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Abstract

Custom Power and Flexible AC Transmission Systems (FACTS) denote the application of
power electronics in distribution and transmission networks, respectively.
Custom Power is the application of power electronics to improve the quality of power distribu-
tion for sensitive industrial plants. Power electronic converters connected in shunt or series with
the grid and equipped with energy storage can provide protection of sensitive processes against
voltage disturbances, like short interruptions and voltage dips. The first part of this thesis fo-
cuses on the control of Voltage Source Converter (VSC) connected in series or in shunt with the
grid for mitigation of voltage dips. In both configurations,the core of the control system is the
current controller. Here, the deadbeat current controllerfor grid-connected VSC is presented
and analyzed in detail. The controller includes time delay compensation and reference voltage
limitation with feedback, to improve the current control during overmodulation. Improvements
for proper control of the current under unbalanced conditions of the grid voltage are investi-
gated. For use in a series-connected VSC, the deadbeat current controller is completed with
an outer voltage loop, thus realizing a cascade controller that is presented and analyzed in de-
tail. Further, a similar cascade controller for voltage dipcompensation using shunt-connected
VSC is investigated. In both configurations, it is shown thatcontrol of the negative-sequence
component of the injected voltage is needed for a proper mitigation of unbalanced voltage dips.
FACTS is instead the application of power electronics at transmission level. In transmission sys-
tems, other control objectives are more important than voltage dip compensation. Controllable
series compensation is used for e.g. power flow control, stability improvement, and damping of
power oscillations. Traditional non-controllable seriescompensation based on series capacitors
can create problems due to unwanted resonance with the rest of the power system. A specific
problem that often arises in conjunction with series capacitors is subsynchronous resonance
(SSR), which can lead to damage of generator shafts. In this case, a series-connected VSC,
similar to the one used for the distribution system and here called Static Synchronous Series
Compensator (SSSC), could be used as a dedicated device for SSR mitigation. In the second
part of this thesis, a novel control strategy for the SSSC forSSR mitigation is investigated and
analyzed. It is shown that, by injecting only a subsynchronous voltage into the power system,
SSR mitigation is achieved by increasing the network damping only at those frequencies that
are of danger for the generator-shaft system. This will allow to provide SSR damping with very
low voltage injection, leading to a cost-effective alternative to the existing solutions.

Index Terms: Power Electronics, Voltage Source Converter (VSC), Power Quality, Current
Controller, Voltage Dip (Sag), Subsynchronous Resonance (SSR).
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Chapter 1

Introduction

This chapter describes the background of the thesis. The aimand the outline as well as the
fundamental scientific contributions of the thesis are presented. Finally, a list of the scientific
production is given.

1.1 Background

During several decades, power electronic based solutions have been successfully applied both at
the distribution and transmission levels to improve the utilization of the power system. The ac-
tual trend is to use power electronic converters connected both in series and shunt with the main
grid. Although similar configurations are used both at the distribution and transmission lev-
els, the applications and, thus, the adopted control strategies vary depending on the considered
voltage level. The following is a brief description of possible 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, alsocalled Custom Power Devices, have
been introduced to improve the quality of power distribution in industrial plants [31], in re-
sponse to growing demand from industries reporting production stops due to voltage distur-
bances, like short interruptions and voltage dips. These power quality phenomena are normally
caused by clearing short-circuit faults in the power systemand, despite their very short du-
ration, can impact the operation of low-power electronic devices, motor contactors, and drive
systems [18,19,46,74]. Among the most sensitive industries are paper mills [15], semiconduc-
tors facilities [21] and other industries with fully automated production, where the sensitivity
of electronic equipment to voltage disturbances can cause the stoppage of the whole facility. To
solve this problem, several different custom power deviceshave been proposed, many of which
have at their heart a Voltage Source Converter (VSC) connected to the grid. One way to mitigate
voltage dips is to install a VSC connected to the grid in shunt. This device, also known under

1



Chapter 1. Introduction

the name of distribution STATCOM or D-STATCOM, injects a controllable current in the grid.
By injecting a current in the point of connection, a shunt-connected VSC can boost the voltage
in that point during a voltage dip. Alternatively, voltage dips can be mitigated by injecting a
voltage into the grid with a series-connected VSC. The injected voltage adds up to the supply
voltage during the dip in order to restore the load voltage toits pre-fault value. This device,
known also with its commercial name of Dynamic Voltage Restorer (DVR), has been applied
successfully in a number of facilities around the world, e.g. a yarn manufacture [80], semicon-
ductor plants [20, 79], a food plant in Australia [78], and a large paper mill in Scotland [15].
Both in shunt and series configuration, the VSC must be controlled properly to inject the nec-
essary current (in shunt connection) or voltage (in series connection) into the grid in order to
compensate for a voltage dip. Since some sensitive loads canshut down because of a dip that
lasts some hundreds of ms, the speed of response of the deviceis a decisive factor for success-
ful compensation. Moreover, the majority of voltage dips are unbalanced, and therefore another
requirement for successful dip compensation is a fast detection of 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 based devices are mainly applied for power flow
control and to improve the stability of the power system. Interconnected transmission systems
are complex and require careful planning, design and operation. The continuous growth of the
electrical power system (especially, of large loads like industrial plants), resulting in growing
electric power demand, has put greater emphasis on system operation and control. It is under
this scenario that the use ofHigh Voltage Direct Current(HVDC) andFlexible AC Transmission
Systems(FACTS) devices represent both opportunities and challenges for optimum utilization
of existing facilities [33, 66]. Furthermore, FACTS devices are used as a countermeasure to
dynamical problems such as loss of synchronism, voltage collapse and low frequency power
oscillations [33]. As an example, series compensation of long transmission lines can be used
to increase the power transfer capability of long transmission lines by improving the angle sta-
bility in the system and thyristor controllers (like the Thyristor Controlled Series Capacitor
(TCSC)) can provide damping of power oscillations by offering controllable series compen-
sation [49]. However, implementing the series compensation using fixed capacitor banks in
systems powered by thermal generating stations might causea severe problem called subsyn-
chronous resonance (SSR) [25]. This is a resonant conditionwhere the generator-turbine shaft
system exchanges energy with the electrical system. Self excitation of oscillations may cause se-
rious stress on the shaft system and in the worst case may leadto breakdown. One way to avoid
the risk of SSR is to (at least partially) replace the fixed series capacitor banks with a TCSC. By
changing the total reactance of the network seen from the generator terminal at subsynchronous
frequencies, the TCSC can provide appropriate damping at subsynchronous frequencies, thus
presenting an economical solution to the SSR problem [1]. Alternatively, SSR damping can also
be achieved by using a series-connected VSC, addressed to asStatic Synchronous Series Com-
pensator (SSSC) [33, 65], similar to the DVR utilized in the distribution network for voltage
dip mitigation. The main limitation preventing a widespread application of VSC-based series
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1.2. Aim and outline of the thesis

compensation is its high cost. However, if used for specific applications such as SSR damping,
the rating of the device can be drastically reduced, thus making it 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 withthe problem of voltage dips in the
distribution system and possible solutions for their mitigation. The aim of the first part (Chap-
ters 2 to 5) is to improve, analyze and test different controlalgorithms for VSC, which are
suitable for mitigation of unbalanced voltage dips for bothseries- and shunt-connected configu-
rations of the VSC. Chapter 2 of the thesis gives an overview of voltage dips, of their causes and
effects, and of possible mitigation methods. Both in shunt and series configuration, the heart of
the control system for the VSC is a current controller, whichis presented and analyzed in detail
in Chapter 3. The investigated algorithm includes time delay compensation and reference vol-
tage limitation with feedback, to improve the current control during overmodulation. Stability
analysis of the resulting control algorithm is included. Furthermore, improvements to the inves-
tigated control system to allow a proper control of the VSC current also in case of unbalanced
condition of the grid voltage are discussed.

The current controller presented in Chapter 3 is completed with an outer voltage loop for the use
in a series-connected configuration, thus realizing the cascade controller presented and analyzed
in Chapter 4. Stability analysis of the investigated cascade controller is presented in this chapter.

In Chapter 5, the control system for voltage dip compensation using the shunt-connected VSC
is presented and analyzed. A modified configuration including an LCL-filter between the VSC
and grid is proposed to improve the system performance, particularly in the presence of a weak
grid.

Furthermore, the second part of the thesis deals with the problem of mitigation of subsyn-
chronous resonance in the transmission system. The aim of this part of the thesis is to derive,
analyze and simulate a novel control strategy for a SSSC dedicated to SSR mitigation. Chapter 6
gives an overview of the problem of subsynchronous resonance in power systems. Definition
and classification of different kinds of SSR are given. Furthermore, in this chapter conditions
that might lead to SSR and possible mitigation methods are described. The proposed control
strategy for the SSSC is described and analyzed in Chapter 7.Further, in this chapter the pro-
posed approach is compared with the control strategy existing in the literature. Stability analysis
together with time-domain simulation results are presented.

Finally, conclusions and suggestions for future work are given in Chapter 8.

1.3 Main contributions of the thesis

In order how they appear in the included papers, the list below summarizes what, in the opinion
of the author, are the main contributions presented in this thesis:

3



Chapter 1. Introduction

• The well-know Delayed Signal Cancellation method for phase-sequence estimation of
the measured voltage and current [40] is analyzed in Papers Iand II. The influence of a
non ideal sampling frequency and of harmonics in the measured signals 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 control system, both for the
shunt and the series-connected VSC, is a vector-current controller. In Papers III and IV the
dynamic behaviors of three different vector-current controllers are investigated. Although
not new, this analysis is meant to be a guideline for the reader to select the most suitable
control strategy, depending on the application.

• Papers V and VI deal with the control of series- and shunt-connected VSC for voltage
dip mitigation, respectively. Several publications on this topic can be found in the lit-
erature and, thus, this is hardly new. The main contributions in this thesis that relate to
this topic involve a detailed analysis of the investigated controllers and suggestions to
improve their transient performance, in particular in the case of unbalanced voltage dips,
which represent the majority of the dips that can occur in thepower systems.

• For the second part of this thesis, Paper VII proposes an estimation algorithm for the
estimation of subsynchronous components in the measured voltages and currents. Apart
from the control point of view, detection of subsynchronousvoltages and currents in the
power systems is of importance for a proper monitoring and for a timely operation of the
protection system, in order to avoid damage in the generatorshaft.

• Papers VIII to X show a new control strategy for subsynchronous resonance mitigation
using an SSSC dedicated to SSR mitigation. The proposed control strategy is compared
with the existing method, showing the advantage of the proposed approach. In particular,
it is shown that with the adopted control strategy, SSR mitigation is achieved with very
low voltage injection, leading to a reduced voltage rating for the device.

1.4 Scientific production

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

I. J. Svensson, M. Bongiorno and A. Sannino, “Practical Implementation of Delayed Sig-
nal Cancellation Method for Phase Sequence Separation,”IEEE Transactions on Power
Delivery, vol. 22, no. 1, pp. 18-26, Jan. 2007.

II. M. Bongiorno, J. Svensson and A. Sannino, “Effect of Sampling Frequency and Harmon-
ics on Delay-based Phase-sequence Estimation Method,” submitted toIEEE 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 Signal Cancellation Method for
Sequence Detection - Effect of Sampling Frequency and Harmonics,” in Proc. of IEEE
Nordic Workshop on Power and Industrial Electronics (NorPIE’06).

III. M. Bongiorno, J. Svensson and A. Sannino, “Dynamic Performance of Current Con-
trollers for Grid-connected Voltage Source Converter Under Unbalanced Voltage Con-
ditions,” in Proc. of IEEE Nordic Workshop on Power and Industrial Electronics (Nor-
PIE’04).

IV. M. Bongiorno, J. Svensson and A. Sannino, “Dynamic Performance of Vector Current
Controllers for Grid-connected VSC under Voltage Dips,” inProc. of 40th Annual IEEE
Industry Applications Conference (IAS’05), vol. 2, Oct. 2005, pp. 904-909.

V. M. Bongiorno, J. Svensson and A. Sannino, “An Advanced Cascade Controller for Series-
connected VSC for Voltage Dip Mitigation,” to appear inIEEE Transactions on Industry
Applications.

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

VI. M. Bongiorno and J. Svensson, “Voltage Dip Mitigation using Shunt-connected Voltage
Source Converter,” to appear inIEEE Transactions on Power Electronics.

A similar version of this paper appears inProc. of 37th IEEE Power Electronics Specia-
lists Conference (IEEE PESC’06), June 2006, pp.1-7.

VII. M. Bongiorno, J. Svensson and L.Ängquist, “Online Estimation of Subsynchronous Vol-
tage Components in Power Systems,” to appear inIEEE Transactions on Power Delivery.

VIII. M. Bongiorno, L. Ängquist and J. Svensson, “A Novel Control Strategy for Subsyn-
chronous Resonance Mitigation Using SSSC,” to appear inIEEE Transactions on Power
Delivery.

IX. M. Bongiorno, J. Svensson and L.Ängquist, “On Control of Static Series Compensator
for SSR Mitigation,” inProc. of 38th Annual IEEE Power Electronics Specialists Confer-
ence (IEEE PESC’07).

X. M. Bongiorno, J. Svensson and L.Ängquist, “Single-phase VSC Based SSSC for Sub-
synchronous Resonance Damping,” to appear inIEEE Transactions on Power Delivery.

The author has also contributed to the following publications (not included in this thesis):

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

2. C. Rong, M. Bongiorno and A. Sannino, “Control of D-STATCOM for Voltage Dip Miti-
gation,” inProc. of International Conference on Future Power Systems (FPS) 2005.
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Finally, the author has contributed to the patent application:

M. Bongiorno, L.Ängquist and J. Svensson, “An Apparatus and a Method for a Power
Transmission System,”PCT (WO) Application, Appl. nr. SE2006/001106.
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Part I - Control of VSC for Voltage Dip
Mitigation

In this first part of the thesis, the use of power electronic based devices in the distribution system
will be treated. As mentioned earlier in the introduction chapter, the focus will be on control of
series- and shunt-connected voltage source converter for voltage dip mitigation.
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Chapter 2

Voltage Dips and Mitigation Methods

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

2.1 Introduction

The utilities’ aim is to continuously provide their customers with an ideal sinusoidal voltage
waveform, i.e. a voltage with constant magnitude at the required level and with a constant
frequency. In case of three-phase operation, the voltages should be symmetric.

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

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

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

2.2 Voltage dips

According to IEEE Std.1159-1995 [35], a voltage dip is defined as a decrease between 0.1 to 0.9
pu in the RMS voltage at the power frequency with duration from 0.5 cycles to 1 minute. A vol-
tage dip can be caused by different events that can occur in the power system, like transformer
energizing, switching of capacitor banks, starting of large induction motors and short-circuit
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Chapter 2. Voltage Dips and Mitigation Methods

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

To quantify the magnitude and the phase of a voltage dip in a radial system due to a three-phase
fault, the simplified voltage divider model shown in Fig.2.1can be used [12]. In this system,
two impedances are connected to the point of common coupling(PCC): the grid impedance,
denoted withZg, which includes everything above the PCC, and the fault impedanceZ f, which
represents the impedance between the fault and the PCC. The load is connected to the PCC
through a transformer and its voltage is denoted asE l. The source voltage is denoted byEs.
The voltageEg at the PCC during the fault is given by [12]

Eg =
Z f

Z f + Zg
Es (2.1)

From (2.1) it is possible to observe that the voltage dip magnitude depends on the fault location
(since the impedanceZ f depends on the distance between the point in the power systemwhere
the fault occurs and the PCC) and the grid impedance. Observethat, in the ideal case of infinitely
strong grid (Zg = 0), the voltage at the PCC will always be constant and independent on the
fault location. The argument of the voltage vectorEg during the voltage dip, called phase-angle
jump, depends on the X/R ratio between the grid and the fault impedance and is given by

ψ = arg(Eg) = arctan

(
Xf

Rf

)
− arctan

(
Xg +Xf

Rg +Rf

)
(2.2)

The duration of the dip is related to the tripping time of the protection device which controls the
circuit breaker, denoted as CB in Fig.2.1. When the CB installed in the feeder where the fault
occurs clears the fault, the voltage is restored for the restof the system. This results in very short
dips for faults in the transmission system (50-100 ms clearing time to avoid stability problems)
and much longer ones for faults in the distribution system, where protections are delayed to
ensure selectivity [12].

Often, it is preferable to characterize a voltage dip with the distance between the fault point and
the PCC. In this case, the voltageEg during the fault can be expressed as

Eg =
λejα

1 + λejα
(2.3)

whereλ denotes the “electrical distance” between the faulted point and the PCC andα, called

Supply

sE

gE
lE

gZ

fZPCC CB

load

fault

Fig. 2.1 Single-line diagram to display voltage division during voltage dips.
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2.2. Voltage dips

impedance angle, is the angle between grid and fault impedance

α = arctan

(
Xf

Rf

)
− arctan

(
Xg

Rg

)
(2.4)

Typically, the impedance angleα varies between0◦ and−60◦ [12].

An extended analysis of voltage dips and their classification is carried out in [82]. Depending
on the type of fault (three-phase, phase-to-phase with or without ground involved, single-phase
to ground), the resulting voltage dip at the PCC can be one of six types displayed in Fig.2.2.

The load is usually supplied through a distribution transformer, connected in∆/Y. The trans-
former swaps the phases and removes the zero-sequence component because of the delta con-
nection, where no connection to ground exist. This results in a transformation of the dip charac-
teristic as listed in Table.2.1 (right column). This dip classification is further extended in [81],
where it is shown that type F is in fact a particular case of type C and D. It can be concluded that
voltage dips that affect the load downstream a∆/Y-transformer can only be of type A, C and
D. The voltage dip type A is a drop in voltage in all three phases (balanced dip). The voltage dip
type C is characterized by a drop in two phases with the third phase voltage almost undisturbed.
Finally, the voltage dip type D is characterized by a larger drop in one phase and smaller drops
in the other two phases. However, in some applications, suchas control of VSC connected to
the grid, it can be preferable to characterize the voltage dip in terms of the remaining positive-
sequence voltage and the unbalance, expressed as magnitudeof negative-sequence voltage in
percentage of the pre-fault voltage [62].

E3

E2

Edip,3

Edip,1

Edip,2

E1

E3

E2

Edip,1

Edip,2

Edip,3

E1 E1

E3

Edip,1
Edip,2

Edip,3

E2

E3

E2

Edip,1

Edip,2

Edip,3

E1 E1

E3

E2

Edip,1
Edip,2

Edip,3

E3

E2

Edip,1

Edip,2

Edip,3

E1

dip type Bdip type A dip type C

dip type D dip type E dip type F

Fig. 2.2 Voltage dip classification “A” to “F”. Phasors of three-phase voltage before (dotted) and during
fault (solid) are displayed (from [82]).
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Chapter 2. Voltage Dips and Mitigation Methods

TABLE 2.1. VOLTAGE DIP CLASSIFICATION AND PROPAGATION THROUGH∆/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 Voltage dip mitigation

The main problem related to voltage dips is that they can cause tripping of sensitive industrial
equipment, leading to relatively high economical losses. As shown in Fig.2.3, different ways to
reduce the number of voltage dips experienced by the load canbe adopted [12]. The possibilities
are to improve the power system, improve the immunity to voltage deviations of the end-user
equipment and finally to use a mitigation device at the user interface. In the following, a brief
description of these solutions will be carried out.

Dip mitigation

Power System 
improvements

Load 
immunity

Mitigation 
devices

Voltage dips

Fig. 2.3 Mitigation methods against voltage dips.

2.3.1 Power system improvement

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

• Improve the network design and operation;

• Reduce the number of faults per year;

• Use faster protection systems.

An extended analysis of these solutions is carried out in [12]; the following is a brief summary.
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2.3. Voltage dip mitigation

Improve network design and operation

By improving the power system design, the number and severity of the voltage quality phe-
nomena experienced by the load can be drastically reduced. The mitigation method against
short interruptions and voltage dips is mainly the installation of redundant components, like
feeders, generators or more substations to feed the bus where the sensitive load is connected.
The problem related to this solution is that the costs for these improvements, especially at the
transmission level, can be very high and, thus, this solution is not often economically feasible.

Reduce number of faults

Since the majority of voltage dips experienced in the power system are related to short-circuit
faults, an obvious way to deal with the problem is to reduce the number of faults. The problem
is that, since a fault represents an economical loss not onlyfor the customer but also for the
utility (a fault can damage the utility equipment or plant),most of the utilities have already
reduced the fault frequency to a minimum. Improvements thatreduce the number of faults per
year include replacing the overhead lines with undergroundcables, increasing the insulation
level and increasing the maintenance.

Faster protection system

By reducing the fault clearing time, the number of voltage dips experienced by the load will
not be affected, but the duration of the dip will be reduced. Apossible solution to reduce the
clearing time of the fault is to use current-limiting fuses or modern static circuit breakers, which
are able to clear the fault within one half-cycle [12]. However, some caution has to be taken
when applying these new protection devices in existing distribution systems. If only some of
the protective devices are replaced with static breakers (on incoming transformer circuits or
feeder circuits, for instance), due to their extremely fastoperation it would not be possible to
coordinate them with previously existing downstream protective devices. Therefore, if faster
fault clearing time is required, the whole system has to be redesigned and all protective devices
have to be replaced with faster ones. This would greatly reduce the fault-clearing time. The
drawback, of course, of these modifications in the power system is that this will result in an
increase of the costs.

2.3.2 Load immunity

An increase of the load immunity against voltage dips can appear as the most suitable solu-
tion to avoid load tripping. The tolerance of the equipment is intended as the capability of the
device to work properly during voltage variations. In orderto evaluate the compatibility be-
tween power system and equipment, the so-called voltage-tolerance curve has been introduced
in IEEE Std.1346-1998 [36]. This curve, depicted in Fig.2.4, represents the maximum duration,
expressed in seconds, for which a piece of equipment can withstand dips of any magnitude (de-
noted in the figure as max∆t) and the maximum dip magnitude, expressed in per unit of the
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Chapter 2. Voltage Dips and Mitigation Methods

Fig. 2.4 Typical voltage-tolerance curve for sensitive equipment.

rated voltage, that the equipment can withstand regardlessthe duration of the dip (denoted as
max∆V). The knee of the curve is defined by the maximum duration andthe minimum voltage
and represents the tolerance of the equipment.

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

2.3.3 Mitigation devices

The most commonly applied method for voltage dip mitigationis the installation of an addi-
tional device at the power system interface. The installation of these devices is getting more
and more popular among industrial customers due to the fact that it is the only place where the
customer has control over the situation. As explained in theprevious section, both changes in
the supply and changes in the characteristics of the equipment are outside the control of the
end-user.

It is possible to divide the mitigation devices in two main groups:

• Passive mitigation devices, based on mature technology devices such as transformers or
rotating machines;

• Active mitigation devices, based on power electronics.

Motor-generator sets

Motor-generator sets store energy in a flywheel, as shown in Fig.2.5 [63]. They consist of a
motor (can be an induction or a synchronous machine) supplied by the plant power system, a
synchronous generator feeding the sensitive load and a flywheel, all connected to a common
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2.3. Voltage dip mitigation

Fig. 2.5 Three-phase diagram of motor-generator set with flywheel for voltage dip mitigation.

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

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

Transformer-based mitigation devices

A constant voltage, or ferro-resonant, transformer works in a similar manner to a transformer
with 1:1 turns ratio which is excited at a high point on its saturation curve, thus providing an
output voltage that is not affected by input voltage variations. In the actual design, as shown in
Fig.2.6, a capacitor, connected to the secondary winding, is needed to set the operating point
above the knee of the saturation curve. This solution is suitable for low-power (less than 5 kVA
[45]), constant loads: variable loads can cause problems, due to the presence of this tuned circuit
on the output. Electronic tap changers (Fig.2.7) can be mounted on a dedicated transformer for
the sensitive load, in order to change its turns ratio according to changes in the input voltage.
They can be connected in series on the distribution feeder and be placed between the supply and
the load. Part of the secondary winding supplying the load isdivided into a number of sections,
which are connected or disconnected by fast static switches, thus allowing regulation of the
secondary voltage in steps. This should allow the output voltage to be brought back to a level
above 90% of nominal value, even for severe voltage dips. If thyristor-based switches are used,
they can only be turned on once per cycle and therefore the compensation is accomplished
with a time delay of at least one half-cycle. An additional problem is that the current in the
primary winding increases when the secondary voltage is increased to compensate for the dip
in the grid voltage. Therefore, only small steps on the secondary side of the transformer are
allowed. Furthermore, due to the use of thyristor-based static switches, when the supply voltage
is restored to its pre-fault value the load will experience an overvoltage for at least one half-
cycle.
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Chapter 2. Voltage Dips and Mitigation Methods

Fig. 2.6 Single-line diagram of ferro-resonant transformer.

