution has to be taken
when applying these new protection devices in existingibistion systems. If only some of
the protective devices are replaced with static breakeranicoming transformer circuits or
feeder circuits, for instance), due to their extremely tgstration it would not be possible to
coordinate them with previously existing downstream ptite devices. Therefore, if faster
fault clearing time is required, the whole system has to desmgned and all protective devices
have to be replaced with faster ones. This would greatlyaedhbe fault-clearing time. The
drawback, of course, of these modifications in the poweresyss that this will result in an
increase of the costs.

2.3.2 Load immunity

An increase of the load immunity against voltage dips careapps the most suitable solu-
tion to avoid load tripping. The tolerance of the equipmenhiended as the capability of the
device to work properly during voltage variations. In orderevaluate the compatibility be-
tween power system and equipment, the so-called voltdgeatae curve has been introduced
in IEEE Std.1346-1998 [36]. This curve, depicted in [Eig, 2epresents the maximum duration,
expressed in seconds, for which a piece of equipment castaitd dips of any magnitude (de-
noted in the figure as makt) and the maximum dip magnitude, expressed in per unit of the
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Fig. 2.4 Typical voltage-tolerance curve for sensitiveipment.

rated voltage, that the equipment can withstand regartiesduration of the dip (denoted as
maxAV). The knee of the curve is defined by the maximum durationthaaninimum voltage
and represents the tolerance of the equipment.

The main problem related to the immunity of the sensitivelfos that often the customer is
not well aware of equipment sensitivity and will find out th@lplem only after the equipment
has been installed. Moreover, since the customer is usnadlin direct contact with the manu-
facturer, it is very hard to acquire information about thenomity of the device or to affect its
specifications. Only for large industrial equipment, sushaage drive systems, where usually
the customer can require certain specification, the immwfithe equipment against power
guality phenomena can be decided ad hoc.

2.3.3 Mitigation devices

The most commonly applied method for voltage dip mitigai®the installation of an addi-

tional device at the power system interface. The instalfatf these devices is getting more
and more popular among industrial customers due to theHatittis the only place where the
customer has control over the situation. As explained irptieeious section, both changes in
the supply and changes in the characteristics of the equipare outside the control of the
end-user.

It is possible to divide the mitigation devices in two maiogps:

e Passive mitigation devices, based on mature technologgetesuch as transformers or
rotating machines;

e Active mitigation devices, based on power electronics.

Motor-generator sets
Motor-generator sets store energy in a flywheel, as showng&B [63]. They consist of a

motor (can be an induction or a synchronous machine) suppireghe plant power system, a
synchronous generator feeding the sensitive load and a ég\vhll connected to a common
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Fig. 2.5 Three-phase diagram of motor-generator set witlhigel for voltage dip mitigation.

mechanical axis. The rotational energy stored in the flywbae be used to perform steady-
state voltage regulation and to support the voltage dunsigidances. In case of voltage dips,
the system can be disconnected from the mains by openingttiaator located upstream the
motor and the sensitive load can be supplied through thergemeThe mitigation capability of
this device is related to the inertia and to the rotationaksjof the flywheel.

This system has high efficiency, low initial costs and enaldag-duration ride through (up to
several seconds), depending on the inertia of the flywhemlexer, the motor-generator set
can only be used in industrial environment, due to its sinesenand maintenance requirements.

Transformer-based mitigation devices

A constant voltage, or ferro-resonant, transformer wornka similar manner to a transformer
with 1:1 turns ratio which is excited at a high point on itsusation curve, thus providing an
output voltage that is not affected by input voltage vaoiasi. In the actual design, as shown in
Fig[Z.8, a capacitor, connected to the secondary windghgeéeded to set the operating point
above the knee of the saturation curve. This solution igblétfor low-power (less than 5 kVA
[45]), constant loads: variable loads can cause problenestalthe presence of this tuned circuit
on the output. Electronic tap changers (Eid.2.7) can be teouon a dedicated transformer for
the sensitive load, in order to change its turns ratio aéongrtb changes in the input voltage.
They can be connected in series on the distribution feedebamplaced between the supply and
the load. Part of the secondary winding supplying the loatiMisled into a number of sections,
which are connected or disconnected by fast static swit¢dhes allowing regulation of the
secondary voltage in steps. This should allow the outputgel to be brought back to a level
above 90% of nominal value, even for severe voltage diphytistor-based switches are used,
they can only be turned on once per cycle and therefore theeonsation is accomplished
with a time delay of at least one half-cycle. An additionabllem is that the current in the
primary winding increases when the secondary voltage ieased to compensate for the dip
in the grid voltage. Therefore, only small steps on the sédapnside of the transformer are
allowed. Furthermore, due to the use of thyristor-basdics@aitches, when the supply voltage
is restored to its pre-fault value the load will experienoeoaervoltage for at least one half-
cycle.
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Fig. 2.6 Single-line diagram of ferro-resonant transfarme
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Fig. 2.7 Single-line diagram of transformer with electmtap changers.

Static Transfer Switch

The Static Transfer Switch (STS) consists of two three-pls#atic switches, each constituted in
turn of two antiparallel thyristors per phase, as shown giZE8, where the single-line diagram
of an STS is displayed [64]. The aim of this device is to trandfie load from a primary source
to a secondary one automatically and rapidly when reduckageis established in the primary
source and while the secondary meets certain quality repeints. During normal operation,
the primary source feeds the load through the thyristorsviath 1, while the secondary source
is disconnected (switch 2 open). In case of voltage dipsterrmptions in the primary source,
the load will be transferred from the primary to the alteweasource. Different control strate-
gies in order to obtain instantaneous transfer of the loacbeaadopted. However, paralleling
between the two sources during the transfer must be avoktedhis reason, since thyristor
base switches are used, the transfer time can take up to ¢freyble [61]. This means that
the load will still be affected by the dip, but its durationlvie reduced to the time necessary
to transfer the load from the primary to the secondary sourbe shortcoming of the STS is
that it cannot mitigate voltage dips originated by fault$hia transmission system, since these
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Fig. 2.8 Single-line diagram of Static Transfer Switch ($TS

type of dips usually affect both the primary and the secondgaurce. Moreover, it continuously
conduct the load current, which leads to considerable ocir@ulosses.

Uninterruptible Power Supply

An Uninterruptible Power Supply (UPS) consists of a back&ck converter (typically a diode
rectifier followed by an inverter) and an energy storage hasvs in FigiZ.® [63]. The energy
storage is usually a battery connected to the dc link. Durorgnal operation, the power coming
from the ac supply is rectified and then inverted to fed the.IGde battery remains in standby
mode and only keeps the dc-bus voltage constant. Duringtageotip or an interruption, the
energy released by the battery keeps the voltage at the @ohstant. Depending on the storage
capacity of the battery, it can supply the load for minutegwen hours. Low cost, simple
operation and control have made the UPS the standard solisidow-power, single phase
equipment, like computers. For higher-power loads, théscassociated with losses due to the
two conversions and maintenance of the batteries becontegb@nd, therefore, a three-phase,
high power UPS is not economically feasible.

grid AC/DC DC/AC sensitive load
U b —
— |- U

energy
storage

Fig. 2.9 Three-phase diagram of UPS.
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Shunt-connected VSC

The basic idea of the shunt-connected VSC is to dynamicajéct a current,(¢) of desired
amplitude, frequency and phase into the grid. The typicafigaration of a shunt-connected
VSC is shown in Fig.Z0. The device consists of a VSC, arciige transformer, an ac filter
and a dc-link capacitor. An energy storage can also be mdwntehe dc link to allow active
power injection into the ac grid.

The line impedance has a resistatit;gand inductancéy. The grid voltage and current are de-
noted byeg(t) andiy(t), respectively. The voltage at the point of common coupliRGC),
which is also equal to the load voltage, is denotedepy) and the load current by(z).
The inductance and resistance of the ac-filter reactor aretde by R, and L,, respectively.
Figure[Z1l shows a simplified single-line diagram, wheeeMSC is represented as a current
source. Amplitude, frequency and phase of the curigtitcan be controlled.

By injecting a controllable current, the shunt-connect&C\tan limit voltage fluctuation lea-
ding to flicker [70] and cancel harmonic currents absorbedhieyload, thus operating as an
active filter [2]. In both cases, the principle is to injectarent with same amplitude and oppo-
site phase as the undesired frequency components in thedoaht, so that they are cancelled
in the grid current. These mitigation actions can be accaingtl by only injecting reactive
power. A shunt-connected VSC can also be used for voltagendigation. In this case, the
device has to inject a fundamental current in the grid, tespin an increased voltage ampli-
tude at the PCC, as shown in the phasor diagram ifi_Fig.2.12 vohage phasor at PCC is
denoted byEy, Z4 is the line impedancels qi, is the grid voltage phasor during the dip and
1 is the phase-angle jump of the dip. From the diagram it isiptesto understand that when
the shunt-connected VSC is used to mitigate voltage difs nécessary to provide an energy
storage for injection of active power in order to avoid phasgle jumps of the load voltage.
If only reactive power is injected, it is possible to maint#éhe load voltage amplitudgy to
the pre-fault conditions but not its phase. Therefore, thleage dip mitigation capability of a
shunt-connected VSC depends on the rating of the energygg@nd on the rating in current

Grid R,.L, L
& : . Oa
< )es(t) a1 ig() ¢ () PCC L) 5
Line impedance
Transformer
E t
nergy storage VSC |
L i,(1)
L Ul R.L
dc-link
capacitor

Fig. 2.10 Single-line diagram of shunt-connected VSC.
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Fig. 2.11 Simplified single-line diagram of shunt-conndc#sC.

Fig. 2.12 Phasor diagram of voltage dip mitigation usingnstaonnected VSC.

of the VSC.

Series-connected VSC

In this section, the principle of operation of the seriea+tected VSC (also called static series
compensator, SSC) will be described. The basic idea is &rtrg voltagee,(¢) of desired
amplitude, frequency and phase between the PCC and thelsadés with the grid voltage. A
typical configuration of the SSC is shown in Eig.2.13: themw@mponents of the SSC are the
VSC, the filter, the injection transformer and the energyage. Figur€Z.14 shows a simplified
single-line diagram of the system with SSC. Differentlynfrahe shunt-connected VSC, the
SSC can be represented as a voltage source with contradlaigitude, phase and frequency.

The SSC is mainly used for voltage dip mitigation. The dewiggntains the load voltage(t) to
the pre-fault condition by injecting a fundamental voltajeppropriate amplitude and phase.
Figure[Z.Ib shows the phasor diagram of the series injeptiogiple during voltage dip miti-
gation, whereF, is the phasor of the voltage injected by the compensatas, the phasor of
the load current and wheteis the angle displacement between load voltage and current.

As for the shunt-connected VSC described in the previousosgen order to be able to restore
both magnitude and phase of the load voltage to the pre<daaultitions, the SSC has to inject
both active and reactive power [13]. The voltage dip mitgatapability of this device depends
on the rating of the energy storage and on the voltage rabhgise VSC and the injection
transformer.
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Fig. 2.13 Single-line diagram of SSC.
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Fig. 2.14 Simplified single-line diagram of system with SSC.

2.4 Conclusions

In this chapter, a brief overview of voltage dips, with theirgin and classification has been
given. Different methods for voltage dip mitigation haveebalescribed. Among all methods,
the installation of a mitigation device seems to be the oolytgon for customers to protect
themselves from voltage dips. Different mitigation degideased on passive devices and based
on power electronics, have been described. Particular asphas been given to the shunt-
connected VSC and to the Static Series Compensator (SS@)) aie the core of this part of
the thesis. In the next chapters, these two devices, andiaBpeheir control system, will be
described in detail.

Fig. 2.15 Phasor-diagram of voltage dip mitigation usin@€SS
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Chapter 3

Vector Current-controller for
Grid-connected VSC

This chapter deals with the derivation and the analysis efdeadbeat current controller for
grid-connected VSCs. Improvements to the standard alguaribh order to control positive and
negative sequences of the line-filter current (VSC termauiaient) are further presented in
Papers Ill and IV. In particular, Paper Il shows simulatiand experimental results of the
investigated controllers under balanced and unbalancetitons of the grid voltage. Further,
in Paper IV the dynamic performance of the investigated roliets has been tested under
symmetrical and unsymmetrical voltage dips.

3.1 Introduction

Grid-connected forced-commutated VSCs are becoming nmate@re common at distribution
level for applications such as wind power plants, activatiend for adjustable speed drives and
custom power devices. Also VSCs for transmission levelrreduced in HVDCs and FACTS
devices. Benefits of using VSCs are sinusoidal currenth,¢ugrent bandwidth, controllable re-
active power to regulate power factor or bus-voltage lemdl® minimize resonances between
the grid and the converter, independent control of activkeraactive power. These character-
istics, which are highly desirable in grid-connected aggilons, can be obtained by using a
high-performance current controller for the VSC. In thddaing, the deadbeat current con-
troller will be derived and analyzed. An extended analy$ighe control system, its problems
and possible solutions will be carried out.

3.2 Vector Current-controller (VCC)

To obtain a high performance system, it is important to maeénthe current bandwidth of the
VSC. In a Vector Current-control (VCC) system, the activel agactive currents (as well as
the active and reactive powers) can be controlled indepelyd@s a result, a high-bandwidth
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controller with a low cross-coupling between the refereciweents and the line-filter currents
can be achieved [16, 71].

The VSC is the most important element in the design of thesitigated system. Figuie_B.1
shows the main circuit scheme of a three-phase VSC. The V&Gnisected to a symmetric
three-phase load with impedanBe+ jwL; and back emfs,(t), ep(t) andec(t). The phase po-
tential, phase voltages and the potential of the floatiagstid are denoted hy(¢), vy (t), ve(t),
ua(t), up(t), uc(t) anduvg(t) respectively. The load currents in the three phases areettby
ira(t), in(t), irc(t) respectively. The valves in the phase-legs of the VSC (hsimdulated gate
bipolar transistors, IGBTs) are controlled by the switch&ignalsswa(t), swy(t) and swe(t).
The dc-link voltage is denoted hy(t). The switching signal can be equaltd. Whensw;,(t)

is equal to 1, the upper valve in the phase turned on while the lower valve in the same leg is
off. Therefore, the potential,(¢) is equal to half of the dc-link voltage:{.(¢)/2). Vice versa,
when the switching signal is equal tel, the upper valve is off and the lower one is on and,
thus,v,(?) is equal to—ugc(t)/2. The potentiabg(t) can be written as

1

vo(t) = 5 [va(t) + (1) + ve(?)] (3.1)
assuming that the load is symmetrical. The phase voltagesie
alt) = va(t) — volt) (3.2)
up(t) = vp(t) — vo(?) (3.3)
we(t) = ve(t) — volt) (3.4)
sw, (1) sw, (1) sw.(t)
phase a phase b phase ¢
u, 1t - -
70) J—
=R v, (®) v,()
+——
L) —— L L L

Fig. 3.1 Main circuit of three-phase VSC and load consistihgmpedance and voltage sources.
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To obtain the switching signals for the VSC, Pulse Width Mation technique (PWM) has

been adopted [34]. To avoid short-circuit of the VSC phasggs, blanking time must be applied
[47]. Assuming that the switching frequency is very highridg steady-state operation the VSC
can be modelled as an ideal three-phase voltage sourceefdtegrthe output voltages of the
VSC can be considered sinusoidal and equal to the referasitzges to the modulator, given

by

ui(t) = \/%U*Sin(w*t + ¢") (3.5)
up(t) = \/%U*Sin(w*t +¢" — ;ﬂ') (3.6)
ug(t) = \/%U*Sin(w*t + o — %71‘) (3.7)

whereU*, w* and¢* are the reference value of the phase-to-phase RMS voltagegterence
angular frequency and the reference phase-shift respbctiv

In the three-phase diagram of the VSC system displayed iBBighe grid voltages at the PCC
are denoted byg (?), eqb(t) andeg(t). The currents through the filter reactor argt), i, (¢)
andi(t) and the phase voltages out of the VSC are denoted,fty, un(t) anduc(t). The
resistance and the inductance of the filter reactor are ddrmytR, andL,, respectively.

Applying Kirchhoff's voltage law (KVL), the following diférential equations for the three
phases can be obtained

d
Ua(t) — eg’a(t> — Rrir’a( ) er Zr a( ) == 0 (3.8)
, d
. d.
Uc(t) - 6g,c(t) - err,c(t) - Lr&zr,c(t) =0 (3.10)
Grid Line - filter
TN a0 S vSC
AP P e
@ vy

R,.L, +

- + r, (t)
@ eV M e E—N()

i (| Rl S

- +
0 X0) —
I

Fig. 3.2 Three-phase diagram of grid-connected VSC system.
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By applying Clarke’s transformatior, (3.8) 10 (31 10) canviriten in the fixeda3-coordinate
system as

. d .
u@A) (1) — Qéaﬁ) (t) — RiP(t) — Lragﬁ Aty =0 (3.11)

Thea - to dg-transformation (in Appendix A) is applied. The phase-kedhkoop (PLL) [17,30]

is synchronized with the grid voltage vectdf” and the transformation angle is denoted by
0, equal to the grid voltage angle in steady state. The VSGgeltwvector in the rotatindg-
coordinate system is equal to

ul®) () = 10Oy @B) (1) = Ity (29 (1) (3.12)

with w the system frequency. Similar transformation can be agptiehe grid voltage and to
the filter current. Thus[{{3.11) can be rewritten in the iotatlg-frame as

w9 () — el (t) — Redl™ (t) — Lr%gﬁd@ (t) — jwLl™ (t) = 0 (3.13)
With the chosen PLL [30] (see also Paper Il), the voltageareist aligned with the direction
of the d-axis during steady state. The grid voltage component in/tgection is equal to its
RMS-value (when using power-invariant transformationpApdix A) and the;-component of
the grid voltage is equal to zero. Thus, iieomponent of the current vector (in steady state
parallel to the grid voltage vector) becomes the activessurcomponentid-current) and the-
component of the current vector becomes the reactive durcgnponent{-current). Observe
that, in agreement with the signals reference in[E1§.3.8itpe current (power) means current
injected by the VSC into the grid.

3.2.1 Proportional controller

In this section, the proportional controller will be deriv®r the VCC.

Considering that the control system has to be implementadligital controller and that it will
operate in discrete time, it is necessary to discrefize3j3By integrating this equation over
one sample periods (from time £75 to time (k + 1)75) and then dividing by the sample time
Ts, the following equation can be obtained

WD (ke k4 1) = el (k, k + 1) + Rl (k, k + 1) + jwLil™ (k, k + 1)+

L
o [ (k+ 1) = i (k)]
S

(3.14)

whereu® (k, k + 1) denotes the average value of the voltage vegté from samplek to
samplek + 1 (and analogously for the other quantities) [69]. If a prdjporal regulator with
deadbeat gain is used, the controller will track the refegesurrents with one sample delay [3].
Thus, the current reference value at the sample ingtamiist be equal to the current value at
the samplé: + 1, i.e.

i1 (k + 1) = i (k) (3.15)

The following assumptions can be made in order to derive ¢inéraller:
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e The grid voltage changes slowly and can be considered adrstar one sample period
el (k, k + 1) = el (k) (3.16)
e The current variations are linear

[ 99 (k) + %" (k) ] (3.17)

DN | —

1
gk k4 1) = 5 [ 4 (k) + 5" (k+1) ] =

e The average value of the VSC voltage over a sample periodie égjthe reference value

Q(dq)(k‘, k4 1) — Q(dQ)*(kx) (318)

Under these assumptions, the proportional controller earewritten as follows [72]

wL
W (k) = ¢! (k) + Rl (k) + 5 [ (k) + 8 ()] +
L. R ] (3.19)
b (T ) 09— £ 0] = w8+ [0 (6) — 1)
S
whereglﬂqu) is the feed-forward voltage term for at samplavhile
k, = T + 5 (3.20)

is the proportional gain of the controller to obtain deadbea

3.2.2 Proportional-integral controller

In order to remove static errors caused by non-linearitiesse in the measurements and non-
ideal components, an integral part is introduced in therotliet [60]. The controller using
Pl-regulator can be formulated in discrete time as

w7 (k) = g™ () + ky [ () — i (k)] + D™ (k) (3:21)
WhereAgi(dq)(k) is the integral term at sampie given by

A" (k) = A™ (k — 1) + k; [{0"* (k — 1) — i) (k — 1)] (3:22)

|
where the integral gaih; can be written as

T,
ki =k (3.23)

with T; the integration time constant. After some algebraic mdatmn of (3.21) [3], the latter

is found as

P P 3.24
R R (3.24)
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to obtain deadbeat. Frori(3120) afid (B.24) it is possibleotca that the parameters of the
Pl-controller are directly related to the filter paramet@raind L,. This represents a useful tool
when analyzing the sensitivity of the control system toaysvariations.

In Fig[3.3, the block scheme of the vector current-corgrall displayed. The algorithm of the
vector current-controller can be summarized as follows:

1. Measure grid voltages and filter currents and sample thigmsampling frequency,;

2. Transform all quantities from the three-phase coordisgstem to the fixed3-coordinate
system and then to the rotatirg-coordinate system, using the transformation afigte,
obtained from the PLL;

3. Calculate the reference voltag€?*(k);

4. Convert the reference voltage from the rotatilggcoordinate system to the three-phase
coordinate system by using the transformation afigte + A, whereAd = 0.5wT5is a
compensation angle to take into account the delay intratlbgehe discretization of the
measured quantities [72];

5. Calculate the duty-cycles [47] in the PWM block and seral dWitching pulses to the
VSC valves.

3.3 Vector Current-controller type 1 (VCC1)

In the previous section, the VCC has been derived in idealitions, i.e. under the assumption
that the VSC is an ideal controllable voltage source. Howewepractical applications, it is

eg‘r“ (t) *Ji eg,a (k) > e(k) éidq);k(k)
e b(t) ¢ (k) abc g;(lﬂ)(k) aﬂ e((ll/)(k)
= S&H-E > 0 i » VCC
eg,c(t) eg,(' (k) > a[B q >
i i 460
- ™ . ™ abc (o) (dg)
£,,(1) £, (k) i, (k) laf | i (k)
— S&H > > dq
_ .
o (0 L0/ o
u, (k) ‘H(k) +A6
R b By .
to the VSC wy (k) |77/ k) (o | W (k)
PWM = - dg <
< . (k) of

Fig. 3.3 Block scheme of implemented vector current-cdietro
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necessary to improve the control system in order to takesiotount some problems that occur
in a real system. In particular, it is important to considetthe amplitude of the output voltage
of the VSC is not infinite, but limited and proportional to tte-link voltage level. Moreover,
all calculations are affected by the delay due to the contiouial time of the control computer.
For this reason, some improvements have been made to thibéelscurrent controller:

e Smith predictor using a state observer for the computatitmz delay compensation
[51,68];

¢ Limitation of the reference voltage vector and anti-windupction to prevent integrator
windup [51, 68].

