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Abstract

The recent availability Phasor Measurement Unit (PMU) functionalities in relay tech-
nology has opened up new opportunities for power system protection, allowing this
microprocessor-based technology to be used beyond traditional protection purposes. This
technology now also considers the computation and communication mechanisms that allow
the transmission of synchronized phasor measurements. This makes possible the use of
these features in protection applications. As a result, Wide-Area Monitoring, Protection
and Control (WAMPAC) systems can expand by using protectiverelays built with syn-
chrophasor capabilities which may facilitate many applications such as the synchronization
distributed generation to large power grids or for the integration of renewable sources of
energy.

This thesis rationalizes the need of coordination between protective relays with syn-
chrophasor capabilities and High Voltage Direct Current (HVDC) controls to steer power
systems away from instability conditions. The concept of coordination involves the use of
feasible communication mechanisms which can be exploited by protection systems to send
out synchornized voltage and current phasors to a mechanismwhich determines preven-
tive, corrective, and protective actions particularly by taking advantage of the availability
of HVDCs. Coordination refers to the ability of the protective systems and HVDCs to
cooperate and to harmonize their actions so that voltage instability can be avoided. Syn-
chrophasor processing capabilities allow for the exploitation of phasor measurements while
satisfying protective relaying requirements.

The author addresses the challenge of mitigation of voltageinstability through two
sequential approaches. First, voltage sensitivities computed from synchrophasor data can
be used for voltage stability monitoring and can be exploited for delivering wide-area
early action signals. These signals can be used for activating controllable devices such
as HVDCs which may also exploit phasor measurements for control. In order to provide
reliable information, synchrophasor data must be pre-processed to extract only the useful
features embedded in the measurements and to correct for errors. The methodology is
derived by considering both positive-sequence simulations for methodology development
purposes, andreal phasor measurement data from a real-time (RT) hardware-in-the-loop
(HIL) laboratory. The use of the RT-HIL laboratory allows totest the robustness of the
developed approach in a more realistic environment, this will guarantee its performance
for use in control rooms. The methodology has also been tested with real PMU data
obtained from the Norwegian transmission system showing the validity and applicability
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of the method.
The wide-area early action signals derived from the method are then used for voltage

stability mitigation through HVDC control. The signals areused to trigger the operation of
HVDCs or to change their control modes before they reach stringent operating conditions.
In addition, synchrophasors are also exploited as feedbacksignals feeding supplementary
stability controls. The proper selection of signals and activation of these special HVDC
control is investigated.

The second approach is used to ensure that HVDCs will operatesecurely when their
transfer is pushed towards the maximum transferable power level. It is shown that Classical
HVDCs are prone to voltage instability when operating on weak AC grids. To cope with
this delicate operation scenarios, the Automatic Voltage Stabilizer (AVS) and Automatic
Power Order Reduction (APOR) controls are implemented for HVDC control to cope with
these undesired conditions. The implementation is carriedout both in off-line and real-time
simulation environments.

Keywords. Wide-Area Monitoring Protection and Control Systems, Synchrophasor
applications, Wide-Area Voltage Instability Detection, Wide-Area Early Warning Systems,
Automatic Voltage Stabilizer.
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Chapter 1

Introduction

1.1 Background and motivation

In the Nordic region, as well as the rest of Europe, there are plans for a large-scale
integration of renewable energy sources into power systems, in order to replace old power
plants (not CO2 emission free) and to meet increased energy demand in the years to come.
Many of the new production sites are far away from the load-centers, which requires
investments in new overhead lines and a significant extension of the existing main grid.
A good example of the required installation of transmissionlines is the “Three Gorges
Dam” [1] hydro power plant in China which transmit power across the country.