Fig. 2.7 Single-line diagram of transformer with electronic tap changers.

Static Transfer Switch

The Static Transfer Switch (STS) consists of two three-phase static switches, each constituted in
turn of two antiparallel thyristors per phase, as shown in Fig.2.8, where the single-line diagram
of an STS is displayed [64]. The aim of this device is to transfer the load from a primary source
to a secondary one automatically and rapidly when reduced voltage is established in the primary
source and while the secondary meets certain quality requirements. During normal operation,
the primary source feeds the load through the thyristors of switch 1, while the secondary source
is disconnected (switch 2 open). In case of voltage dips or interruptions in the primary source,
the load will be transferred from the primary to the alternative source. Different control strate-
gies in order to obtain instantaneous transfer of the load can be adopted. However, paralleling
between the two sources during the transfer must be avoided.For this reason, since thyristor
base switches are used, the transfer time can take up to one half-cycle [61]. This means that
the load will still be affected by the dip, but its duration will be reduced to the time necessary
to transfer the load from the primary to the secondary source. The shortcoming of the STS is
that it cannot mitigate voltage dips originated by faults inthe transmission system, since these
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Fig. 2.8 Single-line diagram of Static Transfer Switch (STS).

type of dips usually affect both the primary and the secondary source. Moreover, it continuously
conduct the load current, which leads to considerable conduction losses.

Uninterruptible Power Supply

An Uninterruptible Power Supply (UPS) consists of a back-to-back converter (typically a diode
rectifier followed by an inverter) and an energy storage, as shown in Fig.2.9 [63]. The energy
storage is usually a battery connected to the dc link. Duringnormal operation, the power coming
from the ac supply is rectified and then inverted to fed the load. The battery remains in standby
mode and only keeps the dc-bus voltage constant. During a voltage dip or an interruption, the
energy released by the battery keeps the voltage at the dc busconstant. Depending on the storage
capacity of the battery, it can supply the load for minutes oreven hours. Low cost, simple
operation and control have made the UPS the standard solution for low-power, single phase
equipment, like computers. For higher-power loads, the costs associated with losses due to the
two conversions and maintenance of the batteries become toohigh and, therefore, a three-phase,
high power UPS is not economically feasible.

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 dynamically inject a currentir(t) of desired
amplitude, frequency and phase into the grid. The typical configuration of a shunt-connected
VSC is shown in Fig.2.10. The device consists of a VSC, an injection transformer, an ac filter
and a dc-link capacitor. An energy storage can also be mounted on the dc link to allow active
power injection into the ac grid.

The line impedance has a resistanceRg and inductanceLg. The grid voltage and current are de-
noted byes(t) and ig(t), respectively. The voltage at the point of common coupling (PCC),
which is also equal to the load voltage, is denoted byeg(t) and the load current byil(t).
The inductance and resistance of the ac-filter reactor are denoted byRr andLr, respectively.
Figure 2.11 shows a simplified single-line diagram, where the VSC is represented as a current
source. Amplitude, frequency and phase of the currentir(t) can be controlled.

By injecting a controllable current, the shunt-connected VSC can limit voltage fluctuation lea-
ding to flicker [70] and cancel harmonic currents absorbed bythe load, thus operating as an
active filter [2]. In both cases, the principle is to inject a current with same amplitude and oppo-
site phase as the undesired frequency components in the loadcurrent, so that they are cancelled
in the grid current. These mitigation actions can be accomplished by only injecting reactive
power. A shunt-connected VSC can also be used for voltage dipmitigation. In this case, the
device has to inject a fundamental current in the grid, resulting in an increased voltage ampli-
tude at the PCC, as shown in the phasor diagram in Fig.2.12. The voltage phasor at PCC is
denoted byEg, Zg is the line impedance,Es,dip is the grid voltage phasor during the dip and
ψ is the phase-angle jump of the dip. From the diagram it is possible to understand that when
the shunt-connected VSC is used to mitigate voltage dips, itis necessary to provide an energy
storage for injection of active power in order to avoid phase-angle jumps of the load voltage.
If only reactive power is injected, it is possible to maintain the load voltage amplitudeEg to
the pre-fault conditions but not its phase. Therefore, the voltage dip mitigation capability of a
shunt-connected VSC depends on the rating of the energy storage and on the rating in current

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

gE

rg IZ
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ψ

Fig. 2.12 Phasor diagram of voltage dip mitigation using shunt-connected VSC.

of the VSC.

Series-connected VSC

In this section, the principle of operation of the series-connected VSC (also called static series
compensator, SSC) will be described. The basic idea is to inject a voltageec(t) of desired
amplitude, frequency and phase between the PCC and the load in series with the grid voltage. A
typical configuration of the SSC is shown in Fig.2.13: the main components of the SSC are the
VSC, the filter, the injection transformer and the energy storage. Figure 2.14 shows a simplified
single-line diagram of the system with SSC. Differently from the shunt-connected VSC, the
SSC can be represented as a voltage source with controllableamplitude, phase and frequency.

The SSC is mainly used for voltage dip mitigation. The devicemaintains the load voltageel(t) to
the pre-fault condition by injecting a fundamental voltageof appropriate amplitude and phase.
Figure 2.15 shows the phasor diagram of the series injectionprinciple during voltage dip miti-
gation, whereEc is the phasor of the voltage injected by the compensator,I l is the phasor of
the load current and whereϕ is the angle displacement between load voltage and current.

As for the shunt-connected VSC described in the previous section, in order to be able to restore
both magnitude and phase of the load voltage to the pre-faultconditions, the SSC has to inject
both active and reactive power [13]. The voltage dip mitigation capability of this device depends
on the rating of the energy storage and on the voltage ratingsof the VSC and the injection
transformer.
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Fig. 2.13 Single-line diagram of SSC.

Fig. 2.14 Simplified single-line diagram of system with SSC.

2.4 Conclusions

In this chapter, a brief overview of voltage dips, with theirorigin and classification has been
given. Different methods for voltage dip mitigation have been described. Among all methods,
the installation of a mitigation device seems to be the only solution for customers to protect
themselves from voltage dips. Different mitigation devices, based on passive devices and based
on power electronics, have been described. Particular emphasis has been given to the shunt-
connected VSC and to the Static Series Compensator (SSC), which are the core of this part of
the thesis. In the next chapters, these two devices, and especially their control system, will be
described in detail.

lE

cE
dipgE ,

ψ
ϕ

lI

Fig. 2.15 Phasor-diagram of voltage dip mitigation using SSC.
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Chapter 3

Vector Current-controller for
Grid-connected VSC

This chapter deals with the derivation and the analysis of the deadbeat current controller for
grid-connected VSCs. Improvements to the standard algorithm in order to control positive and
negative sequences of the line-filter current (VSC terminalcurrent) are further presented in
Papers III and IV. In particular, Paper III shows simulationand experimental results of the
investigated controllers under balanced and unbalanced conditions of the grid voltage. Further,
in Paper IV the dynamic performance of the investigated controllers has been tested under
symmetrical and unsymmetrical voltage dips.

3.1 Introduction

Grid-connected forced-commutated VSCs are becoming more and more common at distribution
level for applications such as wind power plants, active front-end for adjustable speed drives and
custom power devices. Also VSCs for transmission level are introduced in HVDCs and FACTS
devices. Benefits of using VSCs are sinusoidal currents, high current bandwidth, controllable re-
active power to regulate power factor or bus-voltage level and to minimize resonances between
the grid and the converter, independent control of active and reactive power. These character-
istics, which are highly desirable in grid-connected applications, can be obtained by using a
high-performance current controller for the VSC. In the following, the deadbeat current con-
troller will be derived and analyzed. An extended analysis of the 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 maximize the current bandwidth of the
VSC. In a Vector Current-control (VCC) system, the active and reactive currents (as well as
the active and reactive powers) can be controlled independently. As a result, a high-bandwidth
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controller with a low cross-coupling between the referencecurrents and the line-filter currents
can be achieved [16,71].

The VSC is the most important element in the design of the investigated system. Figure 3.1
shows the main circuit scheme of a three-phase VSC. The VSC isconnected to a symmetric
three-phase load with impedanceRl + jωLl and back emfsea(t), eb(t) andec(t). The phase po-
tential, phase voltages and the potential of the floating-star load are denoted byva(t), vb(t), vc(t),
ua(t), ub(t), uc(t) andv0(t) respectively. The load currents in the three phases are denoted by
ira(t), irb(t), irc(t) respectively. The valves in the phase-legs of the VSC (usually insulated gate
bipolar transistors, IGBTs) are controlled by the switching signalsswa(t), swb(t) andswc(t).
The dc-link voltage is denoted byudc(t). The switching signal can be equal to±1. Whenswa(t)
is equal to 1, the upper valve in the phasea is turned on while the lower valve in the same leg is
off. Therefore, the potentialva(t) is equal to half of the dc-link voltage (udc(t)/2). Vice versa,
when the switching signal is equal to−1, the upper valve is off and the lower one is on and,
thus,va(t) is equal to−udc(t)/2. The potentialv0(t) can be written as

v0(t) =
1

3
[va(t) + vb(t) + vc(t)] (3.1)

assuming that the load is symmetrical. The phase voltages become

ua(t) = va(t) − v0(t) (3.2)

ub(t) = vb(t) − v0(t) (3.3)

uc(t) = vc(t) − v0(t) (3.4)

Fig. 3.1 Main circuit of three-phase VSC and load consistingof impedance and voltage sources.
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To obtain the switching signals for the VSC, Pulse Width Modulation technique (PWM) has
been adopted [34]. To avoid short-circuit of the VSC phase-legs, blanking time must be applied
[47]. Assuming that the switching frequency is very high, during steady-state operation the VSC
can be modelled as an ideal three-phase voltage source. Therefore, the output voltages of the
VSC can be considered sinusoidal and equal to the reference voltages to the modulator, given
by

u∗a(t) =

√
2

3
U∗sin(ω∗t+ φ∗) (3.5)

u∗b(t) =

√
2

3
U∗sin(ω∗t+ φ∗ − 2

3
π) (3.6)

u∗c(t) =

√
2

3
U∗sin(ω∗t+ φ∗ − 4

3
π) (3.7)

whereU∗, ω∗ andφ∗ are the reference value of the phase-to-phase RMS voltage, the reference
angular frequency and the reference phase-shift respectively.

In the three-phase diagram of the VSC system displayed in Fig.3.2, the grid voltages at the PCC
are denoted byeg,a(t), eg,b(t) andeg,c(t). The currents through the filter reactor areir,a(t), ir,b(t)
and ir,c(t) and the phase voltages out of the VSC are denoted byua(t), ub(t) anduc(t). The
resistance and the inductance of the filter reactor are denoted byRr andLr, respectively.

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

ua(t) − eg,a(t) − Rrir,a(t) − Lr
d
dt
ir,a(t) = 0 (3.8)

ub(t) − eg,b(t) − Rrir,b(t) − Lr
d
dt
ir,b(t) = 0 (3.9)

uc(t) − eg,c(t) − Rrir,c(t) − Lr
d
dt
ir,c(t) = 0 (3.10)

Fig. 3.2 Three-phase diagram of grid-connected VSC system.
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By applying Clarke’s transformation, (3.8) to (3.10) can bewritten in the fixedαβ-coordinate
system as

u(αβ)(t) − e(αβ)
g (t) − Rri

(αβ)
r (t) − Lr

d
dt
i(αβ)
r (t) = 0 (3.11)

Theαβ- to dq-transformation (in Appendix A) is applied. The phase-locked loop (PLL) [17,30]
is synchronized with the grid voltage vectore(αβ)

g and the transformation angle is denoted by
θ, equal to the grid voltage angle in steady state. The VSC voltage vector in the rotatingdq-
coordinate system is equal to

u(dq)(t) = e−jθ(t)u(αβ)(t) = e−jωtu(αβ)(t) (3.12)

with ω the system frequency. Similar transformation can be applied to the grid voltage and to
the filter current. Thus, (3.11) can be rewritten in the rotating dq-frame as

u(dq)(t) − e(dq)
g (t) − Rri

(dq)
r (t) − Lr

d
dt
i(dq)r (t) − jωLri

(dq)
r (t) = 0 (3.13)

With the chosen PLL [30] (see also Paper II), the voltage vector is aligned with the direction
of thed-axis during steady state. The grid voltage component in thed-direction is equal to its
RMS-value (when using power-invariant transformation, Appendix A) and theq-component of
the grid voltage is equal to zero. Thus, thed-component of the current vector (in steady state
parallel to the grid voltage vector) becomes the active current component (d-current) and theq-
component of the current vector becomes the reactive current component (q-current). Observe
that, in agreement with the signals reference in Fig.3.2, positive current (power) means current
injected by the VSC into the grid.

3.2.1 Proportional controller

In this section, the proportional controller will be derived for the VCC.

Considering that the control system has to be implemented ina digital controller and that it will
operate in discrete time, it is necessary to discretize (3.13). By integrating this equation over
one sample periodTs (from timekTs to time(k + 1)Ts) and then dividing by the sample time
Ts, the following equation can be obtained

u(dq)(k, k + 1) = e(dq)
g (k, k + 1) +Rri

(dq)
r (k, k + 1) + jωLri

(dq)
r (k, k + 1)+

+
Lr

Ts

[
i(dq)r (k + 1) − i(dq)r (k)

] (3.14)

whereu(dq)(k, k + 1) denotes the average value of the voltage vectoru(dq) from samplek to
samplek + 1 (and analogously for the other quantities) [69]. If a proportional regulator with
deadbeat gain is used, the controller will track the reference currents with one sample delay [3].
Thus, the current reference value at the sample instantk must be equal to the current value at
the samplek + 1, i.e.

i(dq)r (k + 1) = i(dq)∗r (k) (3.15)

The following assumptions can be made in order to derive the controller:
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3.2. Vector Current-controller (VCC)

• The grid voltage changes slowly and can be considered constant over one sample period

e(dq)g (k, k + 1) = e(dq)g (k) (3.16)

• The current variations are linear

i(dq)r (k, k + 1) =
1

2

[
i(dq)r (k) + i(dq)r (k + 1)

]
=

1

2

[
i(dq)r (k) + i(dq)∗r (k)

]
(3.17)

• The average value of the VSC voltage over a sample period is equal to the reference value

u(dq)(k, k + 1) = u(dq)∗(k) (3.18)

Under these assumptions, the proportional controller can be rewritten as follows [72]

u(dq)∗(k) = e(dq)g (k) +Rri
(dq)
r (k) + j

ωLr

2

[
i(dq)r (k) + i(dq)∗r (k)

]
+

+

(
Lr

Ts
+
Rr

2

) [
i(dq)∗r (k) − i(dq)r (k)

]
= u

(dq)
ff (k) + kp

[
i(dq)∗r (k) − i(dq)r (k)

] (3.19)

whereu(dq)
ff is the feed-forward voltage term for at samplek, while

kp =
Lr

Ts
+
Rr

2
(3.20)

is the proportional gain of the controller to obtain deadbeat.

3.2.2 Proportional-integral controller

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

u(dq)∗(k) = u
(dq)
ff (k) + kp

[
i(dq)∗r (k) − i(dq)r (k)

]
+ ∆u

(dq)
i (k) (3.21)

where∆u
(dq)
i (k) is the integral term at samplek, given by

∆u
(dq)
i (k) = ∆u

(dq)
i (k − 1) + ki

[
i(dq)∗r (k − 1) − i(dq)r (k − 1)

]
(3.22)

where the integral gainki can be written as

ki = kp
Ts

Ti
(3.23)

with Ti the integration time constant. After some algebraic manipulation of (3.21) [3], the latter
is found as

Ti =
Lr

Rr
+
Ts

2
≈ Lr

Rr
(3.24)
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to obtain deadbeat. From (3.20) and (3.24) it is possible to notice that the parameters of the
PI-controller are directly related to the filter parametersRr andLr. This represents a useful tool
when analyzing the sensitivity of the control system to system variations.

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

1. Measure grid voltages and filter currents and sample them with sampling frequencyfs;

2. Transform all quantities from the three-phase coordinate system to the fixedαβ-coordinate
system and then to the rotatingdq-coordinate system, using the transformation angleθ(k),
obtained from the PLL;

3. Calculate the reference voltageu(dq)∗(k);

4. Convert the reference voltage from the rotatingdq-coordinate system to the three-phase
coordinate system by using the transformation angleθ(k) + ∆θ, where∆θ = 0.5ωTs is a
compensation angle to take into account the delay introduced by the discretization of the
measured quantities [72];

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

3.3 Vector Current-controller type 1 (VCC1)

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

Fig. 3.3 Block scheme of implemented vector current-controller.
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3.3. Vector Current-controller type 1 (VCC1)

necessary to improve the control system in order to take intoaccount some problems that occur
in a real system. In particular, it is important to consider that the amplitude of the output voltage
of the VSC is not infinite, but limited and proportional to thedc-link voltage level. Moreover,
all calculations are affected by the delay due to the computational time of the control computer.
For this reason, some improvements have been made to the described current controller:

• Smith predictor using a state observer for the computational time delay compensation
[51,68];

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

3.3.1 One-sample delay compensation

In a real system, the reference voltage used in the PWM modulator u(dq)∗(k) is delayed one
sampling period due to the computational time in the controlcomputer. If a high bandwidth
control system is used, this delay will affect the performance of the system and large oscillations
in the output current can be experienced [10]. To avoid this problem 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 purpose [57]. The main advantage by
using a Smith predictor is that the current controller can betreated as in the ideal case without
any time delay. The basic idea of the Smith predictor is to predict the output current one sample
ahead by using a state observer and feed the predicted current back into the current controller.
Thus, the delay of one sample has been eliminated. In order tofeedback the real current to the
current controller, the predicted current one sample delayed is subtracted from the feedback
signal. The block scheme of the current controller with the computational time delay, the Smith
predictor and the process (equal to the VSC system shown in Fig.3.2) is displayed in Fig.3.4.
The output of the Smith predictor is the difference between the estimated filter current at sample

k, denoted in the figure aŝi
(dq)

r (k), and the same signal at samplek − 1. If at samplek a step in
the reference current is applied, at samplek+1 the reference voltageu(dq)∗ output of the current
controller will vary. As a result, the output signal of the Smith predictor will not be equal to zero
and will adjust the current error. At samplek + 2 the difference between the predicted current
and the delayed one will be zero again. Thus, the Smith predictor will not affect the current
error. Therefore, the Smith predictor will affect the performance of the controller only during
transients, but not during steady state.

For a correct estimation of the grid current, the state observer has to be designed in order to
reproduce the process. Applying KVL to the circuit shown in Fig.3.5, the following equation in
theαβ-coordinate system can be written

u(αβ)(t) − e(αβ)
g (t) = Rr̂i

(αβ)

r (t) + Lr
d
dt
î
(αβ)

r (t) (3.25)
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Fig. 3.4 Block scheme of vector current-controller with Smith predictor and process.
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Fig. 3.5 Single-line diagram of circuit representation of state observer.

In thedq-coordinate system, (3.25) becomes

u(dq)(t) − e(dq)
g (t) = Rr̂i

(dq)

r (t) + jωLr̂i
(dq)

r (t) + Lr
d
dt
î
(dq)

r (t) (3.26)

which can be discretized using the forward Euler method. Assuming that the average values
of the VSC voltages over one sample period are equal to the reference values, (3.26) can be
rewritten in the discrete time domain as

î
(dq)

r (k + 1) =

(
1 − RrTs

Lr
− jωTs

)
î
(dq)

r (k) +
Ts

Lr

[
u(dq)∗(k) − e(dq)g (k)

]
(3.27)

The measured currenti(dq)r (k) and the predicted currentî
(dq)

r (k) are equal in an ideal system, but
in a real system, due to nonlinearities and noise in the measurements, this relation is no longer
valid. Therefore, an additional term is included to take into account this error in the estimation,
giving the final equation for the state observer as

î
(dq)

r (k + 1) =

(
1 − RrTs

Lr
− jωTs

)
î
(dq)

r (k) +
Ts

Lr

[
u(dq)∗(k) − e(dq)g (k)

]
+

+ kpsp

[
i(dq)r (k) − î

(dq)

r (k)
] (3.28)

wherekpspdenotes the observer gain. Thus, ifkpsp is large, the observer does not trust the process
model (measurements and estimated system parameters). Ifkpsp is 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 reference voltage vectoru(dq)∗ in thedq-coordinate
system is transformed in the fixedαβ-coordinate system, as shown earlier in Fig.3.3. The one-
sample delay due to the computational time affects also the compensation angle∆θ. For a
correct transformation, the reference voltage vector in theαβ-plane is given by

u(αβ)∗ = u(dq)∗ej(θ+∆θ) = u(dq)∗ej(θ+ 3

2
ωTs) (3.29)

3.3.2 Saturation and integrator anti-windup

In this section, the problem with saturation of the VSC and different solutions (stopping the
integration during saturation and use of back-calculation) to avoid integrator windup will be
treated.

In Section 3.2, the principle of operation of the VSC has beentreated. As explained in [41], the
three switching signalsswa, swb andswc can be combined in eight ways. The resulting voltage
vectors for these combinations draw a hexagon in the fixedαβ-coordinate system. Figure 3.6
shows the eight realizable voltage vectors, their switching combinations and the relative sectors
for the two-level VSC. A vectoru(swa, swb, swc) with switching statesswa = 1, swb = −1 and
swc = 1 is represented asu(1,−1, 1).

The VSC is capable to deliver voltages within this hexagon. Linear modulation is possible up
to the radius of the maximum circle that can be inscribed inside the hexagon. This is equal to
udc/

√
2 if power-invariant transformation is used. During transients, it is also possible to control

the PWM voltage outside this circle but within the hexagon, in order to improve the dynamic
performance of the control system.
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Fig. 3.6 Hexagon including the eight realizable voltage vectors for VSC.
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If saturation occurs (i.e. if the reference voltage vector exceeds the boundary of the hexagon),
the VSC will not be able to deliver the demanded voltage and reduced performance of the system
will be obtained. For this reason, in case of saturation it isnecessary to reduce the demanded
voltage within the boundary of the hexagon.

In [51], an extended description of the saturation problem and possible solutions for the limita-
tion of the reference voltages for the PWM modulator are reported. Here, the method used is the
Minimum Amplitude Error limitation method (MAE). According to MAE, the limited voltage
vectoru(αβ)∗

r is chosen on the hexagon boundary nearest the original reference vectoru(αβ)∗.
Thus, MAE minimizes the voltage amplitude error. As shown inFig.3.7, using the auxiliary
xy-coordinate system, the components of the limited reference voltage vector become

u∗rx =
udc√

2
(3.30)

u∗ry =

{
u∗y |u∗y| ≤ udc/

√
6

sgn(u∗y)
udc√

6
|u∗y| > udc/

√
6 (3.31)

The transformation angleθxy is the angle between theα-axis and thex-axis and is defined as

θxy = [1 + 2(s− 1)]π/6 (3.32)

where s is the hexagon sector where the voltage vectoru(αβ)∗ is located.

If saturation occurs, the output voltage of the current controller will be limited to the boundary
of the hexagon and the output voltage will be smaller compared with the demanded one. In this
case, if a controller with an integral part is used, the current error will be integrated and, as
a consequence, the integration term can become very large because the output voltage cannot
be increased, thus reducing the current error. This phenomenon is called “integrator windup”

xyθ
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2/dcu
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Fig. 3.7 Principle of MAE method to limit reference voltage vector 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 deadbeat vector current-controller with
VSC voltage limitation and with no integrator anti-windup.At time t = 0.1 s a step in the
d-component of the reference current from−0.5 pu to 1 pu has been applied. Theq-component
of the reference current (not shown for clarity) is constantto 0 pu. The signal “sat” indicates
VSC saturation. As shown, the transient behavior of the control system is rather sluggish and
after the step, the actual current is affected by a steady-state error that decreases slowly down
to zero. The sluggish behavior of the error is caused by windup of the integrator.

A countermeasure to avoid integrator windup is to inhibit the integration, by setting the inte-
grator gainki equal to zero, whenever the output of the VSC saturates. Another solution is to
use a back-calculation of the current error in order to limitthe demanded current during satura-
tion [3,28,68]. In this case, if saturation occurs, the integrated current error will be modified in
order to take into account the limited VSC control voltage. The back-calculated error is given
by [28]

i(dq)er (k) =
1

kp
[u(dq)∗

r (k) − u
(dq)
ff (k) − ∆u

(dq)
i (k)] (3.33)

whereu(dq)∗
r is the limited reference voltage vector, while all other terms have the same meaning

given in Section 3.2.