3.3.1 One-sample delay compensation

In a real system, the reference voltage used in the PWM mtmuté@* (k) is delayed one
sampling period due to the computational time in the contavhputer. If a high bandwidth
control system is used, this delay will affect the perforoeaof the system and large oscillations
in the output current can be experienced [10]. To avoid thadblem and be able to use a fast
controller, it is necessary compensate for this delay.

In this thesis, a Smith predictor has been used for this m&pp7]. The main advantage by
using a Smith predictor is that the current controller carbéated as in the ideal case without
any time delay. The basic idea of the Smith predictor is tdiste¢he output current one sample
ahead by using a state observer and feed the predicted thaehinto the current controller.
Thus, the delay of one sample has been eliminated. In ordeettback the real current to the
current controller, the predicted current one sample @elayg subtracted from the feedback
signal. The block scheme of the current controller with tputational time delay, the Smith
predictor and the process (equal to the VSC system showrgiB.B) is displayed in Fig.3.4.
The output of the Smith predictor is the difference betwéereistimated filter current at sample

k, denoted in the figure zi_’édq)(k;), and the same signal at sample 1. If at samplek a step in
the reference current is applied, at samiplel the reference voltage??* output of the current
controller will vary. As a result, the output signal of the lmpredictor will not be equal to zero
and will adjust the current error. At samptet 2 the difference between the predicted current
and the delayed one will be zero again. Thus, the Smith padwall not affect the current
error. Therefore, the Smith predictor will affect the penfiance of the controller only during
transients, but not during steady state.

For a correct estimation of the grid current, the state olesdras to be designed in order to
reproduce the process. Applying KVL to the circuit shown iglB3, the following equation in
the a3-coordinate system can be written

WD) e 1) = B 1) + Led (1) (3.25)
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Fig. 3.4 Block scheme of vector current-controller with 8ngredictor and process.
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Fig. 3.5 Single-line diagram of circuit representation tates observer.

In the dg-coordinate systen (3.P5) becomes

: d
W (1) = e§ (1) = R, (1) + jwLd (@) + Legdy (1) (3.26)

which can be discretized using the forward Euler methoduAssg that the average values
of the VSC voltages over one sample period are equal to tleeerede values[[(3.26) can be
rewritten in the discrete time domain as

_ T
/Z\fdQ)(k_'_ 1) _ ( 1— R/ T —JWTS )qu)(]{;) + =S [

ul " (k) — g (k)] (3.27)

Ly Ly

The measured curretft? (k) and the predicted curreﬁfiq)(k) are equal in an ideal system, but
in a real system, due to nonlinearities and noise in the nmmeamnts, this relation is no longer
valid. Therefore, an additional term is included to take iatcount this error in the estimation,
giving the final equation for the state observer as

Ts . T
k1) = ( -, )iqu)(k;) 7 [ (k) — 9 ()] +
r ) r (3.28)
+ Kpsp |10 (k) =7, (k)|
wherek,s,denotes the observer gain. Thusg;gf,is large, the observer does not trust the process

model (measurements and estimated system parametets),if small, the observer believes
in the process model.
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3.3. Vector Current-controller type 1 (VCC1)

To obtain the reference phase voltages, the referencegeoliectory (9 in the dg-coordinate
system is transformed in the fixegs-coordinate system, as shown earlier in[Eid.3.3. The one-
sample delay due to the computational time affects also dmepensation anglé\d. For a
correct transformation, the reference voltage vectoréuth-plane is given by

W@ = A0 (I (O+A0) _  (da)s (i(0+5wT) (3.29)

3.3.2 Saturation and integrator anti-windup

In this section, the problem with saturation of the VSC arftedent solutions (stopping the
integration during saturation and use of back-calculationavoid integrator windup will be
treated.

In Sectior3.R, the principle of operation of the VSC has Heested. As explained in [41], the
three switching signalsw,, swy andsw, can be combined in eight ways. The resulting voltage
vectors for these combinations draw a hexagon in the fix¢adoordinate system. Figufe 8.6
shows the eight realizable voltage vectors, their switglsombinations and the relative sectors
for the two-level VSC. A vectot(swa, swy, swe) With switching statesw, = 1, sw, = —1 and
swe = 1 is represented ag(1, —1,1).

The VSC is capable to deliver voltages within this hexaganear modulation is possible up
to the radius of the maximum circle that can be inscribeddms$he hexagon. This is equal to
uqe//2 if power-invariant transformation is used. During tramsse it is also possible to control
the PWM voltage outside this circle but within the hexagonoider to improve the dynamic
performance of the control system.

A
B
u,(-11-1) u, @L-1)
s=2
s=3 s=1
u (-1-1)
‘ > >
L’IA(_ 11171) a
s=4 s=6
S=
\F
_udc
u,(-1-11) u, (L-11) 3

Fig. 3.6 Hexagon including the eight realizable voltagaaecfor VSC.
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Chapter 3. Vector Current-controller for Grid-connectesio/

If saturation occurs (i.e. if the reference voltage vectareeds the boundary of the hexagon),
the VSC will not be able to deliver the demanded voltage addaeed performance of the system

will be obtained. For this reason, in case of saturation iteésessary to reduce the demanded
voltage within the boundary of the hexagon.

In [51], an extended description of the saturation problech@ossible solutions for the limita-
tion of the reference voltages for the PWM modulator are regplo Here, the method used is the
Minimum Amplitude Error limitation method (MAE). Accordgnto MAE, the limited voltage
vectoru!®”* is chosen on the hexagon boundary nearest the originakrefervecton, %)+,
Thus, MAE minimizes the voltage amplitude error. As showrFig[3.7, using the auxiliary
xy-coordinate system, the components of the limited referenttage vector become

ut = “—\/"5 (3.30)
) w ul] < uge/V6 231
Ury = sgr(u;)% || > Uge/ /6 (3.31)

The transformation angk,, is the angle between theaxis and thec-axis and is defined as
Oy =[14+2(s—1)|7/6 (3.32)

where s is the hexagon sector where the voltage vettdl is located.

If saturation occurs, the output voltage of the current adl@r will be limited to the boundary
of the hexagon and the output voltage will be smaller conbaii¢h the demanded one. In this
case, if a controller with an integral part is used, the auresror will be integrated and, as
a consequence, the integration term can become very laggeige the output voltage cannot
be increased, thus reducing the current error. This phenomes called “integrator windup”

u
udc/‘/6 ) \
udc/‘/é s=2

s=3

(xy)* s=1

=

Xy

\J

e

Fig. 3.7 Principle of MAE method to limit reference voltagector to hexagon boundary.
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3.3. Vector Current-controller type 1 (VCC1)

[68]. Figure[3.8 shows the dynamic performance of the destdl®etor current-controller with
VSC voltage limitation and with no integrator anti-windupt time ¢t = 0.1 s a step in the
d-component of the reference current frer.5 pu to 1 pu has been applied. Tjxreomponent
of the reference current (not shown for clarity) is constar® pu. The signal “sat” indicates
VSC saturation. As shown, the transient behavior of therobsystem is rather sluggish and
after the step, the actual current is affected by a steaatg-stror that decreases slowly down
to zero. The sluggish behavior of the error is caused by wiraduhe integrator.

A countermeasure to avoid integrator windup is to inhibé thtegration, by setting the inte-
grator gaink; equal to zero, whenever the output of the VSC saturates.h&nablution is to
use a back-calculation of the current error in order to ltimét demanded current during satura-
tion [3, 28, 68]. In this case, if saturation occurs, thegnéed current error will be modified in
order to take into account the limited VSC control voltagke back-calculated error is given
by [28]

99 (k) = — [l (k) — uf® (k) — Au{™ (k)] (3.33)

wheregﬁdq)* is the limited reference voltage vector, while all othemsthave the same meaning

given in Sectiof3]2.

Figures[3.p an@_3:10 show the step response of the deadbstat earrent-controller with
integrator stop and back-calculation, respectively. e methods are practically equivalent:
the advantage of using back-calculation is that if satanaticcurs the integrator is not freezed,
but is dynamically adjusted. Due to the presence of the iatguart in the controller even
during saturation, the back-calculation results sliglfdlster as compared with the integrator
stop. Therefore, this solutions has been here adopted.

The complete block scheme of the VCC with all modificationstimaed is shown in Fig.331.
From this point on, this will be referred to as Vector Curreantroller type 1, VCCL1.

1A |
0.8 i:d B FHJ;\Z'
g 0.6 rd
= 0.4
5 02 Sft
3 0
-0.2 A
-0.4 -
0.095 0.1 0.105 0.11 0.115
time([s]

Fig. 3.8 Simulated active current response to referendeeactirrent step during VSC saturation for
deadbeat current controller with no integrator anti-windu
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Fig. 3.9 Simulated active current response to referendeeactirrent step during VSC saturation for
deadbeat current controller with integrator stop.

1A R ———
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§ 0.2 Sft
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0.095 0.1 0.105 0.11 0.115
time[s]

Fig. 3.10 Simulated active current response to referentigeazurrent step during VSC saturation for
deadbeat current controller with back-calculation.

3.4 Stability analysis

The performance of the entire system depends on the settihg controller parameters. There-
fore, a stability analysis is important to determine théiitg margin and, of course, the per-
formance.

To ensure stability and a good damping of the system, thespafiehe closed-loop system
should be located in the gray area shown in[Fig.3.12(a) irctimtinuous time domain. For a
discrete system, they should be located within the grayremiside a unit circle, as shown in
Fig[3.12(0) [69].

In this section, the analysis of VCCL1 in case of accurate kedge of the system parameters
will be carried out. The pole location for the deadbeat VCQGiewvarying the observer gain
kpsp Will be analyzed. The step response of the closed-loop sy#te different values of the
observer gain will be shown. Furthermore, the case of imatelknowledge of the model para-
meters will be considered. The effect of an inaccurate edton of the system parameters (and
especially of the filter inductanck;) on the dynamic performance of the closed-loop system
will be investigated.
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Fig. 3.11 Block scheme VCC with Smith predictor, referenckage limitation and back-calculation.
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Fig. 3.12 Desired poles locus in continuous time domairt, (@) and in discrete time domain, plot (b).

3.4.1 Accurate knowledge of model parameters

When the model parameters are known exactly, the currerttattem in (3221) contains the
exact values for the filter parameters and the state obserggrZ8) is the exact reproduction
of the system. The measured currént) and the estimated curreqtk) should then be equal
and the observer gafts, can be equal to zero. However, in a real system, due to n@mities

and noise in the measurements, the above mentioned refatiomt be true and for this reason
it is necessary to introduce a non-zero gain in the statereds@©f course, this will affect the
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stability and the performance of the closed-loop system.

Figure[3IB shows the pole placement of the investigatedsamople delayed system when
kpsp Varies from O to 0.5, under the assumption that the vectaentxcontroller is operating
at deadbeat. As shown, when increasing the observer gaipales move far from the origo
and the imaginary part of two complex-conjugate poles iases. For an observer gain equal to
zero, two poles have a real part slightly bigger than 1 ancttbee are located outside the circle
boundary. If the observer gain is set equal i the control system is stable and the poles are
well damped, while fof).3 the system is still stable, but the poles are not well damipiglly,

if the state observer gain is setd® the system gets unstable.

Figured 3.14(a) tp 3.14{d) show the step response of thgzethtwo-sample deadbeat current
controller forkpsp = 0, kpsp = 0.1, kpsp = 0.3, andkpsp, = 0.5, respectively. A unity step in
the d-component of the reference current has been applied=at0 and the response of the
transfer function from referencécurrent to actuafl-current is shown. The sampling time is
Ts = 0.2 ms. As expected, when the observer gain is set to 0 and 0.3dbedeloop system
is unstable while fokps, = 0.1 andk,sp = 0.3 the system is stable. As shown in [Fig.3.T}4(a),
whenkpsp = 0, since two poles are located outside (but very close to) tiitecircle, the oscil-
lation is slowly increasing. If the observer gain is insteatlito 0.5 (Fid.3.14(H)), two poles are
located outside the unit circle and farther from the cir@erdary compared with the previous
case, therefore the transfer function quickly goes intteinifity. For kpsp, = 0.1 (Fig[3.14(0))

it can be seen that @at= 0.4 ms, after two samples, the actual current tracks the reteren
as expected for a two-sample deadbeat controller. Howthegctual current is affected by a
0.1 pu overshoot, due to the cross-coupling term in the obletr If the observer gain is set to
0.3 (Figl3.14(d)), two couples of complex and conjugateepare outside the shadowed area

0.5r

Imaginary axis
o

-0.5 -

B 05 0 05 1
Real axis
Fig. 3.13 Pole placement for accurate knowledge of systemmnpeters at variation of observer gain.
Marker “x” denoteskpsp = 0, marker %” denoteskpsp = 0.1, marker ‘11" denoteskpsp = 0.3,
marker ‘o” denoteskpsp = 0.5.
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Fig. 3.14 Simulated active current step response of the VfoCaccurate knowledge of system para-
(d).

shown in Fid.3:IZ(lh), and the closed-loop system presestde oscillatory response with an
overshoot of 0.3 pu.

3.4.2 Inaccurate knowledge of model parameters

For areal system, the values of the parameters are not knaetlye Moreover, some of the pa-
rameter values change during operation, due to aging ontpeeature changes. Therefore, both
the equation of the current controller and the equation efsttate observer can be re-written
considering the estimated values of the filter parametedathe grid frequency, denoted by
the superscript Callingg(dq) the current error, given by

£ (k) = 86 (k) — i (k) = 3" () + 5 (k= 1) (3:34)

the equations for the current controller and for the stasepker become

~
~

5 WL
W (k) = e§" (k) + Redd™ (k) 4+ 5[5 (k) + 6670 ()] +
k (3.35)
+hpe (k) + 3 g™ (n = 1)
n=1
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: RTs . .. - T .
B0+ 1) = (1 22 TR (k) + =2 [ (k) — 9 (k)] +
L L (3.36)

. ~(dg)
+ kosp 1% (k) =7, (k)|

where the proportional and the integral gain of the currentroller are now equal to

Zf ﬁr Ts Tsﬁr
ky=—=+— ki=Fky—= =k,—— 3.37
PTnTe T &30

From the results obtained in the previous analysis, an vbsgain equal to 0.1 has been chosen.

Since the filter resistance is usually negligible comparét its reactance, the response of the
closed-loop system is insensitive to its variation. Thaeysis instead sensitive to variations
of the filter inductance. Figur¢s 3.15(a)fo 3.1p(c) showpble placement of the closed-loop
system when the estimated filter inductarigevaries from 60% to 140% of the actual filter
inductanceL,, for kpsp = 0.1. The trajectory of some poles has been plotted separately fo
clarity. From this figure, it is possible to observe that adenestimation of, results in a well-
damped closed-loop system, while when the estimated iadaetincreases, the poles move far
from the real axis. Therefore, it can be concluded that, diepto obtain a well-damped system,
itis better to underestimate the filter inductadgeAccording with the analysis carried out, the
inductance has to be underestimated by 909@.17,) for the system to go into instability,
which in practice means that it will never happen.

To validate these results, the step response of VCC whea 0.6L, and whenL, = 1.4L,
has been analyzed and is shown in Figs.3.16(a) and 3l 16dpectively. As expected, when
the filter inductance is underestimated the system is watlal, while the overestimated filter
inductance provides an oscillatory step response withiéialinvershoot of 0.4 pu.

Finally, the sensitivity of the closed-loop system to vaaoas of the grid frequency has been
investigated. The estimated grid frequency has been vayiee20% of the nominal frequency
(50 Hz). The pole locus of the deadbeat VCC1 kgy, = 0.1, shown in Fid.3.1l7, when the

estimated grid frequencf is varied, shows that the system can be considered insensiti
normal variations of the grid frequency. This is due to thet that the estimated frequency
affects only the cross-coupling term of the current cotdrdkee[(3.35)).
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Fig. 3.15 Pole placement for inaccurate knowledge of theesyparameters foktpsp = 0.1 at the vari-

zition of the estimated fiIteriAnductance. Marke<r”“denotesf,r = 0.6L;, marker %" denotes
L, = L, marker ‘©” denotesL,; = 1.4L,. Plots (a), (b) and (c) are part of the same plot.
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ig. 3.16 Simulated active current step response of the VIo€CA,s, = 0.1 and forfr = 0.6L;, plot
(a), and; = 1.4L,, plot (b).
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Fig. 3.17 Pole placement for inaccurate knowledge of theesyparameters foktpsp = 0.1 at the vari-

ation of the estimated grid frequency. Marker”“denotesf = 40Hz, marker ¢" denotes
f = 50Hz, marker ©” denotesf = 60Hz.
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3.5. Experimental results

3.5 Experimental results

The investigated deadbeat VCC1 has been tested both vitasioms, using the simulation pro-
gram PSCAD/EMTDC, and experimentally on a VSC system thatldgen built in the Power
Systems Laboratory at the Department of Energy and Enviemiiat Chalmers University. In
Paper lll, the dynamic performance of the VCC1 under baldreoed unbalanced conditions
of the grid voltage is shown. Furthermore, in Paper 1V, theadyic performance of the VCC1
under symmetrical and unsymmetrical voltage dips is reygort

As an example, Fif.3.18 shows the current response of theIM8@ reactive current step
under balanced (left) and unbalanced (right) conditionthefgrid voltage. From the figure it
is possible to observe that when the grid voltage is balgribed/CC1 works properly and the
actual current follows the reference one in two samplesh@rcontrary, the controller presents
unsatisfactory performance under unbalanced conditidashown in the figure, in case of
unbalanced conditions of the grid voltage, the filter curveifi exhibit an oscillatory response
having characteristic frequency equal to double the poregiuency. These oscillations are due
to the presence of a negative-sequence component in the Bi@esdue to the unbalanced
conditions.

To cope with unbalanced conditions, the VCC has been fuitygroved. Using a delay-based
estimation algorithm (denoted as delayed signal cangatiasee [40] and Papers | and 1),
positive- and negative-sequence components of the mehgoitage and current are estimated
and used in the control algorithm. By feeding the VCC1 cdtdroonly with the positive-
sequence component of the grid voltage, the response isuegiand the filter current follows
the reference with almost no delay. This control strateggddressed to as Vector Current-
controller type 2 (VCC2).

The controller can be further improved to be able to contlsd #he negative-sequence com-
ponent of the filter current. Positive- and negative-seqga@mponents of voltage and current
are sent to two separate current controllers. The resuttamrol algorithm is addressed to as
Dual Vector Current-controller (DVCC). In this case, it isosvn that the current presents a
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Fig. 3.18 Measured current response to reference reactivert step. Plot (a): balanced grid voltage;
plot (b): unbalanced grid voltage.
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more sluggish response as compared with the VCC2, mostlyodibe delay introduced by the
sequence separation.

3.6 Conclusions

In this chapter, a deadbeat vector current-controller fa-gonnected VSCs has been derived.
To take into account the one sample delay due to the compuoégtime and the voltage rat-
ings of the VSC, the controller has been improved by using #&Spnedictor. Furthermore,
reference voltage limitation and anti-windup function t@yent integrator windup has been
added in the control algorithm. Stability analysis in caf@aarurate and in the realistic case
of inaccurate knowledge of the system parameters has besedcaut. Finally, experimental
results of the investigated controller under balanced ardlanced conditions of the grid vol-
tage have been presented. With a constant dc-link voltagjes & the reference currents have
been applied in order to test the dynamic performance ofytbes. It has been demonstrated
that, using Vector Current-controller type 1 (VCC1), desid by only considering positive-
sequence components, t@currents under unbalanced grid voltage are affected bysait o
lation at double the power frequency. Better transientqgarnce can be obtained by feeding
the same controller only the positive-sequence componietiteogrid voltage in the Vector
Current-controller type 2 (VCC2). The Dual Vector Curreontroller (DVCC), where both
voltages and currents are separated into their sequengeoc@mts and two separate current
controllers are used, showed a slower response compare®/ @2 response, due to the time
required for the phase sequences estimation. Since itrgeeadast response and can operate
properly both under balanced and unbalanced conditionseoftid voltage, the VCC2 seems
to be the most suitable option for control of shunt-conm&8C. Nevertheless, as it will be
discussed in the next chapter, in some applications whereutrent controller is used as inner
loop of a cascade controller, control of both positive angltige sequences of the filter current
might be needed, thus DVCC has to be used.

40



Chapter 4

Control of Series-connected VSC for
Voltage Dip Mitigation

In this chapter, the controller for the series-connectedC\f& voltage dips mitigation will be
presented. Improvements to the derived control systemabledo mitigate unbalanced voltage
dips will be described. Experimental results are reporte@aper V.

4.1 Introduction

In ChaptefR, the principle and typical configuration of thees-connected VSC, or SSC, have
been reviewed. This chapter deals with the control of the 88@oltage dip mitigation. The
control of the SSC for mitigation of voltage dips has beeatd, among others, in [50] and [8].
Reference [50] presents the design and control of a fudl-series compensator for medium
voltage applications. With the configuration adopted, basethree H-bridges sharing the same
dc link, individual control of each phase is possible, whigladvantageous for compensation
of unbalanced dips. The drawback is that double the amowaleés are required compared to
a VSC. Reference [8] develops a cascade controller, basad mmer current controller and an
outer voltage controller. However, in [8] the problem ofisation of the VSC current controller
due to limited dc-link voltage is not investigated.

In this chapter, the derivation of a cascade controller tdrobthe SSC to mitigate voltage dips
will be presented. An extended analysis of the control systél be carried out. Experimental
results of the SSC using the proposed cascade controller bathnced and unbalanced voltage
dips will be presented.

4.2 Layout of the SSC

The three-phase diagram of a grid with SSC is displayed ifElg The three-phase voltages
of the grid are denoted by 4(t), esp(t) andes (), while the grid voltages at the PCC and the
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Fig. 4.1 Three-line diagram of grid with SSC.

grid currents are denoted by (%), egn(t), eg.c(t) andig«(t), igp(t) andig(t), respectively. The
three-phase voltages and currents of the VSC are denoted®yup(t), uc(t) andi; 4(t), irp(t)
andi, .(t), respectively. The filter capacitor voltages and curreresdanoted by 4(), ecp(t),
ecc(t) andicq(t), icp(t) andic(t), respectively. The voltages and currents injected by the SS
are denoted byinja(t), €injo(t), €injc(t) andiina(t), iinjb(t) andip;c(t), respectively. The dc-link
voltage is denoted by,(¢). Finally, the load voltages are denoteddpy(t), e () ande c(t).