On the other hand, relevant generation potential may be located close to large industrial
loads or industrial parks, such as is the case in the Norwegian Grid. Proper management
of these generation sources together with large industrialloads may facilitate a quicker
integration of renewable sources and aid in coping with a decreasing security of supply.
As an example, note that there are large amounts of renewableenergy in the form of small
hydro and wind generation in the Nordic Region, with a large untapped potential in North-
ern Norway [2]. At the same time, Northern Norway also is hometo large industrial
parks such as the Snøhvit Liquefied Natural Gas (LNG) project[3] at Hammerfest, where
there are challenges for guaranteeing security of supply. Aproper interaction of local
and untapped generation resources may aid in increasing thereliability in this case. This
might be possible to achieve in the short term as Statnett plans to bring these generation
sources closer to these large industrial loads. Statnett’sGrid Development Plan 2008-2025
proposed the installation of new stations and transformersto receive new wind and small-
scale hydro power and new 420 kV lines that will increase the capacity in North Norway
interconnecting Hammerfest with Balsfjord. These extensions will increase the capacity
of the main grid, and will meet the requirements for integration of renewable energy and
the increased load.

From an energy-relevance perspective, the current power transfer pattern depends
on seasonal changes. This will be shifted due to “price differences” resulting from the
integration of renewable energy, as shown in Fig. 1.1. This requires a larger focus on
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2 CHAPTER 1. INTRODUCTION

operational planning and actual on-line operation. The uncertainty brought by these energy
sources creates an increased need for balancing of production and demand, and drastically
changes the power system dynamics hence requiring more real-time monitoring, control,
and protection.

Figure 1.1: New and changing power transfer patterns in the Nordic Grid

To establish adequate monitoring systems, one potential approach is to develop wide-
area monitoring systems (WAMS) [4, 5] or wide-area monitoring, protection and control
systems (WAMPAC) [6] by using synchronized phasor measurements (PMUs). In order
to implement such systems, synchronized phasor measurement may serve as an effective
data source from which critical information about the system’s condition can be extracted.
Synchronized phasor measurement capabilities are now one of the features available in
the most advanced protective relays commercially available, and the use of this feature
is proliferating. In addition, these capabilities can alsobe utilized to complement the
conventional (local and zonal) protection strategies which results to the improvement
in wide protection and control. Indeed, early applicationsof this technology for the
synchronization of distributed generation to large power grids [7] and for islanding man-
agement [8] show a promising opportunity for the use of this technology in combination of
traditional protective devices for the integration of distributed renewable sources of energy
[9, 10].

Simultaneously, the application of controllable devices to reinforce the transmission
network and to increase transmission power flow control capability has been proposed.
For instance, coordination of several controllable devices for stability enhancement as
proposed either for FACTS devices [11–13]. The technological advances in Voltage Source
Converters-based High Voltage Direct Current (VSC-HVDC) have allowed to prove this
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technology’s advantages for control, such as the ability toindependently control active and
reactive power [14] and voltage control. These controllable devices can improve the per-
formance and reliability of power systems. Some applications which combines the WAMS
and control of VSC-HVDC have been implemented, for instanceWAMS with embedded
VSC-HVDC control for oscillation damping [15]. This implies that controllable devices
with properly designed controls exploiting synchrophasordata from protection systems
can substantially enhance stability of power systems.

1.2 Objectives

Within the framework of blending PMU-based WAMS and utilizing existing controllable
devices mentioned earlier, the main theme of this work is thedevelopment of methods that
use synchrophasor measurements to determine detective anddefensive actions that can aid
in mitigating voltage instability. The detective actions should aid in performing a system
wide stability assessment while the defensive actions exploit the presence of controllable
devices to relief stressed conditions, consequently system voltage collapse can be avoided.
Moreover, the proposed methods must secure the operation controllable devices in all
operating conditions. The ultimate goal of the project is toassure that the developed
methods are suitable for their adoption in the control room,thus it should not only simple
to comprehend but also consider some practical issues regarding real-time performance.
Therefore, real-time hardware-in-the loop simulations using physical protective devices
with PMU capabilities are carried out to validate the methods.

The objectives of this thesis are the following:

1. To give readers a comprehensive overview of the state-of-the-art in implementation
of protective functions and synchrophasor capabilities available in today’s relays.