Figures 3.9 and 3.10 show the step response of the deadbeat vector current-controller with
integrator stop and back-calculation, respectively. The two methods are practically equivalent:
the advantage of using back-calculation is that if saturation occurs the integrator is not freezed,
but is dynamically adjusted. Due to the presence of the integral part in the controller even
during saturation, the back-calculation results slightlyfaster as compared with the integrator
stop. Therefore, this solutions has been here adopted.

The complete block scheme of the VCC with all modifications mentioned is shown in Fig.3.11.
From this point on, this will be referred to as Vector Current-controller type 1, VCC1.

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

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

3.4 Stability analysis

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

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

In this section, the analysis of VCC1 in case of accurate knowledge of the system parameters
will be carried out. The pole location for the deadbeat VCC1 when varying the observer gain
kpsp will be analyzed. The step response of the closed-loop system for different values of the
observer gain will be shown. Furthermore, the case of inaccurate knowledge of the model para-
meters will be considered. The effect of an inaccurate estimation of the system parameters (and
especially of the filter inductanceLr) 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, reference voltage limitation and back-calculation.
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Fig. 3.12 Desired poles locus in continuous time domain, plot (a), and in discrete time domain, plot (b).

3.4.1 Accurate knowledge of model parameters

When the model parameters are known exactly, the current controller in (3.21) contains the
exact values for the filter parameters and the state observerin (3.28) is the exact reproduction
of the system. The measured currentir(k) and the estimated currentîr(k) should then be equal
and the observer gainkpsp can be equal to zero. However, in a real system, due to nonlinearities
and noise in the measurements, the above mentioned relationwill not be true and for this reason
it is necessary to introduce a non-zero gain in the state observer. Of course, this will affect the
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stability and the performance of the closed-loop system.

Figure 3.13 shows the pole placement of the investigated two-sample delayed system when
kpsp varies from 0 to 0.5, under the assumption that the vector current-controller is operating
at deadbeat. As shown, when increasing the observer gain, the poles move far from the origo
and the imaginary part of two complex-conjugate poles increases. For an observer gain equal to
zero, two poles have a real part slightly bigger than 1 and therefore are located outside the circle
boundary. If the observer gain is set equal to0.1, the control system is stable and the poles are
well damped, while for0.3 the system is still stable, but the poles are not well damped.Finally,
if the state observer gain is set to0.5 the system gets unstable.

Figures 3.14(a) to 3.14(d) show the step response of the analyzed two-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 att = 0 and the response of the
transfer function from referenced-current to actuald-current is shown. The sampling time is
Ts = 0.2 ms. As expected, when the observer gain is set to 0 and 0.5 the closed-loop system
is unstable while forkpsp = 0.1 andkpsp = 0.3 the system is stable. As shown in Fig.3.14(a),
whenkpsp = 0, since two poles are located outside (but very close to) the unit circle, the oscil-
lation is slowly increasing. If the observer gain is insteadset to 0.5 (Fig.3.14(d)), two poles are
located outside the unit circle and farther from the circle boundary compared with the previous
case, therefore the transfer function quickly goes into instability. For kpsp = 0.1 (Fig.3.14(b))
it can be seen that att = 0.4 ms, after two samples, the actual current tracks the reference,
as expected for a two-sample deadbeat controller. However,the actual current is affected by a
0.1 pu overshoot, due to the cross-coupling term in the controller. If the observer gain is set to
0.3 (Fig.3.14(c)), two couples of complex and conjugate poles are outside the shadowed area

Fig. 3.13 Pole placement for accurate knowledge of system parameters at variation of observer gain.
Marker “×” denoteskpsp = 0, marker “⋄” denoteskpsp = 0.1, marker “�” denoteskpsp = 0.3,
marker “◦” denoteskpsp = 0.5.
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(a) (b)

(c) (d)

Fig. 3.14 Simulated active current step response of the VCC1for accurate knowledge of system para-
meters forkpsp = 0, plot (a), kpsp = 0.1, plot (b), kpsp = 0.3, plot (c), kpsp = 0.5, plot
(d).

shown in Fig.3.12(b), and the closed-loop system presents astable oscillatory response with an
overshoot of 0.3 pu.

3.4.2 Inaccurate knowledge of model parameters

For a real system, the values of the parameters are not known exactly. Moreover, some of the pa-
rameter values change during operation, due to aging or to temperature changes. Therefore, both
the equation of the current controller and the equation of the state observer can be re-written
considering the estimated values of the filter parameters and of the grid frequency, denoted by
the superscript̂. Callingε(dq)

i the current error, given by

ε
(dq)
i (k) = i(dq)∗r (k) − i(dq)r (k) − î

(dq)

r (k) + î
(dq)

r (k − 1) (3.34)

the equations for the current controller and for the state observer become

u(dq)∗(k) = e(dq)∗g (k) + R̂ri
(dq)
r (k) + j

ω̂L̂r

2

[
i(dq)∗r (k) + i(dq)r (k)

]
+

+ kpε
(dq)
i (k) +

k∑

n=1

kiε
(dq)
i (n− 1)

(3.35)
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î
(dq)

r (k + 1) = (1 − R̂rTs

L̂r

− jω̂Ts)̂i
(dq)

r (k) +
Ts

L̂r

[
u(dq)∗(k) − e(dq)g (k)

]
+

+ kpsp

[
i(dq)r (k) − î

(dq)

r (k)
] (3.36)

where the proportional and the integral gain of the current controller are now equal to

kp =
L̂r

Ts
+
R̂r

2
, ki = kp

Ts

Ti
= kp

TsR̂r

L̂r

(3.37)

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

Since the filter resistance is usually negligible compared with its reactance, the response of the
closed-loop system is insensitive to its variation. The system is instead sensitive to variations
of the filter inductance. Figures 3.15(a) to 3.15(c) show thepole placement of the closed-loop
system when the estimated filter inductanceL̂r varies from 60% to 140% of the actual filter
inductanceLr, for kpsp = 0.1. The trajectory of some poles has been plotted separately for
clarity. From this figure, it is possible to observe that an underestimation ofLr results in a well-
damped closed-loop system, while when the estimated inductance increases, the poles move far
from the real axis. Therefore, it can be concluded that, in order to obtain a well-damped system,
it is better to underestimate the filter inductanceL̂r. According with the analysis carried out, the
inductance has to be underestimated by 90% (L̂r=0.1Lr) 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 whenL̂r = 0.6Lr and whenL̂r = 1.4Lr

has been analyzed and is shown in Figs.3.16(a) and 3.16(b), respectively. As expected, when
the filter inductance is underestimated the system is well damped, while the overestimated filter
inductance provides an oscillatory step response with an initial overshoot of 0.4 pu.

Finally, the sensitivity of the closed-loop system to variations of the grid frequency has been
investigated. The estimated grid frequency has been variedby ±20% of the nominal frequency
(50 Hz). The pole locus of the deadbeat VCC1 forkpsp = 0.1, shown in Fig.3.17, when the
estimated grid frequencŷf is varied, shows that the system can be considered insensitive to
normal variations of the grid frequency. This is due to the fact that the estimated frequency
affects only the cross-coupling term of the current controller (see (3.35)).
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(a) (b)

(c)

Fig. 3.15 Pole placement for inaccurate knowledge of the system parameters forkpsp = 0.1 at the vari-

ation of the estimated filter inductance. Marker “×” denotesL̂r = 0.6Lr, marker “⋄” denotes
L̂r = Lr, marker “◦” denotesL̂r = 1.4Lr. Plots (a), (b) and (c) are part of the same plot.
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(a) (b)

Fig. 3.16 Simulated active current step response of the VCC1for kpsp = 0.1 and forL̂r = 0.6Lr, plot

(a), andL̂r = 1.4Lr, plot (b).

Fig. 3.17 Pole placement for inaccurate knowledge of the system parameters forkpsp = 0.1 at the vari-

ation of the estimated grid frequency. Marker “×” denotesf̂ = 40Hz, marker “⋄” denotes
f̂ = 50Hz, marker “◦” denotesf̂ = 60Hz.
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3.5 Experimental results

The investigated deadbeat VCC1 has been tested both via simulations, using the simulation pro-
gram PSCAD/EMTDC, and experimentally on a VSC system that has been built in the Power
Systems Laboratory at the Department of Energy and Environment at Chalmers University. In
Paper III, the dynamic performance of the VCC1 under balanced and unbalanced conditions
of the grid voltage is shown. Furthermore, in Paper IV, the dynamic performance of the VCC1
under symmetrical and unsymmetrical voltage dips is reported.

As an example, Fig.3.18 shows the current response of the VCC1 to a reactive current step
under balanced (left) and unbalanced (right) conditions ofthe grid voltage. From the figure it
is possible to observe that when the grid voltage is balanced, the VCC1 works properly and the
actual current follows the reference one in two samples. On the contrary, the controller presents
unsatisfactory performance under unbalanced conditions.As shown in the figure, in case of
unbalanced conditions of the grid voltage, the filter current will exhibit an oscillatory response
having characteristic frequency equal to double the power frequency. These oscillations are due
to the presence of a negative-sequence component in the PCC voltage due to the unbalanced
conditions.

To cope with unbalanced conditions, the VCC has been furtherimproved. Using a delay-based
estimation algorithm (denoted as delayed signal cancellation, see [40] and Papers I and II),
positive- and negative-sequence components of the measured voltage and current are estimated
and used in the control algorithm. By feeding the VCC1 controller only with the positive-
sequence component of the grid voltage, the response is improved and the filter current follows
the reference with almost no delay. This control strategy isaddressed to as Vector Current-
controller type 2 (VCC2).

The controller can be further improved to be able to control also the negative-sequence com-
ponent of the filter current. Positive- and negative-sequence components of voltage and current
are sent to two separate current controllers. The resultingcontrol algorithm is addressed to as
Dual Vector Current-controller (DVCC). In this case, it is shown that the current presents a

(a) (b)

Fig. 3.18 Measured current response to reference reactive current step. Plot (a): balanced grid voltage;
plot (b): unbalanced grid voltage.
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more sluggish response as compared with the VCC2, mostly dueto the delay introduced by the
sequence separation.

3.6 Conclusions

In this chapter, a deadbeat vector current-controller for grid-connected VSCs has been derived.
To take into account the one sample delay due to the computational time and the voltage rat-
ings of the VSC, the controller has been improved by using a Smith predictor. Furthermore,
reference voltage limitation and anti-windup function to prevent integrator windup has been
added in the control algorithm. Stability analysis in case of accurate and in the realistic case
of inaccurate knowledge of the system parameters has been carried out. Finally, experimental
results of the investigated controller under balanced and unbalanced conditions of the grid vol-
tage have been presented. With a constant dc-link voltage, steps in the reference currents have
been applied in order to test the dynamic performance of the system. It has been demonstrated
that, using Vector Current-controller type 1 (VCC1), designed by only considering positive-
sequence components, thedq-currents under unbalanced grid voltage are affected by an oscil-
lation at double the power frequency. Better transient performance can be obtained by feeding
the same controller only the positive-sequence component of the grid voltage in the Vector
Current-controller type 2 (VCC2). The Dual Vector Current-controller (DVCC), where both
voltages and currents are separated into their sequence components and two separate current
controllers are used, showed a slower response compared with VCC2 response, due to the time
required for the phase sequences estimation. Since it presents a fast response and can operate
properly both under balanced and unbalanced conditions of the grid voltage, the VCC2 seems
to be the most suitable option for control of shunt-connected VSC. Nevertheless, as it will be
discussed in the next chapter, in some applications where the current controller is used as inner
loop of a cascade controller, control of both positive and negative sequences of the filter current
might be needed, thus DVCC has to be used.
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Chapter 4

Control of Series-connected VSC for
Voltage Dip Mitigation

In this chapter, the controller for the series-connected VSC for voltage dips mitigation will be
presented. Improvements to the derived control system to beable to mitigate unbalanced voltage
dips will be described. Experimental results are reported in Paper V.

4.1 Introduction

In Chapter 2, the principle and typical configuration of the series-connected VSC, or SSC, have
been reviewed. This chapter deals with the control of the SSCfor voltage dip mitigation. The
control of the SSC for mitigation of voltage dips has been treated, among others, in [50] and [8].
Reference [50] presents the design and control of a full-size series compensator for medium
voltage applications. With the configuration adopted, based on three H-bridges sharing the same
dc link, individual control of each phase is possible, whichis advantageous for compensation
of unbalanced dips. The drawback is that double the amount ofvalves are required compared to
a VSC. Reference [8] develops a cascade controller, based onan inner current controller and an
outer voltage controller. However, in [8] the problem of saturation of the VSC current controller
due to limited dc-link voltage is not investigated.

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

4.2 Layout of the SSC

The three-phase diagram of a grid with SSC is displayed in Fig.4.1. The three-phase voltages
of the grid are denoted byes,a(t), es,b(t) andes,c(t), 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 byeg,a(t), eg,b(t), eg,c(t) andig,a(t), ig,b(t) andig,c(t), respectively. The
three-phase voltages and currents of the VSC are denoted byua(t), ub(t), uc(t) andir,a(t), ir,b(t)
andir,c(t), respectively. The filter capacitor voltages and currents are denoted byec,a(t), ec,b(t),
ec,c(t) andic,a(t), ic,b(t) andic,c(t), respectively. The voltages and currents injected by the SSC
are denoted byeinj,a(t), einj,b(t), einj,c(t) andiinj,a(t), iinj,b(t) andiinj,c(t), respectively. The dc-link
voltage is denoted byudc(t). Finally, the load voltages are denoted byel,a(t), el,b(t) andel,c(t).

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

The cut-off frequency of the filter determines the amount of harmonics injected in the grid by
the SSC and thereby the harmonic content of the load voltage.This should be considered if the
load is particulary sensitive. A basic rule in the design of the filter is that its cut-off frequency
should be much lower than the switching frequency of the VSC,thus eliminating the switching
ripple in the output voltage. However, the filter should not affect the fundamental component of
the injected voltage. Here, the cut-off frequency of the LC-filter has been set to 460 Hz.

The SSC injects the required missing load voltage into the grid through three single-phase
transformers. The rated power of the injection transformers is dictated by the rated current of
the load, which continuously flows in the winding that is connected to the feeder, and by the
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4.3. Dual Vector-controller type 1 (DVC1)

TABLE 4.1. SYSTEM PARAMETERS FORSSC.

Grid parameters
Grid voltage E 400 V 1 pu
Grid current I 40 A 1 pu

Grid frequency f 50 Hz
Load resistance Rl 10Ω 1 pu
Load inductance Ll 23.9 mH 0.75 pu
dc-link voltage Udc 600 V 1.5 pu

Filter parameters
Filter resistance Rr 24.8 mΩ 0.0025 pu
Filter inductance Lr 2 mH 0.063 pu
Filter capacitor C 60µF 0.18 pu

Transformer parameters
Rated power Sn 10 kVA 1.08 pu
Rated voltage Vn 230 V 1 pu

Short-circuit power Pcc 141 W 0.015 pu
Short-circuit voltage Vcc 5.3 V 0.023 pu

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

System parameters, reported in Table 4.1, are those of a SSC prototype built in the Power
System Laboratory of the Department of Energy and Environment at Chalmers University.

4.3 Dual Vector-controller type 1 (DVC1)

The control system of the SSC investigated for this thesis isconstituted by two closed-loop con-
trollers connected in cascade: an outer loop that controls the voltage across the filter capacitor
ec(t) and an inner controller that controls the current through the filter reactorir(t) [9]. The
basic assumption behind the investigated control strategyis that the injected voltage is equal to
the voltage across the capacitors. This is equivalent of assuming that the injection transformer
is ideal with a 1:1 turn ratio, meaning that

einj,a(t) = ec,a(t) (4.1)

iinj,a(t) = ig,a(t) (4.2)

and analogously for the other two phases. Under these assumptions, applying the Kirchhoff’s
current law to the LC-filter, the following differential equations for the three phases can be
written

ir,a(t) = ic,a(t) + ig,a(t) = C
d
dt
ec,a(t) + ig,a(t) (4.3)
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ir,b(t) = ic,b(t) + ig,b(t) = C
d
dt
ec,b(t) + ig,b(t) (4.4)

ir,c(t) = ic,c(t) + ig,c(t) = C
d
dt
ec,c(t) + ig,c(t) (4.5)

By applying Clarke’s transformation, (4.3) to (4.5) can be written in theαβ-coordinate system
as

d
dt
e(αβ)

c (t) =
1

C
i(αβ)
r (t) − 1

C
i(αβ)
g (t) (4.6)

which, by usingαβ- to dq-transformation with a PLL synchronized with the grid voltage vector,
becomes

d
dt
e(dq)c (t) =

1

C
i(dq)r (t) − 1

C
i(dq)g (t) − jωe(dq)c (t) (4.7)

4.3.1 Voltage controller

As for the VCC described in Section 3.2, the voltage controller is meant to be implemented in a
digital controller. Thus, it is necessary to discretize (4.7). Again, this is done by integrating the
equation over one sample periodTs and then dividing byTs, thus obtaining

1

Ts

[
e(dq)

c (k + 1) − e(dq)c (k)
]

=
1

C
i(dq)r (k, k + 1) − 1

C
i(dq)g (k, k + 1)+

− jωe(dq)c (k, k + 1)

(4.8)

wheree(dq)c (k, k + 1) denotes the average value ofe
(dq)
c (t) between samplek and samplek + 1.

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

e(dq)c (k + 1) = e(dq)∗c (k) (4.9)

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

e(dq)c (k) = e
(dq)∗
l (k) − e(dq)g (k) (4.10)

wheree(dq)∗
l denotes the load reference voltage in thedq-coordinate system.

The following assumptions are made in order to formulate thevoltage controller:

• The grid current components change slowly and are considered constant over one sample
period

i(dq)g (k, k + 1) = i(dq)g (k) (4.11)

44



4.3. Dual Vector-controller type 1 (DVC1)

• The filter capacitor voltage changes linearly during one sample period

e(dq)
c (k, k + 1) =

1

2

[
e
(dq)
c (k) + e

(dq)
c (k + 1)

]
=

1

2

[
e
(dq)
c (k) + e

(dq)∗
c (k)

]
(4.12)

• The average value of the filter current over one sample periodis equal to the reference

i(dq)r (k, k + 1) = i(dq)∗r (k) (4.13)

The proportional voltage controller can now be formulated as

i(dq)∗r (k) = i(dq)g (k) + j
ωC

2

[
e(dq)∗c (k) + e(dq)c (k)

]
+

+
C

Ts

[
e(dq)∗c (k) − e(dq)c (k)

]
= i

(dq)
ff (k) + kp,vc

[
e∗(dq)c (k) − e(dq)

c (k)
] (4.14)

wherei(dq)ff (k) is the feed-forward term, whilekp,vc is the proportional gain of the voltage con-
troller to obtain deadbeat and is equal to

kp,vc =
C

Ts
(4.15)

Observe that here the filter capacitor is assumed ideal, i.e.the current flowing into the capacitor
will not produce power losses (capacitor’s resistance equal to zero). Under this assumption, the
deadbeat equations will lead to a proportional controller only. However, in order to remove the
steady state error due to unavoidable mismatch between the actual and the modelled system,
it is convenient to add a small integral term in the control law. Thus, the PI-controller can be
formulated as

i∗(dq)r (k) = i
(dq)
ff (k) + kp,vc

[
e∗(dq)c (k) − e(dq)

c (k)
]
+ ∆i

(dq)
i (k) (4.16)

with ∆i
(dq)
i (k) the integral term at samplek, given by

∆i
(dq)
i (k) = ∆i

(dq)
i (k − 1) + ki,vc

[
e∗(dq)c (k − 1) − e(dq)c (k − 1)

]
(4.17)

where, callingTi,vc the integration time constant, the integral gain of the voltage controllerki,vc

is given by

ki,vc = kp,vc
Ts

Ti,vc
(4.18)

The output of the voltage controller is the reference current i(dq)∗r , which will be the input to
the current controller in order to control the current through the filter reactori(dq)r . The current
controller used is VCC1, described in Section 3.3. Figure 4.2 shows the block scheme of the
implemented cascade controller, constituted by the described voltage controller (denoted in the
figure by VC) in series with VCC1. The algorithm of the implemented control system can be
summarized as:
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Fig. 4.2 Block-scheme of implemented cascade controller for voltage dip mitigation using SSC.

1. Measure and sample the grid voltages, grid currents, filter currents and capacitor voltages
with sampling frequencyfs;

2. Transform all three-phase quantities to theαβ-coordinate system and then to the rotating
dq-coordinate system, using the transformation angleθ, obtained from the PLL;

3. Calculation of the reference filter currenti(dq)∗r (k) using the VC block;

4. Calculation of the reference voltageu(dq)∗(k) using the VCC1 block;

5. Convert the reference voltages from thedq-coordinate system into three-phase voltages
using the transformation angleθ(k) + ∆θ, where∆θ = 3/2 ωTs, as explained in Sec-
tion 3.3.1;

6. Calculate the duty-cycles in the PWM block and send the switching signals to the VSC
valves.

46



4.3. Dual Vector-controller type 1 (DVC1)

4.3.2 Stability analysis

In this section, the stability analysis of the entire systemusing DVC1 (= DVCC + VCC1) will
be presented. The dynamic performance of the two closed-loop systems in both cases of accu-
rate and inaccurate knowledge of the filter parameters will be investigated. System parameters
are displayed in Table 4.1. A block diagram of the complete closed-loop system used for this
investigation is depicted in Fig.4.3, where the VSC has beenconsidered as an ideal amplifier.
Note that the load dynamics are included in the scheme. Here,an RL-load has been considered.
Thus, the load current will change when the load voltage changes.

Accurate knowledge of filter parameters

In case of accurate knowledge of the filter parameters, both the equations of the VC and of the
VCC1 contain the exact values of the parameters. In this case, it is of interest to investigate
the interaction between the two controllers. When a cascadecontroller is used, it is important
to carefully select the bandwidth of the two controllers in order to ensure the stability of the
entire system. Figure 4.4 shows the closed-loop poles placement of the SSC with DVC1 for
different values of the voltage controller gain (denoted asαvc and expressed in per unit of the
deadbeat gain of the voltage controller,C/Ts). The inner current controller is set to deadbeat.
When increasing the gain of the outer controller, the poles move out from the real axis. It can
be observed that, forαvc equal to 0.1 and 0.3, the closed-loop system is stable, whilefor αvc

equal to 1 (i.e. both voltage controller and current controller at deadbeat) the closed-loop system
is unstable. When the outer controller gainαvc is set to 0.57 of deadbeat the system is at the
stability limit.

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

Inaccurate knowledge of filter parameters

When the filter parameters are not known with accuracy, estimated values for the filter reactor
(R̂r andL̂r) and filter capacitor (̂C) are used in the equations of the VCC1 and of the VC. The
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Fig. 4.3 Block diagram of closed-loop system constituted byDVC1, filter and load.
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Fig. 4.4 Pole placement for accurate knowledge of filter parameters when varying voltage controller gain
αvc. Marker “×” denotesαvc = 0.1 pu deadbeat, marker “⋄” denotesαvc = 0.3 pu deadbeat,
marker “�” denotesαvc = 0.57 pu deadbeat, marker “◦” denotesαvc = deadbeat.

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

The reactor resistance is usually negligible compared withits reactance, therefore the response
of the system can be considered insensitive to its variation. Figure 4.5 shows the closed-loop
poles of the SSC with DVC1 when the estimated filter inductance L̂r varies from 60% to 180%
of the actual filter inductanceLr. From this figure it is possible to observe that an underestima-
tion of the filter inductancêLr results in a well damped system. When increasingL̂r, some poles
move far from the real axis and for̂Lr equal to 180% ofLr the system gets unstable. Therefore,
similarly to what was found in Section 3.4, it can be concluded that it is better to underestimate
the filter inductance from the stability point of view.

Figure 4.6 shows the closed-loop poles of the control systemwhen the estimated filter capacitor
Ĉ varies from 60% to 180% of the actual filter capacitorC. As shown, the poles slowly move
far from the real axis when increasinĝC, but always remain inside the unit circle. Therefore,
it can be concluded that, when the filter capacitor is underestimated, the control system results
more damped than in case of overestimation, but in general itis less sensitive to variations of
the filter capacitorC compared with variations of the filter inductorLr. This is not surprising,
since the filter capacitor appears in the equations of the VC only, which has reduced bandwidth
as compared with the VCC1.
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Fig. 4.5 Pole placement for inaccurate knowledge of filter parameters forαvc = 0.3 when varying esti-

mated filter inductance. Marker “×” denotesL̂r = 0.6Lr, marker “⋄” denotesL̂r = Lr, marker
“�”denotesL̂r = 1.8Lr.
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Fig. 4.6 Pole placement for inaccurate knowledge of filter parameters forαvc = 0.3 at variation of

estimated filter capacitor. Marker “×” denotesĈ = 0.6C, marker “⋄” denotesĈ = C, marker
“�”denotesĈ = 1.8C.
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4.4 Experimental results

In this section, experimental results of the SSC with DVC1 will be presented. The laboratory
setup used for these experiments is described in Paper V. Here, a short summary of the obtained
results will be given.