It can be noticed that, as a difference compared with the tstmrmected VSC, the SSC is
equipped with an LC-filter, placed at the output of the VSCisTliter is installed in order to
remove both current and voltage harmonics, thus reducegalmonic pollution in the injected
voltage. Moreover, this reduces the ripple present in thege applied to the windings of the
injection transformer, which in turn lengthens the transfer lifetime. As for the L-filter used
for the shunt-connected VSC, the inductance smoothes titentwutput of the VSC, thus
reducing the current ripple and therefore the stress onahves of the VSC.

The cut-off frequency of the filter determines the amountartonics injected in the grid by
the SSC and thereby the harmonic content of the load vol#ge.should be considered if the
load is particulary sensitive. A basic rule in the designhdf filter is that its cut-off frequency

should be much lower than the switching frequency of the MB@s eliminating the switching

ripple in the output voltage. However, the filter should nteéet the fundamental component of
the injected voltage. Here, the cut-off frequency of thefilte+r has been set to 460 Hz.

The SSC injects the required missing load voltage into the tprough three single-phase
transformers. The rated power of the injection transfosmedictated by the rated current of
the load, which continuously flows in the winding that is ceated to the feeder, and by the
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TABLE 4.1. SYSTEM PARAMETERS FORSSC.

Grid parameters
Grid voltage E 400V 1 pu

Grid current 1 40 A 1pu
Grid frequency f 50 Hz
Load resistance R, 100 1pu

Load inductance L, 23.9mH 0.75pu
dc-link voltage Uge 600V 1.5 pu
Filter parameters

Filter resistance R, 24.8 ) 0.0025 pu
Filter inductance L, 2mH 0.063 pu
Filter capacitor C 60 uF 0.18 pu

Transformer parameters
Rated power Sn 10kVA  1.08 pu
Rated voltage Vo 230V 1 pu
Short-circuit power P, 141W  0.015pu
Short-circuit voltage V.. 5.3V 0.023 pu

maximum voltage to be injected. Here, the injection tramefrs are designed for full-voltage
injection.

System parameters, reported in Tabld 4.1, are those of a &3Gtype built in the Power
System Laboratory of the Department of Energy and EnvirartraeChalmers University.

4.3 Dual Vector-controller type 1 (DVC1)

The control system of the SSC investigated for this thesienstituted by two closed-loop con-
trollers connected in cascade: an outer loop that contnelsoltage across the filter capacitor
e.(t) and an inner controller that controls the current throughfiter reactori, (¢) [9]. The
basic assumption behind the investigated control stratetjpat the injected voltage is equal to
the voltage across the capacitors. This is equivalent efnasg) that the injection transformer
is ideal with a 1:1 turn ratio, meaning that

einj,a(t) = 6C’a(t) (4.1)

iinja(t) = igalt) (4.2)

and analogously for the other two phases. Under these assms\papplying the Kirchhoff’s
current law to the LC-filter, the following differential egtions for the three phases can be
written

iralt) = icalt) + igalt) = c%ec,a@) +igalt) (4.3)
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i) = (1) + ignlt) = € een(t) +igs(t) (4.4)
ielt) = ioelt) +igelt) = € eslt) + igell) (4.5)

By applying Clarke’s transformatior, {4.3) {0(.5) can hetten in thea3-coordinate system

as
d 1, 1,

&Q((: () = EZE (t) — 51& () (4.6)
which, by usingyj3- to dg-transformation with a PLL synchronized with the grid vgkavector,
becomes

d 1 1
elda) ;(da) ida) (¢ (dgq)
el (1) = (1) — a0 (1) — el (1) (4.7)

4.3.1 Voltage controller

As for the VCC described in Secti@nB.2, the voltage corgrai meant to be implemented in a
digital controller. Thus, it is necessary to discretizel{4Again, this is done by integrating the
equation over one sample peridgdand then dividing byls, thus obtaining

1 1 1
— [o(da) _ ,(dg) — ~ ;(dg) (dq
T. [Qc (k + 1) € (k)] C@r (kv k+ 1) C (k k + 1) (48)

— jwel (k, k4 1)

wheree(™ (k: k + 1) denotes the average valueeé“fg ) between sample and samplé: + 1.

If a proportional controller with deadbeat gain is used, ¢batroller will track the reference
voltage with one sample delay, yielding

dq)(k + 1) — Q((:dQ)*(k) (49)

The reference capacitor voltage is the voltage to be injeatthe grid to restore the load voltage
to the desired value

el (k) = e[ ™" (k) — 1) (k) (4.10)

Wheree * denotes the load reference voltage indgecoordinate system.
The following assumptions are made in order to formulatevtiiage controller:

e The grid current components change slowly and are considemrgstant over one sample
period

i§' (k, k4 1) = iy (k) (4.11)
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e The filter capacitor voltage changes linearly during onearperiod

1 1 x
ek k+1) =5 | (k) + e (k+1) ] =3 [ e (k) + e (k) ] (4.12)

e The average value of the filter current over one sample p&iedual to the reference

i (k4 1) = il (k (4.13)
r ? r

The proportional voltage controller can now be formulated a

i (k) = 870 (k) + 55 el (k) + %9 ()] +
C ) (4.14)
gy [ () = e (k)] = i’ () + K [0 (K) = e (F)

wherezf(qu)(k:) is the feed-forward term, whil&, . is the proportional gain of the voltage con-
troller to obtain deadbeat and is equal to

kpve = (4.15)

C
Ts
Observe that here the filter capacitor is assumed idealheeurrent flowing into the capacitor
will not produce power losses (capacitor’s resistance lgqueero). Under this assumption, the
deadbeat equations will lead to a proportional controlidy.dHowever, in order to remove the
steady state error due to unavoidable mismatch betweercthal and the modelled system,
it is convenient to add a small integral term in the contrel.[&hus, the Pl-controller can be
formulated as

i@ (k)

=r

= i (k) + kpwe [e£90 (k) — el (k)] + A& (k) (4.16)

with Ag’i(dq)(k;) the integral term at sample given by

A (k) = AL (k= 1) + kiye [e£99 (k — 1) — 99 (k — 1)] (4.17)

where, callingl;,. the integration time constant, the integral gain of theagydt controllek; .
is given by

Ts
ﬂ,VC

ki,vc = kp,vc (4.18)

The output of the voltage controller is the reference cUrEE’ﬁ’*, which will be the input to
the current controller in order to control the current tigbuhe filter reactof{?”. The current
controller used is VCC1, described in Section 3.3. FiguBeshows the block scheme of the
implemented cascade controller, constituted by the desgwoltage controller (denoted in the
figure by VC) in series with VCC1. The algorithm of the implemed control system can be
summarized as:
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1 *
e, () l e,.(k) o(k) g;dq)-(k)
> » abc
CoOs o ul e ®y e (k) £ )
e,.(1) e,. (k)= of
fV
iy.. (1) l i, (k) ¢e(k)
> ™ abc
i,,(t i,k 1) (ke off i (k ()
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: dg (k) +
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Fig. 4.2 Block-scheme of implemented cascade controllevdtiage dip mitigation using SSC.

1. Measure and sample the grid voltages, grid currentgs, ¢lteents and capacitor voltages

with sampling frequency;;

2. Transform all three-phase quantities to &hiecoordinate system and then to the rotating

dg-coordinate system, using the transformation adgtebtained from the PLL;
3. Calculation of the reference filter currefft)* (k) using the VC block;

4. Calculation of the reference voltage€?* (k) using the VCC1 block;

5. Convert the reference voltages from thecoordinate system into three-phase voltages

using the transformation anghgk) + A6, whereAd = 3/2 wTs, as explained in Sec-
tion[3.31;

6. Calculate the duty-cycles in the PWM block and send théctivig signals to the VSC
valves.
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4.3. Dual Vector-controller type 1 (DVC1)

4.3.2 Stability analysis

In this section, the stability analysis of the entire systesimg DVC1 & DVCC + VCC1) will

be presented. The dynamic performance of the two closquidgstems in both cases of accu-
rate and inaccurate knowledge of the filter parameters wilhbestigated. System parameters
are displayed in Table4.1. A block diagram of the complets@ti-loop system used for this

investigation is depicted in F[g.4.3, where the VSC has lwe#sidered as an ideal amplifier.

Note that the load dynamics are included in the scheme. ldareL-load has been considered.
Thus, the load current will change when the load voltage ghan

Accurate knowledge of filter parameters

In case of accurate knowledge of the filter parameters, Ihatlegquations of the VC and of the
VCC1 contain the exact values of the parameters. In this, ¢gaseof interest to investigate
the interaction between the two controllers. When a cascad#oller is used, it is important
to carefully select the bandwidth of the two controllers nder to ensure the stability of the
entire system. Figure—4.4 shows the closed-loop poles plexntof the SSC with DVC1 for
different values of the voltage controller gain (denotedvasand expressed in per unit of the
deadbeat gain of the voltage controlléy/ 7). The inner current controller is set to deadbeat.
When increasing the gain of the outer controller, the polesarout from the real axis. It can
be observed that, faf,. equal to 0.1 and 0.3, the closed-loop system is stable, \idnle,,
equal to 1 (i.e. both voltage controller and current coterat deadbeat) the closed-loop system
is unstable. When the outer controller gaip is set to 0.57 of deadbeat the system is at the
stability limit.

From this analysis it is possible to understand one of thelbakes for selecting the parameters
of a cascade controller: the inner loop should be much féiséer the outer one. Typically, the
ratio between the bandwidth of the inner controller and ttalhe outer controller should be at
least 5 [68].

Inaccurate knowledge of filter parameters

When the filter parameters are not known with accuracy, eséichvalues for the filter reactor
(Ry and L,) and filter capacitor() are used in the equations of the VCC1 and of the VC. The

(do)
&
L - +
(do* - (dg* . -+ (dq) . (da) (dq) ; (da)
€ i Filter |1i Filter | € <) lg
= » VC » VCC1 . e . E i load >
inductor + capacito +
— ] - —

Fig. 4.3 Block diagram of closed-loop system constituted®{C1, filter and load.
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-1 -05 0 0.5 1

Real axis

Fig. 4.4 Pole placement for accurate knowledge of filter patars when varying voltage controller gain
ayve. Marker “x” denotesayc = 0.1 pu deadbeat, marker™ denotesa, = 0.3 pu deadbeat,
marker ‘01" denotesa,c = 0.57 pu deadbeat, marker™ denotesw,. = deadbeat.

VCC1 is still set to deadbeat, while, according with the hssabtained in the previous analysis,
aye has been set to 30% of deadbeat.

The reactor resistance is usually negligible compared igtleactance, therefore the response
of the system can be considered insensitive to its variafi@ure[4.b shows the closed-loop
poles of the SSC with DVC1 when the estimated filter induatanovaries from 60% to 180%
of the actual filter inductancg,. From this figure it is possible to observe that an underestim
tion of the filter inductancé, results in a well damped system. When increadingome poles
move far from the real axis and f@r, equal to 180% of., the system gets unstable. Therefore,
similarly to what was found in Sectidn_8.4, it can be concliitteat it is better to underestimate
the filter inductance from the stability point of view.

Figurel4.6 shows the closed-loop poles of the control systaen the estimated filter capacitor
C varies from 60% to 180% of the actual filter capacitarAs shown, the poles slowly move
far from the real axis when increasidg but always remain inside the unit circle. Therefore,
it can be concluded that, when the filter capacitor is undienased, the control system results
more damped than in case of overestimation, but in geneisalass sensitive to variations of
the filter capacito”' compared with variations of the filter inductéf. This is not surprising,
since the filter capacitor appears in the equations of the M which has reduced bandwidth
as compared with the VCC1.
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Fig. 4.5 Pole placement for inaccurate knowledge of filteapeeters forv,. = 0.3 when varying esti-

mated fiIteriAnductance. Marker<” denotesfr = 0.6L;, marker ©” denotesfr = L;, marker
“O0"denotesL; = 1.8L;.
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Imaginary axis
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Fig. 4.6 Pole placement for inaccurate knowledge of filterapeeters fora, = 0.3 at variation of

estimated filler capacitor. Markex™ denotesC = 0.6C, marker %" denotesC = C, marker
“O"denotesC = 1.8C.
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4.4 Experimental results

In this section, experimental results of the SSC with DVCI e presented. The laboratory
setup used for these experiments is described in Paper ¥, Blshort summary of the obtained
results will be given.

A first set of tests has been carried out when the grid voltagéfeécted by a balanced voltage
dip. The three-phase grid voltages are depicted il Eig& Bhown, a symmetrical voltage dip
with 71% remaining voltage occurs @t= 0.03 s and lasts for 300 ms. From the grid voltage
in dg-coordinates in Fi§.418, it can be noticed that §h@omponent is affected by a transient at
the beginning and at the end of the dip. This is due to the paagke jump associate to the dip
and to the response time of the PLL, which takes about 0.03cskanto the new angle of the
voltage vector. After these transients, theoltage is constant at zero.

When the dip occurs, the VSC reacts to the voltage variatideép the load voltage at its rated
value. As a results, the SSC mitigates the voltage dip anpiskine load voltage at the pre-fault
value, as shown by the three-phase load voltages il Higntl ®w thedg-components of the
load voltage shown in Fig.Z110. Only a small transient attbginning and at the end of the dip
can be noticed.

The same controller has also been tested under the unbdlaoktage dip in Fig.Z. 1. In this
case, the network is affected by a voltage dip with 85% remgipositive-sequence voltage
and negative-sequence unbalance of 10.9%, startihg-dt.03 s and with duration of 300 ms.
Due to the unbalance, thig-voltages of the grid, shown in Fig.4112, are affected by @ H@
oscillation with an amplitude of 0.2 pu (peak-to-peak). Flystem reacts to the dip trying to
inject the missing voltage into the grid. However, it can ersfrom the three-phase voltages in
Fig[4.13 that the load voltage is not perfectly restoredhéopre-fault value. Some unbalance is
still present. This is confirmed by the correspondilgecomponents shown in Fig.4]14, which
oscillate slightly with the frequency of 100 Hz.

As for the experimental results obtained for the VCC1 shawthé previous chapter, this is due
to the fact that the control system is implementeddly-drame, or synchronous reference frame
(SRF), that is synchronized with the positive-sequencepmorant of the grid voltage, without

o.i\f\/a m— W\MM\M i

TSR )

voltage [pu]
o

0 0.09 0.18 0.27 0.36
time [s]

Fig. 4.7 Measured three-phase grid voltages during 70%nbathvoltage dip.
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voltage [pu]

0 0.09 0.18 0.27 0.36
time [s]

Fig. 4.8 Measured grid voltage idg-frame during 70% balanced voltage dip. Black curve:
component; gray curve-component.

voltage [pu]
=)

g

Fig. 4.9 Measured three-phase load voltages during balarattage dip. DVC is used.

specifically considering unbalanced conditions. The parémce of the DVC1 can be improved
by feeding to the same controller only the positive-segaamnponents of the capacitor vol-

05 SR :

voltage [pu]

0 0.09 0.18 0.27 0.36
time [s]

Fig. 4.10 Measured load voltage dly-frame during balanced voltage dip. DVC is used. Black curve
d-component; gray curve-component.
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T i I i
g )

0 0.09 0.18 0.27 0.36
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voltage [pu]

Fig. 4.11 Measured three-phase grid voltages during 85%g®Idip with 11% unbalance.

voltage [pu]
o
W

0 0.09 0.18 0.27 0.36
time [s]

Fig. 4.12 Measured grid voltage dly-frame during 85% voltage dip with 11% unbalance. Black eurv
d-component; gray curve-component.

tage and of the reference voltage, while the negative ne¢ereoltage is directly added to the
voltage output of the current controller. It is shown in [IAat by using this control system
the SSC is able to mitigate also unbalanced voltage dips eMexythe performance of the con-

B nm/mm i
g i,

Fig. 4.13 Measured three-phase load voltages during umiediavoltage dip. DVC is used.
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054

voltage [pu]

0 0.09 0.18 0.27 0.36

Fig. 4.14 Measured load voltage dg-frame during unbalanced voltage dip. DVC is used. Blackeur
d-component; gray curvei-component.

troller is related to the size of the filter capacitor and t® plercentage of unbalance during the
dip [14].

An option to better cope with unbalanced voltage dips is tonege the phase sequence com-
ponents of the measured voltages and currents and to médiffp¥C1 in order to control
positive- and negative-sequence components of the injeciéage separately. This will result
in two independent cascade controllers, one implementdxbipositively rotating SRF and one
implemented in the negative SRF. Experimental verificatiothe modified control system (ad-
dressed to as Positive Negative DVC, PN-DVC) is reportecaipelP V. In the paper it is shown
that, with PN-DVC, the load voltage is successfully restiai@its pre-fault value also in case
of unbalanced voltage dips. Furthermore, in [14] the tramsperformance of the investigated
PN-DVC when mitigating unbalanced voltage dips for diffegrg/pes of load is shown. Again,
successful restoration of the load voltage is obtained.

4.5 Conclusions

In this chapter, a cascade controller for SSC to mitigatéagel dips has been derived. The
cascade controller is constituted by an inner current otlaty dedicated to the control of the
current output of the VSC, and an outer voltage controllsgduto control the filter capacitor
voltage. The current controller, described in Seclioh tBes into account the delay time in-
troduced by the computational time of the control computef the problem of the saturation
of the VSC. An extended analysis of the control system andntieeaction between the inner
controller and the outer controller has been carried olitast been shown through experimen-
tal results that with the presented control system (herded&ual Vector Controller type 1,
DVC1), designed by only considering the positive-sequamreponents of the measured sig-
nals, the SSC is able to mitigate only balanced voltage #ipa.ever, under unbalanced voltage
dips, the controller is able to mitigate the dip but the loatfage results unbalanced.

To ensure a proper power quality of the protected load alsase of unbalanced voltage dips,
it is suggested to control both the positive and the negatgiences of the filter current and

53



Chapter 4. Control of Series-connected VSC for \oltage Dipgdtion

of the capacitor voltage. Although slower, due to the inleeridelay introduced by the phase
sequence estimation algorithm, the modified DVC (here ddfesitive Negative DVC, PN-
DVC) ensures a satisfactory performance of the SSC whegairtig balanced and unbalanced

voltage dips.
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Chapter 5

Control of Shunt-connected VSC for
Voltage Dip Mitigation

This chapter deals with the control of the shunt-connect8@ Yor voltage dip mitigation. Two

different configurations of the shunt-connected VSC wilttwesidered and compared. Simu-
lation results are reported in Paper VI. Unfortunately, exijnental tests could not be carried
out, due to practical limitations in the laboratory setup.

5.1 Introduction

In the previous chapter, the control of the SSC for voltagenitigation has been described and
analyzed. This type of compensator has been successfyledpn a number of applications
around the world [80]. However, drawbacks of the SSC are ifjle tost and the complicated
protection system [48]. Furthermore, being a series detheeSSC cannot be used to mitigate
interruptions. As already mentioned in Secfion 2.3.3, &er@adtive is to use a shunt-connected
VSC, shown in Fig.Z10, known also as D-STATCOM or SVC Ligh#[76]. The potential of
the shunt-connected VSC to improve the power quality of thleage has been widely inves-
tigated in the literature [6, 77]. However, normally the idevhas been considered connected
to a stiff ac grid, which makes it straightforward to desige tontroller. On the other hand,
this is not realistic since the amount of current needed tsbthe PCC voltage is high if the
grid is strong. When connected to weak grid, the proposettastrategies have shown slow
response, thus making the device not suitable for compensatshort events such as a voltage
dip.

In this chapter, the control algorithm for the shunt-conedcdvSC for dip mitigation is pre-
sented. Two different configurations for the VSC system baliconsidered and compared.
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5.2 Voltage dip mitigation using reactive power injection

The principle of voltage dip mitigation using shunt-conteelcVSC is to inject a current into the
PCC in order to keep the load voltage at its rated value. Tdnsbe obtained by only injecting
reactive current without the aid of an energy storage on thgidke of the VSC. The resulting
scheme of the system, shown in Eigl5.1, is thus the same améhim Fig.Z 1D, except for the
absence of the energy storage device connected to the daflthk VSC. A dc-link capacitor

is still necessary for proper commutation and to provideperary energy storage.

It is of importance to observe that, as already mentionechap® 2, by injecting only reactive

current into the grid, the magnitude of the voltage can beored, but not its phase angle.
As shown in Fid.5R, where the block scheme of the implenteotatrol system is displayed,

the voltage magnitude error, given by the difference betwee magnitude of the measured
voltage at PCC and its reference, is passed through an tageotontroller constituted by a

Pl-regulator. The output of the ac-voltage controller is teference reactive current, which is
fed to the current controller, explained in Section 3.2. Téference active current is, instead,
set to zero.

In a voltage-oriented system, the PLL sets theomponent of the grid voltage in thé;-
coordinate system to zero. Thus, the capacitive reactiveepinjected by the VSC is given

by
Q= 6gqird - 6gdirq = _6gdirq (5.1)

Therefore, if the grid voltage is too low, capacitive reaetpower should be injected and the
currenti,, should be negative. The discrete Pl-regulator is given by

k
iry(k) = —kpq [[e§ " (K)| — e (R)I] = D ki [l (n = )] = |ef (n = 1)I]  (5.:2)

n=1

Simulation results for the shunt-connected VSC for voltdigemitigation are reported in Pa-
per V1. The obtained results prove that it is possible togaite voltage dips with the proposed
controller, provided that the size of the VSC is such thatit bandle the amount of reactive
power needed. One disadvantage that has been pointed @& iis fhat the controller must be

Grid R L

Oem AP e PC a0, e
Line impedance
dc-link Injection
capacitor VSC transformer

— i (1)

— ut) —*

a1

IR

Fig. 5.1 Single-line diagram of shunt-connected VSC desidior reactive power injection only.
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Fig. 5.2 Block scheme of reactive power control using stuamnected VSC.

tuned for a specific value of the grid and load impedancesitadery likely that the controller
becomes unstable when either of the two parameters changapler VI, stability analysis of
the closed-loop system has shown that an overestimati2¥bon the grid impedance will lead
to instability. Furthermore, simulation results have mothat the system is also sensitive to
variations in the load impedance. The grid and load parasetn increase without result-
ing in instability by slowing down the controller, but in nmtasases it will not be fast enough
to compensate for voltage dips. Stable operation can benelotdor compensation of slower
phenomena, such as voltage fluctuations leading to flickét3[7or voltage stability improve-
ments [67]. However, if the grid configuration and the load Bnown and expected not to
change, this controller can easily be implemented to addgeldip compensation capability to
existing or new shunt-connected VSC installations useatfoer purpose, such as STATCOM
or active filters. To obtain high performance and a more rbbaostroller, modifications of the
VSC system are necessary. These modifications will be axgalan the next section.

5.3 Shunt-connected VSC using LCL-filter

The modified configuration of the shunt-connected VSC fotag® dip mitigation is shown in
Figle:3. A capacitor is added in between the filter inductatha VSC output and the trans-
former, with the twofold purpose of making the voltage at®@C more stable and filtering the
harmonic voltage components in the VSC output voltage. Asalt, the VSC is then connected
to the grid by an LCL-filter, where the grid-side inductor #@ned by the leakage reactance of
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Fig. 5.3 Scheme of shunt-connected VSC using LCL-filter.

the transformer. The leakage inductance and the seriessaese of the transformer are denoted
in the figure ad.y, and Ry, respectively.

The control objective is to maintain the voltage across ke ftapacitor, and thereby the PCC
voltage, constant. This only holds if the voltage drop over transformer is negligible. Oth-

erwise, compensation of this voltage drop might be requifedascade controller, shown in

Fig[5.4, that is similar to the one developed for the SSCiddrin Sectiorf413), can be used
for this purpose. The main differences compared to thessenanected VSC are that the grid
current cannot be considered constant and that the referarige of the capacitor voltage is
known and not calculated from the measured grid voltagee@keghat the PCC voltage is only
measured and used as input to the PLL, in order to achievepogmtrol of the active and re-

active power injected in the grid. Since only the PLL will use PCC voltage, an inexpensive
and simple voltage measurement can be used.

One problem by using the LCL-filter is that unwanted resorarean arise between the filter
components. As an example, Eigl5.5 shows the dynamics ditérecurrent during mitigation
of the 71% balanced voltage dip depicted in[Eid.4.9. Thellasicins in the currents are clearly
visible. This phenomenon can be avoided by adding a resissaries with the filter capacitor,
as proposed in [42]. However, the resistor causes lossédopesating conditions and increases
the amount of active power needed during voltage dip mitgafAn alternative method [11,58]
is to add a fictitious resistandg, in the inner current controller that, caIIi@dq) the current
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Fig. 5.4 Block scheme of control system for voltage dip naitign using shunt-connected VSC and
LCL-filter.
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Fig. 5.5 Simulated response &f andg-component of filter current to balanced voltage dip. VSChwit
LCL-filter is used. Black curved component; gray curve: component.

error as in[(3:34), becomes

.wL
(k) = el (K) + Red) (k) + 15 [ () + 6 ()] +
(5.3)

k
+ k‘pgi(dq)(k‘) + Z kz§§dq) (n _ 1) o Rdlsdq)(k)
n=1
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This is simplified to

.wL
w0 (k) = e (k) = (Ra = Ro)if™ (k) +75 [0 (k) + (" ()] +

. (5.4)
+ el (k) + Y kgl (n — 1)
n=1

This modification is effective in damping the oscillatiofsit it results in a slightly slower

response of the controller. In general, the size of the dagigrmZRy is a trade-off between the
desired damping and the desired speed of response [11], tHerealue of the damping term
Ry, which has been determined by trial and error, is set t620Bherefore, the resistive voltage
drop in the current controller is negative.

For the same voltage dip, the-currents using the proposed cascade controller and alzime-
ing in the inner loop are shown in HIg.b.6. As shown, the auriestill affected by oscillation,
but with a smaller amplitude and higher damping.

Stability analysis and simulation results obtained forlt@& -filter based shunt-connected VSC
are reported in Paper VI. A first important result is that wvitiis configuration, thanks to the
presence of the filter capacitor and to the slope introdugeth® injection transformer dur-
ing mitigation, the control system remains stable even &ogé overestimation of the grid
impedance. From the simulation results, it is possible &eoke that, although reduced as com-
pared with the L-filter case, still high amount of reactiveveo is needed to mitigate a shallow
dip. This is the main drawback with this configuration, sitioe power needed is a function of
the grid impedance. One interesting result is that the gtetade active current during the dip
mitigation is zero (see also Hig.b.6). However, at the beigmand at the end of the dip, active
current transients occur. These transients are due to di&abens in the LCL-filter and to the
required time for the PLL to track the new phase angle. Tloeeeif the dc-link capacitor is big
enough to handle the transients, no extra energy storageded.

Observe that, as for the control of the SSC, the controlldreealescribed is implemented in

1.2

] —

0 0.1 0.2 0.3 0.4
time [s]

current [pu]

Fig. 5.6 Simulated response @f andg-component of filter current to balanced voltage dip. VSChwit
LCL-filter is used. Controller has active damping. Blackvaird component; gray curvej
component.
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the positively rotating SRF, thus is not suitable to mitegahbalanced voltage dips. Again, to
be able to cope with unbalanced conditions of the system siiggested to control the positive
and the negative sequences separately by implementingeppavate controllers in the positive
and negative SRFs, respectively.

5.4 Conclusions

This chapter has shown that the shunt-connected VSC caretid¢ars/oltage dip compensation.
A control system that compensates for voltage dips withojgcting active power has been
presented. It has been shown that successful restoratitie amplitude of the voltage at PCC
can be achieved. However, the phase angle of the grid voladeCC is affected by phase
deviation during dip mitigation. It has been pointed out thés type of control system is very
sensitive to system parameter variations. Therefore, taimla more robust controller, lower
gains in the reactive-power controller must be used. Thisl@ad to a reduced bandwidth of
the control system, thus, in most cases the controller wille fast enough to compensate for
voltage dips.

To obtain a high performance and more robust controller,rdigoration of shunt-connected
VSC with LCL-filter has been proposed. The transient pertoroe of the modified system with
the same cascade controller derived in Sedfidn 4.3, hastestea under balanced voltage dips.
It has been shown that, due to resonance problems betweéhgheomponents, oscillations
in the current at the output of the VSC can be experiencedv@&come this problem, an ac-
tive damping term in the inner current controller has beetedd By using this modification,
satisfactory mitigation of balanced voltage dips can baioled. However, as expected for the
analysis carried out in the previous chapters, modificatinorthe cascade controller in order to
control positive- and negative-sequence components afdh&olled variables, are needed for
mitigation of an unbalanced voltage dip. With the proposexlification, satisfactory perfor-
mance of the system also under unbalanced voltage dips cachimved. However, also when
using a shunt-connected VSC with LCL-filter, large amountwfrent has to be injected into
the mains. The VSC must then be designed such that it canéntredamount of reactive power
needed.
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Part Il - Control of VSC for
Subsynchronous Resonance Mitigation

In the first part of this thesis, the use of power electronasell devices at the distribution level
(Custom Power Devices) has been discussed. In partich&afptus has been on use of power
electronics solutions for voltage dips mitigation. This@ed part deals with the application
of power electronics at the transmission level. Flexible F@nsmission System (FACTS) is
a concept introduced by Hingorani in 1991. As already meeiibin Chaptelll, this involves
the use of high power electronics controllers in ac transimisnetworks for a fast and reli-
able control of power flows and voltages. In their standaplieation, FACTS devices are used
for: power flow regulation, secure loading of transmissioed close to their thermal limits,
prevention of cascade outages, power oscillations dangrndgubsynchronous resonance. Al-
though a lot of research has been carried out in this field)treg in a number of publications
and books, the world of FACTS devices is in continuous mortatNew devices are coming
and new applications and control strategies are investigatimprove the existing devices and
make them more cost-effective.

The focus of this second part of the thesis is on the use cgsseonnected VSC for subsyn-

chronous resonance (SSR) mitigation. First, in Chdpterédaildd analysis of the SSR problem
in power systems will be carried out. The complete mathezabtnodel of a turbine generator

connected to a series-compensated transmission line evilebived and analyzed. Further, in
this chapter a simplified model for the investigated systemSISR studies will be described

and analyzed. Thus, in Chaplér 7 a novel control system feriassconnected VSC dedicated
to SSR mitigation will be presented. Main differences bemvihe proposed control system and
the standard approach proposed in the literature will beudised.
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Chapter 6

Analysis of Subsynchronous Resonance in
Power Systems

This chapter presents an overview of the problem of SSR isiEystems. Definition and clas-
sification of different types of SSR will be given. For a aitederstanding of the SSR prob-
lem, a linearized model of a synchronous generator conddct@ radial series-compensated
transmission line will derived. Finally, different counteeasures to the SSR problem will be
described.

6.1 Introduction

As mentioned in Chaptél 1, series compensation of longrmasson lines is a cost-effective so-
lution to enhance the power transfer and improve systeniisgalb was generally believed until
1971 that series compensation up to 70% of the total indeictiactance of the transmission line
could be applied with little concern [5]. Usually, only ptelns related to protection and ther-
mal issues were taken into account. However, it was in 19atlslystem designers learned that
the use of series compensation can lead to adverse phenamé&mdine-generator units con-
nected to a series-compensated transmission line. Thes®opiena are related to a resonant
condition leading to an energy exchange between the gémeratit and the transmission line.
As a result, oscillations having a characteristic freqydmeow the fundamental frequency of
the power system (synchronous frequency) can be expedemberefore, this resonance con-
dition has been named subsynchronous resonance (SSR) [25].

The SSR phenomenon was first recognized in the Mohave Piiojé&70 [27]. The Mohave

Project consisted of a 750 MVA cross-compound generatignlacated in southern Nevada.
Figurd®.1 shows the single-line diagram of the power systeire Mohave area at that time. In
1970, a shaft damage was experienced when opening thet Gireaker indicated in the figure;
thus, when the Mohave generation unit became radially ateddo the southern California
Lugo bus. At that time, the power system operators did naigeized the problem and the gen-
eration unit was placed back in operation after a few morithss, a nearly identical incident
occurred one year later, in 1971. For each event, the unitsiwasdown manually by the site
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Fig. 6.1 Single-line diagram of power system in Mohave aneB9i70.

operators. The operators observed flickering lights in threrol room, vibration of the control
room floor, excessive field current and alarm of excessiveatiins in the generator-shaft sys-
tem, which continued for a few minutes. It was found that tieftssection in the slip rings area
of the high-pressure turbine experienced extreme heatiegal cycling torsional stress. Due
to the excessive heat, the insulation in the slip rings af¢lasogenerator failed, resulting in an
electric arc to ground of the generator field lead. Furtheena metallurgical analysis showed
that the shaft material had experienced high stress, lgadiplasticity of the material.

After a subsequent analysis of the phenomenon, it was fduaidhie event experienced in the
Mohave Project was due to an energy exchange between tles-sernpensated line and the
mechanical system of the Mohave power plant. These osoilgtdue to the new power system
condition when the circuit breaker was open, built up fronteady-state condition and led to
growing shaft torque oscillations at one of the naturaldiestries of the generator shaft.

After the two incidents in the Mohave Project, great effasibeen directed from the research
community and power system utilities to avoid the risk of SERing system operation. Fur-
thermore, the IEEE instituted a working group to define aadsify the different types of SSR
that can occur in a power system.

6.2 Definition and classification of SSR

According with the IEEE definition, SSR is “an electric povaytstems condition where the
electric network exchanges energy with a turbine generdtone or more of the natural fre-
guencies of the combined system below the synchronousdraywof the system,” [25]. SSR
is typically classified into two main groups: steady-sta&RSinduction generator effect, IGE,
and torsional interaction effect, TI) and transient to)(sso known under the name of torque
amplification, TA). In particular:
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6.2. Definition and classification of SSR

- Induction generator effect (IGE). IGE is a pure electrical phenomenon taking place
at frequencies very close to the rated network frequencyimpdbwer systems having
high degree of series compensation. In particular, IGE used by self excitation of the
electrical system and does not involve the mechanical systehe generation unit. The
resistance of the rotor to subsynchronous currents, vidwead the armature terminals,
is negative [5]. For the same currents, the network presepissitive resistance. If the
negative resistance of the generator is greater in magnthah the resistance of the net-
work, sustained subsynchronous currents will be indugegrihciple, IGE may occur in
all kind of power generating plants, even for hydro-ger@ranits. Although of academic
interest, this form of SSR is rarely encountered in actualgyesystems. For this reason,
SSR due to IGE will not be considered in this thesis.

- Torsional interaction effect (TI). Tl is an unstable condition that denotes an energy
exchange between the electric power systems and the genshatft. In particular, Tl
occurs when the induced subsynchronous torque in the genéalectrically close to
one of the natural frequencies of the generator shaft. Whisrhaippens, generator rotor
oscillations will build up and this motion will induce armaé voltage components at both
subsynchronous (having frequenty- fm, wheref, and f,, are the system frequency and
the natural frequency of the generator shaft, respecdiaelgt supersynchronoug - fm)
frequencies. If the resulting subsynchronous torque sguaxceeds the inherent mecha-
nical damping of the rotor, the system will become self-edti This kind of SSR does
not occur in hydro-power stations, since the inertia of therb turbine is much smaller
than the inertia of the generator (in the range of 5%). Tloeegfwhen a torsional oscil-
lation occurs in the shaft, the speed variation will almasalty be encountered on the
hydro turbine, while the speed of the generator will remaipraximately unaffected by
the oscillation. As a result, the oscillation will not be ogoized by the transmission sys-
tem. SSR due to Tl effect can instead occur in thermal povaarttp] where the inertia of
the turbine is in the same order of magnitude of the inertth@fyenerator. It is important
to mention that SSR due to Tl effect can also be experiencedsa of large converters
connected to a turbine generator. Typical examples are He@®@erter stations using
both thyristor converters and transistor converters. Hewehis condition is out of the
scope of this thesis and will not be treated.

- Torque amplification (TA) . TA is the phenomenon that results from system disturbances
Each disturbance results in a sudden change in the curranivith tend to oscillate. In
case of non series-compensated lines, this will result maffdet that will decay with the
subtransient and transient time constants of the genetatarseries-compensated line,
instead, oscillations having a frequency correspondintbeéaesonance frequency of the
network will be experienced. If the frequency of these datdns coincides with one of
the natural frequencies of the generator shaft, large esrqull be experienced. SSR due
to TA can cause severe mechanical torsional oscillationlsershaft system connecting
the generator and the turbines in thermal power plants.

Of the three types of interaction described above, the fivetrhay be considered as small
disturbance conditions (at least, initially). The thirdegpmstead, is definitely not a small dis-

67



Chapter 6. Analysis of Subsynchronous Resonance in PoveteI8g

turbance and in this case non-linearities of the power systeist be taken into account in the
analysis. From the system analysis point of view, it is int@olrto observe that the induction
generator effect and torsional interaction effects canrmdyaed using linear models, while
the mathematical analysis of the torque amplification eéfiecomplex and cumbersome and is
typically approached using simulation programs.

In the following, a model for a synchronous generator coteteto a series-compensated trans-
mission line will be derived. Thus, the problem of SSR dueltwill be investigated.

6.3 Synchronous generator model

In this section, the mathematical model for the synchrorgmreerator will be derived. A syn-
chronous machine is characterized by both short and lorgy¢onstants. Due to the long time
constants, steady-state equations can only be used in takewvovariations. For a better un-
derstanding of the SSR phenomenon, it is of interest to aaldetailed model of the machine,
including stator and rotor windings (field and damping wirgsi).

Figure[6.2(d) presents a schematic model of a three-phadel mioa salient pole synchronous
machine. A detail of the generator rotor model is shown s&pbrin Fig[6.2(0) for clarity.
From the figure it is possible to understand that the relwetasf the air-gap depends on the
rotor position. To simplify the modeling of the machine,atdommon practice to identify two
different values in two principal directions, i.e. in thealition of the rotor flux (denoted as
d-axis in the figure) and in its perpendicular directiqmé(isﬂ. Therefore, in this set of coor-

INote: in this chapter, and in this chapter only, tlyecoordinate system is a flux-oriented system synchronized
with the rotor position. This choice has been made sincecibiemonly accepted notation. In the previous and in
the following chapters, instead, tie-frame is synchronized with the grid voltage vector.

rotor bars

field winding —

(b)

Fig. 6.2 Model of synchronous machine (a) and detail of gaoerotor (b).
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6.3. Synchronous generator model

R, L, R, L,
id |hT Lh/] IfT L” lq igT Lg/l |kT LkA
€4 % L., R, €a % Lo
+ wt/lq - Rh +efd —ax/jd + Rg Rk
Q "0

(a) (b)

Fig. 6.3 Synchronous machine model in rotatiigreference frame. Plot a: equivalent circuitdn
direction; plot b: equivalent circuit ip-direction.

dinates, thel-axis is aligned with the direction of the rotor flux. In thigyy the coefficients of
the flux linkage equations are constant and independeneagbtbr position, as long as the flux
can be considered constant.

Figure[6.8 shows the equivaledy-model of the synchronous machine in the rotatifag
coordinate system. The model consists of the stator wirsd{dgnoted in the figure with the
subscripts) and the field winding (subscrigt). The rotor bars can be represented by a set of
windings in thed- andg-direction. To represent the effect of the rotor bars, itasxmon to use
three windings: one damping winding in theaxis (windingh), and two damping windings in
the direction of thej-axis (g andk).

With the signal reference given in Hig.B.3, the voltage ¢iqua for the stator and the rotor can
be expressed in per-unit as [39]

€sd = o5t — g — Rala

€qg = =D+ £y — Ry,

era = =%+ Ryiy (6.1)
0 - wig% + Rh’ih '

0 =124 R,

0 = WLB% + Rklk

wheree, 4 ande; , are the stator voltage components in theand ¢-direction, respectively,
andwg is the base angular frequency (seelEld.6.3 for other paemdefinition). Under the
assumption that the magnetizing inductances betweenater gtindings, the damper windings
and the field winding are identical, the flux linkage in theoraeference frame can be expressed
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as follows
g = —Lggiq + Lmats + Lmain
Yy = —Lggiq+ Lingig + Limglk
’gbf = _Lmdid + Lfif + Lmdih
wh = _Lmdid + Lmd’if + Lh’ih
Vg = —Lygiq+ Lgtg + Lyt
Y = —Lygiq + Limgig + Liiy
where
Lsd = Lmd + LS)\
Ly, = Lyyg + Ly
Lf = Lmd + Lf)\
Ly = Lpa+ Lpy
Ly = Lpg+ Ly
Ly = Lyg + L

From [&.2), the currents can be expressed as a function fifithes as

(6.2)

(6.3)

(6.4)

= Li
wherey = [1g ¥y ¥y by gy Yi]T, & = [iq i, s in i, ix]" and the inductance matrix is given
by

[ _Lsd 0 Lmd Lmd 0 0

0 =Ly 0 0 Lng Lmg
f_| Lm0 Ly Lpa 00
—La 0 L,.a Ly 0 0

0 —Lmg 0 0 L, Ly,

|0 ~Lpymg 0O 0 Lng Li

The voltage equations can thus be expressed in state spataso
¢ = —(L"'R+ W) + Beiesa + Barug

o~
i)

where the input and output vectors are defined as

Ug = [es,d 6s,q]T

while the matriceR, W, Bg; andBg, are

R, 0 0

0 R, 0

0 0 —-R

R=ws| o of
0 0 0

L0 0 0
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6.4. Transmission network model

It is of interest to observe that all elements of the maftixare constant, except for the cross-

coupling terms in the matri¥V. This is very important when linearizing the model. Further

more, if an analysis of IGE is performed, the generatorfrepeed can be considered constant
at its rated valuey, = 27 f, [53]; thus, the matrixA g becomes time invariant.

6.4 Transmission network model

Figure[6.# shows the single-line diagram of a radial sez@spensated transmission line. The
investigated system is taken from the IEEE First Benchmaokl&ll (FBM) [23] (see Appendix
B for model parameters) and it consists of a single genecatanected to an infinite bus through
a series RLC-network.

To derive the state-space model of the transmission nefvaankw set of rotating coordinates,
denoted asD(@-coordinate system and synchronized with the infinite butage vectore,,
has been considered. Thusg,is aligned with the direction of th@-axis during steady-state.
Applying KVL to the system depicted in FIg.6.4, the followiequations can be written

X, diP9
P = (R +jX.)iPY + =5 +ePD 4 PV (6.6)
N——— wB dt
Z,
degDQ) .
= = Jwoet”? + wp X P (6.7)

where all symbols have the meaning in Eig.6.4 didand X, are the series resistance and
inductive reactance seen from the generator terminalsthéopurpose of this investigation, it
is convenient to expresS (6.6) in ttig-frame, yielding

X, di
ell) = 7, 49 4 ALdr +dd [Q((:DQ) + QEJDQ)] (6.8)
wB dt

;PO -
Generator ( DQ) Infinite bus

O :
e
(DQ) g; Q)

Fig. 6.4 Single-line diagram of series-compensated line.
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A,

I
&

Fig. 6.5 Relation betweetly-frame andDQ-frame.

with ¢ the angle difference between tti¢- and theD(Q-coordinate systems (see [Eigl6.5).
As a result, the transmission network model can be expresstdte-space form as

d €c.D €c.D ip
il B Y Y By | .
dt{ffcv@} N{%Q}+ N[ZQ

€s.d €c.D 14 () €b,D
1 =PCy| Dy | . D, | Pl
[es,q} N{qu}jL N{zq}+ Nldt[zq}jL [6@@}
whereCy is a second-order unit matrix, while the other matrices are

10 —w | weX. O

AN_[W 0}’ BN_[ 0 wBXC]
. RL —XL o X|_ 1 0

DN - [ XL RL :| ) DNl W [ 0 1 :|

cosd —sind
P= { sind  cosd } (6.10)

Note that, in[[€D), the voltage at the machine terminalagatered as an output) is a function
of the derivative of the line current, i.e. is a function oé therivative of the input. This implies a
difficulty when deriving the state-space model for the traission network. This problem can
be solved by combining the network and the generator equatas described in the following
section.

6.5 Combined generator and network equations

In the previous sections, the circuit equations for the gane and the network have been de-
rived. Furthermore, it as been pointed out in the previoui@ethat one problem encountered
when deriving the state-space model for the transmissibmank is that the derivative of the

line current appears in the voltage equations. Filoni (6rf),ueder the consideration that the
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matrix Cg is time invariant, the derivative of the current can be egpeel in terms of the flux
linkage as

d [ iy ;
e B 11
| ] -ce 611)
After algebraic manipulationd, (6.5) arld (6.9) can be combito give an unique state-space
system [53]

Te = Agxg + BGlef,d + BeyEb (612)
wherekEy, is the amplitude of the infinite bus voltage while the newestagctor is

P
Tg = €¢,D (613)

€C7Q

The state matrices describing the total electrical syst&mbe derived as follows

Al Ag + B FG B, FPCy
E— ByPTCo Ay

Bg, = B FP [ ? }
with
XL

X -1
rod |l V2 eBo! | @ =Z.Cet 2LCeAg
0 1 wB wp

where the meaning of all employed matrices is given in Sesf3 and€l4. Equatioh{6]12)
describes the dynamical behavior of the electrical systepicted in Fig.6}. To investigate
the phenomenon of Tl effect, a model describing the dynawifitke generator-turbine shaft
system is needed. This will be derived in the next section.