A first set of tests has been carried out when the grid voltage is affected by a balanced voltage
dip. The three-phase grid voltages are depicted in Fig.4.7.As shown, a symmetrical voltage dip
with 71% remaining voltage occurs att = 0.03 s and lasts for 300 ms. From the grid voltage
in dq-coordinates in Fig.4.8, it can be noticed that theq-component is affected by a transient at
the beginning and at the end of the dip. This is due to the phase-angle jump associate to the dip
and to the response time of the PLL, which takes about 0.03 s tolock into the new angle of the
voltage vector. After these transients, theq-voltage is constant at zero.

When the dip occurs, the VSC reacts to the voltage variation to keep the load voltage at its rated
value. As a results, the SSC mitigates the voltage dip and keeps the load voltage at the pre-fault
value, as shown by the three-phase load voltages in Fig.4.9 and by thedq-components of the
load voltage shown in Fig.4.10. Only a small transient at thebeginning and at the end of the dip
can be noticed.

The same controller has also been tested under the unbalanced voltage dip in Fig.4.11. In this
case, the network is affected by a voltage dip with 85% remaining positive-sequence voltage
and negative-sequence unbalance of 10.9%, starting att = 0.03 s and with duration of 300 ms.
Due to the unbalance, thedq-voltages of the grid, shown in Fig.4.12, are affected by a 100 Hz
oscillation with an amplitude of 0.2 pu (peak-to-peak). Thesystem reacts to the dip trying to
inject the missing voltage into the grid. However, it can be seen from the three-phase voltages in
Fig.4.13 that the load voltage is not perfectly restored to the pre-fault value. Some unbalance is
still present. This is confirmed by the correspondingdq-components shown in Fig.4.14, which
oscillate slightly with the frequency of 100 Hz.

As for the experimental results obtained for the VCC1 shown in the previous chapter, this is due
to the fact that the control system is implemented in adq-frame, or synchronous reference frame
(SRF), that is synchronized with the positive-sequence component of the grid voltage, without

Fig. 4.7 Measured three-phase grid voltages during 70% balanced voltage dip.
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4.4. Experimental results

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

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

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

Fig. 4.10 Measured load voltage indq-frame during balanced voltage dip. DVC is used. Black curve:
d-component; gray curve:q-component.
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Fig. 4.11 Measured three-phase grid voltages during 85% voltage dip with 11% unbalance.

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

tage and of the reference voltage, while the negative reference voltage is directly added to the
voltage output of the current controller. It is shown in [14]that by using this control system
the SSC is able to mitigate also unbalanced voltage dips. However, the performance of the con-

Fig. 4.13 Measured three-phase load voltages during unbalanced voltage dip. DVC is used.
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4.5. Conclusions

Fig. 4.14 Measured load voltage indq-frame during unbalanced voltage dip. DVC is used. Black curve:
d-component; gray curve:q-component.

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

An option to better cope with unbalanced voltage dips is to estimate the phase sequence com-
ponents of the measured voltages and currents and to modify the DVC1 in order to control
positive- and negative-sequence components of the injected voltage separately. This will result
in two independent cascade controllers, one implemented inthe positively rotating SRF and one
implemented in the negative SRF. Experimental verificationof the modified control system (ad-
dressed to as Positive Negative DVC, PN-DVC) is reported in Paper V. In the paper it is shown
that, with PN-DVC, the load voltage is successfully restored to its pre-fault value also in case
of unbalanced voltage dips. Furthermore, in [14] the transient performance of the investigated
PN-DVC when mitigating unbalanced voltage dips for different types 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 mitigate voltage dips has been derived. The
cascade controller is constituted by an inner current controller, dedicated to the control of the
current output of the VSC, and an outer voltage controller, used to control the filter capacitor
voltage. The current controller, described in Section 3.3,takes into account the delay time in-
troduced by the computational time of the control computer and the problem of the saturation
of the VSC. An extended analysis of the control system and theinteraction between the inner
controller and the outer controller has been carried out. Ithas been shown through experimen-
tal results that with the presented control system (here called Dual Vector Controller type 1,
DVC1), designed by only considering the positive-sequencecomponents of the measured sig-
nals, the SSC is able to mitigate only balanced voltage dips.However, under unbalanced voltage
dips, the controller is able to mitigate the dip but the load voltage results unbalanced.

To ensure a proper power quality of the protected load also incase of unbalanced voltage dips,
it is suggested to control both the positive and the negativesequences of the filter current and
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of the capacitor voltage. Although slower, due to the inherited delay introduced by the phase
sequence estimation algorithm, the modified DVC (here called Positive Negative DVC, PN-
DVC) ensures a satisfactory performance of the SSC when mitigating 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-connected VSC for voltage dip mitigation. Two
different configurations of the shunt-connected VSC will beconsidered and compared. Simu-
lation results are reported in Paper VI. Unfortunately, experimental 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 voltage dip mitigation has been described and
analyzed. This type of compensator has been successfully applied in a number of applications
around the world [80]. However, drawbacks of the SSC are the high cost and the complicated
protection system [48]. Furthermore, being a series device, the SSC cannot be used to mitigate
interruptions. As already mentioned in Section 2.3.3, an alternative is to use a shunt-connected
VSC, shown in Fig.2.10, known also as D-STATCOM or SVC Light [26, 76]. The potential of
the shunt-connected VSC to improve the power quality of the voltage has been widely inves-
tigated in the literature [6, 77]. However, normally the device has been considered connected
to a stiff ac grid, which makes it straightforward to design the controller. On the other hand,
this is not realistic since the amount of current needed to boost the PCC voltage is high if the
grid is strong. When connected to weak grid, the proposed control strategies have shown slow
response, thus making the device not suitable for compensation of short events such as a voltage
dip.

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

The principle of voltage dip mitigation using shunt-connected VSC is to inject a current into the
PCC in order to keep the load voltage at its rated value. This can be obtained by only injecting
reactive current without the aid of an energy storage on the dc side of the VSC. The resulting
scheme of the system, shown in Fig.5.1, is thus the same as theone in Fig.2.10, except for the
absence of the energy storage device connected to the dc linkof the VSC. A dc-link capacitor
is still necessary for proper commutation and to provide temporary energy storage.

It is of importance to observe that, as already mentioned in Chapter 2, by injecting only reactive
current into the grid, the magnitude of the voltage can be restored, but not its phase angle.
As shown in Fig.5.2, where the block scheme of the implemented control system is displayed,
the voltage magnitude error, given by the difference between the magnitude of the measured
voltage at PCC and its reference, is passed through an ac-voltage controller constituted by a
PI-regulator. The output of the ac-voltage controller is the reference reactive current, which is
fed to the current controller, explained in Section 3.2. Thereference active current is, instead,
set to zero.

In a voltage-oriented system, the PLL sets theq-component of the grid voltage in thedq-
coordinate system to zero. Thus, the capacitive reactive power injected by the VSC is given
by

Q = egqird − egdirq = −egdirq (5.1)

Therefore, if the grid voltage is too low, capacitive reactive power should be injected and the
currentirq should be negative. The discrete PI-regulator is given by

i∗rq(k) = −kpQ
[
|e(dq)∗g (k)| − |e(dq)g (k)|

]
−

k∑

n=1

kiQ
[
|e(dq)∗g (n− 1)| − |e(dq)g (n− 1)|

]
(5.2)

Simulation results for the shunt-connected VSC for voltagedip mitigation are reported in Pa-
per VI. The obtained results prove that it is possible to mitigate voltage dips with the proposed
controller, provided that the size of the VSC is such that it can handle the amount of reactive
power needed. One disadvantage that has been pointed out in [75] is that the controller must be

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

tuned for a specific value of the grid and load impedances, andit is very likely that the controller
becomes unstable when either of the two parameters change. In Paper VI, stability analysis of
the closed-loop system has shown that an overestimation of2% in the grid impedance will lead
to instability. Furthermore, simulation results have proven that the system is also sensitive to
variations in the load impedance. The grid and load parameters can increase without result-
ing in instability by slowing down the controller, but in most cases it will not be fast enough
to compensate for voltage dips. Stable operation can be obtained for compensation of slower
phenomena, such as voltage fluctuations leading to flicker [7, 73] or voltage stability improve-
ments [67]. However, if the grid configuration and the load are known and expected not to
change, this controller can easily be implemented to add voltage dip compensation capability to
existing or new shunt-connected VSC installations used forother purpose, such as STATCOM
or active filters. To obtain high performance and a more robust controller, modifications of the
VSC system are necessary. These modifications will be explained in the next section.

5.3 Shunt-connected VSC using LCL-filter

The modified configuration of the shunt-connected VSC for voltage dip mitigation is shown in
Fig.5.3. A capacitor is added in between the filter inductor at the VSC output and the trans-
former, with the twofold purpose of making the voltage at thePCC more stable and filtering the
harmonic voltage components in the VSC output voltage. As a result, the VSC is then connected
to the grid by an LCL-filter, where the grid-side inductor is obtained 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 series resistance of the transformer are denoted
in the figure asLtr andRtr, respectively.

The control objective is to maintain the voltage across the filter capacitor, and thereby the PCC
voltage, constant. This only holds if the voltage drop over the transformer is negligible. Oth-
erwise, compensation of this voltage drop might be required. A cascade controller, shown in
Fig.5.4, that is similar to the one developed for the SSC (derived in Section 4.3), can be used
for this purpose. The main differences compared to the series-connected VSC are that the grid
current cannot be considered constant and that the reference value of the capacitor voltage is
known and not calculated from the measured grid voltage. Observe that the PCC voltage is only
measured and used as input to the PLL, in order to achieve proper control of the active and re-
active power injected in the grid. Since only the PLL will usethe PCC voltage, an inexpensive
and simple voltage measurement can be used.

One problem by using the LCL-filter is that unwanted resonances can arise between the filter
components. As an example, Fig.5.5 shows the dynamics of thefilter current during mitigation
of the 71% balanced voltage dip depicted in Fig.4.9. The oscillations in the currents are clearly
visible. This phenomenon can be avoided by adding a resistorin series with the filter capacitor,
as proposed in [42]. However, the resistor causes losses in all operating conditions and increases
the amount of active power needed during voltage dip mitigation. An alternative method [11,58]
is to add a fictitious resistanceRd in the inner current controller that, callingε(dq)i the current
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Fig. 5.5 Simulated response ofd- andq-component of filter current to balanced voltage dip. VSC with
LCL-filter is used. Black curve:d component; gray curve:q component.

error as in (3.34), becomes

u(dq)∗(k) = e(dq)g (k) +Rri
(dq)
r (k) + j

ωLr

2

[
i(dq)∗r (k) + i(dq)r (k)

]
+

+ kpε
(dq)
i (k) +

k∑

n=1

kiε
(dq)
i (n− 1) −Rdi

(dq)
r (k)

(5.3)
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This is simplified to

u(dq)∗(k) = e(dq)g (k) − (Rd − Rr)i
(dq)
r (k) + j

ωLr

2

[
i(dq)∗r (k) + i(dq)r (k)

]
+

+ kpε
(dq)
i (k) +

k∑

n=1

kiε
(dq)
i (n− 1)

(5.4)

This modification is effective in damping the oscillations,but it results in a slightly slower
response of the controller. In general, the size of the damping termRd is a trade-off between the
desired damping and the desired speed of response [11]. Here, the value of the damping term
Rd, which has been determined by trial and error, is set to 0.5Ω. Therefore, the resistive voltage
drop in the current controller is negative.

For the same voltage dip, thedq-currents using the proposed cascade controller and activedamp-
ing in the inner loop are shown in Fig.5.6. As shown, the current is still affected by oscillation,
but with a smaller amplitude and higher damping.

Stability analysis and simulation results obtained for theLCL-filter based shunt-connected VSC
are reported in Paper VI. A first important result is that withthis configuration, thanks to the
presence of the filter capacitor and to the slope introduced by the injection transformer dur-
ing mitigation, the control system remains stable even for large overestimation of the grid
impedance. From the simulation results, it is possible to observe that, although reduced as com-
pared with the L-filter case, still high amount of reactive power is needed to mitigate a shallow
dip. This is the main drawback with this configuration, sincethe power needed is a function of
the grid impedance. One interesting result is that the steady state active current during the dip
mitigation is zero (see also Fig.5.6). However, at the beginning and at the end of the dip, active
current transients occur. These transients are due to the oscillations in the LCL-filter and to the
required time for the PLL to track the new phase angle. Therefore, if the dc-link capacitor is big
enough to handle the transients, no extra energy storage is needed.

Observe that, as for the control of the SSC, the controller earlier described is implemented in

Fig. 5.6 Simulated response ofd- andq-component of filter current to balanced voltage dip. VSC with
LCL-filter is used. Controller has active damping. Black curve: d component; gray curve:q
component.
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the positively rotating SRF, thus is not suitable to mitigate unbalanced voltage dips. Again, to
be able to cope with unbalanced conditions of the system, it is suggested to control the positive
and the negative sequences separately by implementing two separate controllers in the positive
and negative SRFs, respectively.

5.4 Conclusions

This chapter has shown that the shunt-connected VSC can be used for voltage dip compensation.
A control system that compensates for voltage dips without injecting active power has been
presented. It has been shown that successful restoration ofthe amplitude of the voltage at PCC
can be achieved. However, the phase angle of the grid voltageat PCC is affected by phase
deviation during dip mitigation. It has been pointed out that this type of control system is very
sensitive to system parameter variations. Therefore, to obtain a more robust controller, lower
gains in the reactive-power controller must be used. This will lead to a reduced bandwidth of
the control system, thus, in most cases the controller will not be fast enough to compensate for
voltage dips.

To obtain a high performance and more robust controller, a configuration of shunt-connected
VSC with LCL-filter has been proposed. The transient performance of the modified system with
the same cascade controller derived in Section 4.3, has beentested under balanced voltage dips.
It has been shown that, due to resonance problems between thefilter components, oscillations
in the current at the output of the VSC can be experienced. To overcome this problem, an ac-
tive damping term in the inner current controller has been added. By using this modification,
satisfactory mitigation of balanced voltage dips can be obtained. However, as expected for the
analysis carried out in the previous chapters, modifications in the cascade controller in order to
control positive- and negative-sequence components of thecontrolled variables, are needed for
mitigation of an unbalanced voltage dip. With the proposed modification, satisfactory perfor-
mance of the system also under unbalanced voltage dips can beachieved. However, also when
using a shunt-connected VSC with LCL-filter, large amount ofcurrent has to be injected into
the mains. The VSC must then be designed such that it can handle the amount of reactive power
needed.
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Part II - Control of VSC for
Subsynchronous Resonance Mitigation

In the first part of this thesis, the use of power electronics based devices at the distribution level
(Custom Power Devices) has been discussed. In particular, the focus has been on use of power
electronics solutions for voltage dips mitigation. This second part deals with the application
of power electronics at the transmission level. Flexible ACTransmission System (FACTS) is
a concept introduced by Hingorani in 1991. As already mentioned in Chapter 1, this involves
the use of high power electronics controllers in ac transmission networks for a fast and reli-
able control of power flows and voltages. In their standard application, FACTS devices are used
for: power flow regulation, secure loading of transmission lines close to their thermal limits,
prevention of cascade outages, power oscillations dampingand subsynchronous resonance. Al-
though a lot of research has been carried out in this field, resulting in a number of publications
and books, the world of FACTS devices is in continuous mutation. New devices are coming
and new applications and control strategies are investigated to improve the existing devices and
make them more cost-effective.

The focus of this second part of the thesis is on the use of series-connected VSC for subsyn-
chronous resonance (SSR) mitigation. First, in Chapter 6 a detailed analysis of the SSR problem
in power systems will be carried out. The complete mathematical model of a turbine generator
connected to a series-compensated transmission line will be derived and analyzed. Further, in
this chapter a simplified model for the investigated system for SSR studies will be described
and analyzed. Thus, in Chapter 7 a novel control system for a series-connected VSC dedicated
to SSR mitigation will be presented. Main differences between the proposed control system and
the standard approach proposed in the literature will be discussed.
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Chapter 6

Analysis of Subsynchronous Resonance in
Power Systems

This chapter presents an overview of the problem of SSR is power systems. Definition and clas-
sification of different types of SSR will be given. For a better understanding of the SSR prob-
lem, a linearized model of a synchronous generator connected to a radial series-compensated
transmission line will derived. Finally, different countermeasures to the SSR problem will be
described.

6.1 Introduction

As mentioned in Chapter 1, series compensation of long transmission lines is a cost-effective so-
lution to enhance the power transfer and improve system stability. It was generally believed until
1971 that series compensation up to 70% of the total inductive reactance of the transmission line
could be applied with little concern [5]. Usually, only problems related to protection and ther-
mal issues were taken into account. However, it was in 1971 that system designers learned that
the use of series compensation can lead to adverse phenomenaon turbine-generator units con-
nected to a series-compensated transmission line. These phenomena are related to a resonant
condition leading to an energy exchange between the generation unit and the transmission line.
As a result, oscillations having a characteristic frequency below the fundamental frequency of
the power system (synchronous frequency) can be experienced. Therefore, this resonance con-
dition has been named subsynchronous resonance (SSR) [25].

The SSR phenomenon was first recognized in the Mohave Projectin 1970 [27]. The Mohave
Project consisted of a 750 MVA cross-compound generation unit located in southern Nevada.
Figure 6.1 shows the single-line diagram of the power systemin the Mohave area at that time. In
1970, a shaft damage was experienced when opening the circuit breaker indicated in the figure;
thus, when the Mohave generation unit became radially connected to the southern California
Lugo bus. At that time, the power system operators did not recognized the problem and the gen-
eration unit was placed back in operation after a few months.Thus, a nearly identical incident
occurred one year later, in 1971. For each event, the unit wasshut down manually by the site
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Fig. 6.1 Single-line diagram of power system in Mohave area in 1970.

operators. The operators observed flickering lights in the control room, vibration of the control
room floor, excessive field current and alarm of excessive vibrations in the generator-shaft sys-
tem, which continued for a few minutes. It was found that the shaft section in the slip rings area
of the high-pressure turbine experienced extreme heating due to cycling torsional stress. Due
to the excessive heat, the insulation in the slip rings area of the generator failed, resulting in an
electric arc to ground of the generator field lead. Furthermore, a metallurgical analysis showed
that the shaft material had experienced high stress, leading to plasticity of the material.

After a subsequent analysis of the phenomenon, it was found that the event experienced in the
Mohave Project was due to an energy exchange between the series-compensated line and the
mechanical system of the Mohave power plant. These oscillations, due to the new power system
condition when the circuit breaker was open, built up from a steady-state condition and led to
growing shaft torque oscillations at one of the natural frequencies of the generator shaft.

After the two incidents in the Mohave Project, great effort has been directed from the research
community and power system utilities to avoid the risk of SSRduring system operation. Fur-
thermore, the IEEE instituted a working group to define and classify 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 powersystems condition where the
electric network exchanges energy with a turbine generatorat one or more of the natural fre-
quencies of the combined system below the synchronous frequency of the system,” [25]. SSR
is typically classified into two main groups: steady-state SSR (induction generator effect, IGE,
and torsional interaction effect, TI) and transient torques (also known under the name of torque
amplification, TA). In particular:
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- Induction generator effect (IGE). IGE is a pure electrical phenomenon taking place
at frequencies very close to the rated network frequency andin power systems having
high degree of series compensation. In particular, IGE is caused by self excitation of the
electrical system and does not involve the mechanical system of the generation unit. The
resistance of the rotor to subsynchronous currents, viewedfrom the armature terminals,
is negative [5]. For the same currents, the network presentsa positive resistance. If the
negative resistance of the generator is greater in magnitude than the resistance of the net-
work, sustained subsynchronous currents will be induced. In principle, IGE may occur in
all kind of power generating plants, even for hydro-generator units. Although of academic
interest, this form of SSR is rarely encountered in actual power systems. For this reason,
SSR due to IGE will not be considered in this thesis.

- Torsional interaction effect (TI) . TI is an unstable condition that denotes an energy
exchange between the electric power systems and the generator shaft. In particular, TI
occurs when the induced subsynchronous torque in the generator is electrically close to
one of the natural frequencies of the generator shaft. When this happens, generator rotor
oscillations will build up and this motion will induce armature voltage components at both
subsynchronous (having frequencyf0−fm, wheref0 andfm are the system frequency and
the natural frequency of the generator shaft, respectively) and supersynchronous (f0+fm)
frequencies. If the resulting subsynchronous torque equals or exceeds the inherent mecha-
nical damping of the rotor, the system will become self-excited. This kind of SSR does
not occur in hydro-power stations, since the inertia of the hydro turbine is much smaller
than the inertia of the generator (in the range of 5%). Therefore, when a torsional oscil-
lation occurs in the shaft, the speed variation will almost totally be encountered on the
hydro turbine, while the speed of the generator will remain approximately unaffected by
the oscillation. As a result, the oscillation will not be recognized by the transmission sys-
tem. SSR due to TI effect can instead occur in thermal power plants, where the inertia of
the turbine is in the same order of magnitude of the inertia ofthe generator. It is important
to mention that SSR due to TI effect can also be experienced incase of large converters
connected to a turbine generator. Typical examples are HVDCconverter stations using
both thyristor converters and transistor converters. However, this 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 current that will tend to oscillate. In
case of non series-compensated lines, this will result in a dc offset that will decay with the
subtransient and transient time constants of the generator. In a series-compensated line,
instead, oscillations having a frequency corresponding tothe resonance frequency of the
network will be experienced. If the frequency of these oscillations coincides with one of
the natural frequencies of the generator shaft, large torques will be experienced. SSR due
to TA can cause severe mechanical torsional oscillations inthe shaft system connecting
the generator and the turbines in thermal power plants.

Of the three types of interaction described above, the first two may be considered as small
disturbance conditions (at least, initially). The third one, instead, is definitely not a small dis-
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turbance and in this case non-linearities of the power system must be taken into account in the
analysis. From the system analysis point of view, it is important to observe that the induction
generator effect and torsional interaction effects can be analyzed using linear models, while
the mathematical analysis of the torque amplification effect is complex and cumbersome and is
typically approached using simulation programs.

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

6.3 Synchronous generator model

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

Figure 6.2(a) presents a schematic model of a three-phase model of a salient pole synchronous
machine. A detail of the generator rotor model is shown separately in Fig.6.2(b) for clarity.
From the figure it is possible to understand that the reluctance of the air-gap depends on the
rotor position. To simplify the modeling of the machine, it is common practice to identify two
different values in two principal directions, i.e. in the direction of the rotor flux (denoted as
d-axis in the figure) and in its perpendicular direction (q-axis)1. Therefore, in this set of coor-

1Note: in this chapter, and in this chapter only, thedq-coordinate system is a flux-oriented system synchronized
with the rotor position. This choice has been made since it iscommonly accepted notation. In the previous and in
the following chapters, instead, thedq-frame is synchronized with the grid voltage vector.

(a) (b)

Fig. 6.2 Model of synchronous machine (a) and detail of generator rotor (b).
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Fig. 6.3 Synchronous machine model in rotatingdq-reference frame. Plot a: equivalent circuit ind-
direction; plot b: equivalent circuit inq-direction.

dinates, thed-axis is aligned with the direction of the rotor flux. In this way, the coefficients of
the flux linkage equations are constant and independent of the rotor position, as long as the flux
can be considered constant.

Figure 6.3 shows the equivalentdq-model of the synchronous machine in the rotatingdq-
coordinate system. The model consists of the stator windings (denoted in the figure with the
subscripts) and the field winding (subscriptf ). The rotor bars can be represented by a set of
windings in thed- andq-direction. To represent the effect of the rotor bars, it is common to use
three windings: one damping winding in thed-axis (windingh), and two damping windings in
the direction of theq-axis (g andk).