6.6 Turbine-generator shaft model

In this section, the state-space equations describing tehamical system of the turbine-
generator will be derived. Figufe_6.6 shows, as an exampéeshaft model of the turbine-
generator given in the IEEE FBM. The model consists of sibing sections modeled sepa-
rately: an high-pressure stage (denoted in the figure by &P)ntermediate stage (IP), two
low-pressure stages (Rnd LR), the generator (G) and the exciter (EX). Each rotating mass
is connected to the previous and the following mass by elastaft-sections, represented in
the figure by a spring coefficienk( ;,_, and K; ;+, respectively) and a mutual damping term
(D;—1 andD; ;4, respectively). The ternv, represents the self-damping term.

73



Chapter 6. Analysis of Subsynchronous Resonance in PoveteI8g

DHP-IP DIP-LPA DLPA-LPB DLPB-G DG-EX
1 1 7 i 1
1 1 ] 1l 1
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Fig. 6.6 Mechanical model of synchronous machine. Torsigystem with six masses.

The equation of motion for th&'-mass is given by

d?s; dé; do; dd;_, ) < ds;, do; )
2HZ—Z+D2—Z+D“_ - _ ! +DH R i+l +
a2 ot ot ( & dt de T Tt

+ K i-1(0; — 0i—1) + Kii1(0; — 6i1) = T — T

(6.14)

where H, is the inertia constant of th&-rotor section, whileT},,; and7.; are the relative me-
chanical and electrical torque. Observe that= 0, Vi # G (neglecting rotating exciter), while
T = 0.

From now on, for clarity of the notation, the different seas of the shaft model will be in-
dicated with progressive numbering starting from the leftdhside of Fi§.616 (as an example,
the inertia of the intermediate-pressure turbine will beated asH,, while the spring constant
Kypp Will be K5). By writing (€134) for all sections of the turbine-shaft ded and taking the
generator-rotor angle and speed as outputs, the followatg-space equation is obtained

j}M = AMJJM + B|\/|T

ym = Cmzm (6.15)

where

Im = [51 Wy 02 wa 03 W3 04 Wy 05 Ws Og w6]T

w5 ][5

For the turbine-generator shaft depicted in[E1d.6.6, theires A\, By andCy, are given by:

[ 0 wB 0 0 0 0 0 0
_Ki» __ Di+Diy K Dy
2H,y 2H; 2H, 2H, 0 0 0 0
0 0 0 WB 0 0 0 0
Ay = Kio Do _ Ki24+Koz3 _ Do+Dia+D23 Koz  Da3 0 0
M = 2H> 2H> 2H> 2H> 2Hy 2H,
0 0 ) ) ) 0 0 0 wB
0 0 Ks¢ Ds¢ _ Kse _ Dsg
L : : : 2Hg 2Hg 2Hg 2Hg 4
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The state-space system [0 (8.15) is a powerful tool for theyars of the dynamics of the
mechanical system. The eigenvalues of mafkijx contain information about the critical fre-
guencies of the generator-shaft, while its eigenvectayght(eigenvectors) can give information
about the relative torsional swing between two adjacenss®gf39].

6.6.1 Modal analysis

In the previous section, the state-space model for a tudpemerator shaft has been derived.
Generally, the parameters for the generator shaft thatfargesest to build up the model in
@&13) are known with fairly good accuracy. The manufagsisipply all constants based on
design data and have the possibility to predict the tor$ifsequencies with an inaccuracy of
less that 1 Hz for the significant mode shapes [4]. If disage¥e between the model and the
testis observed, the data can be revised in order to matchehsured critical frequencies [38].

To determine the parameters of the spring-mass model, &std are typically carried out by

the generator manufacturers. For this reason, the datadostaft are usually given in terms
of modal quantities [4]. A great advantage when using modabhtjties is that the state-space
equations described ih{6]15) can be decoupled in orderésiigate the behavior of the shaft
at the different frequencies. To determine the modal patersdt is common practice to apply

a coordinate transformation {0 (6114). The swing equatid@il4) can be rewritten in compact
form as

Hé +Di+Ké=T (6.16)

whereT is a vector formed by the applied torque to the shaft. Thewatg transformation can
be used

§ = Qudwm (6.17)

meaning that we can transform the shaft angles in a new gwrlsystem. Assuming that only
the self dampings are present (the damping between adjawasges is typically smaller as
compared with the damping between the mass and the refeaadosan thus be neglected [4])
and substitutind{6.17) intd{6.116), the following equattmld

HQudom + DQudn + KQuow = T (6.18)

Premultiplying both sides for the transpose of the tramsfdron matrixQy, we get

QiuHQuw + QyDQuw + QuKQuéu = QuT (6.19)
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or
HMgM + DMSM + Kyom = Ty (620)

where

- Hy is a diagonal matrix that represents the modal inertia;
- Dy is a diagonal matrix that represents the modal damping;

- Ky is a diagonal matrix that represents the modal spring cotjsta

The transformation matri&y must be selected so that the matriegg andKy, are diagonal.
Although there are infinite number of matrices that can fuliils property, it is common prac-
tice to build up theQy, matrix using the eigenvectors of the system describeld g4, 53].

The modal inertias and spring constants for the IEEE FBMetiogr with the natural frequen-
cies of the generator-shaft system, are shown in Table &fe,lkhe system damping has been

TABLE 6.1: Modal quantities for IEEE FBM.
Model Mode2 Mode3 Mode4 Mode 5
Frequencydw) 98.72 126.99 160.53 202.85 298.19
Inertia (Hy) 2.70 27.80 6.92 3.92 11297
Spring constantKy) 139.63 2376.40 945.89 856.30532.86 - 103

neglected. Observe that the radial frequency ofithrsional mode is given by [53]

(6.21)

As shownin Table®l1, the lowest inertia is the one corredppmito Mode 1, while the highestis
corresponding to Mode 5. From this analysis it can be easifietstood that Mode 1 undamping
resulting from any torsional interaction will be the mostese, while Mode 5 will be unlikely
affected by TI effect, due to the high value of the correspagdhertia.

One patrticular remark has to be made for the damping cosstEm practice tells that although
spring and inertia constants can be predicted with highracguthe estimated damping con-
stants (both self and mutual damping) might differ from theasured quantities with a factor
that varies from two to five [38]. This is due to the rough apgm@ation that the braking torque
produced by the damping is directly proportional to thetredaspeed between the considered
mass and the reference (self damping) or between adjacesem@mutual damping). Typically,
the generator manufactures provide the so called “decrefaetor” (obtained from the decre-
ment test) instead of the modal damping. Forithenode, the relation between modal damping
and decrement factor is [4, 53]

D
OMi —
MO A Hy,

(6.22)
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6.6. Turbine-generator shaft model

From the above equation it is possible to observe that, favengry,;, the modal damping is
proportional to the modal inerti#;. In case of hydro turbines, the rotor inertia is about 10 to
40 times higher as compared to a steam turbine [53]. Thisagxpivhy SSR phenomena have
not been observed on hydro units.

In this thesis, the purpose of the modal analysi§in ({6.19f tiie shaft-system model ih{6]15)
is to determine the critical frequencies of the generataftskiivhen calculating the eigenvalues
of the shaft system, the damping coefficients have no sigmifieffect on the imaginary part
of the poles (i.e., they do not affect the calculated natfremjuencies of the shaft), but only
on their real part. This is confirmed from the root locus degaldn Figl6.¥, where the poles of
the shaft-system for the IEEE FBM when varying the decrenfator from 0 to 0.05 s! is
depicted.

Example: Dynamical behavior of IEEE FBM shaft model

In this example, the response of the shaft system depict€yie.6 when a sinusoidal input
torque is suddenly applied to the generator rotor will bdyareal. The frequency of the applied
torque corresponds to the imaginary part of the eigenvaltibee matrixA . Mechanical data
for the considered system are given in the IEEE FBM, repdrtedppendix B. The damping
data is not provided in the IEEE FBM and have been neglectedisnanalysis. The matrix
A\ has been built has described in the previous section. Thesmwnding eigenvalues are
displayed in TablE®&l2.

As expected from the modal analysis carried out in the pres/gection, there are five mecha-
nical resonances at 47.46 Hz, 32.28 Hz, 25.55 Hz, 20.20 HA&nd Hz. In addition, there is

a mode 0 that, when considering the mechanical system dlase characteristic frequency of
0 Hz. If also the electrical system (generator plus netwizrk)odeled, the interaction between

400 : :
47
300 A * K Kk Kk Kk ¥
200 - ‘ SRk
* kK ok ok X
2 * * * * * *
% 100 1 * K K K k¥
Z
s 01 Fke KKK
Es
E 1001 « ¥ « KKK K ¥
* 3k k% ok K
2200 - — SRR
=300 A * Kk Kk k k¥
47
-400

-035 -03 -025 -02 -0.15 -0.1 -0.05 0 0.05
real axis

Fig. 6.7 Root locus of IEEE FBM shaft-system when varyingrdeent factor from 0 to 0.0573.
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TABLE 6.2: Eigenvalues foA .
—1.1-1079™ +)298.18
—3.5-107%° £j202.85

5.3 1079 £j160.52
0 +j126.95
—3.5-10715 +j98.721
—4.5.107016
0

the mechanical and the electrical system leads to non-zequéncies for mode 0 (typically
between 0.2 and 2 Hz). Frequency oscillations correspgnidirnode 0 will appear also in
absence of SSR and in this case all masses in the rotor-siséins will oscillate as a single
mass.

The analyzed system has been simulated using Matlab. E[GB&]) t¢ 6.8(¢) show the applied
mechanical torque (upper plot) and the obtained rotor aihgheer plot) for the different eigen-
frequencies. It can be observed that at these frequenbsatiation in the input torque will
result in the excitation of oscillations in the rotor andtas clear from the figure that the shaft-
system reacts differently at the different frequenciegdrticular, as expected from the modal
analysis, the system is more sensitive to applied torqudsfraquencies of 15.71, 25.55 and
32.38 Hz, due to the low inertia of the mechanical systemesddtspecific frequencies.

6.7 Combined mechanical-electrical equations

Since SSR is the result of an interaction between electandl mechanical systems, it is of
interest to derive a model that combines the mechanicaesy# (6.15) and the complete
electrical system, consisting of the generator and tharalattransmission network, ifi (6.112).
As shown in Fid.6]9, the link between these two systems iglihetrical torque, which can be
written in thedq-coordinate system as

Te = Im{i““@conj:" "]} = ihg — iat), (6.23)

Assuming that the mechanical input tordiigis constant, for small variation&7,, = 0. The
linearized electrical torque is given by

ATe = ig0Ag + Yoo Aig — 1a0Athg — Vg0 Aiqg (6.24)

wherei, is the value of the armature current in ttialirection at the equilibrium point. The
same notation holds for the other quantities. Equafioilj&c@n be expressed in matrix form as

ATe = CMEAZEG (625)
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Fig. 6.8 Simulated turbine-shaft response in generatoteatagoscillating generator torque. Plot (a):
torque frequency equal to 0 Hz (mode 0); Plot (b): torqueesgy equal to 15.71 Hz (mode
1); Plot (c): torque frequency equal to 20.205 Hz (mode 2t Rl): torque frequency equal
to 25.547 Hz (mode 3); Plot (e): torque frequency equal t@82z (mode 4); Plot (f): torque
frequency equal to 47.456 Hz (mode 5).
with

Cwme = [igo — a0 000 0] + [—tg0 Ya0]Ce
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Shaft | Ads

system g
Electrical |
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Fig. 6.9 Block-diagram of combined mechanical-electriytem for SSR studies.

The linearized state equation for the electrical modelmivg6.12) is
A.Ct'E = AElAZEE + BEMAyM (626)

The matrixAg has the same structure of the matAix, with the difference that it is written in
terms of small perturbations. The matidgy can be written as

BEM: BEMl BEM2
BEM3 BEM4

where:

Bewi = B FPs—s, {Cnano + [0 Ep]"}

X,
Beme = {Ag|wewy + Be2FZy |0=0,Co + w—LBGQCGAE|w:wO}$G0
B

;
Bems = BNP' 525, Cozoo

Bews = [0 0]7

with xzgo andzyo the state variables for the generator (electrical model) fan the network
calculated at the equilibrium point, respectively.

Finally, (6224) and{6.26) can be combined in order to olttaérstate equations of the combined
mechanical-electrical system. The final system equatianse written as

Age | Ag BewCw Aze — A-A
Aj}M o BM[CME 0 0] AM AJIM N ToIT

The eigenvalues of the matrix; contain all the information regarding the stability of the
analyzed system at a specific operating point. In partictit@r eigenvalues of the matriX
give information about the risk of Tl between the electrigatl the mechanical system.

6.8 SSR due to torsional interaction effect

The mathematical model described in the previous sect®aaitable for analyzing SSR due
to the Tl effect. SSR due to Tl effect build up fairly slowlytizan reach very high torque for
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6.8. SSR due to torsional interaction effect

the generator shaft, causing a reduction of the life timéefgenerator shaft or even its failure.
The risk for SSR due to the Tl effect can be investigated utegeedback loop depicted in
Fig[6.9 [56], which describes the interaction between tbetecal and the mechanical system in
the rotating coordinate system synchronized with the ggaerotor. Let us callz, the transfer
function fromAwg to AT,

AT
N ACUG

To investigate the response of the electrical system areéifit frequencies, the Laplace operator
can simply be substituted witbvj, wherew, is the frequency of interest (for example, one of
the natural frequencies of the generator shaft). At eaduércy, the transfer functiad, can

be split up into its real and imaginary part as

Ge(s)

(s) (6.27)

Ge(jwr) = Re[Geljw)] + jIM [Geljwr)] = ATpeljwr) — jj—jATSeawk) (6.28)

whereATpe(jwy) andATse(jwy) are named damping and synchronizing torque, respectéely.
similar definition holds for the mechanical damping and $yaonizing torqueA7py, andATsy,.

In a series-compensated network, the electrical dampnogiéocan be considered equal to zero
for all frequencies except the resonance frequency of thetredal system [53], wherdATpe
becomes negative. SSR due to Tl can occur in the power sy$tln ¢lectrical resonance of
the system (calculated in the rotating coordinates) cdexwith, or is electrically close to, one
of the natural resonance frequencies of the generatoinidhnaft system. In fixed coordinates
this means that SSR may occur if the sum of the electricahaaste frequency and one of the
natural resonance frequencies of the generator shafisysigose to the generator mechanical
rotation frequency (i.e. the network frequency). Underassumption that the synchronizing
torque is negligible [53], the instability of a torsional deof frequency, occurs if

ATp(jwm) = ATpe(jwm) + ATpm(jwm) < 0 (6.29)

A typical situation when the system can experience Tl effedepicted in Fig.6.10, where the
damping curves for the electrical (top) and the mechanlwatt¢m) system of the IEEE FBM
are depicted. The value of the capacitive reactance is §e8%50pu, corresponding to 70% com-
pensation of 0.50 pu inductive reactance of the considea@ginission line. This level of series
compensation is a practical upper limit for series compgmsaf long transmission lines. From
the figure it is possible to observe that there are two ctifreguencies for the generator shaft
in the neighborhood of the network electrical undamping, an20.21 Hz and one at 25.55 Hz.
This can lead to resonance between the transmission linéhartdrbine-generator shaft. The
risk for a Tl effect can also be observed from the poles locatif the combined mechanical-
electrical system (Fig.6.11), where two pairs of complea @onjugate poles present a positive
real part. Finally, the system instability is confirmed bg time-domain simulation results in
Figle.12, where the torques between the different turbeatians of the generator shaft are
depicted. As shown, due to the TI effect, oscillations sjolaild up in all sections of the tur-
bine system connected with the generator. These oscilgtimving characteristic frequency of
25.55 Hz for all shaft sections, reach high values, for mste6 pu (peak value) in the L,R_Pg
torque after two minutes.
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Fig. 6.10 Comparison between electrical damping (top) aedhanical damping (bottom) for IEEE
FBM.
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Fig. 6.11 Poles location for combined mechanical-elegkrigystem for IEEE FBM. Two pairs of
complex-conjugate poles have positive real part.
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Fig. 6.12 Simulated TI effect on generator-shaft torquedE&E FBM. Plot a: HP-IP torque; Plot b:
IP-LPa torque; Plot c: LR-LPg torque; Plot d: LB-GEN torque; Plot e: GEN-EXC torque.
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6.9 Frequency scanning analysis

In Section[&), the complete state-space model for a synoheogenerator connected to a
series-compensated transmission line has been derivedp©hlem related with this approach
is that it is cumbersome and leads to high-order systemgmdiépg on the complexity of the
generator and the transmission system. As an example, higiced mechanical-electrical sys-
tem for the IEEE FBM is &0"-order system. Therefore, alternative methods for a sfiaegli
analysis of the SSR phenomenon are needed, especially whgimd a control algorithm. One
of these methods is the frequency scanning analysis (FSA)FSA is a frequency method that
can be used to screen the system conditions that give riset¢otal SSR problems. The ad-
vantage of using this method is that it gives a quick and snopkck to determine the stability
of a torsional mode. When using FSA, the synchronous gesreisatnodeled as a frequency
dependent voltage source behind its subtransient indeef§y. Thus, the model described in
Figl6.4 is approximated as in Hig.6113. Note that, sincg snbsynchronous frequencies are
considered, the infinite bus has been replaced by a shottHcir

Applying KVL in the fixed a5-frame, the following equation in the Laplace domain can be
written

" 1
L) = (R Lt 5 ) 4076) = Z)00) (6:30)
with
C:L L:X8+XT+X|_
(x)|3)(c7 wB

Equation[6.3D) can be expressed in ih@-coordinate systems as

e, PV (s) = 2P (5)iP9 s) (6.31)
where Z(P?)(s) is the impedance of the network seen from the internal busefjenerator
in the DQ-frame. The objective of the FSA is to derive the transfercfion of the electrical
torque as a function of the speed variation for the simpligigstem depicted in FIg.6.113. Under
the assumption that the amplitude of the internal bus veltmytorgg(aﬁ) is constant and equal

to £, the variation of the electrical torque is given by

AT, = B, Ni, (6.32)

N

G
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Fig. 6.13 Single-line diagram of series-compensated bné&EA.
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6.9. Frequency scanning analysis
The active component of the line current in the rotaljecoordinate systeni,, is linked to the
current in theD(Q-reference frame through the transformation mafjpdefined in[€10), as
lg = tpsind + ig cosd (6.33)
or, for small signal analysis

Aty = Aipsindy + ipg cos 6o Ad + Aig cos dy — igo sin dpAd

6.34
= AiQ + ’idoA(S ( )

where it has been assumed that the rotor angle at the ogepatint 9, is equal to zero. The
relation between the internal bus voltage in Ih€- and in thedg-coordinate system is
ePY = e (6.35)

When a variable speefiw is applied to the generator rotdr, (6.35) can be linearizedrad an
operating point as

Aesp = Aeg oS0y — esqosin dgAd + Aes, sin dg + e g0 cos dgAd

6.36
Aes g = —Aesgsin dy — esqo cos 09 A0 + Aes 4 cos 0y — Aes g0 sin 6o Ad (6.36)

or, assuming thaf, = 0 as before
A657D = Aﬁ’s,d + 6s7q0A5 (637)

AeSQ == _es’dOA(s _'_ Aes’q

Since thelg-frame is a flux-oriented system, tiecomponent of the generator voltage is equal
to zero, while the per-unif-component is given by

eog= L, (6.38)

wB

Therefore, if the voltage amplitudé. is constant,[{6.37) simplifies to

" Wo 0 Aw
Aesp = F.—A) = E,wyg—
S0 g S0 (6.39)
Aesg = E;/Aw

Denoting asY (s) the admittance function of the system in Eig.6.23€) = Z~!(s)), from
&31) it is possible to express tlie and the)-component of the line current as

[ )= [t et ][ Aoty 60

where, the components of the admittance function are giygb3j

Yoo(s) = Yools) = % (27 (s — o) + 25 + juo)]

. (6.41)
Ypq(s) = Yon(s) = —JE [Z_l(s — jwo) — Z7 (s +J'wo)}
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It is now possible to derive the expression for the cure®iyg as
Aig(s) = Yop(s)Aesp(s) + Yoqo(s)Aesq(s) = [YQQ<S) + YQD(S)% E;Aw  (6.42)

Substituting[[6.42) intd (6.34) and assuming for simpjititat the line current at the operating
point is equal to zero, the variation of the electrical tagan be expressed as

U) 1
AT, (s) = {YQQ(S) + YQD(S)?O} E'2Aw (6.43)
Therefore, the transfer functid#, for the simplified system is given by
ATe W "
Gels) = T2(5) = |Yaals) + Yon(s) = | EL? (6.44)

thus, the electrical damping torque can be found as
ATp(jw) = Re[G.(jw)] (6.45)

Figure[& 14 shows the resulting electrical damping torqhemusing FSA (solid curve). It
is possible to observe that the negative peak in the elatttfmmping occurs at the same fre-
guency (21.83 Hz) as for the detailed model of the synchregemerator (dashed curve). As a
difference, the electrical damping curve is approximaggjyal to zero for all frequencies below
the resonance, while when the detailed model is considéesdlectrical damping is positive
for frequencies below 5 Hz. This is due to the effect of the pliaugp windings in the machine
(neglected in the simplified model). However, this rangerefjfiencies is not of interest for
SSR studies, thus, this region can be neglected. Anotheregiancy that can be observed be-
tween the detailed and the simplified model is that the mininpeak in the electrical damping
is higher for the detailed model, meaning that the simplifreatiel gives a slightly optimistic
view for the TI effect. This is due to the fact that the simplifimodel does not take into ac-
count the negative resistance presented by the synchranaadkine in the subsynchronous
frequency range (IGE effect). The correction for IGE is ploiesby adding a small frequency-
dependent negative resistance to the total resistancesaléttrical system. This resistance

20

AT, [pu]

-60

0 10 20 30 40 50
frequency [Hz]

Fig. 6.14 Comparison between calculated electrical daghmirgue when using FSA (solid curve) and
when using detailed model of synchronous generator (dasied).
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can be computed from the impedance offered by the genefdterphase impedance (encoun-

tered by armature currents) can be calculated using thatgpeénductances of the synchronous
machine [44,53] as

Za(s) = Ro(s) +Xo(s) = 5 [Zop(s — jwo) + Zagals — jwo)] +

1 (6.46)
+i5 [Zena(s —jwo) = Zegn(s —jwo)]
where
s xq(1+sT)(1+ sT}) wo zq(1 + sTY) (1 + sT})
ZGDD(S) - — 1 T/ 1 T// ) GDQ(S) - — 1 T, 1 T//
we (1 +8Ty)(1+ sTy) we (1 + 8Ty)(1 + sTy) (6.47)
Zoanls) = ~ IO L) - g (e = ST T )
we (14 8T7)(1+ sTy) wg (14 8T7)(1+ sTy)
with

- x4 the synchronous reactance in thelirection;

- T, andT}, thed-axis open-circuit transient and subtransient time cansfaespectively;

- T andT}] thed-axis short-circuit transient and subtransient time camist, respectively.

Analog definition holds for the parameters in thdirection. Figuré 8.15 shows the trend of the
resistance?s and the reactanc&g as a function of the frequency. It is possible to observe that
the resistancéls presents a negative value for frequencies below the synobhsoone. When
the frequencyw is higher than the synchronous frequeney ¥ wy), the resistancéis will
become positive. From F[g.6]115 it is also possible to olesémat the reactancE is a linear
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Fig. 6.15 Frequency response of generator resistanceguopyenerator inductance (bottom) for IGE.
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Fig. 6.16 Calculated electrical damping torque using FSwd @&sistance corrected for IGE.

function of the frequency. Figufe 8116 shows the trend ofd&mping torque as a function of
the frequency when the simplified model has been improvesidering the negative resistance
due to IGE. It is possible to observe that, although the megalamping occurs still at the

same frequency, now the absolute value of its magnitudetsehi(56 pu) and closer to the one
obtained using the detailed model of the generator. Howé@vsrimportant to remember that

the effect of the IGE effect is not significant in practicapapations, thus can be neglected
without loosing generality of the considered model.

6.10 Countermeasures to the SSR problem

As mentioned earlier in this chapter, all SSR phenomenaecatgss on the shaft system in
the turbine-generator string in the power plant. Withowst &ction from the system operators,
shaft damage can eventually occur causing lack of avaif@sesr and great economical losses.
An extended analysis of possible countermeasures to avoidtgate the risk of SSR in the
power system is carried out in [53]; the following is a brighsmary.

6.10.1 Power system design improvements

SSR is a phenomena that occurs under specific conditionsariesscompensated power sys-
tem. A first solution to avoid the problem might be a properichof the series-compensation
level to ensure that the network resonance frequency ddesonide with the complemen-
tary of one of the natural frequencies of the generator sAdttiough effective, this solution
is not feasible, since the value of the network impedanass s resonance frequency, varies
depending on the operating conditions of the power system.

Alternatively, the use of shunt compensation can be employstead of series compensation. It
has been shown that shunt capacitors lead to resonancestaleasynchronous frequency (su-
persynchronous range) [53]. At these frequencies, thearktpresents a small positive damp-
ing, i.e. they do not represent a risk for the rotor shaft. Elesv, the use of shunt compensation
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cannot completely replace the series compensation. Thefuseries compensation is more

economically attractive and flexible. Furthermore, whemesecompensation is used, the angle
deviation between the sending and the receiving ends ofdhernission lines decreases. This
improves the synchronizing strength of the power systens. dbnvenient, when possible, to

always use a combination of shunt and series compensation.

6.10.2 Turbine-generator design improvements

The possibilities for improvements in this area are limited course, it is straightforward to
imagine to design the machines so that the lowest torsiosaguéncy of the shaft system is
greater than the synchronous frequency (i.e., naturaliénegjes of the generator-shaft system
only in the supersynchronous range). This is impracticaltduconstraints on shaft and bearing
size. The natural frequencies of the shaft can typically &¢ed only within a small limit.
However, this will not have a greater impact on the SSR probtiue to the uncertainty of the
resonant frequency of the network. Use of pole-face dampindings can reduce the negative
resistance of the generator seen from the machine term{B@Js This solution is relatively
inexpensive and can be easily installed in new machines.edexyit is impractical to install
such windings in old machines. Moreover, this solution feafve only against SSR due to
IGE, while it does not have any impact on mitigation of SSR tdu€l and TA.

6.10.3 Use of auxiliary devices

The most commonly applied method for SSR mitigation is taathsn auxiliary (mitigation)
device in the power system. It is mainly in this directiontttiee research community is moving
towards. Here, a brief description of some possible satstie given.

Blocking filter

A simple method to achieve SSR mitigation is to install a kiog filter in series with the
generator step-up transformer winding [22]. Typicall fliter is connected on the neutral end
of the high voltage side of the transformer, as shown inEIgl.6Alternatively, the filter can
be connected to the phases on the high voltage side of theiptepnsformer. To protect the
system against overvoltages, a protection device (suclvassior, not shown for clarity of the
figure) must be connected across the series filter.

This type of filter is meant to block the line current compasemaving frequencyy, — fim.

In practical installations, the rotor shaft has more thae patural frequency (i.e., the shatft is
constituted by several turbine stages). In this case, tbekblg filter will be constituted by
several resonant circuits connected in series. Each fiitebetuned for one natural frequency
of the generator-turbine shaft system. This solution isa@i¥e both for mitigation of SSR due
to Tl and TA and its performance is not affected by changekerpbwer system.

A disadvantage with this solution is that the tuning of th&efiis dependent on the system
frequency (which changes during normal operations anchduault conditions) and on the
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to turbine-generator to transmission network
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Fig. 6.17 Three-line diagram of step-up transformer withcking filter.

variation of the filter components value due to temperataceaging.

NGH-damping scheme

The NGH-damping scheme, depicted in Eig.6.18, was firsbchtced by N. G. Hingorani in
1981 [32, 33] and consists of a resistor and a thyristor baseslvitch connected in parallel
with the series capacitor of the line. To understand thecjple of operations of the NGH-
scheme for SSR mitigation, the curves depicted in[(E1gl64d® ke used. Consider a purely
sinusoidal voltage waveform having characteristic freupyef, (either 50 or 60 Hz). In this
case, two subsequent zero crossing will occur in a time aqual(2f,) (dashed curve). If the
voltage is constituted by a fundamental and a subsyncheoca@maponent, some half cycles will

Static switch

_\|<]_/
=

Resistor

. | .
Line series capacitor

Fig. 6.18 Single-line diagram of NGH-damping scheme.
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voltage [pu]

0 0.01 0.02 0.03 0.04
time [s]

Fig. 6.19 Comparison between fundamental voltage (dashieek)x and fundamental plus subsyn-
chronous voltage (solid curve).

be longer thari /(2f,), as it can be seen from the solid curve in the figure. The piedf the
NGH-damping scheme is to dissipate capacitor charges logeesistor whenever the measured
voltage half cycle period exceeds the rated value. This eaachieved by proper control of the
static switch.

The control system operation is independent for each phasel@es not require detection of
a specific subsynchronous signal. This solution is effedtivmitigation of SSR both due to
Tl and TA. Furthermore, the NGH scheme can be used to prdtiecddries capacitor against
overvoltages. However, studies have shown that some unidgmught occur for torsional
modes that are not in resonance with the electrical syst8inThis must be taken into account
when installing this type of device. The NGH damping priheigan be further extended to the
basic TCSC circuit structure, in order to make it immune t&RSS

FACTS devices

The actual trend for SSR mitigation is to install a FACTS devn the transmission line. There
are several FACTS controllers that have been proposed aredoged for this purpose. Typ-
ically, FACTS controllers are divided into two main categer shunt-connected and series-
connected devices. In particular, these categories ieclud

e Shunt-connected FACTS devicesas the shunt-connected VSC described in SeEfion2.3.3,
this type of devices are controlled to inject (or absorb)tiea power to (from) the
power systems by proper control of static semiconductaregbr switches. Among the
shunt-connected FACTS devices, it is important to ment@nStatic Var Compensator
(SVC), constituted by Thyristor Controlled Reactors (TCR)yristor Switched Capaci-
tors (TSC) together with passive capacitive filter bank$.[BBe SVC only is intended for
reactive power control. A newer device for shunt compengasithe STATCOM [53,55],
which is based on VSC technology. The STATCOM can be equippédenergy storage
for active power injection.

e Series-connected FACTS devicess the series-connected VSC, this type of devices are
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controlled to inject a voltage in series with the grid vokagmong the series-connected
FACTS devices, it is important to mention the Thyristor Gohéd Switched Capacitor
(TCSC) [1], the Thyristor Switched Series Capacitor (TSE3] and the Static Syn-
chronous Series Compensator (SSSC) [59].

Both in shunt and series connection, the effect of a FACTScdegeen from the generation
unit terminals, is to dynamically modify the impedance & fower system. Therefore, FACTS
devices represent an interesting solution to the proble8S6t mitigation. In particular, series-
connected FACTS are generally considered more efficieraming oscillations [33,53]. Ac-
cordingly, the core of this thesis is on control of SSSC or &8fyation. This will be discussed
in the next chapter.

6.11 Conclusions

In this chapter, an overview of the problem of subsynchrgnmesonance (SSR) in power sys-
tems has been given. To describe the origin of SSR due toof@ksinteraction effect (Tl), a
linearized model of a synchronous generator connected aalialrseries-compensated trans-
mission line has been derived. Thus, different counteromeado the SSR problem have been
described. Nowadays, FACTS controllers are considered@®fthe most attractive solutions
for the problem of SSR in transmission networks. In the |astadle, several researchers have
put their attention to the development of novel controlteyées for a cost-effective way of pro-
viding power system damping at frequencies below the furahah. This has been the driving
force for this part of the project. In particular, in the nekiapter a novel control algorithm for
a SSSC dedicated to SSR mitigation will be derived.
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Chapter 7

Control of Static Synchronous Series
Compensator for SSR Mitigation

In this chapter, the control of the Static Synchronous Seiempensator (SSSC) for SSR mi-
tigation will be described. First, the control strategy auded in the literature will be briefly
described. Then, the proposed control strategy for an S®8ated to SSR mitigation will be
investigated.

7.1 Introduction

In the previous chapter, the problem of subsynchronouseegz in power systems has been
introduced. Analysis tools to investigate the precondgithat might lead to SSR have been
discussed. Furthermore, possible countermeasures thhecadopted to avoid the risk of SSR
have been described. The core of this chapter (and of thisop#éne thesis) is to derive and
analyze a novel control strategy for a SSSC dedicated to S8&ation. The controller elimi-
nates the frequency components of the line current corneBpg to the natural frequencies of
the turbine-generator shaft system. In the following, thgppsed control system will be de-
rived and compared with the classical approach proposdukititerature. The validity of the
proposed controller to mitigate SSR due to Tl effect will lwn through eigenvalue ana-
lysis of the combined mechanical-electrical system anduin frequency scanning analysis.
Furthermore, to investigate the effectiveness of the otletrto mitigate SSR due to TA ef-
fect, time-domain simulation results will be presentedvilt be shown that SSR mitigation is
achieved by injecting a low magnitude voltage into the gadding to a reduced power rating
of the SSSC and, thus, to a cost-effective solution to the @8Blem.

7.2 Classical control of SSSC for SSR mitigation

In this section, the control strategy of the SSSC for SSRgatitbn proposed in the literature
(here addressed to as “classical control”) will be brieflgaéed.
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Figure[Z1 shows the IEEE FBM with an SSSC installed dowastréhe generator step-up
transformer. The voltage injected by the SSSC into the gridenoted by. The SSSC is
constituted by a three-phase VSC, a capacitor bank corthxthe dc-side of the VSC and an
injection transformer. A filtering stage (not shown in theufig for clarity) is typically added
at the output of the VSC to reduce the harmonic pollution mitljected voltage. When used
for reactive power compensation only, the dc capacitoreexdad for proper commutation in
the VSC. Otherwise, when active power injection is allowtbd,dc capacitor is also used as an
energy storage.

The principle of the SSR mitigation using the classical oalns to replace the fundamental fre-
guency voltage created by (at least a portion of) the inddited capacitor banks by injecting
a similar voltage that has been created by the SSSC. As tlaeitiap reactance from the ca-
pacitor bank is eliminated (or reduced), the electricabnesice of the system becomes shifted,
thus avoiding the risk of SSR. The effectiveness of the a@aksontrol has been described in
several publications [37,59] and has been proved both acaly and through time-domain
simulations. As an example, Hig.J7.2 shows the resultingpiiagntorque for the IEEE FBM
when only fixed series compensation is used (dashed curdehaase of hybrid compensation
(fixed capacitor + SSSC, solid curve). As shown, when onlydfigempensation is used, the
damping torque is maximum negative at a frequency of 24. A h is in the neighborhood
of one of the natural frequencies of the generator shaftTabk[6.1). In case of hybrid com-
pensation, instead, the characteristic frequency of tltammped pole is moved from 24.7 to
28.2 Hz, which does not coincide with any of the torsional esdrhus, this control strategy
moves the undamping parts to frequencies that are not oeddoigthe generator-shaft system.

Although effective, the drawback of the classical conta the SSSC for SSR mitigation is
that the device must continuously inject reactive poweo ihie system, regardless the pres-
ence or not of SSR. Moreover, depending on the system pagesné&irge amount of reactive
power must be injected in the system in order to change tharieled impedance seen from
the generator terminals. These issues have limited the evomh exploitation of this device
as a countermeasure to the SSR problem. For this reasomtivgdorce for this part of the

( EXG:{ G (%:( LPAG:( LPBG:( P G:( HPO

Mechanical system

XT + g - RL ><L XC Xsys E
s : =g =p
|

infinite bus
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T

Fig. 7.1 Single-line diagram of IEEE FBM and SSSC.
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Fig. 7.2 Resulting electrical damping torque for IEEE FBMMWESSC. Classical control strategy has

been adopted. Dashed curve: fixed series compensationsatitycurve: hybrid compensation
(fixed capacitor and SSSC).

project was to find a more cost-effective solution to sole phoblem of SSR mitigation by
using SSSC. In the following, a different approach for coltitrg the SSSC for SSR mitigation
will be presented.

7.3 Proposed control strategy for SSSC for SSR mitigation

When approaching the SSR problem, the first consideratiantiat this phenomenon occurs
only if three conditions are fulfilled:

e The generator shaft system has a mechanical resonancesabachronous frequency
Wms

e The generator mass must participate and be one of the swingasses in the oscillation
mode at frequency;

e A matching electrical resonance must exist in the transomnssetwork at the comple-
mentary frequency, — wm.

Therefore, the problem of SSR mitigation can be tackled mdifferent ways: by inspection of
the resonance frequency of the network (which is the bas& ehind the classical approach),
or by looking at the resonance frequencies of the generh#dt. § his second option is the one
considered here. As shown in Fig.d.10, the turbine-geoesdtaft is characterized by sharp
and poorly damped resonant points. This can also be seery[A.¥,i where the gain of the
frequency response from the inpi; (expressed in pu torque) to the generator angigex-
pressed in rad) for the generator shaft system given in tB& IEBM is depicted. Froni{6.29),
a torsional mode will become unstable if the amplitude ofrikgative peak of the electrical
damping torque exceeds the inherited mechanical dampitige atonsidered frequency. Thus,
SSR mitigation can be achieved by increasing the networkptagmonly at those frequencies
that are critical for the turbine-generator shaft. It is orant to observe that:
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Fig. 7.3 Gain of frequency response of rotor-shaft systamBE&E FBM from input electrical torque
AT, to output generator angl&é.

e The natural frequencies of the generator-turbine shafesysare known with fairly good
accuracy and can be considered to be constant with time [4];

e Since synchronous generators are characterized by stsameara points (as displayed in
Fig[Z3), the compensator will not interact with neighbgrmachines which have diffe-
rent resonance frequencies;

e The SSSC will be active (i.e., will inject power into the grahly in presence of SSR.

Since the electrical damping is a function of the generasaiposflux and of the line current, to
achieve this goal the SSSC must control the subsynchrormupanent of the line current to
zero. In the following, the adopted control strategy willdescribed.

7.4 Subsynchronous controller

As mentioned in the previous section, the basic idea behiagtoposed control strategy is to

control the subsynchronous component of the line curreméto. The adopted control system
(here denoted as “subsynchronous controller”) is constitby two main parts: an estimation

algorithm (EA), used to estimate the subsynchronous coemsnn the measured voltages and
currents, and the subsynchronous current controller (3343€d to control the subsynchronous
line current. These two algorithms will be described in détahe following.

7.4.1 Subsynchronous components Estimation Algorithm (EA

When the generator rotor oscillates around its rated spleedpltage at the machine terminals
can be expressed in the synchronous (with undisturbed patsition) dg-coordinate systems
as [53]

d
el (t) = el (1) + el t) + el (t) (7.1)
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where the subscripts “f”, “sub” and “sup” denote the fundatagé the subsynchronous and the
supersynchronous component of the measured voltage ctesghe As explained in [53], the
network presents a small positive damping for frequendewva the fundamental. Therefore,
the supersynchronous component is not of interest in tleisishThe subsynchronous voltage
rotates clockwise in the synchronous reference frame (@per®/Il and Sectioh 717). Assume
that the generator rotor oscillates with angular frequengyDenoting withdgm,-plane a new
set of coordinate systems that rotates synchronously wélstibsynchronous voltage vector,
(Z1J) can be rewritten as
() = g (1) + el (e em (7.2)

In order to extract the subsynchronous component from thesored signal[{7.2) can be re-
arranged so tha;lé‘ffq) andggffj“g become isolated and then applying low-pass filtering (LRF) o
the resulting expression [49]. Denote the estimated questvith the superscriptthe EA can
be expressed as follows

&0 (1) = Hi(p) el (1) — S (e (7.3)
Eiain(t) = Haulp) |l (1)) — 20 (1)en| (7.4)

where, indicating withp the operator (ddt), Hy(p) and Hs,p(p) represent the transfer function of
a LPF for the fundamental and for the subsynchronous commorespectively. Equatiofi(1.4)
can be rewritten in the synchronodig-frame, yielding

Eiat) = Handp + fom) [ (1) — £ (1) (75)

Equations[(713) and{4.5) can, thus, be combined togetherdier to extract the fundamental
and the subsynchronous components of the measured vadimgbpwn in Fi§.714, where the
block diagram of the described EA is depicted.

In (Z1), the voltage vectat, has been expressed as the sum of the fundamental plus thy@subs
chronous and the supersynchronous components. In acplaaons, other frequency com-
ponents (corresponding to the dc-offset sigigl, and to the negative-sequence component,
es) are typically present in the measured voltage. Therefagajn neglecting the supersyn-
chronous voltage component, the gendrievoltage at the machine terminals can be expressed

A(dg) ~(dq,,)
() g.u.s’ul) () . fs,juh (0
i > oIl
§(\,aﬂ) (t) aﬂ eidzn(l)
s g ¢
! 2@

—

Estimation algorithm

Fig. 7.4 Block diagram of subsynchronous components esgtimalgorithm.
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as
el (1) = ego)( t) + 6éf () + el () + gdsqut(t) (7.6)

For a proper estimation, it is convenient to estimate alssdtfrequency components by using
the EA. Under the consideration that the dc-offset compbratates clockwise in the syn-
chronousig-plane with angular speed,, while the negative sequence component rotates in the
same direction with speell,, the final algorithm describing the adopted EA is

E(t) = Holp+jwo) |e(t) — 8457 (1) — €4 () — ELingt)]
) = Hilp) | (1) — &0 (1) — 24 (1) — Eadt)|

2 (1) = Halp + 2w0) e (1) — 8400 (1) — 24(1) — g
)

Elabft) = Heulp + Juom) el (8) — 8500 (1) — 24(2) — &40 1)

(7.7)

where Hy(p) and Hn(p) are the LPF transfer functions for the dc-offset and the tega
sequence component, respectively. Observe that, in cdsgloharmonic pollution in the mea-
sured voltages and currents, it is convenient to improvéeven further in order to be able
to remove the harmonic components from the estimated submylmous guantities.

Figure[Z® displays the frequency response (gain and patgfrom i'” to ¢{%), of the EA

described in[{717) when first-order LPFs are used. The aficill frequency is assumed to be
equal to 20.0 Hzy,,, = 125.66 rad/s). As shown in Fifg. 7.3, the natural resonance freqasnc
of the generator shaft can be very close to each other. Tdrerdbr a proper estimation of the
subsynchronous components, high selectivity (correspgrtd a low bandwidth) in the EA is
needed. As suggested in Paper VII, the filter cut-off fregydif.,;) should be no greater than
one-fifth of the minimum frequency interval between two fdugent natural frequencies of the
turbine-generator shaft system. Hefg; has been set to 1 Hz for all filters, yielding

6.28
H,(p)=——, =20, f, n, sub 7.8
P =Toom (7.8)

Observe that the EA has the same behavior as a resonant ftheremter frequency at,,. The
algorithm presents a 1 pu gain with zero phase-shift at gggincyoy,. Then, the gain rapidly
decreases for all other frequencies. Further, the EA ptedamm notches at 60 and 120 Hz,
i.e. at the frequencies corresponding to the dc-offset artle negative-sequence component,
respectively. Another notch, only partially visible in thigure, is at 0 Hz, corresponding to
the fundamental component. The selectivity of the detaaigorithm, i.e. the sharpness of the
peak and the notches, depends on the selected cut-off fregoéthe filters.

Details related to the practical implementation of the stigated EA (addressed to as LPF-
based estimation algorithm) are reported in Paper VII.Haxrhore, in the paper the LPF-based
EA is compared with the recursive least square (RLS) algaritlt is shown that the RLS
algorithm presents the same behavior of the LPF-based EA Vitet-order LPFs are used.
However, as explained in the paper, thanks to its higherlfiy, the LPF-based EA is here
considered to be the best solution for the problem of sullspmous components estimation.
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Fig. 7.5 Frequency response of estimation algorithm fgé‘f‘ﬁ to gé‘f&b First-order low-pass filters have
been used. Top: gain; bottom: phase-shift.

7.4.2 Subsynchronous Current Controller (SSCC)

For this investigation, the generator is modeled as an wd#tlge source (internal bus voltage)
behind the subtransient inductance of the generator, aasdied in Section8.9. Furthermore,
the infinite bus appears at subsynchronous frequenciesestagcuit. As a result, the system
depicted in Fig.Z]1 can be redrawn in the subsynchrodgysplane as in Fig.716. Note that,
however complex the layout of the grid between the SSSC anuhfimite bus might be in real-
ity, for instance including multiple parallel lines, thiarcalways be represented by its Thevenin
equivalentimpedance. Provided that the SSSC is connertsdlg in series with the generator
step-up transformer, the whole system can then always belewadh thedq,-plane as a radial
single-line diagram, as in the IEEE FBM in Higl7.6.

From the single-line diagram in Hg.Y.6, the voltage beltmel subtransient reactance of the

L,sub c,sub sys,sub

Fig. 7.6 Single-line diagram of synchronous generator eotad to series compensated transmission
line for SSR studies. System modelediip,-reference frame.
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11(dgm)

generator in thégy-frame,eg ¢ p",

can be expressed as

eelm (1) = {R+ [p+(wo — wm)] (L + Lr)}ilei™ () + eSiom (t) (7.9)

Zy

whereR, Lt andL” are the resistance of the system upstream the SSSC (i.enthef she stator
resistance of the generator and the series resistance watisformer), the leakage inductance
of the transformer and the subtransient inductance of tinergéor, respectively. In order to
control the subsynchronous current to zero, the contrdeay$as to rebuild the internal bus
voltagee’s’ gfjg“ Assuming that the voltage downstream the SSSC is equalg ize. treating
the voltage drop over the impedance downstream the comjeerasaa disturbance, and with
the signal references given in Higl7.6, the law governirggdbntroller can be written in the

Laplace domain as

m m H N m k m m
WEE() = 5 0) + L+ = o LTI+ (o ) [1000) = 4877
(7.10)

with L = Lt + L”. The current reference zédq’“ while k, andk; are the proportional and
the integral gains of the Pl-regulator, respectlvely. Tlectethe regulator gains, the closed-loop
transfer function fromg‘j‘f)”‘ to the actual currer@ﬁﬁ%”‘) can be shaped as a first-order LPF, where
the cut-off frequency of the filter corresponds to the bamithvof the controller [29]. Thus,

calling o the bandwidth of the SSCC, the gains become equig] te ac.L andk; = accR.