With the signal reference given in Fig.6.3, the voltage equations for the stator and the rotor can
be expressed in per-unit as [39]

es,d = 1
ωB

dψd

dt
− ω

ωB
ψq − Raid

es,q = 1
ωB

dψq

dt
+ ω

ωB
ψd − Raiq

ef,d = 1
ωB

dψf

dt
+Rf if

0 = 1
ωB

dψh

dt
+Rhih

0 = 1
ωB

dψg

dt
+Rgig

0 = 1
ωB

dψk

dt
+Rkik

(6.1)

wherees,d andes,q are the stator voltage components in thed- andq-direction, respectively,
andωB is the base angular frequency (see Fig.6.3 for other parameters definition). Under the
assumption that the magnetizing inductances between the stator windings, the damper windings
and the field winding are identical, the flux linkage in the rotor reference frame can be expressed
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as follows

ψd = −Lsdid + Lmdif + Lmdih
ψq = −Lsqiq + Lmqig + Lmqik
ψf = −Lmdid + Lf if + Lmdih
ψh = −Lmdid + Lmdif + Lhih
ψg = −Lmqiq + Lgig + Lmqik
ψk = −Lmqiq + Lmqig + Lkik

(6.2)

where

Lsd = Lmd + Lsλ
Lsq = Lmq + Lsλ
Lf = Lmd + Lfλ
Lh = Lmd + Lhλ
Lg = Lmq + Lgλ
Lk = Lmq + Lkλ

From (6.2), the currents can be expressed as a function of thefluxes as

ψ = Li (6.3)

whereψ = [ψd ψq ψf ψh ψg ψk]
T, i = [id iq if ih ig ik]

T and the inductance matrixL is given
by

L =





−Lsd 0 Lmd Lmd 0 0
0 −Lsq 0 0 Lmq Lmq

−Lmd 0 Lf Lmd 0 0
−Lmd 0 Lmd Lh 0 0

0 −Lmq 0 0 Lg Lmq
0 −Lmq 0 0 Lmq Lk




(6.4)

The voltage equations can thus be expressed in state space form as

ψ̇ = −(L−1R + W)︸ ︷︷ ︸
AG

ψ + BG1ef,d + BG2uG

yG = L−1

[
1 0 0 0 0 0
0 1 0 0 0 0

]

︸ ︷︷ ︸
CG

ψ
(6.5)

where the input and output vectors are defined as

uG = [es,d es,q]
T yG = [id iq]

T

while the matricesR, W, BG1 andBG2 are

R = ωB





Ra 0 0 0 0 0
0 Ra 0 0 0 0
0 0 −Rf 0 0 0
0 0 0 −Rh 0 0
0 0 0 0 −Rg 0
0 0 0 0 0 −Rk




, W =





0 ω 0 0 0 0
−ω 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
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BG1 =





0
0
ωB

0
0
0




, BG2 =





ωB 0
0 ωB

0 0
0 0
0 0
0 0





It is of interest to observe that all elements of the matrixAG are constant, except for the cross-
coupling terms in the matrixW. This is very important when linearizing the model. Further-
more, if an analysis of IGE is performed, the generator-rotor speed can be considered constant
at its rated valueω0 = 2πf0 [53]; thus, the matrixAG becomes time invariant.

6.4 Transmission network model

Figure 6.4 shows the single-line diagram of a radial series-compensated transmission line. The
investigated system is taken from the IEEE First Benchmark Model (FBM) [23] (see Appendix
B for model parameters) and it consists of a single generatorconnected to an infinite bus through
a series RLC-network.

To derive the state-space model of the transmission network, a new set of rotating coordinates,
denoted asDQ-coordinate system and synchronized with the infinite bus voltage vectoreb,
has been considered. Thus,eb is aligned with the direction of theQ-axis during steady-state.
Applying KVL to the system depicted in Fig.6.4, the following equations can be written

e(DQ)
s = (RL + jXL)︸ ︷︷ ︸

ZL

i(DQ) +
XL

ωB

di(DQ)

dt
+ e(DQ)

c + e
(DQ)
b (6.6)

de
(DQ)
c

dt
= jω0e

(DQ)
c + ωBXci

(DQ) (6.7)

where all symbols have the meaning in Fig.6.4 andRL andXL are the series resistance and
inductive reactance seen from the generator terminals. Forthe purpose of this investigation, it
is convenient to express (6.6) in thedq-frame, yielding

e(dq)
s = ZLi

(dq) +
XL

ωB

di(dq)

dt
+ ejδ

[
e(DQ)

c + e
(DQ)
b

]
(6.8)

Fig. 6.4 Single-line diagram of series-compensated line.
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Fig. 6.5 Relation betweendq-frame andDQ-frame.

with δ the angle difference between thedq- and theDQ-coordinate systems (see Fig.6.5).

As a result, the transmission network model can be expressedin state-space form as

d
dt

[
ec,D
ec,Q

]
= AN

[
ec,D
ec,Q

]
+ BN

[
iD
iQ

]

[
es,d
es,q

]
= P CN

[
ec,D
ec,Q

]
+ DN

[
id
iq

]
+ DN1

d
dt

[
id
iq

]
+ P

[
eb,D
eb,Q

] (6.9)

whereCN is a second-order unit matrix, while the other matrices are

AN =

[
0 −ω
ω 0

]
, BN =

[
ωBXc 0

0 ωBXc

]

DN =

[
RL −XL

XL RL

]
, DN1 =

XL

ωB

[
1 0
0 1

]

P =

[
cos δ − sin δ
sin δ cos δ

]
(6.10)

Note that, in (6.9), the voltage at the machine terminals (considered as an output) is a function
of the derivative of the line current, i.e. is a function of the derivative of the input. This implies a
difficulty when deriving the state-space model for the transmission network. This problem can
be solved by combining the network and the generator equations, as described in the following
section.

6.5 Combined generator and network equations

In the previous sections, the circuit equations for the generator and the network have been de-
rived. Furthermore, it as been pointed out in the previous section that one problem encountered
when deriving the state-space model for the transmission network is that the derivative of the
line current appears in the voltage equations. From (6.5), and under the consideration that the
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matrix CG is time invariant, the derivative of the current can be expressed in terms of the flux
linkage as

d

dt

[
id
iq

]
= CGψ̇ (6.11)

After algebraic manipulations, (6.5) and (6.9) can be combined to give an unique state-space
system [53]

ẋE = AExE + BG1ef,d + BGbEb (6.12)

whereEb is the amplitude of the infinite bus voltage while the new state vector is

xE =




ψ

ec,D
ec,Q



 (6.13)

The state matrices describing the total electrical system can be derived as follows

AE =

[
AG + BG2FG BG2FPCN

BNPTCG AN

]

BGb = BG2FP

[
0
1

]

with

F =

{[
1 0
0 1

]
− XL

ωB
CGBG2

}
−1

, G = ZLCG +
XL

ωB
CGAG

where the meaning of all employed matrices is given in Sections 6.3 and 6.4. Equation (6.12)
describes the dynamical behavior of the electrical system depicted in Fig.6.4. To investigate
the phenomenon of TI effect, a model describing the dynamicsof the 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 the mechanical system of the turbine-
generator will be derived. Figure 6.6 shows, as an example, the shaft model of the turbine-
generator given in the IEEE FBM. The model consists of six turbine sections modeled sepa-
rately: an high-pressure stage (denoted in the figure by HP),an intermediate stage (IP), two
low-pressure stages (LPA and LPB), the generator (G) and the exciter (EX). Each rotating mass
is connected to the previous and the following mass by elastic shaft-sections, represented in
the figure by a spring coefficient (Ki,i−1 andKi,i+1, respectively) and a mutual damping term
(Di,i−1 andDi,i+1, respectively). The termDi represents the self-damping term.
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Fig. 6.6 Mechanical model of synchronous machine. Torsional system with six masses.

The equation of motion for theith-mass is given by

2Hi
d2δi
dt2

+Di
dδi
dt

+Di,i−1

(
dδi
dt

− dδi−1

dt

)
+Di,i+1

(
dδi
dt

− dδi+1

dt

)
+

+Ki,i−1(δi − δi−1) +Ki,i+1(δi − δi+1) = Tmi − Tei

(6.14)

whereHi is the inertia constant of theith-rotor section, whileTmi andTei are the relative me-
chanical and electrical torque. Observe thatTei = 0, ∀i 6= G (neglecting rotating exciter), while
TmG = 0.

From now on, for clarity of the notation, the different sections of the shaft model will be in-
dicated with progressive numbering starting from the left hand side of Fig.6.6 (as an example,
the inertia of the intermediate-pressure turbine will be denoted asH2, while the spring constant
KHP-IP will be K12). By writing (6.14) for all sections of the turbine-shaft model and taking the
generator-rotor angle and speed as outputs, the following state-space equation is obtained

ẋM = AMxM + BMT
yM = CMxM

(6.15)

where

xM = [δ1 ω1 δ2 ω2 δ3 ω3 δ4 ω4 δ5 ω5 δ6 ω6]
T

yM =

[
δ5
ω5

]
=

[
δG

ωG

]

For the turbine-generator shaft depicted in Fig.6.6, the matrixesAM, BM andCM are given by:

AM =





0 ωB 0 0 0 0 0 . 0
−K12

2H1

−D1+D12

2H1

K12

2H1

D12

2H1

0 0 0 . 0

0 0 0 ωB 0 0 0 . 0
K12

2H2

D12

2H2
−K12+K23

2H2
−D2+D12+D23

2H2

K23

2H2

D23

2H2
0 . 0

. . . . . . . . .
0 0 . . . 0 0 0 ωB

0 0 . . . K56

2H6

D56

2H6
−K56

2H6
−D56

2H6
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BM =





0
0
.
.
.
1

2H5

0
0





, CM =

[
0 0 0 . . 1 0 0 0
0 0 0 . . 0 1 0 0

]

The state-space system in (6.15) is a powerful tool for the analysis of the dynamics of the
mechanical system. The eigenvalues of matrixAM contain information about the critical fre-
quencies of the generator-shaft, while its eigenvectors (right eigenvectors) can give information
about the relative torsional swing between two adjacent masses [39].

6.6.1 Modal analysis

In the previous section, the state-space model for a turbine-generator shaft has been derived.
Generally, the parameters for the generator shaft that are of interest to build up the model in
(6.15) are known with fairly good accuracy. The manufacturers supply all constants based on
design data and have the possibility to predict the torsional frequencies with an inaccuracy of
less that 1 Hz for the significant mode shapes [4]. If disagreement between the model and the
test is observed, the data can be revised in order to match themeasured critical frequencies [38].

To determine the parameters of the spring-mass model, field tests are typically carried out by
the generator manufacturers. For this reason, the data for the shaft are usually given in terms
of modal quantities [4]. A great advantage when using modal quantities is that the state-space
equations described in (6.15) can be decoupled in order to investigate the behavior of the shaft
at the different frequencies. To determine the modal parameters, it is common practice to apply
a coordinate transformation to (6.14). The swing equation in (6.14) can be rewritten in compact
form as

Hδ̈ + Dδ̇ + Kδ = T (6.16)

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

δ = QMδM (6.17)

meaning that we can transform the shaft angles in a new coordinate system. Assuming that only
the self dampings are present (the damping between adjacentmasses is typically smaller as
compared with the damping between the mass and the referenceand can thus be neglected [4])
and substituting (6.17) into (6.16), the following equation hold

HQM δ̈M + DQM
˙δM + KQMδM = T (6.18)

Premultiplying both sides for the transpose of the transformation matrixQM , we get

QT
MHQM δ̈M + QT

MDQM
˙δM + QT

MKQMδM = QT
MT (6.19)
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or

HM δ̈M + DM δ̇M + KMδM = TM (6.20)

where

- HM is a diagonal matrix that represents the modal inertia;

- DM is a diagonal matrix that represents the modal damping;

- KM is a diagonal matrix that represents the modal spring constant;

The transformation matrixQM must be selected so that the matricesHM andKM are diagonal.
Although there are infinite number of matrices that can fulfill this property, it is common prac-
tice to build up theQM matrix using the eigenvectors of the system described in (6.15) [4,53].

The modal inertias and spring constants for the IEEE FBM, together with the natural frequen-
cies of the generator-shaft system, are shown in Table 6.1. Here, the system damping has been

TABLE 6.1: Modal quantities for IEEE FBM.
Mode 1 Mode 2 Mode 3 Mode 4 Mode 5

Frequency (ωM) 98.72 126.99 160.53 202.85 298.19
Inertia (HM) 2.70 27.80 6.92 3.92 11297

Spring constant (KM) 139.63 2376.40 945.89 856.30532.86 · 103

neglected. Observe that the radial frequency of theith torsional mode is given by [53]

ωi =

√
ωB

KMi

2HMi
(6.21)

As shown in Table 6.1, the lowest inertia is the one corresponding to Mode 1, while the highest is
corresponding to Mode 5. From this analysis it can be easily understood that Mode 1 undamping
resulting from any torsional interaction will be the most severe, while Mode 5 will be unlikely
affected by TI effect, due to the high value of the corresponding inertia.

One particular remark has to be made for the damping constants. The practice tells that although
spring and inertia constants can be predicted with high accuracy, the estimated damping con-
stants (both self and mutual damping) might differ from the measured quantities with a factor
that varies from two to five [38]. This is due to the rough approximation that the braking torque
produced by the damping is directly proportional to the relative speed between the considered
mass and the reference (self damping) or between adjacent masses (mutual damping). Typically,
the generator manufactures provide the so called “decrement factor” (obtained from the decre-
ment test) instead of the modal damping. For theith-mode, the relation between modal damping
and decrement factor is [4,53]

σMi =
DMi

4HMi
(6.22)
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6.6. Turbine-generator shaft model

From the above equation it is possible to observe that, for a given σMi, the modal damping is
proportional to the modal inertiaHMi. In case of hydro turbines, the rotor inertia is about 10 to
40 times higher as compared to a steam turbine [53]. This explains why SSR phenomena have
not been observed on hydro units.

In this thesis, the purpose of the modal analysis in (6.19) orof the shaft-system model in (6.15)
is to determine the critical frequencies of the generator shaft. When calculating the eigenvalues
of the shaft system, the damping coefficients have no significant effect on the imaginary part
of the poles (i.e., they do not affect the calculated naturalfrequencies of the shaft), but only
on their real part. This is confirmed from the root locus depicted in Fig.6.7, where the poles of
the shaft-system for the IEEE FBM when varying the decrementfactor from 0 to 0.05 s−1 is
depicted.

Example: Dynamical behavior of IEEE FBM shaft model

In this example, the response of the shaft system depicted inFig.6.6 when a sinusoidal input
torque is suddenly applied to the generator rotor will be analyzed. The frequency of the applied
torque corresponds to the imaginary part of the eigenvaluesof the matrixAM. Mechanical data
for the considered system are given in the IEEE FBM, reportedin Appendix B. The damping
data is not provided in the IEEE FBM and have been neglected inthis analysis. The matrix
AM has been built has described in the previous section. The corresponding eigenvalues are
displayed in Table 6.2.

As expected from the modal analysis carried out in the previous section, there are five mecha-
nical resonances at 47.46 Hz, 32.28 Hz, 25.55 Hz, 20.20 Hz and15.71 Hz. In addition, there is
a mode 0 that, when considering the mechanical system alone,has a characteristic frequency of
0 Hz. If also the electrical system (generator plus network)is modeled, the interaction between

Fig. 6.7 Root locus of IEEE FBM shaft-system when varying decrement factor from 0 to 0.05 s−1.
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TABLE 6.2: Eigenvalues forAM.
−1.1 · 10−014 ± j298.18
−3.5 · 10−015 ± j202.85
5.3 · 10−015 ± j160.52

0 ± j126.95
−3.5 · 10−015 ± j98.721

−4.5 · 10−016

0

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

The analyzed system has been simulated using Matlab. Figures 6.8(a) to 6.8(e) show the applied
mechanical torque (upper plot) and the obtained rotor angle(lower plot) for the different eigen-
frequencies. It can be observed that at these frequencies, the variation in the input torque will
result in the excitation of oscillations in the rotor angle.It is clear from the figure that the shaft-
system reacts differently at the different frequencies. Inparticular, as expected from the modal
analysis, the system is more sensitive to applied torques with frequencies of 15.71, 25.55 and
32.38 Hz, due to the low inertia of the mechanical system at these specific frequencies.

6.7 Combined mechanical-electrical equations

Since SSR is the result of an interaction between electricaland mechanical systems, it is of
interest to derive a model that combines the mechanical system in (6.15) and the complete
electrical system, consisting of the generator and the electrical transmission network, in (6.12).
As shown in Fig.6.9, the link between these two systems is theelectrical torque, which can be
written in thedq-coordinate system as

Te = Im{i(dq)conj[ψ(dq)]} = iqψd − idψq (6.23)

Assuming that the mechanical input torqueTm is constant, for small variations∆Tm = 0. The
linearized electrical torque is given by

∆Te = iq0∆ψd + ψd0∆iq − id0∆ψq − ψq0∆id (6.24)

whereid0 is the value of the armature current in thed-direction at the equilibrium point. The
same notation holds for the other quantities. Equation (6.24) can be expressed in matrix form as

∆Te = CME∆xG (6.25)
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Fig. 6.8 Simulated turbine-shaft response in generator angle to oscillating generator torque. Plot (a):
torque frequency equal to 0 Hz (mode 0); Plot (b): torque frequency equal to 15.71 Hz (mode
1); Plot (c): torque frequency equal to 20.205 Hz (mode 2); Plot (d): torque frequency equal
to 25.547 Hz (mode 3); Plot (e): torque frequency equal to 32.28 Hz (mode 4); Plot (f): torque
frequency equal to 47.456 Hz (mode 5).

with

CME = [iq0 − id0 0 0 0 0] + [−ψq0 ψd0]CG
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Fig. 6.9 Block-diagram of combined mechanical-electricalsystem for SSR studies.

The linearized state equation for the electrical model given in (6.12) is

∆ẋE = AEl∆xE + BEM∆yM (6.26)

The matrixAEl has the same structure of the matrixAE, with the difference that it is written in
terms of small perturbations. The matrixBEM can be written as

BEM =

[
BEM1 BEM2

BEM3 BEM4

]

where:

BEM1 = BG2FPδ=δ0{CNxN0 + [0 Eb]
T}

BEM2 = {AE|ω=ω0
+ BG2FZL |ω=ω0

CG +
XL

ωB
BG2CGAE|ω=ω0

}xG0

BEM3 = BNPT|δ=δ0CGxG0

BEM4 = [0 0]T

with xG0 andxN0 the state variables for the generator (electrical model) and for the network
calculated at the equilibrium point, respectively.

Finally, (6.24) and (6.26) can be combined in order to obtainthe state equations of the combined
mechanical-electrical system. The final system equations can be written as

[
∆ẋE

∆ẋM

]
=

[
AE BEMCM

BM[CME 0 0] AM

] [
∆xE

∆xM

]
= AT∆xT

The eigenvalues of the matrixAT contain all the information regarding the stability of the
analyzed system at a specific operating point. In particular, the eigenvalues of the matrixAT

give information about the risk of TI between the electricaland the mechanical system.

6.8 SSR due to torsional interaction effect

The mathematical model described in the previous sections is suitable for analyzing SSR due
to the TI effect. SSR due to TI effect build up fairly slowly but can 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 time of the generator shaft or even its failure.
The risk for SSR due to the TI effect can be investigated usingthe feedback loop depicted in
Fig.6.9 [56], which describes the interaction between the electrical and the mechanical system in
the rotating coordinate system synchronized with the generator rotor. Let us callGe the transfer
function from∆ωG to ∆Te

Ge(s) =
∆Te

∆ωG
(s) (6.27)

To investigate the response of the electrical system at different frequencies, the Laplace operator
can simply be substituted with jωk, whereωk is the frequency of interest (for example, one of
the natural frequencies of the generator shaft). At each frequency, the transfer functionGe can
be split up into its real and imaginary part as

Ge(jωk) = Re[Ge(jωk)] + jIm [Ge(jωk)] = ∆TDe(jωk) − j
ωB

ωk
∆TSe(jωk) (6.28)

where∆TDe(jωk) and∆TSe(jωk) are named damping and synchronizing torque, respectively.A
similar definition holds for the mechanical damping and synchronizing torque,∆TDm and∆TSm.
In a series-compensated network, the electrical damping torque can be considered equal to zero
for all frequencies except the resonance frequency of the electrical system [53], where∆TDe

becomes negative. SSR due to TI can occur in the power system if the electrical resonance of
the system (calculated in the rotating coordinates) coincides with, or is electrically close to, one
of the natural resonance frequencies of the generator-turbine shaft system. In fixed coordinates
this means that SSR may occur if the sum of the electrical resonance frequency and one of the
natural resonance frequencies of the generator shaft system is close to the generator mechanical
rotation frequency (i.e. the network frequency). Under theassumption that the synchronizing
torque is negligible [53], the instability of a torsional mode of frequencyωm occurs if

∆TD(jωm) = ∆TDe(jωm) + ∆TDm(jωm) < 0 (6.29)

A typical situation when the system can experience TI effectis depicted in Fig.6.10, where the
damping curves for the electrical (top) and the mechanical (bottom) system of the IEEE FBM
are depicted. The value of the capacitive reactance is set to0.35 pu, corresponding to 70% com-
pensation of 0.50 pu inductive reactance of the considered transmission line. This level of series
compensation is a practical upper limit for series compensation of long transmission lines. From
the figure it is possible to observe that there are two critical frequencies for the generator shaft
in the neighborhood of the network electrical undamping, one at 20.21 Hz and one at 25.55 Hz.
This can lead to resonance between the transmission line andthe turbine-generator shaft. The
risk for a TI effect can also be observed from the poles location of the combined mechanical-
electrical system (Fig.6.11), where two pairs of complex and conjugate poles present a positive
real part. Finally, the system instability is confirmed by the time-domain simulation results in
Fig.6.12, where the torques between the different turbine sections of the generator shaft are
depicted. As shown, due to the TI effect, oscillations slowly build up in all sections of the tur-
bine system connected with the generator. These oscillations, having characteristic frequency of
25.55 Hz for all shaft sections, reach high values, for instance 6 pu (peak value) in the LPA-LPB

torque after two minutes.
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Fig. 6.10 Comparison between electrical damping (top) and mechanical damping (bottom) for IEEE
FBM.

Fig. 6.11 Poles location for combined mechanical-electrical system for IEEE FBM. Two pairs of
complex-conjugate poles have positive real part.
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(a) (b)

(c) (d)

(e)

Fig. 6.12 Simulated TI effect on generator-shaft torques for IEEE FBM. Plot a: HP-IP torque; Plot b:
IP-LPA torque; Plot c: LPA-LPB torque; Plot d: LPB-GEN torque; Plot e: GEN-EXC torque.
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6.9 Frequency scanning analysis

In Section 6.7, the complete state-space model for a synchronous generator connected to a
series-compensated transmission line has been derived. One problem related with this approach
is that it is cumbersome and leads to high-order systems, depending on the complexity of the
generator and the transmission system. As an example, the combined mechanical-electrical sys-
tem for the IEEE FBM is a20th-order system. Therefore, alternative methods for a simplified
analysis of the SSR phenomenon are needed, especially when deriving a control algorithm. One
of these methods is the frequency scanning analysis (FSA) [54]. FSA is a frequency method that
can be used to screen the system conditions that give rise to potential SSR problems. The ad-
vantage of using this method is that it gives a quick and simple check to determine the stability
of a torsional mode. When using FSA, the synchronous generator is modeled as a frequency
dependent voltage source behind its subtransient inductanceX

′′

G. Thus, the model described in
Fig.6.4 is approximated as in Fig.6.13. Note that, since only subsynchronous frequencies are
considered, the infinite bus has been replaced by a short-circuit.

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

e
′′(αβ)
s (s) =

(
R + sL+

1

sC

)
i(αβ)(s) = Z(s)i(αβ)(s) (6.30)

with

C =
1

ωBXc
, L =

X ′′

G +XT +XL

ωB

Equation (6.30) can be expressed in theDQ-coordinate systems as

e
′′(DQ)
s (s) = Z(DQ)(s)i(DQ)(s) (6.31)

whereZ(DQ)(s) is the impedance of the network seen from the internal bus of the generator
in theDQ-frame. The objective of the FSA is to derive the transfer function of the electrical
torque as a function of the speed variation for the simplifiedsystem depicted in Fig.6.13. Under
the assumption that the amplitude of the internal bus voltage vectore

′′(αβ)
s is constant and equal

toE
′′

s , the variation of the electrical torque is given by

∆Te = E
′′

s ∆iq (6.32)

''
se

TX LX
cXR

i ce+ −

''

GX+

−

Fig. 6.13 Single-line diagram of series-compensated line for FSA.
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The active component of the line current in the rotoricdq-coordinate system,iq, is linked to the
current in theDQ-reference frame through the transformation matrixP, defined in (6.10), as

iq = iD sin δ + iQ cos δ (6.33)

or, for small signal analysis

∆iq = ∆iD sin δ0 + iD0 cos δ0∆δ + ∆iQ cos δ0 − iQ0 sin δ0∆δ

= ∆iQ + id0∆δ
(6.34)

where it has been assumed that the rotor angle at the operating point δ0 is equal to zero. The
relation between the internal bus voltage in theDQ- and in thedq-coordinate system is

e(DQ)
s = e(dq)s e−jδ (6.35)

When a variable speed∆ω is applied to the generator rotor, (6.35) can be linearized around an
operating point as

∆es,D = ∆es,d cos δ0 − es,d0 sin δ0∆δ + ∆es,q sin δ0 + es,q0 cos δ0∆δ

∆es,Q = −∆es,d sin δ0 − es,d0 cos δ0∆δ + ∆es,q cos δ0 − ∆es,q0 sin δ0∆δ
(6.36)

or, assuming thatδ0 = 0 as before

∆es,D = ∆es,d + es,q0∆δ

∆es,Q = −es,d0∆δ + ∆es,q
(6.37)

Since thedq-frame is a flux-oriented system, thed-component of the generator voltage is equal
to zero, while the per-unitq-component is given by

es,q =
ω0

ωB
E

′′

s (6.38)

Therefore, if the voltage amplitudeE
′′

s is constant, (6.37) simplifies to

∆es,D = E
′′

s
ω0

ωB
∆δ = E

′′

sω0
∆ω

s

∆es,Q = E
′′

s ∆ω

(6.39)

Denoting asY (s) the admittance function of the system in Fig.6.13 (Y (s) = Z−1(s)), from
(6.31) it is possible to express theD- and theQ-component of the line current as

[
∆iD(s)
∆iQ(s)

]
=

[
YDD(s) YDQ(s)
YQD(s) YQQ(s)

] [
∆es,D(s)
∆es,Q(s)

]
(6.40)

where, the components of the admittance function are given by [53]

YDD(s) = YQQ(s) =
1

2

[
Z−1(s− jω0) + Z−1(s+ jω0)

]

YDQ(s) = YQD(s) = −j
1

2

[
Z−1(s− jω0) − Z−1(s+ jω0)

] (6.41)
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It is now possible to derive the expression for the current∆iQ as

∆iQ(s) = YQD(s)∆es,D(s) + YQQ(s)∆es,Q(s) =
[
YQQ(s) + YQD(s)

ω0

s

]
E

′′

s ∆ω (6.42)

Substituting (6.42) into (6.34) and assuming for simplicity that the line current at the operating
point is equal to zero, the variation of the electrical torque can be expressed as

∆Te(s) =
[
YQQ(s) + YQD(s)

ω0

s

]
E

′′2
s ∆ω (6.43)

Therefore, the transfer functionGe for the simplified system is given by

Ge(s) =
∆Te
∆ω

(s) =
[
YQQ(s) + YQD(s)

ω0

s

]
E

′′2
s (6.44)

thus, the electrical damping torque can be found as

∆TDe(jω) = Re[Ge(jω)] (6.45)

Figure 6.14 shows the resulting electrical damping torque when using FSA (solid curve). It
is possible to observe that the negative peak in the electrical damping occurs at the same fre-
quency (21.83 Hz) as for the detailed model of the synchronous generator (dashed curve). As a
difference, the electrical damping curve is approximatelyequal to zero for all frequencies below
the resonance, while when the detailed model is considered the electrical damping is positive
for frequencies below 5 Hz. This is due to the effect of the damping windings in the machine
(neglected in the simplified model). However, this range of frequencies is not of interest for
SSR studies, thus, this region can be neglected. Another discrepancy that can be observed be-
tween the detailed and the simplified model is that the minimum peak in the electrical damping
is higher for the detailed model, meaning that the simplifiedmodel gives a slightly optimistic
view for the TI effect. This is due to the fact that the simplified model does not take into ac-
count the negative resistance presented by the synchronousmachine in the subsynchronous
frequency range (IGE effect). The correction for IGE is possible by adding a small frequency-
dependent negative resistance to the total resistance of the electrical system. This resistance

Fig. 6.14 Comparison between calculated electrical damping torque when using FSA (solid curve) and
when using detailed model of synchronous generator (dashedcurve).
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can be computed from the impedance offered by the generator.The phase impedance (encoun-
tered by armature currents) can be calculated using the operator inductances of the synchronous
machine [44,53] as

ZG(s) = RG(s) + jXG(s) =
1

2
[ZGDD(s− jω0) + ZGQQ(s− jω0)] +

+ j
1

2
[ZGDQ(s− jω0) − ZGQD(s− jω0)]

(6.46)

where

ZGDD(s) =
s

ωB

xd(1 + sT ′

d)(1 + sT
′′

d )

(1 + sT ′

d0)(1 + sT
′′

d0)
, ZGDQ(s) =

ω0

ωB

xd(1 + sT ′

d)(1 + sT
′′

d )

(1 + sT ′

d0)(1 + sT
′′

d0)

ZGQD(s) = −ω0

ωB

xq(1 + sT ′

q)(1 + sT
′′

q )

(1 + sT ′

q0)(1 + sT
′′

q0)
, ZGQQ(s) =

s

ωB

xq(1 + sT ′

q)(1 + sT
′′

q )

(1 + sT ′

q0)(1 + sT
′′

q0)

(6.47)

with

- xd the synchronous reactance in thed-direction;

- T ′

d0 andT ′′

d0 thed-axis open-circuit transient and subtransient time constants, respectively;

- T ′

d andT ′′

d thed-axis short-circuit transient and subtransient time constants, respectively.

Analog definition holds for the parameters in theq-direction. Figure 6.15 shows the trend of the
resistanceRG and the reactanceXG as a function of the frequency. It is possible to observe that
the resistanceRG presents a negative value for frequencies below the synchronous one. When
the frequencyω is higher than the synchronous frequency (ω > ω0), the resistanceRG will
become positive. From Fig.6.15 it is also possible to observe that the reactanceXG is a linear

Fig. 6.15 Frequency response of generator resistance (top)and generator inductance (bottom) for IGE.
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Fig. 6.16 Calculated electrical damping torque using FSA. Grid resistance corrected for IGE.

function of the frequency. Figure 6.16 shows the trend of thedamping torque as a function of
the frequency when the simplified model has been improved considering the negative resistance
due to IGE. It is possible to observe that, although the negative damping occurs still at the
same frequency, now the absolute value of its magnitude is higher (56 pu) and closer to the one
obtained using the detailed model of the generator. However, it is important to remember that
the effect of the IGE effect is not significant in practical applications, 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 phenomena cause stress on the shaft system in
the turbine-generator string in the power plant. Without a fast action from the system operators,
shaft damage can eventually occur causing lack of availablepower and great economical losses.
An extended analysis of possible countermeasures to avoid or mitigate the risk of SSR in the
power system is carried out in [53]; the following is a brief summary.

6.10.1 Power system design improvements

SSR is a phenomena that occurs under specific conditions in a series-compensated power sys-
tem. A first solution to avoid the problem might be a proper choice of the series-compensation
level to ensure that the network resonance frequency does not coincide with the complemen-
tary of one of the natural frequencies of the generator shaft. Although effective, this solution
is not feasible, since the value of the network impedance, thus its resonance frequency, varies
depending on the operating conditions of the power system.

Alternatively, the use of shunt compensation can be employed instead of series compensation. It
has been shown that shunt capacitors lead to resonances above the synchronous frequency (su-
persynchronous range) [53]. At these frequencies, the network presents a small positive damp-
ing, i.e. they do not represent a risk for the rotor shaft. However, the use of shunt compensation
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cannot completely replace the series compensation. The useof series compensation is more
economically attractive and flexible. Furthermore, when series compensation is used, the angle
deviation between the sending and the receiving ends of the transmission lines decreases. This
improves the synchronizing strength of the power system. Itis convenient, 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. Of course, it is straightforward to
imagine to design the machines so that the lowest torsional frequency of the shaft system is
greater than the synchronous frequency (i.e., natural frequencies of the generator-shaft system
only in the supersynchronous range). This is impractical due to constraints on shaft and bearing
size. The natural frequencies of the shaft can typically be varied only within a small limit.
However, this will not have a greater impact on the SSR problem, due to the uncertainty of the
resonant frequency of the network. Use of pole-face dampingwindings can reduce the negative
resistance of the generator seen from the machine terminals[53]. This solution is relatively
inexpensive and can be easily installed in new machines. However, it is impractical to install
such windings in old machines. Moreover, this solution is effective only against SSR due to
IGE, while it does not have any impact on mitigation of SSR dueto TI and TA.

6.10.3 Use of auxiliary devices

The most commonly applied method for SSR mitigation is to install an auxiliary (mitigation)
device in the power system. It is mainly in this direction that the research community is moving
towards. Here, a brief description of some possible solutions is given.

Blocking filter

A simple method to achieve SSR mitigation is to install a blocking filter in series with the
generator step-up transformer winding [22]. Typically, the filter is connected on the neutral end
of the high voltage side of the transformer, as shown in Fig.6.17. Alternatively, the filter can
be connected to the phases on the high voltage side of the step-up transformer. To protect the
system against overvoltages, a protection device (such as avaristor, 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 components having frequencyf0 − fm.
In practical installations, the rotor shaft has more than one natural frequency (i.e., the shaft is
constituted by several turbine stages). In this case, the blocking filter will be constituted by
several resonant circuits connected in series. Each filter will be tuned for one natural frequency
of the generator-turbine shaft system. This solution is effective both for mitigation of SSR due
to TI and TA and its performance is not affected by changes in the power system.

A disadvantage with this solution is that the tuning of the filter is dependent on the system
frequency (which changes during normal operations and during fault conditions) and on the
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Fig. 6.17 Three-line diagram of step-up transformer with blocking filter.

variation of the filter components value due to temperature and aging.

NGH-damping scheme

The NGH-damping scheme, depicted in Fig.6.18, was first introduced by N. G. Hingorani in
1981 [32, 33] and consists of a resistor and a thyristor basedac switch connected in parallel
with the series capacitor of the line. To understand the principle of operations of the NGH-
scheme for SSR mitigation, the curves depicted in Fig.6.19 can be used. Consider a purely
sinusoidal voltage waveform having characteristic frequency f0 (either 50 or 60 Hz). In this
case, two subsequent zero crossing will occur in a time equalto 1/(2f0) (dashed curve). If the
voltage is constituted by a fundamental and a subsynchronous component, some half cycles will

Static switch

Resistor 

Line series capacitor

Fig. 6.18 Single-line diagram of NGH-damping scheme.
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Fig. 6.19 Comparison between fundamental voltage (dashed curve) and fundamental plus subsyn-
chronous voltage (solid curve).

be longer than1/(2f0), as it can be seen from the solid curve in the figure. The principle of the
NGH-damping scheme is to dissipate capacitor charges over the resistor whenever the measured
voltage half cycle period exceeds the rated value. This can be achieved by proper control of the
static switch.

The control system operation is independent for each phase and does not require detection of
a specific subsynchronous signal. This solution is effective in mitigation of SSR both due to
TI and TA. Furthermore, the NGH scheme can be used to protect the series capacitor against
overvoltages. However, studies have shown that some undamping might occur for torsional
modes that are not in resonance with the electrical system [53]. This must be taken into account
when installing this type of device. The NGH damping principle can be further extended to the
basic TCSC circuit structure, in order to make it immune to SSR.

FACTS devices

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

• Shunt-connected FACTS devices: as the shunt-connected VSC described in Section 2.3.3,
this type of devices are controlled to inject (or absorb) reactive power to (from) the
power systems by proper control of static semiconductor valves or switches. Among the
shunt-connected FACTS devices, it is important to mention the Static Var Compensator
(SVC), constituted by Thyristor Controlled Reactors (TCR), Thyristor Switched Capaci-
tors (TSC) together with passive capacitive filter banks [33]. The SVC only is intended for
reactive power control. A newer device for shunt compensation is the STATCOM [53,55],
which is based on VSC technology. The STATCOM can be equippedwith energy storage
for active power injection.

• Series-connected FACTS devices: as the series-connected VSC, this type of devices are
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controlled to inject a voltage in series with the grid voltage. Among the series-connected
FACTS devices, it is important to mention the Thyristor Controlled Switched Capacitor
(TCSC) [1], the Thyristor Switched Series Capacitor (TSSC)[33] and the Static Syn-
chronous Series Compensator (SSSC) [59].

Both in shunt and series connection, the effect of a FACTS device, seen from the generation
unit terminals, is to dynamically modify the impedance of the power system. Therefore, FACTS
devices represent an interesting solution to the problem ofSSR mitigation. In particular, series-
connected FACTS are generally considered more efficient in damping oscillations [33,53]. Ac-
cordingly, the core of this thesis is on control of SSSC or SSRmitigation. This will be discussed
in the next chapter.

6.11 Conclusions

In this chapter, an overview of the problem of subsynchronous resonance (SSR) in power sys-
tems has been given. To describe the origin of SSR due to Torsional Interaction effect (TI), a
linearized model of a synchronous generator connected to a radial series-compensated trans-
mission line has been derived. Thus, different countermeasures to the SSR problem have been
described. Nowadays, FACTS controllers are considered as one of the most attractive solutions
for the problem of SSR in transmission networks. In the last decade, several researchers have
put their attention to the development of novel control strategies for a cost-effective way of pro-
viding power system damping at frequencies below the fundamental. This has been the driving
force for this part of the project. In particular, in the nextchapter 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 Series Compensator (SSSC) for SSR mi-
tigation will be described. First, the control strategy adopted in the literature will be briefly
described. Then, the proposed control strategy for an SSSC dedicated to SSR mitigation will be
investigated.

7.1 Introduction

In the previous chapter, the problem of subsynchronous resonance in power systems has been
introduced. Analysis tools to investigate the preconditions that might lead to SSR have been
discussed. Furthermore, possible countermeasures that can be adopted to avoid the risk of SSR
have been described. The core of this chapter (and of this part of the thesis) is to derive and
analyze a novel control strategy for a SSSC dedicated to SSR mitigation. The controller elimi-
nates the frequency components of the line current corresponding to the natural frequencies of
the turbine-generator shaft system. In the following, the proposed control system will be de-
rived and compared with the classical approach proposed in the literature. The validity of the
proposed controller to mitigate SSR due to TI effect will be shown through eigenvalue ana-
lysis of the combined mechanical-electrical system and through frequency scanning analysis.
Furthermore, to investigate the effectiveness of the controller to mitigate SSR due to TA ef-
fect, time-domain simulation results will be presented. Itwill be shown that SSR mitigation is
achieved by injecting a low magnitude voltage into the grid,leading to a reduced power rating
of the SSSC and, thus, to a cost-effective solution to the SSRproblem.

7.2 Classical control of SSSC for SSR mitigation

In this section, the control strategy of the SSSC for SSR mitigation proposed in the literature
(here addressed to as “classical control”) will be briefly described.
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Figure 7.1 shows the IEEE FBM with an SSSC installed downstream the generator step-up
transformer. The voltage injected by the SSSC into the grid is denoted byu. The SSSC is
constituted by a three-phase VSC, a capacitor bank connected to the dc-side of the VSC and an
injection transformer. A filtering stage (not shown in the figure for clarity) is typically added
at the output of the VSC to reduce the harmonic pollution in the injected voltage. When used
for reactive power compensation only, the dc capacitors is needed for proper commutation in
the VSC. Otherwise, when active power injection is allowed,the dc capacitor is also used as an
energy storage.

The principle of the SSR mitigation using the classical control is to replace the fundamental fre-
quency voltage created by (at least a portion of) the inserted fixed capacitor banks by injecting
a similar voltage that has been created by the SSSC. As the capacitive reactance from the ca-
pacitor bank is eliminated (or reduced), the electrical resonance of the system becomes shifted,
thus avoiding the risk of SSR. The effectiveness of the classical control has been described in
several publications [37, 59] and has been proved both analytically and through time-domain
simulations. As an example, Fig.7.2 shows the resulting damping torque for the IEEE FBM
when only fixed series compensation is used (dashed curve) and in case of hybrid compensation
(fixed capacitor + SSSC, solid curve). As shown, when only fixed compensation is used, the
damping torque is maximum negative at a frequency of 24.7 Hz,which is in the neighborhood
of one of the natural frequencies of the generator shaft (seeTable 6.1). In case of hybrid com-
pensation, instead, the characteristic frequency of the undamped pole is moved from 24.7 to
28.2 Hz, which does not coincide with any of the torsional modes. Thus, this control strategy
moves the undamping parts to frequencies that are not of danger for the generator-shaft system.

Although effective, the drawback of the classical control for the SSSC for SSR mitigation is
that the device must continuously inject reactive power into the system, regardless the pres-
ence or not of SSR. Moreover, depending on the system parameters, large amount of reactive
power must be injected in the system in order to change the electrical impedance seen from
the generator terminals. These issues have limited the commercial exploitation of this device
as a countermeasure to the SSR problem. For this reason, the driving force for this part of the
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Fig. 7.1 Single-line diagram of IEEE FBM and SSSC.
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Fig. 7.2 Resulting electrical damping torque for IEEE FBM with SSSC. Classical control strategy has
been adopted. Dashed curve: fixed series compensation only;solid curve: hybrid compensation
(fixed capacitor and SSSC).

project was to find a more cost-effective solution to solve the problem of SSR mitigation by
using SSSC. In the following, a different approach for controlling 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 consideration was that this phenomenon occurs
only if three conditions are fulfilled:

• The generator shaft system has a mechanical resonance at thesubsynchronous frequency
ωm;

• The generator mass must participate and be one of the swinging masses in the oscillation
mode at frequencyωm;

• A matching electrical resonance must exist in the transmission network at the comple-
mentary frequencyω0 − ωm.

Therefore, the problem of SSR mitigation can be tackled in two different ways: by inspection of
the resonance frequency of the network (which is the basic idea behind the classical approach),
or by looking at the resonance frequencies of the generator shaft. This second option is the one
considered here. As shown in Fig.6.10, the turbine-generator shaft is characterized by sharp
and poorly damped resonant points. This can also be seen in Fig.7.3, where the gain of the
frequency response from the input∆Te (expressed in pu torque) to the generator angle∆δ (ex-
pressed in rad) for the generator shaft system given in the IEEE FBM is depicted. From (6.29),
a torsional mode will become unstable if the amplitude of thenegative peak of the electrical
damping torque exceeds the inherited mechanical damping atthe considered frequency. Thus,
SSR mitigation can be achieved by increasing the network damping only at those frequencies
that are critical for the turbine-generator shaft. It is important to observe that:
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Fig. 7.3 Gain of frequency response of rotor-shaft system for IEEE FBM from input electrical torque
∆Te to output generator angle∆δ.

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

• Since synchronous generators are characterized by sharp resonant points (as displayed in
Fig.7.3), the compensator will not interact with neighboring machines which have diffe-
rent resonance frequencies;

• The SSSC will be active (i.e., will inject power into the grid) only in presence of SSR.

Since the electrical damping is a function of the generator stator flux and of the line current, to
achieve this goal the SSSC must control the subsynchronous component of the line current to
zero. In the following, the adopted control strategy will bedescribed.

7.4 Subsynchronous controller

As mentioned in the previous section, the basic idea behind the proposed control strategy is to
control the subsynchronous component of the line current tozero. The adopted control system
(here denoted as “subsynchronous controller”) is constituted by two main parts: an estimation
algorithm (EA), used to estimate the subsynchronous components in the measured voltages and
currents, and the subsynchronous current controller (SSCC), used to control the subsynchronous
line current. These two algorithms will be described in detail in the following.

7.4.1 Subsynchronous components Estimation Algorithm (EA)

When the generator rotor oscillates around its rated speed,the voltage at the machine terminals
can be expressed in the synchronous (with undisturbed rotorposition)dq-coordinate systems
as [53]

e(dq)
s (t) = e

(dq)
s,f (t) + e

(dq)
s,sub(t) + e(dq)s,sup(t) (7.1)
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where the subscripts “f”, “sub” and “sup” denote the fundamental, the subsynchronous and the
supersynchronous component of the measured voltage, respectively. As explained in [53], the
network presents a small positive damping for frequencies above the fundamental. Therefore,
the supersynchronous component is not of interest in this thesis. The subsynchronous voltage
rotates clockwise in the synchronous reference frame (see Paper VII and Section 7.7). Assume
that the generator rotor oscillates with angular frequencyωm. Denoting withdqm-plane a new
set of coordinate systems that rotates synchronously with the subsynchronous voltage vector,
(7.1) can be rewritten as

e(dq)
s (t) = e

(dq)
s,f (t) + e

(dqm)
s,sub(t)e−j(ωmt) (7.2)

In order to extract the subsynchronous component from the measured signal, (7.2) can be re-
arranged so thate(dq)

s,f ande(dqm)
s,sub become isolated and then applying low-pass filtering (LPF) on

the resulting expression [49]. Denote the estimated quantities with the superscript̂, the EA can
be expressed as follows

ê
(dq)
s,f (t) = Hf(p)

[
e(dq)s (t) − ê

(dqm)
s,sub(t)e−j(ωmt)

]
(7.3)

ê
(dqm)
s,sub(t) = Hsub(p)

[
e(dq)s (t)ej(ωmt) − ê

(dq)
s,f (t)ej(ωmt)

]
(7.4)

where, indicating withp the operator (d/dt),Hf(p) andHsub(p) represent the transfer function of
a LPF for the fundamental and for the subsynchronous component, respectively. Equation (7.4)
can be rewritten in the synchronousdq-frame, yielding

ê
(dq)
s,sub(t) = Hsub(p+ jωm)

[
e(dq)

s (t) − ê
(dq)
s,f (t)

]
(7.5)

Equations (7.3) and (7.5) can, thus, be combined together inorder to extract the fundamental
and the subsynchronous components of the measured voltage,as shown in Fig.7.4, where the
block diagram of the described EA is depicted.

In (7.1), the voltage vectores has been expressed as the sum of the fundamental plus the subsyn-
chronous and the supersynchronous components. In actual applications, other frequency com-
ponents (corresponding to the dc-offset signal,es,0, and to the negative-sequence component,
es,n) are typically present in the measured voltage. Therefore,again neglecting the supersyn-
chronous voltage component, the genericdq-voltage at the machine terminals can be expressed

Fig. 7.4 Block diagram of subsynchronous components estimation algorithm.
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as
e(dq)

s (t) = e
(dq)
s,0 (t) + e

(dq)
s,f (t) + e(dq)

s,n (t) + e
(dq)
s,sub(t) (7.6)

For a proper estimation, it is convenient to estimate also these frequency components by using
the EA. Under the consideration that the dc-offset component rotates clockwise in the syn-
chronousdq-plane with angular speedω0, while the negative sequence component rotates in the
same direction with speed2ω0, the final algorithm describing the adopted EA is

ê
(dq)
s,0 (t) = H0(p+ jω0)

[
e(dq)

s (t) − ê
(dq)
s,f (t) − ê(dq)s,n (t) − ê

(dq)
s,sub(t)

]

ê
(dq)
s,f (t) = Hf(p)

[
e(dq)s (t) − ê

(dq)
s,0 (t) − ê(dq)s,n (t) − ê

(dq)
s,sub(t)

]

ê(dq)s,n (t) = Hn(p+ j2ω0)
[
e(dq)s (t) − ê

(dq)
s,0 (t) − ê

(dq)
s,f (t) − ê

(dq)
s,sub(t)

]

ê
(dq)
s,sub(t) = Hsub(p+ jωm)

[
e(dq)s (t) − ê

(dq)
s,0 (t) − ê

(dq)
s,f (t) − ê(dq)s,n (t)

]

(7.7)

whereH0(p) andHn(p) are the LPF transfer functions for the dc-offset and the negative-
sequence component, respectively. Observe that, in case ofhigh harmonic pollution in the mea-
sured voltages and currents, it is convenient to improve theEA even further in order to be able
to remove the harmonic components from the estimated subsynchronous quantities.

Figure 7.5 displays the frequency response (gain and phase-shift) from e
(dq)
s to e(dq)s,subof the EA

described in (7.7) when first-order LPFs are used. The oscillation frequency is assumed to be
equal to 20.0 Hz (ωm = 125.66 rad/s). As shown in Fig.7.3, the natural resonance frequencies
of the generator shaft can be very close to each other. Therefore, for a proper estimation of the
subsynchronous components, high selectivity (corresponding to a low bandwidth) in the EA is
needed. As suggested in Paper VII, the filter cut-off frequency (fcut) should be no greater than
one-fifth of the minimum frequency interval between two subsequent natural frequencies of the
turbine-generator shaft system. Here,fcut has been set to 1 Hz for all filters, yielding

Hi(p) =
6.28

p+ 6.28
, i = 0, f, n, sub (7.8)

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

Details related to the practical implementation of the investigated EA (addressed to as LPF-
based estimation algorithm) are reported in Paper VII. Furthermore, in the paper the LPF-based
EA is compared with the recursive least square (RLS) algorithm. It is shown that the RLS
algorithm presents the same behavior of the LPF-based EA when first-order LPFs are used.
However, as explained in the paper, thanks to its higher flexibility, the LPF-based EA is here
considered to be the best solution for the problem of subsynchronous components estimation.
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Fig. 7.5 Frequency response of estimation algorithm frome
(dq)
s to e

(dq)
s,sub. 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 idealvoltage source (internal bus voltage)
behind the subtransient inductance of the generator, as discussed in Section 6.9. Furthermore,
the infinite bus appears at subsynchronous frequencies as a short circuit. As a result, the system
depicted in Fig.7.1 can be redrawn in the subsynchronousdqm-plane as in Fig.7.6. Note that,
however complex the layout of the grid between the SSSC and the infinite bus might be in real-
ity, for instance including multiple parallel lines, this can always be represented by its Thevenin
equivalent impedance. Provided that the SSSC is connected directly in series with the generator
step-up transformer, the whole system can then always be modeled in thedqm-plane as a radial
single-line diagram, as in the IEEE FBM in Fig.7.6.