Figure[Z.¥ shows the block diagram of the subsynchronousalter. The algorithm of the
subsynchronous controller can be summarized as follows:

1. Measure grid voltages and line currents;

2. Transform all quantities from the three-phase coordisgstem to the fixed3-coordinate
system and then to the rotatinlg-coordinate system, using the transformation arigle
obtained from the PL{;

3. Estimate the subsynchronous components of grid voltageiae current through the
EA;

4. Transform the subsynchronous quantities fromitfze¢o thedgq,, coordinate system using
the transformation angl,, obtained from the Pl

5. Calculate the reference voltagg?)’“)* through the SSCC,;

6. Convert the reference voltage from the rotatiigg-coordinate system to the three-phase
coordinate system by using the transformation afigief,,;

7. Calculate the duty-cycles in the PWM block and send théctivig pulses to the VSC
valves.
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Fig. 7.7 Block-scheme of subsynchronous controller.

It is of importance to observe that the block diagram in[Eiig derived under the assumption
that the rotor shaft has only one natural frequency, i.eomstituted by only two masses (gen-
erator and one turbine stage). If more than two shaft-sestoe present, such as for the IEEE
FBM, the complete control system will be constituted by saMeontrollers as the one displayed
in Fig[Z1 (one for each natural frequency of the turbineegator shaft system) connected in
parallel. The outputs of each subsynchronous controllgtivén be added in the5-plane.

7.5 Stability analysis

In this section, the stability analysis for the system in[Ei§ using the proposed control algo-
rithm will be presented. Here, accurate knowledge of théesyparameters is assumed, mean-
ing that [Z.ID) contains the exact value for the impedans&re@m the SSSC. Stability analysis
in case of inaccurate knowledge of the impedance upstrearB8&85C and when varying the
series-compensation level of the transmission line isntedan Paper VIII.

The purpose of this analysis is to find the most suitable viduthe controller bandwidth.
The block diagram of the closed-loop system consideredfsranalysis is depicted in Fig.Y.8.
The process (i.e., the transfer function of the transmmssitwork, including the subtransient
inductance of the generator) and the control algorithm m@emented in thég,,-coordinate
system. The impact of the EA on the dynamics of the estimatbdyschronous voltages and
currents is also included. For simplicity of the analydi® EA is approximated to a first-order
LPF.

Figure[Z.9® shows the closed-loop poles placement for thestiyated system when varying the
controller bandwidth from 0.6283 to 31.416 rad/s. A detdithe closed-loop poles close to
the origin is depicted in Fig.7.9(b) for clarity. The cuf-&fquency for the LPF is set equal to
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Fig. 7.8 Block-diagram of closed-loop system constitutgdcbntrol system, process and estimation
algorithm.
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Fig. 7.9 Root locus of closed-loop control system when vayygontroller bandwidthg from 0.6283
to 31.416 rad/s (a) and detail of poles close to origin (b).

1 Hz. It can be observed that when increasing the contradliedtvidth, the high-frequency poles
move away from the imaginary axis, while the poles close &dhgin move in the opposite
direction. Instability is reached for a controller bandthid... = 14.45 rad/s. The selection of
the controller bandwidth is a trade-off between the speedsgonse and the system damping.
Here, a bandwidth of 10.05 rad/s, corresponding to the km&&g{7.9(b) has been selected.

It is of importance to observe that when deriving the blockgdam in Fid.ZI8, the voltage
behind the subtransient inductance of the generator idaenesl as an input, i.e. it is assumed
that this voltage is not affected by the controller dynamidsis is a reasonable assumption,
since the time constant of the mechanical system is typicalich larger than the electrical
one. However, in case of torsional modes having very smatlahimertia (leading to a small
time constant for the mechanical system at the investigagggiency), this assumption might
be no longer valid. In this case, carefulness must be takemwhlecting the bandwidth of the
controller. In particular, it is suggested to model the nagsbal system using modal quantities
and to include its effect in the linearized model in Eig.7.8.
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7.6 Analysis of SSR due to Tl effect

As already mentioned in Sectibnb.2, where the classifinatfdhe different types of SSR that
can occur in the power system has been given, SSR due to €t effie be analyzed using linear
models. In this section, the effectiveness of the proposettal strategy for mitigation of SSR

due to TI effect will be shown through the eigenvalue analyggithe combined mechanical-
electrical system and through the frequency scanning aisallyor simplicity of the analysis,

the controller in[(Z.10) has been implemented in the symatuedq-frame, yielding [43]

. : 2 , (dg)*
i0) = )+ (R k) 1806 + (Kt iz ) [100) — 49" )] )

s
24+ w2 )

7.6.1 Eigenvalue analysis

The effectiveness of the proposed control strategy wheigatihg SSR due to Tl effect can be

investigated from an eigenvalue analysis of the closeg-fystem of the combined mechanical-
electrical system in Fig.Z10. As a difference comparedh¢odosed-loop system described in
Fig[6.9, the electrical system includes the SSSC with tbegsed subsynchronous controller.
The detailed block-scheme of the electrical system consiti®r this investigation is depicted

in FiglZ.11. Refer to Sectidn 6.9 for details bf(8.3F), @.8nd the admittance matri.

The series-compensation level of the transmission netisa§ual to 60%. Table~d.1 shows the
eigenvalues (real and imaginary part) of the IEEE FBM withemd with the SSSC. From the
results obtained from the stability analysis, the SSCC tadhits is equal to 10.05 rad/s, while
feut = 1 Hz. As shown, due to the selected series-compensation téeetlosed-loop system
without SSSC presents four unstable poles. The inclusitineo$SSC leads to a stable system,
thus reducing the risk of SSR.

7.6.2 Frequency scanning analysis

It is of interest to observe how the electrical damping terdd e is modified when the SSSC
with the proposed control strategy is connected to the §odthis analysis, the block diagram
for the electrical system depicted in Fig.4.11 has beenidered. Assume that the generator

Awy
Shaft system

Electrical system
(Generator+Network+SSSC)

Fig. 7.10 Block-diagram of combined mechanical-electrgystem for SSR studies. Electrical system
includes SSSC with proposed subsynchronous controller.
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Fig. 7.11 Block-diagram of electrical system for study olRRS@ue to Tl effect.

TABLE 7.1: Calculated eigenvalues for IEEE FBM.

without SSSC with SSSC
Re[s!] ImJ[rad/s]| Re[s!] Im[rad/s]
—4.35 +598.68 —4.35 +598.68
—22e 1" 429818 | —1.47e % £298.18
0.007 +202.82 —0.007 1+202.82
0.52 +160.03 —0.0006  £+160.57
—4.95 +155.58 —-3.97 +156.57
0.01 +127.04 —7.17 +127.5
0.043 +99.54 —0.06 +98.97

shaft has a natural frequency at 24.7 Hz, coinciding withelketrical resonance of the grid (at
the complementary frequenéy — 24.7 = 35.3 Hz). FigureL.Z.IP shows a comparison between
the resulting damping torque for the investigated systemnithe compensator is in idle mode
(dashed curve) and when the compensator is online (soliceLuAs shown, when the SSSC
is online, the pole corresponding to the system undampisgokan split into two new poles
located at the sidebands of the original pole (23.92 and Bz)4 The damping torque at the
critical frequency for the generator shaff is equal to zero. In this way, the risk of SSR due to
Tl can be avoided.

The selected bandwidths of the EA and of the SSCC will, of seuimpact the resulting damp-
ing torque. These results are reported in Paper IX. In paaticit is found that an increased
bandwidth in the SSCC leads to a wider range of frequencieravthe controller modifies
the damping torque, thus to higher amount of injected veltddnerefore, the selection of the
controller parameters is a trade-off between the desireddspf response and the voltage rating
(thus, the cost) of the SSSC. However, it is of importanceetoember that SSR is typically a
slow phenomenon, thus, low bandwidth for the SSCC is sugdest

The difference between the proposed control strategy amdldssical control in Fig.4.2 is
clearly visible. As shown in Fig.Z.12, with the proposedttolsystem the SSSC will act only
at the critical frequency,,. Therefore, SSR mitigation can be achieved by injectingdavount
of voltage into the grid, resulting in a reduced power ratighe compensator. This concept
will be shown in the next section.
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Fig. 7.12 Resulting electrical damping torque for investiggl system with proposed control strategy.
Dashed curve: SSSC in idle mode; solid curve: SSSC online.

7.7 Evaluation of voltage requirements for SSSC for SSR mi-
tigation

As mentioned in the previous sections, with the proposedrgbstrategy the controller must
rebuild the subsynchronous component of the internal bliage. Beside the characteristics of
the considered system, the amount of voltage injected by 8%&C into the grid during SSR
mitigation operation depends on the controller paramgterson the bandwidths of the EA
and SSCC. However, to evaluate the voltage requirementedd8SSC, it can be assumed the
injected voltage is exactly equal to the subsynchronousgety g, i.e.

Q;ub = le/,sub (7-12)

To derive this subsynchronous voltage, the generic cassysfe@hronous generator connected to
a transmission line can be considered. The interactiondetthe electrical and the mechanical
system can be simulated by applying an oscillating spetcthe generator shaft [53]. The per-
unit voltage at the generator terminals can be written inthglane as

e () = ega(t) +iegs(t) = w(t) Bl (7.13)

=S

whereE! is the amplitude of the voltage vector at rated spéesljts phase displacement,is
the per-unit rotor speed ang is the fundamental frequency expressed in rad/s. If thergéore
rotor oscillates around,, its per-unit speed can be expressed as

w(t) = wo + Asin(wmt) (7.14)

whereA is the amplitude of the oscillation ang, is the oscillation frequency (in rad/s) of the
rotor. Substituting{Z14) if{7.13), thecomponent of the voltage can be written as

e (t) = [Wo + Asin(wmt)] EY cos [wot + 0(t)] = Wo Ly cos [wot + 0(t)] +

- / 7.15
A2ES {—sin[(wy — wm)t + 6(t)] + sin [(wo + wm)t + I(¢)]} ( )
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The derivative of the rotor angteis given by
do(t)
dt
Therefore, by integrating both sides @ (4.16) and calllpghe rotor angle in steady-state
conditions, the rotor angle can be expressed as

= [0(t) — Wolws = A sin(wmt)ws (7.16)

5(t) = 5o — A cos(wmt) (7.17)

Wm
Substituting [Z117) in[{Z.15) and after some algebraic maations, thex-component of the
voltage behind the subsynchronous inductance of the gienésagiven by

"

AFE
ega(t) = wo By cos(wot + &) + = {(wo — wm)

2wWm (7.18)
sin[(wg — wm)t + do] + (wo + wm) sin[(wy + wm)t + do] }
Analogously, thes-component of the voltage is found to be equal to
AE//
") = G si t+ 6 Sf{_ _
es(t) = Wo kg sin(wot + do) + o {—(wo — wm) (7.19)

cos[(wo — wm)t + do] — (wo + wm) cos[(wo + wm)t + ol }

As shown in [Z18) and(Z19), when a small oscillation isli@gpto the generator rotor, the
internal bus voltage will be constituted by the sum of thexens: one term rotating at the rated
frequency plus two terms oscillating with frequenciesgf wn,, corresponding to the supersyn-
chronous voltage component, angl — wn,, corresponding to the subsynchronous component.
In particular, from[Z.18) and(7.1L9), the subsynchronamltage component is given by

N AE"
Q,s/,(suf))(t) = 2ws

(wo — wm){sin [(wo — wm)t + do] — j cos [(wo — wm)t + o]} =

m

, (7.20)
AE! (wo — ) llco—semt+dotr/2)

2Wm

meaning that the subsynchronous voltage vector rotatéipdsitive direction (counterclock-
wise) in thea3-plane.
The voltage vectogg’(aﬁ ) can be further transformed in the synchrondysplane as

e (1) = P (et = () + e (1) (7.21)

=s,sub

wheree.'? is thedg-voltage vector at the fundamental frequency. The subspnclus voltage

component is given by

AE!

1(dq) (t) . e//(a,@) (t)e—jwot _ 5
Wm

=s,sub — Zs,sub (wO - wm)e_j(wmt+50+7r/2) (7-22)
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torque peak [pu]
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Q

Fig. 7.13 Maximum peak torque vs number of cycles for turlgieaerator shaft before shaft crack ini-
tiation (from [5]).

From [ZZ2) it can be observed that although the subsynobonomponent of the voltage
g’s"(soff)) rotates in the positive direction in the fixegi-plane, the same vector rotates clockwise

in the plane that rotates synchronously with the rated faqu of the system.
From [Z.20) and[{7.22), the amplitude of the subsynchronmltagee’ ., (in pu) depends

=s,sub
on the triggered frequenay,, and on the oscillations amplitudé only. Therefore, with the
proposed approach, the voltage requirements for the SSS@nér related on the mechanical
characteristics of the considered generator, while aregaeddent on the power system parame-

ters.

Example: Calculation of maximum expected subsynchronousaltage component for IEEE
FBM

The purpose of this example is to calculate the maximum sudtspnous component of the
internal bus voltage that can be expected when considenmdgBEE FBM. From the swing
equations given in Sectidn 6.6, the terinis a function of the torque applied to the generator
shaft. It has been shown through the modal analysis in SE6If1 that the shaft system reacts
differently depending on the characteristic frequencyhefapplied torque. In the specific case
of the turbine-generator shaft system given in the IEEE FBMas found that the most critical
mode shape is the first one, corresponding to a charaatdrestjuency 0b8.72 rad/s.

To select the amplitude of the torque applied to generataft,sthe S-N curve in Fif.Z13 has
been considered [5]. This curve gives the maximum peak éotl@at can be applied to a turbine
section, before crack initiation, as a function of the nunddecycles. From the figure it can be
observed that the maximum torque that can be applied to awhhbut direct failure is about

5 pu. Therefore, it is here assumed that the electrical &3fgapplied to the generator shaft has
an amplitude of 5 pu and a characteristic frequency of 9&d&r With the mentioned values,
the amplitude of the angular frequency oscillations (fiesaly isA = 0.049 pu. Substituting
this value in [Z.20) and assumirfg = 1 pu, the amplitude of the subsynchronous voltage
component is equal to
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| 1"(af3) | AEQ’ 0.049

Essub | = —(WO - wm)

= " _(376.99 — 98.72) = 0.06 7.23
2wm 2 0372 076 ) pu (7.23)

Therefore, it can be observed that even in case of largeasrgpplied to the generator shatft,
the initial amplitude of the subsynchronous componenteiiiternal bus voltage is only 6% of
the rated voltage. This proves that, with the proposed &obrdSSR mitigation can be achieved
with very low voltage injection.

7.8 Dc-link voltage controller (DCVC)

The control system for the SSSC must be completed with anttosbltage controller, to control
the voltageuq. across the dc-link capacitor. The problem of controlling toltage of the dc
link of the VSC can be reformulated as controlling the acpegver flowing into the VSC. In
particular, the objective of the DCVC is to calculate a vgéa;, at the fundamental frequency,
of appropriate amplitude that is in phase with the line autrrénder the assumption that the
VSC is lossless, the power flowing into the dc link4c) must be equal to the energy stored in
the dc capacitowy, yielding

dwg(t)
dt

= pvsc(t) (724)

where the energy. is given by
1 1

with u3. = W. The voltage injected by the SSSC is constituted by the suanfofhdamental
and a subsynchronous component. Assuming that the dc tapafcthe VSC is large enough
to provide appropriate filtering at subsynchronous fregie= the active powesy,sc can be
expressed as

pvsc(t) = ugi = |us|d] (7.26)

since, as mentioned earlier, the injected fundamentahgelvectorn, is taken to be in phase
with the line curreni. Assuming that the dc link is purely capacitive, the tranfifaction from
the amplitude of the fundamental injected voltagge to the termld is equal to

24l
G = — 7.27
dC<S) SCdC ( )
To derive the control law[{7.24) can be linearized as
dAu
Cdcudc,OTdc = Apvsc (7.28)

whereuqc is the operating point of the dc-link voltage. As shown, thesed-loop dynamics
depend on the operating point. This inconvenience can bieleddy using the square of the
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dc voltage when deriving the control law, as suggested i [&8 for the current controller
described in Section7.4.2, the DCVC can be shaped as a fitet bPF having bandwidth
aqc, Yielding a P-controller having a gain @f 4c = a4cCac/(2]7]), [52]. In addition to the
proportional controller, a small integral terfy. can be employed in the controller law, in
order to remove steady-state impact of mismatch betweeadiual and the modeled system.
As a result, the reference voltaggis given by

2 2
] = (kp,dc+ kfj‘*‘) Uaeld) ey = i (7.29)
Figure[Z.T# shows the step response of the investigated DTR€bandwidth of the DCVC is
equal to 6.28 rad/s. At start, the reference voltage is setlég 0.3 pu and the dc-link is totally
discharged. At = 2 s, the VSC is enabled and the dc-link charges up to the referesitage.
Then, steps in the reference voltage are applied. As shdwwrcdntrol system works properly
and presents the desired step response.

DCVC bandwidth selection

The objective of the DCVC is to control the active powegc only. To avoid interactions with
the SSCC, the DCVC should not react at the frequency companei herefore, it is conve-
nient to set the bandwidthy. at least five times lower [68] than the lowest natural freqyen
of the generator shaft. Low ratio between the controlledgnbhronous frequency,, and the
DCVC bandwidth leads to a less damped system, resultingonger settling time to control
the subsynchronous current down to zero (see Paper X). Fommteol point of view, it is more
convenient to setqy. ten times lower than the lowest natural frequency of the ggoeshatft, as
suggested in [52]. On the other hand, if a perturbation acicuthe power system, the generator-
shaft system will swing as a unique mass. These oscillgttgpgally of a few Hz, are damped
by the damping windings of the synchronous generator. Esslts in low-frequency oscilla-
tions affecting the dc link of the VSC. To reduce the ratinfghe dc side, it is desirable to use
the DCVC to damp these oscillations by selectipgsufficiently high. Therefore, the selection
of the bandwidthyg. is a trade-off between the overrating of the dc-side and #vamum time

voltage [kV]

time [s]

Fig. 7.14 Simulated step response of DCVC. Solid: actuabhgel, dashed: reference voltage.
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Fig. 7.15 Block-diagram of SSSC control system for SSR maitam.

allowed to control the subsynchronous current to zero. Asxample, for the IEEE FBM, the
oscillation frequency due to rotor swing is expected to Hewe Hz [53]. Therefore, in this
case, a bandwidthy. = 12.57 rad/s (corresponding to 2 Hz) is suggested.

7.9 SSSC control structure

The structure of the complete control system for the SSS@jpécted in Fid.Z.T5. Measured
grid voltages and line currents are discretized with samggiiequencyfs. To be implemented

in a digital controller, the EA, the SSCC and the DVCV are ditized with a sampling time
of Ts = 1/ fs. As shown in the figure, the DCVC is connected in parallel ®oghbsynchronous
controller. Output of the control system is the injectedagé reference*, constituted by the
sum of the subsynchronous voltagg,, output of the subsynchronous controller and the fun-
damental voltage componeng;,, output of the DCVC. These two voltages are added up in the
af-coordinate systems. The resulting voltage is then tramsdd to the three-phase coordi-
nates and sent to the PWM block to calculate the switchingadsgfor the VSC valves. Note
that the signak(*?* is passed through a limitation block that checks if the ezfee voltage
vector exceeds the boundary of the hexagon described ilo8ECB.2. If saturation occurs, the
overmodulation signal “ovm” will be equal to 1 (0 otherwisk) this case, to avoid integration
windup, the integrators in the SSCC and in the DCVC will babitkd. It is of importance to
observe that, as a difference compared with the saturatiategy adopted for the SSC and for
the shunt-connected VSC, in case of saturation the amplibfithe reference voltage vector is
not limited. Thus, since the VSC will operate in its non linezgion, low frequency harmonics
will appear in the injected voltage. However, as alreadytinered earlier, the voltage injected
by the SSSC during SSR mitigation operations is only a fewe@rof the rated voltage of the
system. Therefore, this will not have an impact of the powelity of the grid voltage.
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7.10 Simulation results

In Section 2B, the effectiveness of the investigated cbrilgorithm to mitigate SSR due to
Tl has been shown through eigenvalue and frequency scamamialgsis. Here, time-domain
simulation results for the SSSC with the proposed contrakegy for mitigation of SSR due
to TA effect will be presented. Simulations have been cdroiet using the simulation program
PSCAD/EMTDC and the control system has been implemented iirtran 90 language. The
selected sampling frequency is equaf$e= 1.2 kHz. One particular remark should be made for
the two PLLs in Fig.Zl7. The purpose of the first PLL (denotedPhL; and used to determine
the transformation anglé) is to track the phase-angle of the fundamental componetiteof
grid voltagee, only. Moreover, the PLL must be able to follow the dynamicstef machine
due to rotor swing (typically in the range of a few Hz). Forgbeeasons, the bandwidth of the
PLL (denoted aswp ¢) is set equal to 18.85 rad/s. The purpose of the second PLL¢(FL
instead, is just to estimate the transformation afiglerhis angle must be insensitive to system
disturbances, thus, the bandwidth of the BJslis set equal to 6.28 rad/s. Observe that the
PLLgyp is enabled only in presence of oscillations having reaseratplitude. In absence of
subsynchronous voltage component (i.e. when the amplatittee estimated subsynchronous
component is below a predefined threshold, here equal t& @) this PLL will not be active
and the transformation anglg, is obtained by integrating the calculated frequengy

The dynamic performance of the SSSC when mitigating SSR ashdrt-circuit faults in the
power system is reported in Papers VIl to X. FurthermordRaper 1X, the effect of variation
of control system parameters on the overall performancéekystem is discussed. Finally,
Paper X proposes the use of a single-phase VSCs based SSi8ateldktb SSR mitigation.