From the single-line diagram in Fig.7.6, the voltage behindthe subtransient reactance of the

Fig. 7.6 Single-line diagram of synchronous generator connected to series compensated transmission
line for SSR studies. System modeled indqm-reference frame.
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generator in thedqm-frame,e′′(dqm)
s,sub , can be expressed as

e
′′(dqm)
s,sub (t) = {R + [p+ j(ω0 − ωm)] (L′′ + LT)}︸ ︷︷ ︸

Z1

i
(dqm)
sub (t) + e

(dqm)
g,sub(t) (7.9)

whereR,LT andL′′ are the resistance of the system upstream the SSSC (i.e. the sum of the stator
resistance of the generator and the series resistance of thetransformer), the leakage inductance
of the transformer and the subtransient inductance of the generator, respectively. In order to
control the subsynchronous current to zero, the control system has to rebuild the internal bus
voltagee′′(dqm)

s,sub . Assuming that the voltage downstream the SSSC is equal to zero, i.e. treating
the voltage drop over the impedance downstream the compensator as a disturbance, and with
the signal references given in Fig.7.6, the law governing the controller can be written in the
Laplace domain as

u
(dqm)
sub (s) = e

(dqm)
g,sub(s) + [R + j(ω0 − ωm)L] i

(dqm)
sub (s) +

(
kp +

ki

s

) [
i
(dqm)
sub (s) − i

(dqm)∗
sub (s)

]

(7.10)

with L = LT + L′′. The current reference isi(dqm)∗
sub , while kp andki are the proportional and

the integral gains of the PI-regulator, respectively. To select the regulator gains, the closed-loop
transfer function fromi(dqm)∗

sub to the actual currenti(dqm)
sub can be shaped as a first-order LPF, where

the cut-off frequency of the filter corresponds to the bandwidth of the controller [29]. Thus,
callingαcc the bandwidth of the SSCC, the gains become equal tokp = αccL andki = αccR.

Figure 7.7 shows the block diagram of the subsynchronous controller. 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 coordinate system to the fixedαβ-coordinate
system and then to the rotatingdq-coordinate system, using the transformation angleθ,
obtained from the PLLf ;

3. Estimate the subsynchronous components of grid voltage and line current through the
EA;

4. Transform the subsynchronous quantities from thedq- to thedqm coordinate system using
the transformation angleθm, obtained from the PLLsub;

5. Calculate the reference voltageu(dqm)∗
sub through the SSCC;

6. Convert the reference voltage from the rotatingdqm-coordinate system to the three-phase
coordinate system by using the transformation angleθ − θm;

7. Calculate the duty-cycles in the PWM block and send the switching 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 Fig.7.7 is derived under the assumption
that the rotor shaft has only one natural frequency, i.e. is constituted by only two masses (gen-
erator and one turbine stage). If more than two shaft-sections are present, such as for the IEEE
FBM, the complete control system will be constituted by several controllers as the one displayed
in Fig.7.7 (one for each natural frequency of the turbine-generator shaft system) connected in
parallel. The outputs of each subsynchronous controller will then be added in theαβ-plane.

7.5 Stability analysis

In this section, the stability analysis for the system in Fig.7.6 using the proposed control algo-
rithm will be presented. Here, accurate knowledge of the system parameters is assumed, mean-
ing that (7.10) contains the exact value for the impedance upstream the SSSC. Stability analysis
in case of inaccurate knowledge of the impedance upstream the SSSC and when varying the
series-compensation level of the transmission line is reported in Paper VIII.

The purpose of this analysis is to find the most suitable valuefor the controller bandwidthαcc.
The block diagram of the closed-loop system considered for this analysis is depicted in Fig.7.8.
The process (i.e., the transfer function of the transmission network, including the subtransient
inductance of the generator) and the control algorithm are implemented in thedqm-coordinate
system. The impact of the EA on the dynamics of the estimated subsynchronous voltages and
currents is also included. For simplicity of the analysis, the EA is approximated to a first-order
LPF.

Figure 7.9 shows the closed-loop poles placement for the investigated system when varying the
controller bandwidth from 0.6283 to 31.416 rad/s. A detail of the closed-loop poles close to
the origin is depicted in Fig.7.9(b) for clarity. The cut-off frequency for the LPF is set equal to
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Fig. 7.8 Block-diagram of closed-loop system constituted by control system, process and estimation
algorithm.
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Fig. 7.9 Root locus of closed-loop control system when varying controller bandwidthαcc 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 controller bandwidth, the high-frequency poles
move away from the imaginary axis, while the poles close to the origin move in the opposite
direction. Instability is reached for a controller bandwidth αcc = 14.45 rad/s. The selection of
the controller bandwidth is a trade-off between the speed ofresponse and the system damping.
Here, a bandwidth of 10.05 rad/s, corresponding to the knee in Fig.7.9(b) has been selected.

It is of importance to observe that when deriving the block diagram in Fig.7.8, the voltage
behind the subtransient inductance of the generator is considered as an input, i.e. it is assumed
that this voltage is not affected by the controller dynamics. This is a reasonable assumption,
since the time constant of the mechanical system is typically much larger than the electrical
one. However, in case of torsional modes having very small modal inertia (leading to a small
time constant for the mechanical system at the investigatedfrequency), this assumption might
be no longer valid. In this case, carefulness must be taken when selecting the bandwidth of the
controller. In particular, it is suggested to model the mechanical system using modal quantities
and to include its effect in the linearized model in Fig.7.8.

102



7.6. Analysis of SSR due to TI effect

7.6 Analysis of SSR due to TI effect

As already mentioned in Section 6.2, where the classification of the different types of SSR that
can occur in the power system has been given, SSR due to TI effect can be analyzed using linear
models. In this section, the effectiveness of the proposed control strategy for mitigation of SSR
due to TI effect will be shown through the eigenvalue analysis of the combined mechanical-
electrical system and through the frequency scanning analysis. For simplicity of the analysis,
the controller in (7.10) has been implemented in the synchronousdq-frame, yielding [43]

u
(dq)
sub (s) = e

(dq)
g,sub(s) + (R + jω0L) i

(dq)
sub (s) +

(
Kp +Ki

2s

s2 + ω2
m

) [
i
(dq)
sub (s) − i

(dq)∗
sub (s)

]
(7.11)

7.6.1 Eigenvalue analysis

The effectiveness of the proposed control strategy when mitigating SSR due to TI effect can be
investigated from an eigenvalue analysis of the closed-loop system of the combined mechanical-
electrical system in Fig.7.10. As a difference compared to the closed-loop system described in
Fig.6.9, the electrical system includes the SSSC with the proposed subsynchronous controller.
The detailed block-scheme of the electrical system considered for this investigation is depicted
in Fig.7.11. Refer to Section 6.9 for details of (6.32), (6.39) and the admittance matrixY.

The series-compensation level of the transmission networkis equal to 60%. Table 7.1 shows the
eigenvalues (real and imaginary part) of the IEEE FBM without and with the SSSC. From the
results obtained from the stability analysis, the SSCC bandwidth is equal to 10.05 rad/s, while
fcut = 1 Hz. As shown, due to the selected series-compensation level, the closed-loop system
without SSSC presents four unstable poles. The inclusion ofthe SSSC 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 torque∆TDe is modified when the SSSC
with the proposed control strategy is connected to the grid.For this analysis, the block diagram
for the electrical system depicted in Fig.7.11 has been considered. Assume that the generator

Fig. 7.10 Block-diagram of combined mechanical-electrical system 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 of SSR due to TI effect.

TABLE 7.1: Calculated eigenvalues for IEEE FBM.
without SSSC with SSSC

Re [s−1] Im [rad/s] Re [s−1] Im [rad/s]
−4.35 ±598.68 −4.35 ±598.68

−2.2 e−17 ±298.18 −1.47 e−6 ±298.18
0.007 ±202.82 −0.007 ±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 with theelectrical resonance of the grid (at
the complementary frequency60 − 24.7 = 35.3 Hz). Figure 7.12 shows a comparison between
the resulting damping torque for the investigated system when the compensator is in idle mode
(dashed curve) and when the compensator is online (solid curve). As shown, when the SSSC
is online, the pole corresponding to the system undamping has been split into two new poles
located at the sidebands of the original pole (23.92 and 25.4Hz). The damping torque at the
critical frequency for the generator shaftωm is equal to zero. In this way, the risk of SSR due to
TI can be avoided.

The selected bandwidths of the EA and of the SSCC will, of course, impact the resulting damp-
ing torque. These results are reported in Paper IX. In particular, it is found that an increased
bandwidth in the SSCC leads to a wider range of frequencies where the controller modifies
the damping torque, thus to higher amount of injected voltage. Therefore, the selection of the
controller parameters is a trade-off between the desired speed of response and the voltage rating
(thus, the cost) of the SSSC. However, it is of importance to remember that SSR is typically a
slow phenomenon, thus, low bandwidth for the SSCC is suggested.

The difference between the proposed control strategy and the classical control in Fig.7.2 is
clearly visible. As shown in Fig.7.12, with the proposed control system the SSSC will act only
at the critical frequencyωm. Therefore, SSR mitigation can be achieved by injecting lowamount
of voltage into the grid, resulting in a reduced power ratingof the compensator. This concept
will be shown in the next section.
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Fig. 7.12 Resulting electrical damping torque for investigated 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 proposed control strategy the controller must
rebuild the subsynchronous component of the internal bus voltage. Beside the characteristics of
the considered system, the amount of voltage injected by theSSSC into the grid during SSR
mitigation operation depends on the controller parameters, i.e. on the bandwidths of the EA
and SSCC. However, to evaluate the voltage requirements forthe SSSC, it can be assumed the
injected voltage is exactly equal to the subsynchronous voltagee′′s,sub, i.e.

u∗sub = e′′s,sub (7.12)

To derive this subsynchronous voltage, the generic case of asynchronous generator connected to
a transmission line can be considered. The interaction between the electrical and the mechanical
system can be simulated by applying an oscillating speedω to the generator shaft [53]. The per-
unit voltage at the generator terminals can be written in theαβ-plane as

e′′(αβ)
s (t) = e′′s,α(t) + je′′s,β(t) = ω(t)E ′′

s e
j[ω0t+δ(t)] (7.13)

whereE ′′

s is the amplitude of the voltage vector at rated speed,δ is its phase displacement,ω is
the per-unit rotor speed andω0 is the fundamental frequency expressed in rad/s. If the generator
rotor oscillates aroundω0, its per-unit speed can be expressed as

ω(t) = ω0 + A sin(ωmt) (7.14)

whereA is the amplitude of the oscillation andωm is the oscillation frequency (in rad/s) of the
rotor. Substituting (7.14) in (7.13), theα-component of the voltage can be written as

e′′s,α(t) = [ω0 + A sin(ωmt)]E
′′

s cos [ω0t+ δ(t)] = ω0E
′′

s cos [ω0t+ δ(t)] +

+
AE ′′

s

2
{− sin[(ω0 − ωm)t+ δ(t)] + sin [(ω0 + ωm)t+ δ(t)]}

(7.15)
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The derivative of the rotor angleδ is given by

dδ(t)

dt
= [ω(t) − ω0]ωB = A sin(ωmt)ωB (7.16)

Therefore, by integrating both sides of (7.16) and callingδ0 the rotor angle in steady-state
conditions, the rotor angle can be expressed as

δ(t) = δ0 −A
ωB

ωm
cos(ωmt) (7.17)

Substituting (7.17) in (7.15) and after some algebraic manipulations, theα-component of the
voltage behind the subsynchronous inductance of the generator is given by

e′′s,α(t) = ω0E
′′

s cos(ω0t+ δ0) +
AE ′′

s

2ωm
{(ω0 − ωm)

sin[(ω0 − ωm)t+ δ0] + (ω0 + ωm) sin[(ω0 + ωm)t+ δ0]}
(7.18)

Analogously, theβ-component of the voltage is found to be equal to

e′′s,β(t) = ω0E
′′

s sin(ω0t+ δ0) +
AE ′′

s

2ωm
{−(ω0 − ωm)

cos[(ω0 − ωm)t+ δ0] − (ω0 + ωm) cos[(ω0 + ωm)t+ δ0]}
(7.19)

As shown in (7.18) and (7.19), when a small oscillation is applied to the generator rotor, the
internal bus voltage will be constituted by the sum of three terms: one term rotating at the rated
frequency plus two terms oscillating with frequencies ofω0+ωm, corresponding to the supersyn-
chronous voltage component, andω0 − ωm, corresponding to the subsynchronous component.
In particular, from (7.18) and (7.19), the subsynchronous voltage component is given by

e
′′(αβ)
s,sub (t) =

AE ′′

s

2ωm
(ω0 − ωm){sin [(ω0 − ωm)t+ δ0] − j cos [(ω0 − ωm)t+ δ0]} =

− AE ′′

s

2ωm
(ω0 − ωm)ej[(ω0−ωm)t+δ0+π/2]

(7.20)

meaning that the subsynchronous voltage vector rotates in the positive direction (counterclock-
wise) in theαβ-plane.

The voltage vectore′′(αβ)
s can be further transformed in the synchronousdq-plane as

e′′(dq)s (t) = e′′(αβ)
s (t)e−jω0t = e

′′(dq)
s,f (t) + e

′′(dq)
s,sub(t) (7.21)

wheree′′(dq)s,f is thedq-voltage vector at the fundamental frequency. The subsynchronous voltage
component is given by

e
′′(dq)
s,sub(t) = e

′′(αβ)
s,sub (t)e−jω0t = −AE

′′

s

2ωm
(ω0 − ωm)e−j(ωmt+δ0+π/2) (7.22)
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Fig. 7.13 Maximum peak torque vs number of cycles for turbine-generator shaft before shaft crack ini-
tiation (from [5]).

From (7.22) it can be observed that although the subsynchronous component of the voltage
e
′′(αβ)
s,sub rotates in the positive direction in the fixedαβ-plane, the same vector rotates clockwise

in the plane that rotates synchronously with the rated frequency of the system.

From (7.20) and (7.22), the amplitude of the subsynchronousvoltagee′′s,sub (in pu) depends
on the triggered frequencyωm and on the oscillations amplitudeA only. Therefore, with the
proposed approach, the voltage requirements for the SSSC are only related on the mechanical
characteristics of the considered generator, while are independent on the power system parame-
ters.

Example: Calculation of maximum expected subsynchronous voltage component for IEEE
FBM

The purpose of this example is to calculate the maximum subsynchronous component of the
internal bus voltage that can be expected when considering the IEEE FBM. From the swing
equations given in Section 6.6, the termA is a function of the torque applied to the generator
shaft. It has been shown through the modal analysis in Section 6.6.1 that the shaft system reacts
differently depending on the characteristic frequency of the applied torque. In the specific case
of the turbine-generator shaft system given in the IEEE FBM,it was found that the most critical
mode shape is the first one, corresponding to a characteristic frequency of98.72 rad/s.

To select the amplitude of the torque applied to generator shaft, the S-N curve in Fig.7.13 has
been considered [5]. This curve gives the maximum peak torque that can be applied to a turbine
section, before crack initiation, as a function of the number of cycles. From the figure it can be
observed that the maximum torque that can be applied to a shaft without direct failure is about
5 pu. Therefore, it is here assumed that the electrical torqueTe applied to the generator shaft has
an amplitude of 5 pu and a characteristic frequency of 98.72 rad/s. With the mentioned values,
the amplitude of the angular frequency oscillations (first peak) isA = 0.049 pu. Substituting
this value in (7.20) and assumingE ′′

s = 1 pu, the amplitude of the subsynchronous voltage
component is equal to
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|e′′(αβ)
s,sub | =

AE ′′

s

2ωm
(ω0 − ωm) =

0.049

2 · 98.72
(376.99 − 98.72) = 0.06 pu (7.23)

Therefore, it can be observed that even in case of large torques applied to the generator shaft,
the initial amplitude of the subsynchronous component of the internal bus voltage is only 6% of
the rated voltage. This proves that, with the proposed approach, SSR 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 a dc-link voltage controller, to control
the voltageudc across the dc-link capacitor. The problem of controlling the voltage of the dc
link of the VSC can be reformulated as controlling the activepower flowing into the VSC. In
particular, the objective of the DCVC is to calculate a voltageuf, at the fundamental frequency,
of appropriate amplitude that is in phase with the line current. Under the assumption that the
VSC is lossless, the power flowing into the dc link (pVSC) must be equal to the energy stored in
the dc capacitorwc, yielding

dwc(t)

dt
= pVSC(t) (7.24)

where the energywc is given by

wc(t) =
1

2
Cdcu

2
dc(t) =

1

2
CdcW (t) (7.25)

with u2
dc = W . The voltage injected by the SSSC is constituted by the sum ofa fundamental

and a subsynchronous component. Assuming that the dc capacitor of the VSC is large enough
to provide appropriate filtering at subsynchronous frequencies, the active powerpVSC can be
expressed as

pVSC(t) = ufi = |uf||i| (7.26)

since, as mentioned earlier, the injected fundamental voltage vectoruf is taken to be in phase
with the line currenti. Assuming that the dc link is purely capacitive, the transfer function from
the amplitude of the fundamental injected voltage|uf | to the termW is equal to

Gdc(s) =
2|i|
sCdc

(7.27)

To derive the control law, (7.24) can be linearized as

Cdcudc,0
d∆udc

dt
= ∆pVSC (7.28)

whereudc,0 is the operating point of the dc-link voltage. As shown, the closed-loop dynamics
depend on the operating point. This inconvenience can be avoided by using the square of the
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dc voltage when deriving the control law, as suggested in [52]. As for the current controller
described in Section 7.4.2, the DCVC can be shaped as a first order LPF having bandwidth
αdc, yielding a P-controller having a gain ofkp,dc = αdcCdc/(2|i|), [52]. In addition to the
proportional controller, a small integral termki,dc can be employed in the controller law, in
order to remove steady-state impact of mismatch between theactual and the modeled system.
As a result, the reference voltageuf is given by

|uf| =

(
kp,dc +

ki,dc

s

)
u2

dc(s) − u2∗
dc

2
, ∠uf = ∠i (7.29)

Figure 7.14 shows the step response of the investigated DCVC. The bandwidth of the DCVC is
equal to 6.28 rad/s. At start, the reference voltage is set equal to 0.3 pu and the dc-link is totally
discharged. Att = 2 s, the VSC is enabled and the dc-link charges up to the reference voltage.
Then, steps in the reference voltage are applied. As shown, the control system works properly
and presents the desired step response.

DCVC bandwidth selection

The objective of the DCVC is to control the active powerpVSC only. To avoid interactions with
the SSCC, the DCVC should not react at the frequency component ωm. Therefore, it is conve-
nient to set the bandwidthαdc at least five times lower [68] than the lowest natural frequency
of the generator shaft. Low ratio between the controlled subsynchronous frequencyωm and the
DCVC bandwidth leads to a less damped system, resulting in a longer settling time to control
the subsynchronous current down to zero (see Paper X). From acontrol point of view, it is more
convenient to setαdc ten times lower than the lowest natural frequency of the generator shaft, as
suggested in [52]. On the other hand, if a perturbation occurs in the power system, the generator-
shaft system will swing as a unique mass. These oscillations, typically of a few Hz, are damped
by the damping windings of the synchronous generator. This results in low-frequency oscilla-
tions affecting the dc link of the VSC. To reduce the ratings of the dc side, it is desirable to use
the DCVC to damp these oscillations by selectingαdc sufficiently high. Therefore, the selection
of the bandwidthαdc is a trade-off between the overrating of the dc-side and the maximum time

Fig. 7.14 Simulated step response of DCVC. Solid: actual voltage; dashed: reference voltage.
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Fig. 7.15 Block-diagram of SSSC control system for SSR mitigation.

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

7.9 SSSC control structure

The structure of the complete control system for the SSSC is depicted in Fig.7.15. Measured
grid voltages and line currents are discretized with sampling frequencyfs. To be implemented
in a digital controller, the EA, the SSCC and the DVCV are discretized with a sampling time
of Ts = 1/fs. As shown in the figure, the DCVC is connected in parallel to the subsynchronous
controller. Output of the control system is the injected voltage referenceu∗, constituted by the
sum of the subsynchronous voltageu∗sub output of the subsynchronous controller and the fun-
damental voltage component,u∗f , output of the DCVC. These two voltages are added up in the
αβ-coordinate systems. The resulting voltage is then transformed to the three-phase coordi-
nates and sent to the PWM block to calculate the switching signals for the VSC valves. Note
that the signalu(αβ)∗ is passed through a limitation block that checks if the reference voltage
vector exceeds the boundary of the hexagon described in Section 3.3.2. If saturation occurs, the
overmodulation signal “ovm” will be equal to 1 (0 otherwise). In this case, to avoid integration
windup, the integrators in the SSCC and in the DCVC will be inhibited. It is of importance to
observe that, as a difference compared with the saturation strategy adopted for the SSC and for
the shunt-connected VSC, in case of saturation the amplitude of the reference voltage vector is
not limited. Thus, since the VSC will operate in its non linear region, low frequency harmonics
will appear in the injected voltage. However, as already mentioned earlier, the voltage injected
by the SSSC during SSR mitigation operations is only a few percent of the rated voltage of the
system. Therefore, this will not have an impact of the power quality of the grid voltage.
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7.10 Simulation results

In Section 7.6, the effectiveness of the investigated control algorithm to mitigate SSR due to
TI has been shown through eigenvalue and frequency scanninganalysis. Here, time-domain
simulation results for the SSSC with the proposed control strategy for mitigation of SSR due
to TA effect will be presented. Simulations have been carried out using the simulation program
PSCAD/EMTDC and the control system has been implemented using Fortran 90 language. The
selected sampling frequency is equal tofs = 1.2 kHz. One particular remark should be made for
the two PLLs in Fig.7.7. The purpose of the first PLL (denoted as PLLf and used to determine
the transformation angleθ) is to track the phase-angle of the fundamental component ofthe
grid voltageeg only. Moreover, the PLL must be able to follow the dynamics ofthe machine
due to rotor swing (typically in the range of a few Hz). For these reasons, the bandwidth of the
PLL (denoted asαPLL,f) is set equal to 18.85 rad/s. The purpose of the second PLL (PLLsub),
instead, is just to estimate the transformation angleθm. This angle must be insensitive to system
disturbances, thus, the bandwidth of the PLLsub is set equal to 6.28 rad/s. Observe that the
PLLsub is enabled only in presence of oscillations having reasonable amplitude. In absence of
subsynchronous voltage component (i.e. when the amplitudeof the estimated subsynchronous
component is below a predefined threshold, here equal to 0.005 pu), this PLL will not be active
and the transformation angleθm is obtained by integrating the calculated frequencyωm.

The dynamic performance of the SSSC when mitigating SSR due to short-circuit faults in the
power system is reported in Papers VIII to X. Furthermore, inPaper IX, the effect of variation
of control system parameters on the overall performance of the system is discussed. Finally,
Paper X proposes the use of a single-phase VSCs based SSSC dedicated to SSR mitigation.

In all papers, the IEEE FBM has been considered. It is of importance to observe that, beside
its simplicity, the advantage of using the IEEE FBM over other benchmark models is that the
considered generator-shaft system is constituted by a large number of masses. This leads to
a greater complexity when deriving the control system, since the natural frequencies of the
generator-shaft are very close to each other. Furthermore,a radial resonance leads to a fairly
deep negative electrical damping (deeper, for example, as compared with the parallel resonance
case), thus to higher amount of voltage needed to control thesubsynchronous current to zero.
However, one objection could be that the network model considered in the IEEE FBM does not
represent a realistic system. For this reason, in this section simulation results obtained when
using the IEEE Second Benchmark Model (SBM) [24] will be presented.

Figure 7.16 shows the single-line diagram of the IEEE SBM. The model consists of a single
generator connected to two lines, one of which is series compensated (line 1). As compared with
the IEEE FBM in Fig.7.1, it can be noted that the turbine-generator shaft system is constituted
by four masses only: an high pressure turbine stage, a low pressure, the generator and the exciter.
The system parameters for the IEEE SBM are reported in Appendix B.