In all papers, the IEEE FBM has been considered. It is of ingmme to observe that, beside
its simplicity, the advantage of using the IEEE FBM over othenchmark models is that the

considered generator-shaft system is constituted by @ langnber of masses. This leads to
a greater complexity when deriving the control system, esitite natural frequencies of the
generator-shaft are very close to each other. Furthermaaragial resonance leads to a fairly
deep negative electrical damping (deeper, for exampleg@mpared with the parallel resonance
case), thus to higher amount of voltage needed to contradubsynchronous current to zero.
However, one objection could be that the network model c@rsd in the IEEE FBM does not

represent a realistic system. For this reason, in this@esimulation results obtained when
using the IEEE Second Benchmark Model (SBM) [24] will be prasd.

Figure[ZIb shows the single-line diagram of the IEEE SBMe Tiodel consists of a single
generator connected to two lines, one of which is series enisgted (line 1). As compared with
the IEEE FBM in Fid.Z11, it can be noted that the turbine-gatog shaft system is constituted
by four masses only: an high pressure turbine stage, a lasgpre, the generator and the exciter.
The system parameters for the IEEE SBM are reported in Appéhd

From the eigenvalue analysis of the mechanical system aheal frequencies are 24.65, 32.39
and 51.10 Hz. For this benchmark model, the value of the sedpacitor is not given. Here,
a compensation value of 50% has been chosen in the compefisatesince this provides the
best tuning for the first torsional mode. This can be obseivddg[Z1T, where the electrical
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Fig. 7.16 Single-line diagram of IEEE SBM and SSSC.

(top) and mechanical (bottom) damping torques for the ctEmed system are depicted.

As shown in Fid.Z.16, here the SSSC has been implementedasralted ideal voltage source.
The reason for this choice is that the bandwidth of the prega®ntroller is very small. Fur-
thermore, as mentioned in Section 714.1, the estimatiooristhgn has the same characteristic
of a resonant filter having center frequency at the natuegjuencyw,,. As a result, assuming
that the DCVC and the SSCC do not interact (see Paper X), eveoderate switching fre-
guency will not have an impact on the resulting transfer fiomc Observe that for the system in
Fig[Z1®, the subsynchronous controller is still desigagih [7.1D) and its bandwidth is kept
equal to 10.05 rad/s.

In order to study a critical case of torque amplification, se@phase fault has been applied
directly downstream the SSSC. The fault is applied at 12 s and its clearing time is as-
sumed to be 100 ms. With the selected level of series compensexcitation of the first and
second torsional mode of the shaft assembly will occur,itegib high shaft torques at the cou-
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Fig. 7.17 Comparison between electrical damping (top) aedhanical damping (bottom) for IEEE
SBM.

112



7.10. Simulation results

plings HP-LP and GEN-LP. This can be observed from[Eigl Asd&re the simulated torques
between the different sections of the turbine-generatstesy when the SSSC is in idle mode
are depicted.

When the compensator is active, the system will react torobttte subsynchronous compo-
nents of the line current to zero. Figure 1.19 shows the otlatt voltage components out-
put of the subsynchronous current controllers in the cpoeding dg,,-coordinate systems,
while Fig[Z.2D shows the estimated subsynchronous cormp®oé the line current in the cor-
responding subsynchronous reference frames. As expacedHig[Z. 1V, due to the selected
series-compensation level, the dominant subsynchromegadéncy component will be the first
one, having a characteristic frequency of 24.65 Wz, (= 154.88 rad/s). It can be observed
from Fig[7.20(d) that the subsynchronous current is equakto before the fault. After the
fault is cleared, the subsynchronous current raises updatdb8 pu. Then, the SSSC slowly
controls this current component to zero. As a result, thames of the generator shaft will still
experience oscillations due to the perturbation in the, gnd they will be damped and slowly
go back to the pre-fault value, as displayed in[Eigl7.21nftee figure it can be observed that
the maximum peak torque is equal to 2 pu. However, this toogadlations will withstand for

a few cycles only. Therefore, they do not represent a riskifergenerator shaft, as it can be
seen from the S-N curve in Hg.7]113.

Figure[Z.Z2P shows the simulated rotor speed, while its FFiEEcted in Fid.Z.23. From these
figures it can be noted that directly after the fault has beéeared, the rotor speed is mainly
affected by two frequency components in addition to the dantjty: one at 1.5 Hz and one at
24.6 Hz. The frequency of 1.5 Hz is due to the rotor swing afterfault. This component will

decay with the time constant of the damping windings in threcByonous generator. The other
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Fig. 7.18 Simulated generator shaft torques for IEEE SBMEG 8 idle mode. Plot a: HP-LP torque;
Plot b: LP-GEN torque; Plot c: GEN-EX torque.
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Fig. 7.19 Voltage components output of SSCCs in correspgnslibsynchronous reference planes. Plot
a: wmp = 154.88 Hz; Plot b:wme = 203.51 Hz; Plot ¢c:wms = 321.07 Hz. Black curvedy
component; gray curvem, component.

frequency component, instead, corresponds to the triggaeresynchronous resonance and will
be damped out by the subsynchronous controller.

Finally, FiglZ.2% shows the voltage injected by the SSS@duBSR mitigation operations. The
voltage is expressed in percent of the rated phase-to-greoltage of the system. As shown,
thanks to the proposed control strategy, SSR mitigatiociseaed by injecting only 0.8% of
the rated voltage. Furthermore, [Eig.4.25 shows the hamnoomtent of the voltage injected
by the SSSC at the beginning of the mitigation operationsartt be observed that, beside the
frequency component at the complementary of the triggemdershapet) — 24.6 = 35.4 Hz),
the injected voltage is characterized by other three freges: one at 84.6 Hz (corresponding
to the supersynchronous component) and two frequency coemp® located at the sidebands
of the fundamental, due to the rotor swing.

The obtained simulation confirm that, with the proposed aagh, SSR mitigation can be
achieved with very low voltage injection, leading to a reeldivoltage rating for the SSSC.
Unfortunately, the author was unable to find informationhie literature regarding the size of
the SSSC when classical control is used. For this reasaintformation is lacking in this the-
sis. The author has implemented the controller describ@stiyb9] and the voltage needed to
mitigate the same phenomenon was equal to 0.11 pu, correisygoio an oversize of 13.75 pu
as compared with the approach here proposed.
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Fig. 7.20 Estimated subsynchronous components of measnedurrent in corresponding subsyn-
chronous reference planes. Plotugy;; = 154.88 Hz; Plot b: wyne = 203.51 Hz; Plot c:
wms = 321.07 Hz. Black curved,, component; gray curve;, component.
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Figure 7.21: Simulated generator shaft torques for IEEE SBBISC online. Plot a: HP-LP
torque; Plot b: LP-GEN torque; Plot c: GEN-EX torque.
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7.11 Conclusions

This chapter has dealt with the control of the Static Synebus Series Compensator (SSSC)
for SSR mitigation. First, the control strategy proposedhia literature has been described.
Thus, a novel control strategy for an SSSC dedicated to SSiBation has been introduced.

Based on a current controller implemented in the subsymchusreference frame, SSR mitiga-
tion is obtained by increasing the network damping only aséfrequencies that are critical for

the generator shaft. To estimate the subsynchronous canfmaf the measured voltages and
currents, an estimation algorithm based on the use of lasg-fikers has been derived. Stabil-
ity analysis of the proposed subsynchronous controlletleas carried out. Further, a control

algorithm to control the dc-link voltage of the VSC has beend.

It has been shown both through eigenvalue and frequencyspanalysis that the proposed
control strategy can be successfully adopted to avoid $heofiSSR due to torsional interaction
effect. Furthermore, the effectiveness of the proposettalber to mitigate SSR due to torque
amplification effect has been proved through time-domaimugtions by using the program
PSCAD/EMTDC. A first important result is that, with the prgeal configuration, the control
system is robust and does not depend on the configuratior défahsmission system. Further-
more, it has been shown that SSR mitigation can be achievednying low amount of voltage

in the grid, leading to a reduced power rating for the SSSC.
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Chapter 8

Conclusions and Future Work

This chapter summarizes conclusions and provides someestigigs for further research re-
lated to the different topics considered in this thesis.

8.1 Conclusions

This thesis has dealt with control of Voltage Source Comrer{VSCs) for distribution and
transmission systems applications.

In particular, the first part of the thesis has dealt with gaition of voltage dips by using a VSC
connected in series and in shunt with the grid. In both condigons, one important issue is
to have a fast-response, high-performance control systams robust to voltage disturbances.
In both configurations, the core of the control system is tineent controller. In Chaptdi 3,
the deadbeat current controller for shunt-connected VSMhan investigated. With a constant
dc-link voltage, the dynamic performance of the system leamlbested under balanced and un-
balanced conditions of the grid voltage, both in steadtestad during transients (voltage dips).
It has been demonstrated that, using a vector currentatartdesigned by only considering
positive-sequence components (VCC1), éhecurrents under unbalanced grid voltage are af-
fected by an oscillation at double the power frequency. Byliieg the same controller only the
positive-sequence component of the grid voltage (VCC2)réisponse is improved and the ac-
tual current tracks the reference current with almost nayddlhe dual vector current-controller
(DVCC), where both voltages and currents are separatedhetosequence components and
two separate current controllers are used, shows a slosgeomee compared with VCC2, due
to the delay introduced by the sequence separation. It isritapt to stress that these results
are valid for any application of shunt-connected VSC wherebaist response to voltage dis-
turbances is required. This can be the case of VSC used as &cint-end in drive systems,
variable-speed wind power and VSC-based HVDC.

A high-performance current controller is also the base efdfiscade controller for the series-
connected VSC (or Static Series Compensator, SSC), whlbéen presented in Chapfér 4.
The current controller is combined with an outer voltagetamler loop. An extended analysis
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of the control system and of the interaction between therinastroller and the outer controller
has been carried out. It has been demonstrated throughimepeal results that using dual
vector-controller type 1 (DVC1), designed by only consikdgrthe positive-sequence compo-
nents of the measured signals, the SSC mitigates thre@pb#iage dips, but not unbalanced
voltage dips. To achieve a proper mitigation also in casenbfilanced voltage dips, the Posi-
tive Negative DVC (PN-DVC), based on two separate cascad#galters for the positive and
the negative sequence components, has been presenteslbddrademonstrated that PN-DVC
presents good performance when mitigating balanced analamded voltage dips. Due to the
inherited time delay introduced by the sequence detectgorithm, the PN-DVC has slower
response as compared with DVC1, but it ensures a perfedatidn of the voltage dip, regard-
less the percentage of unbalance of the dip.

The performance of the shunt-connected VSC when used tgatetivoltage dips has been
investigated in Chaptdd 5. It has been shown that succesedtdration of the amplitude of
the voltage at PCC can be achieved. However, the phase aintjle grid voltage at PCC is
affected by a phase deviation during mitigation. To obtaiokaist high-performance controller,
insensitive to grid and load impedance variations, a matid@nfiguration of shunt-connected
VSC with LCL-filter has been proposed. The transient pertorae of the modified system, with
the same cascade controller derived in Chdgter 4 for the B&Cbheen tested under balanced
and unbalanced voltage dips. It has been shown that, to@mwerandesired resonances between
the filter components, an active damping term in the inneeciicontroller must be added. With
this modification, satisfactory mitigation of voltage digen be achieved. However, depending
on the short-circuit power of the grid at the PCC, the VSC mayeho be designed to handle
injection of high amount of reactive power.

The second part of this thesis has dealt with the control@&tatic Synchronous Series Com-
pensator (SSSC) for mitigation of Subsynchronous Res@sa(8SR) in transmission systems.
As first, Chaptefl6 gave an overview of the problem of SSR ingrosystems. To describe

the origin of SSR due to Torsional Interaction effect (Tl)ireearized model of a synchronous
generator connected to a radial series-compensated tisgismline has been derived. Thus, a
simplified model of the synchronous generator for SSR s$uakes been considered.

In Chaptei 7, a novel control strategy for the SSSC for SSRyatibn has been introduced.
Based on a current controller implemented in a referencedridnat rotates synchronously with
the subsynchronous voltage vector (subsynchronous neferigame), SSR mitigation is ob-
tained by increasing the network damping only at those faqies that are critical for the
generator shaft. To estimate the subsynchronous comoogthie measured voltages and cur-
rents, an estimation algorithm based on the use of low-plisssthas been derived. Stability
analysis of the proposed subsynchronous controller hasdagged out. It has been shown both
through eigenvalue and frequency scanning analysis tegbribposed control strategy can be
successfully adopted to avoid the risk of SSR due to torsimteraction effect. Furthermore,
the effectiveness of the proposed controller to mitigatR 88e to torque amplification effect
has been proved through time-domain simulation of the dyceraystem. In particular, it has
been shown that, by injecting a subsynchronous voltage 83iR mitigation can be achieved
by injecting only subsynchronous voltage into the powetesys leading to a reduced power
rating for the SSSC.
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8.2 Future work

The current control algorithms presented in the first pathsfthesis are very general and can
be applied in different applications of VSC connected to ghid. However, they have been
developed and tested with a stiff voltage source connectéuketdc link of the VSC. Alterna-
tively, a capacitor can be connected to the dc link and theroler must include regulation
of the voltage across the dc-link capacitor. This limits thege of active power control. An
energy storage device can be connected to the dc link. Pessilutions for storage are capac-
itors, super-capacitors, fuel cells and batteries. A negoent is that the energy storage device
must be able to deliver a high amount of power quickly. It isalear at this point which, among
all possible solutions, represents the most suitable eHoicthe investigated application.

It has been shown that the shunt-connected VSC can be aestitey alternative to the problem
of voltage dips mitigation. Unlike the SSC, this configuratallows mitigation of both voltage
dips and short interruptions, given that a sufficient enestgyage system is mounted on the
dc side of the VSC. Furthermore, the shunt-connected VSG doerequire a complicated
protection system as the SSC. However, it was pointed otiiatllsawback of using a shunt-
connected VSC for voltage dip mitigation is that the curenbe injected into the grid may
be too high if the grid is strong. An interesting solutiontliis case, is to connect an inductor
between the PCC and the supply in order to weaken the grid, taducing the power needed
during mitigation operations.

In the second part of the thesis, it has been proven that S8gation can be achieved by in-

jecting a subsynchronous voltage of appropriate amplituiephase into the grid. The analysis
carried out in the thesis is promising, but more invest@gashould be made in order to find

the limits of the proposed approach. More complex systeunt$) as the CORPALS Benchmark
model [4] can be simulated. Furthermore, it can be of inteceisivestigate the system behavior
when the SSSC is installed not directly after the step-upstaamer of the generator but fur-

ther into the power system, in particular if more than onagnaission line is fed by the power

station. Finally, an economical investigation of the pregabsolution should be carried out.
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Appendix A

Transformations for Three-phase Systems

This appendix reports necessary transformations to @kwbltage vectors from three-phase
guantities and vice versa. Expressions of the voltage véctih in the fixed and rotating refe-
rence frames are given in the general case of unsymmetniegd-phase quantities.

A.1 Transformation of three-phase quantities into vectors

A three-phase positive system constituted by the threetijiesn, (¢), vo(t) andwvs(t) can be
transformed into a vector in a complex reference frame, llyscalled aG-frame, by applying
the transformation defined by

o(t) = va +jus = K [vl(t) + 06l 37(8) + vl 37 (1) (A1)

where the factofs is equal to,/3/2 or 3/2 to ensure power invariance or voltage invariance,
respectively, between the two systems. Equafionl (A.1) esexpressed as a matrix equation as

follows .
U1 t
) | = | e (A2)
A vs(t) |
where, using power-invariant transformation, the mafi'ps is equal to
e
Cx= 3 \{6 \_/§ (A.3)
0 — ——
V2 V2
The inverse transformation, assuming no zero-sequengees by
va(t)
va(t) | = Caz { val?) } (A.4)
v3(t) vg(t)
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where i i
2
-
Co= | = _— A.5
32 % 5 (A.5)
e
L V6 V2

A.2 Transformation between fixed and rotating coordinate
systems

Let the vectors(t) andu(t) rotate in theaS-frame with the angular frequency(t) in the

positive (counter-clockwise) direction. If the vectoft) is taken as the-axis of adg-frame

that rotates in the same direction with the same angulané&ecyw(t), both vectors will appear

as fixed vectors in that frame. The componentg @] in the dg-frame are thus given by the
projections of the vector on the directionft) and on the orthogonal direction, as illustrated

in Fig[A.
The transformation can be written in vector form as

099 (1) = @0 () 100 (A.6)

with the angled(t) in Fig[A given by
t
0(t) =60y + /w(T)dT (A.7)
0

The inverse transformation, from the rotatihgframe to the fixedv-frame is defined by

0@ (1) = (%) ()l (A.8)

Fig. A.1 Relation between(-frame andig-frame.
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A.3. Wltage vectors for unsymmetrical three-phase system

The components in théy-frame can be determined from Hig.A.1. In matrix form, trensfor-
mation from the fixedv3-frame to thelg-frame can be written as

Ud(t) o N Ua(t>
)| =R | ) (n.9)
while the inverse is given by
va(t) | va(t)
{ o) } = R(A(t)) { vZ(t) } (A.10)

where the projection matrix is

_ | cogo(t)) —sin(6(1))
R(B() = [ sin(6(t))  cos(f(t)) } (A11)

A.3 \Voltage vectors for unsymmetrical three-phase systems

The phase voltages for a three-phase system can be written as

exlt) = Ea(1)COS[(t) — i (A12)
en(t) = By(t)cOS {w(t) _ %ﬂ _ @b] (A.13)
eclt) = Eu(t)cOS {w(t) _ %W _ %} (A.14)

wheree,(t) andp, are the amplitude and the phase angle of the phase veliagewhile w is
the angular frequency of the system.

If the voltage amplitude of the three phases are unequalgthsting voltage vectar®? (¢) in
the fixeda3-coordinate system can be expressed as the sum of two veatatisg in opposite
directions and interpreted as positive- and negative-ascgicomponent vectors

w0 (t) = Bye@tew) 4 Bemi@iten) (A.15)

whereE, and E, are the amplitudes of the positive and negative voltageovectespectively,
and the corresponding phase angles are denoteg bgdy,,.

When transforming the voltage vectdf? from the fixedn3-plane to the rotatingg-coordinate
system, two rotating frames can be used, accordingly. Tines&ames are called positive and
negative synchronous reference frames (SRFs) and areedes®igp- anddqgn-plane: the po-
sitive SRF rotates counterclockwise with the angular fezmy, while the negative SRF rotates
clockwise with the same frequency. These two frames can fioeedieby the following transfor-
mations

) (1) = 100y (@8) (1) (A.16)
W) (1) = (00,00 (1) (A.17)
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From the latter, it is straightforward to understand thabaifive-sequence component corre-
sponds to a DC-component (zero frequency) in the positive, 3Rile a negative-sequence
component corresponds to a vector that rotates with 100 ¢tkwalise in the positive SRF

wlP) (1) = 7100 g=10(0) g (dan) (1) = (i20(8) (dan) (1) (A.18)

—n

An analogous relation can be derived for a positive-seqeieamponent in the negative SRF.
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Appendix B

Benchmark Models for SSR Studies

This appendix reports the two benchmark models introdugetid|EEE for SSR studies. The
first model deals with SSR due to radial resonance in the pey&ems, while the second
model deals with parallel resonance.

B.1 IEEE First Benchmark Model (FBM)

The IEEE First Benchmark Model (FBM, depicted in EiglB.1aldewith SSR due to radial
resonance and consists of a 892.4 MVA turbine generatorezed to a single-line, series-
compensated transmission network [23]. The rated voltdgeeosystem is 539 kV, while the
rated frequency is 60 Hz. Parameters for the transmissieraind for the synchronous machine
are reported in Tablds B.1 ahd B.2, respectively. Parasméterthe generator-shaft model are
reported in TablgBI3.

B.2 IEEE Second Benchmark Model (SBM)

Figure[B.2 shows the single-line diagram of the IEEE SecoexdcBmark Model (SBM) [24].
As a difference compared with the IEEE FBM, the IEEE SBM dealk the parallel resonance

infinite bus

(- (- (- (- (-l

Mechanical system |

Fig. B.1 Single-line diagram of IEEE FBM.
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TABLE B.1: IEEE FBM Network Parameters.

Network resistance R 0.02 pu

Transformer reactance Xt 0.14 pu
Transformer ratio 26/539 kV

Line reactance XL 0.50 pu

Downstream system reactanc&s,s  0.06 pu

TABLE B.2: IEEE FBM Synchronous Machine Parameters.
Reactance Value [pu] Time constant Value [sec]

X 0.13 T, 43
Xy 1.79 T 0.032
X/ 0.169 T 0.85
X 0.135 ) 0.05
X, 1.71

X! 0.228

X 0.2

problem. In this model, a 600 MVA turbine generator is corteddo two parallel connected
transmission lines, one of which is series compensatedrdted frequency of the system is
60 Hz. The parameters of the two transmission lines are givezn 100 MVA power base and
500 kV voltage base and are reported in Tdbld B.4. The reaesaand time constants of the
generator are given in Tadle B.5. Finally, parameters fergenerator-shaft model are reported

in Table[B.6.

TABLE B.3: IEEE FBM Shaft Parameters.

Mass Inertia  Shaft section Spring constant
H[s™!] K [pu T/rad]
HP turbine  0.092897 HP-IP 19.303
IP turbine  0.155589 IP-LPA 34.929
LPA turbine 0.858670 LPA-LPB 52.038
LPB turbine 0.884215 LPB-GEN 70.858
Generator  0.868495 GEN-EX 2.82

Exciter 0.0342165
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B.2. IEEE Second Benchmark Model (SBM)

Fig. B.2 Single-line diagram of IEEE SBM.

TABLE B.4: IEEE SBM Network Parameters in per unit based on 100 MVA ar@i&0
Transformer resistance Rt 0.0002 pu
Transformer reactance X7 0.02 pu

Transformer ratio 22/500 kV
Line 1 resistance R; 0.0074 pu
Line 1 reactance X1 0.08 pu
Line 2 resistance R, 0.0067 pu
Line 2 reactance X, 0.0739 pu

Downstream system resistanceétsy,s 0.0014 pu
Downstream system reactanceXs,s  0.03 pu

TABLE B.5: IEEE SBM Synchronous Machine Parameters in per unit base&aD0rMVA and
22 kV.

Reactance Value [pu] Time constant Value [sec]

Roo 0.0045 T, 45
X 0.14 T 0.04
Xy 1.65 T 0.55
X/ 0.25 ) 0.09
X 0.2
X, 1.59
X! 0.46
X 0.2
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TABLE B.6: IEEE SBM Shaft Parameters.

Mass Inertia Damping Shaft section Spring constant
H [Ibm-ft?] D [Ibf-ft-sec/rad] K [Ibf-ft/rad]
HP turbine 49912 155.2 HP-LP 50.12 - 10°
LP turbine 310729 966.2 LP-GEN  97.97 - 106
Generator 176204 547.9 GEN-EX  4.39- 106
Exciter 1383 4.3
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