From the eigenvalue analysis of the mechanical system, the natural frequencies are 24.65, 32.39
and 51.10 Hz. For this benchmark model, the value of the series capacitor is not given. Here,
a compensation value of 50% has been chosen in the compensated line, since this provides the
best tuning for the first torsional mode. This can be observedin Fig.7.17, 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 considered system are depicted.

As shown in Fig.7.16, here the SSSC has been implemented as a controlled ideal voltage source.
The reason for this choice is that the bandwidth of the proposed controller is very small. Fur-
thermore, as mentioned in Section 7.4.1, the estimation algorithm has the same characteristic
of a resonant filter having center frequency at the natural frequencyωm. As a result, assuming
that the DCVC and the SSCC do not interact (see Paper X), even amoderate switching fre-
quency will not have an impact on the resulting transfer function. Observe that for the system in
Fig.7.16, the subsynchronous controller is still designedas in (7.10) and its bandwidth is kept
equal to 10.05 rad/s.

In order to study a critical case of torque amplification, a three-phase fault has been applied
directly downstream the SSSC. The fault is applied att = 12 s and its clearing time is as-
sumed to be 100 ms. With the selected level of series compensation, excitation of the first and
second torsional mode of the shaft assembly will occur, leading to high shaft torques at the cou-

Fig. 7.17 Comparison between electrical damping (top) and mechanical damping (bottom) for IEEE
SBM.
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plings HP-LP and GEN-LP. This can be observed from Fig.7.18,where the simulated torques
between the different sections of the turbine-generator system when the SSSC is in idle mode
are depicted.

When the compensator is active, the system will react to control the subsynchronous compo-
nents of the line current to zero. Figure 7.19 shows the controlled voltage components out-
put of the subsynchronous current controllers in the correspondingdqm-coordinate systems,
while Fig.7.20 shows the estimated subsynchronous components of the line current in the cor-
responding subsynchronous reference frames. As expected from Fig.7.17, due to the selected
series-compensation level, the dominant subsynchronous frequency component will be the first
one, having a characteristic frequency of 24.65 Hz (ωm1 = 154.88 rad/s). It can be observed
from Fig.7.20(a) that the subsynchronous current is equal to zero before the fault. After the
fault is cleared, the subsynchronous current raises up to about 0.8 pu. Then, the SSSC slowly
controls this current component to zero. As a result, the turbines of the generator shaft will still
experience oscillations due to the perturbation in the grid, but they will be damped and slowly
go back to the pre-fault value, as displayed in Fig.7.21. From the figure it can be observed that
the maximum peak torque is equal to 2 pu. However, this torqueoscillations will withstand for
a few cycles only. Therefore, they do not represent a risk forthe generator shaft, as it can be
seen from the S-N curve in Fig.7.13.

Figure 7.22 shows the simulated rotor speed, while its FFT isdepicted in Fig.7.23. From these
figures it can be noted that directly after the fault has been cleared, the rotor speed is mainly
affected by two frequency components in addition to the dc quantity: one at 1.5 Hz and one at
24.6 Hz. The frequency of 1.5 Hz is due to the rotor swing afterthe fault. This component will
decay with the time constant of the damping windings in the synchronous generator. The other

(a) (b)

(c)

Fig. 7.18 Simulated generator shaft torques for IEEE SBM. SSSC in idle mode. Plot a: HP-LP torque;
Plot b: LP-GEN torque; Plot c: GEN-EX torque.
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(a) (b)

(c)

Fig. 7.19 Voltage components output of SSCCs in corresponding subsynchronous reference planes. Plot
a: ωm1 = 154.88 Hz; Plot b:ωm2 = 203.51 Hz; Plot c:ωm3 = 321.07 Hz. Black curve:dm

component; gray curve:qm component.

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

Finally, Fig.7.24 shows the voltage injected by the SSSC during SSR mitigation operations. The
voltage is expressed in percent of the rated phase-to-ground voltage of the system. As shown,
thanks to the proposed control strategy, SSR mitigation is achieved by injecting only 0.8% of
the rated voltage. Furthermore, Fig.7.25 shows the harmonic content of the voltage injected
by the SSSC at the beginning of the mitigation operations. Itcan be observed that, beside the
frequency component at the complementary of the triggered mode shape (60−24.6 = 35.4 Hz),
the injected voltage is characterized by other three frequencies: one at 84.6 Hz (corresponding
to the supersynchronous component) and two frequency components located at the sidebands
of the fundamental, due to the rotor swing.

The obtained simulation confirm that, with the proposed approach, SSR mitigation can be
achieved with very low voltage injection, leading to a reduced voltage rating for the SSSC.
Unfortunately, the author was unable to find information in the literature regarding the size of
the SSSC when classical control is used. For this reason, this information is lacking in this the-
sis. The author has implemented the controller described in[54, 59] and the voltage needed to
mitigate the same phenomenon was equal to 0.11 pu, corresponding to an oversize of 13.75 pu
as compared with the approach here proposed.
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(a) (b)

(c)

Fig. 7.20 Estimated subsynchronous components of measuredline current in corresponding subsyn-
chronous reference planes. Plot a:ωm1 = 154.88 Hz; Plot b: ωm2 = 203.51 Hz; Plot c:
ωm3 = 321.07 Hz. Black curve:dm component; gray curve:qm component.

(a) (b)

(c)

Figure 7.21: Simulated generator shaft torques for IEEE SBM. SSSC online. Plot a: HP-LP
torque; Plot b: LP-GEN torque; Plot c: GEN-EX torque.
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Fig. 7.22 Simulated rotor shaft speed during SSR mitigationoperation.

Fig. 7.23 Harmonic content of rotor speed at beginning of mitigation operation.

Fig. 7.24 Simulated three-phase voltage injected by SSSC during SSR mitigation operation.
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Fig. 7.25 Harmonic content of injected voltage at beginningof mitigation operation.

7.11 Conclusions

This chapter has dealt with the control of the Static Synchronous Series Compensator (SSSC)
for SSR mitigation. First, the control strategy proposed inthe literature has been described.
Thus, a novel control strategy for an SSSC dedicated to SSR mitigation has been introduced.
Based on a current controller implemented in the subsynchronous reference frame, SSR mitiga-
tion is obtained by increasing the network damping only at those frequencies that are critical for
the generator shaft. To estimate the subsynchronous components of the measured voltages and
currents, an estimation algorithm based on the use of low-pass filters has been derived. Stabil-
ity analysis of the proposed subsynchronous controller hasbeen carried out. Further, a control
algorithm to control the dc-link voltage of the VSC has been derived.

It has been shown both through eigenvalue and frequency scanning analysis that the proposed
control strategy can be successfully adopted to avoid the risk of SSR due to torsional interaction
effect. Furthermore, the effectiveness of the proposed controller to mitigate SSR due to torque
amplification effect has been proved through time-domain simulations by using the program
PSCAD/EMTDC. A first important result is that, with the proposed configuration, the control
system is robust and does not depend on the configuration of the transmission system. Further-
more, it has been shown that SSR mitigation can be achieved byinjecting 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 some suggestions 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 Converters (VSCs) for distribution and
transmission systems applications.

In particular, the first part of the thesis has dealt with mitigation of voltage dips by using a VSC
connected in series and in shunt with the grid. In both configurations, one important issue is
to have a fast-response, high-performance control system that is robust to voltage disturbances.
In both configurations, the core of the control system is the current controller. In Chapter 3,
the deadbeat current controller for shunt-connected VSC has been investigated. With a constant
dc-link voltage, the dynamic performance of the system has been tested under balanced and un-
balanced conditions of the grid voltage, both in steady-state and during transients (voltage dips).
It has been demonstrated that, using a vector current-controller designed by only considering
positive-sequence components (VCC1), thedq-currents under unbalanced grid voltage are af-
fected by an oscillation at double the power frequency. By feeding the same controller only the
positive-sequence component of the grid voltage (VCC2), the response is improved and the ac-
tual current tracks the reference current with almost no delay. The dual vector current-controller
(DVCC), where both voltages and currents are separated intotheir sequence components and
two separate current controllers are used, shows a slower response compared with VCC2, due
to the delay introduced by the sequence separation. It is important to stress that these results
are valid for any application of shunt-connected VSC where arobust response to voltage dis-
turbances is required. This can be the case of VSC used as active front-end in drive systems,
variable-speed wind power and VSC-based HVDC.

A high-performance current controller is also the base of the cascade controller for the series-
connected VSC (or Static Series Compensator, SSC), which has been presented in Chapter 4.
The current controller is combined with an outer voltage controller loop. An extended analysis
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of the control system and of the interaction between the inner controller and the outer controller
has been carried out. It has been demonstrated through experimental results that using dual
vector-controller type 1 (DVC1), designed by only considering the positive-sequence compo-
nents of the measured signals, the SSC mitigates three-phase voltage dips, but not unbalanced
voltage dips. To achieve a proper mitigation also in case of unbalanced voltage dips, the Posi-
tive Negative DVC (PN-DVC), based on two separate cascade controllers for the positive and
the negative sequence components, has been presented. It has been demonstrated that PN-DVC
presents good performance when mitigating balanced and unbalanced voltage dips. Due to the
inherited time delay introduced by the sequence detection algorithm, the PN-DVC has slower
response as compared with DVC1, but it ensures a perfect mitigation of the voltage dip, regard-
less the percentage of unbalance of the dip.

The performance of the shunt-connected VSC when used to mitigate voltage dips has been
investigated in Chapter 5. It has been shown that successfulrestoration of the amplitude of
the voltage at PCC can be achieved. However, the phase angle of the grid voltage at PCC is
affected by a phase deviation during mitigation. To obtain arobust high-performance controller,
insensitive to grid and load impedance variations, a modified configuration of shunt-connected
VSC with LCL-filter has been proposed. The transient performance of the modified system, with
the same cascade controller derived in Chapter 4 for the SSC,has been tested under balanced
and unbalanced voltage dips. It has been shown that, to overcome undesired resonances between
the filter components, an active damping term in the inner current controller must be added. With
this modification, satisfactory mitigation of voltage dipscan be achieved. However, depending
on the short-circuit power of the grid at the PCC, the VSC may have to be designed to handle
injection of high amount of reactive power.

The second part of this thesis has dealt with the control of the Static Synchronous Series Com-
pensator (SSSC) for mitigation of Subsynchronous Resonances (SSR) in transmission systems.
As first, Chapter 6 gave an overview of the problem of SSR in power systems. To describe
the origin of SSR due to Torsional Interaction effect (TI), alinearized model of a synchronous
generator connected to a radial series-compensated transmission line has been derived. Thus, a
simplified model of the synchronous generator for SSR studies has been considered.

In Chapter 7, a novel control strategy for the SSSC for SSR mitigation has been introduced.
Based on a current controller implemented in a reference frame that rotates synchronously with
the subsynchronous voltage vector (subsynchronous reference frame), SSR mitigation is ob-
tained by increasing the network damping only at those frequencies that are critical for the
generator shaft. To estimate the subsynchronous components of the measured voltages and cur-
rents, an estimation algorithm based on the use of low-pass filters has been derived. Stability
analysis of the proposed subsynchronous controller has been carried out. It has been shown both
through eigenvalue and frequency scanning analysis that the proposed control strategy can be
successfully adopted to avoid the risk of SSR due to torsional interaction effect. Furthermore,
the effectiveness of the proposed controller to mitigate SSR due to torque amplification effect
has been proved through time-domain simulation of the dynamical system. In particular, it has
been shown that, by injecting a subsynchronous voltage only, SSR mitigation can be achieved
by injecting only subsynchronous voltage into the power system, 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 part ofthis thesis are very general and can
be applied in different applications of VSC connected to thegrid. However, they have been
developed and tested with a stiff voltage source connected to the dc link of the VSC. Alterna-
tively, a capacitor can be connected to the dc link and the controller must include regulation
of the voltage across the dc-link capacitor. This limits therange of active power control. An
energy storage device can be connected to the dc link. Possible solutions for storage are capac-
itors, super-capacitors, fuel cells and batteries. A requirement is that the energy storage device
must be able to deliver a high amount of power quickly. It is not clear at this point which, among
all possible solutions, represents the most suitable choice for the investigated application.

It has been shown that the shunt-connected VSC can be an interesting alternative to the problem
of voltage dips mitigation. Unlike the SSC, this configuration allows mitigation of both voltage
dips and short interruptions, given that a sufficient energystorage system is mounted on the
dc side of the VSC. Furthermore, the shunt-connected VSC does not require a complicated
protection system as the SSC. However, it was pointed out that a drawback of using a shunt-
connected VSC for voltage dip mitigation is that the currentto be injected into the grid may
be too high if the grid is strong. An interesting solution, inthis case, is to connect an inductor
between the PCC and the supply in order to weaken the grid, thus, reducing the power needed
during mitigation operations.

In the second part of the thesis, it has been proven that SSR mitigation can be achieved by in-
jecting a subsynchronous voltage of appropriate amplitudeand phase into the grid. The analysis
carried out in the thesis is promising, but more investigation should be made in order to find
the limits of the proposed approach. More complex systems, such as the CORPALS Benchmark
model [4] can be simulated. Furthermore, it can be of interest to investigate the system behavior
when the SSSC is installed not directly after the step-up transformer of the generator but fur-
ther into the power system, in particular if more than one transmission line is fed by the power
station. Finally, an economical investigation of the proposed solution should be carried out.
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Proc. of Cigŕe SC14 Colloquium on HVDC and FACTS in South Africa, 1997.

[2] H. Akagi, “Trends in active power line conditioner,”IEEE Trans. on Power Electron.,
vol. 9, no. 3, pp. 263–268, May 1994.
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tiate Thesis TR-515L, December 2004.

[15] A. Campbell and R. McHattie, “Backfilling the sinewave.a Dynamic Voltage Restorer
case study,”Power Engineering Journal, vol. 13, no. 3, pp. 153–158, June 1999.

[16] J. W. Choi and S. K. Sul, “Fast current controller in three-phase AC/DC boost converter
using d-q axis crosscoupling,”IEEE Trans. on Power Electron., vol. 13, no. 1, pp. 179–
185, January 1998.

[17] S.-K. Chung, “A phase tracking system for three phase utility interface inverters,”IEEE
Trans. on Power Electron., vol. 15, no. 3, pp. 431–438, May 2000.

[18] E. R. Collins and M. A. Bridgwood, “The impact of power system disturbances on AC-
coil contactors,”IEEE Annual Technical Conference on Textile, Fiber, and Film Industry,
May 1997.

[19] E. R. Collins and A. Mansoor, “Effects of voltage sags onAC motor drives,”IEEE Annual
Technical Conference on Textile, Fiber, and Film Industry, May 1997.

[20] P. Daehler and R. Affolter, “Requirements and solutions for Dynamic Voltage Restorer, a
case study,” inProc. of IEEE Power Engineering Society Winter Meeting, vol. 4, 2000, pp.
2881–2885.

[21] T. Davis, G. E. Beam, and C. J. Melhorn, “Voltage sags: their impact on the utility and
industrial customers,”IEEE Trans. on Ind. Appl., vol. 34, no. 3, pp. 549–558, May-June
1998.

[22] R. G. Farmer, A. L. Schwalb, and E. Katz, “Navajo projectreport on subsynchronous
resonance: analysis and solution,”IEEE Trans., vol. PAS-96, no. 1, pp. 1226–1232, 1977.

[23] IEEE SSR Task Force, “First benchmark model for computer simulation of subsyn-
chronous resonance,”IEEE Trans. on Power App. Syst., vol. PAS-96, no. 5, pp. 1565–
1571, Sept./Oct. 1977.

[24] ——, “Second benchmark model for computer simulation ofsubsynchronous resonance,”
IEEE Trans. on Power App. Syst., vol. PAS-104, no. 5, pp. 1057–1066, 1985.

[25] IEEE SSR Working Group, “Terms, definitions and symbolsfor subsynchonous oscilla-
tions,” IEEE Trans., vol. PAS-104, June 1985.

124



References

[26] R. Grunbaum, “SVC Light: a powerful means for dynamic voltage and power quality
control in industry and distribution,” inProc. of 8th International Conference on Power
Electronics and Variable Speed Drives, vol. 1, Sept. 2000, pp. 404 – 409.

[27] M. C. Hall and D. A. Hodges, “Experience with 500-kV Subsynchronous Resonance and
Resulting Turbine Generator Shaft Damage at Mohave Generating Station,” IEEE PES
Special Publication, Analysis and Control of Subsynchronous Resonance, IEEE Publica-
tion 76 CH 1066-0-PWR, pp. 22–29, 1976.

[28] L. Harnefors,Control of Variable-Speed Drives. Västerås, Sweden: Applied Signal Pro-
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Appendix A

Transformations for Three-phase Systems

This appendix reports necessary transformations to calculate voltage vectors from three-phase
quantities and vice versa. Expressions of the voltage vector both in the fixed and rotating refe-
rence frames are given in the general case of unsymmetrical three-phase quantities.

A.1 Transformation of three-phase quantities into vectors

A three-phase positive system constituted by the three quantities v1(t), v2(t) andv3(t) can be
transformed into a vector in a complex reference frame, usually calledαβ-frame, by applying
the transformation defined by

v(t) = vα + jvβ = K
[
v1(t) + v2e

j 2
3
π(t) + v3e

j 4
3
π(t)

]
(A.1)

where the factorK is equal to
√

3/2 or 3/2 to ensure power invariance or voltage invariance,
respectively, between the two systems. Equation (A.1) can be expressed as a matrix equation as
follows

[
vα(t)
vβ(t)

]
= C23




v1(t)
v2(t)
v3(t)



 (A.2)

where, using power-invariant transformation, the matrixC23 is equal to

C23 =





√
2

3

−1√
6

−1√
6

0
1√
2

−1√
2



 (A.3)

The inverse transformation, assuming no zero-sequence, isgiven by



v1(t)
v2(t)
v3(t)



 = C32

[
vα(t)
vβ(t)

]
(A.4)
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where

C32 =





√
2

3
0

−1√
6

1√
2

−1√
6

−1√
2




(A.5)

A.2 Transformation between fixed and rotating coordinate
systems

Let the vectorsv(t) andu(t) rotate in theαβ-frame with the angular frequencyω(t) in the
positive (counter-clockwise) direction. If the vectoru(t) is taken as thed-axis of adq-frame
that rotates in the same direction with the same angular frequencyω(t), both vectors will appear
as fixed vectors in that frame. The components ofv(t) in the dq-frame are thus given by the
projections of the vector on the direction ofu(t) and on the orthogonal direction, as illustrated
in Fig.A.1.

The transformation can be written in vector form as

v(dq)(t) = v(αβ)(t)e−jθ(t) (A.6)

with the angleθ(t) in Fig.A.1 given by

θ(t) = θ0 +

t∫

0

ω(τ)dτ (A.7)

The inverse transformation, from the rotatingdq-frame to the fixedαβ-frame is defined by

v(αβ)(t) = v(dq)(t)ejθ(t) (A.8)

Fig. A.1 Relation betweenαβ-frame anddq-frame.
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The components in thedq-frame can be determined from Fig.A.1. In matrix form, the transfor-
mation from the fixedαβ-frame to thedq-frame can be written as

[
vd(t)
vq(t)

]
= R(−θ(t))

[
vα(t)
vβ(t)

]
(A.9)

while the inverse is given by
[
vα(t)
vβ(t)

]
= R(θ(t))

[
vd(t)
vq(t)

]
(A.10)

where the projection matrix is

R(θ(t)) =

[
cos(θ(t)) −sin(θ(t))
sin(θ(t)) cos(θ(t))

]
(A.11)

A.3 Voltage vectors for unsymmetrical three-phase systems

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

ea(t) = êa(t)cos[ω(t) − ϕa] (A.12)

eb(t) = êb(t)cos

[
ω(t) − 2

3
π − ϕb

]
(A.13)

ec(t) = êc(t)cos

[
ω(t) − 4

3
π − ϕc

]
(A.14)

whereêa(t) andϕa are the amplitude and the phase angle of the phase voltageea(t), whileω is
the angular frequency of the system.

If the voltage amplitude of the three phases are unequal, theresulting voltage vectoru(αβ)(t) in
the fixedαβ-coordinate system can be expressed as the sum of two vectorsrotating in opposite
directions and interpreted as positive- and negative-sequence component vectors

u(αβ)(t) = Epe
j(ωt+ϕp) + Ene

−j(ωt+ϕn) (A.15)

whereEp andEn are the amplitudes of the positive and negative voltage vectors, respectively,
and the corresponding phase angles are denoted byϕp andϕn.

When transforming the voltage vectoru(αβ) from the fixedαβ-plane to the rotatingdq-coordinate
system, two rotating frames can be used, accordingly. Thesetwo frames are called positive and
negative synchronous reference frames (SRFs) and are denoted asdqp- anddqn-plane: the po-
sitive SRF rotates counterclockwise with the angular frequency, while the negative SRF rotates
clockwise with the same frequency. These two frames can be defined by the following transfor-
mations

u(dqp)(t) = e−jθ(t)u(αβ)(t) (A.16)

u(dqn)(t) = ejθ(t)u(αβ)(t) (A.17)
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From the latter, it is straightforward to understand that a positive-sequence component corre-
sponds to a DC-component (zero frequency) in the positive SRF, while a negative-sequence
component corresponds to a vector that rotates with 100 Hz clockwise in the positive SRF

u(dqp)
n (t) = e−jθ(t)e−jθ(t)u(dqn)(t) = ej2θ(t)u(dqn)(t) (A.18)

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

Benchmark Models for SSR Studies

This appendix reports the two benchmark models introduced by the IEEE for SSR studies. The
first model deals with SSR due to radial resonance in the powersystems, while the second
model deals with parallel resonance.

B.1 IEEE First Benchmark Model (FBM)

The IEEE First Benchmark Model (FBM, depicted in Fig.B.1) deals with SSR due to radial
resonance and consists of a 892.4 MVA turbine generator connected to a single-line, series-
compensated transmission network [23]. The rated voltage of the system is 539 kV, while the
rated frequency is 60 Hz. Parameters for the transmission line and for the synchronous machine
are reported in Tables B.1 and B.2, respectively. Parameters for the generator-shaft model are
reported in Table B.3.

B.2 IEEE Second Benchmark Model (SBM)

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

Fig. B.1 Single-line diagram of IEEE FBM.
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TABLE B.1: IEEE FBM Network Parameters.
Network resistance RL 0.02 pu

Transformer reactance XT 0.14 pu
Transformer ratio 26/539 kV

Line reactance XL 0.50 pu
Downstream system reactanceXsys 0.06 pu

TABLE B.2: IEEE FBM Synchronous Machine Parameters.
Reactance Value [pu] Time constant Value [sec]
Xaσ 0.13 T ′

d0 4.3
Xd 1.79 T ′′

d0 0.032
X ′

d 0.169 T ′

q0 0.85
X ′′

d 0.135 T ′′

q0 0.05
Xq 1.71
X ′

q 0.228
X ′′

q 0.2

problem. In this model, a 600 MVA turbine generator is connected to two parallel connected
transmission lines, one of which is series compensated. Therated frequency of the system is
60 Hz. The parameters of the two transmission lines are givenon a 100 MVA power base and
500 kV voltage base and are reported in Table B.4. The reactances and time constants of the
generator are given in Table B.5. Finally, parameters for the generator-shaft model are reported
in Table B.6.

TABLE B.3: IEEE FBM Shaft Parameters.
Mass Inertia Shaft section Spring constant

H [s−1] 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 and 500 kV.
Transformer resistance RT 0.0002 pu
Transformer reactance XT 0.02 pu

Transformer ratio 22/500 kV
Line 1 resistance RL1 0.0074 pu
Line 1 reactance XL1 0.08 pu
Line 2 resistance RL2 0.0067 pu
Line 2 reactance XL2 0.0739 pu

Downstream system resistanceRsys 0.0014 pu
Downstream system reactanceXsys 0.03 pu

TABLE B.5: IEEE SBM Synchronous Machine Parameters in per unit based on600 MVA and
22 kV.

Reactance Value [pu] Time constant Value [sec]
Raσ 0.0045 T ′

d0 4.5
Xaσ 0.14 T ′′

d0 0.04
Xd 1.65 T ′

q0 0.55
X ′

d 0.25 T ′′

q0 0.09
X ′′

d 0.2
Xq 1.59
X ′

q 0.46
X ′′

q 0.2
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TABLE B.6: IEEE SBM Shaft Parameters.
Mass Inertia Damping Shaft section Spring constant

H [lbm-ft2] D [lbf-ft-sec/rad] K [lbf-ft/rad]
HP turbine 49912 155.2 HP-LP 50.12 · 106

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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