2. To give a comprehensive and detailed overview of the communication mechanisms
used for power system relaying and synchrophasor data transfer.

3. To identify the importance of modeling details of each power system component
which will be used as a basis prior to any proposed methodology.

4. To develop a synchrophasor-based voltage stability monitoring method.

5. To develop and demonstrate wide-area voltage stability monitoring tools with dis-
plays that are simple to comprehend.

6. To develop methods for utilizing sensitivities to adapt HVDC control modes for
mitigating voltage instability.

7. To investigate the use of synchrophasor measurements as HVDC controller input
signals for stabilizing controls.

8. Development of additional controller on HVDCs to steer away from voltage and
angle instabilities.
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Therefore with the above objectives, this thesis content isorganized as shown in the
following flowchart:

Figure 1.2: Thesis Content

1.3 Outline of the Thesis

The thesis is organized in eight chapters:

Chapter 2 presents an overview of state-of-the-art in the industrialimplementation of
protective relay functions, communication mechanism and synchronized phasor
capabilities for electric power systems monitoring, control, and protection.

Chapter 3 describes experimental and simulation set-ups that were used for the develop-
ment of the methodologies presented in this thesis.

Chapter 4 elaborates on the first approach to mitigate voltage instability. This approach
utilizes sensitivities computed from synchronized phasormeasurement data in wide-
area early warning systems. Then these sensitivities are used to derive control sig-
nals for the activation of HVDCs, and synchrophasors are used as input signals for
stabilizing controls so that voltage instability can be avoided.
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Chapter 5 presents examples of how voltage sensitivities can be used to detect voltage
instability and a visualization approach is also given. Then, results of voltage
instability mitigation by coordinating the use of synchrophasor-based sensitivities
and VSC-HVDC controls is illustrated.

Chapter 6 presents the implementation of the Automatic Voltage Stabilizer (AVS) and
Automatic Power Order Reduction (APOR) controls which formthe basis for the
second approach used to prevent instabilities on HVDCs whenthey operate under
stringent operating conditions.

Chapter 7 presents examples of how the AVS and APOR can prevent voltageand angle
instabilities suffered by HVDC transmission.

Chapter 8 summarizes the results of this project and suggests some possible extensions
based on the present work.

1.4 Main contributions

The main contributions of the thesis are:

• An overview of state-of-the-art in industrial power systems protection and its
synchrophasor capabilities.Protective relaying and its associated communications
technology used in today’s power transmission systems has been reviewed. The
capabilities of these devices are highlighted to show the possibility of going be-
yond their traditional application, especially with the provision of synchrophasor
capabilities. This part can be found in Chapter 2.

• Modeling of a test system for methodology development.Accurate modeling of
integral power systems is essential for studying instabilities. This thesis provides
theoretical explanations and implementation in different simulators in order to iden-
tify specific modeling needs for generating instabilities in power system simulations.
This part can be found in Chapter 3.

• Voltage Stability Monitoring, Visualization, and Instabi lity Mitigation. A
methodology to use voltage sensitivities computed from synchrophasor data for
voltage stability monitoring, and a visualization approach that can be implemented
in wide-area early warning systems is proposed. Then, an approach for utilizing
an early warning signal to activate HVDCs so that voltage instability can be
avoided. This includes the use of PMU measurements as input signals to the HVDC
controllers. This part can be found in Chapter 4.

• Controllable power transmission methods. Control methods to ensure that
HVDCs will operate securely when their transfer is pushed towards the maximum
transferable power level are introduced. These methods arealso validated in a real-
time platform. This part can be found in Chapter 6
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Chapter 2

Synchronized Phasor Capabilities in
Protective Relays

Protective systems in electricity delivery networks have amajor role to play in facilitat-
ing the increase of renewable energy, and a broad understanding of their current and fu-
ture application can aid into better taking them into account for developing future energy
networks that adapt for the integration of renewable energygeneration sources. This
chapter provides a survey in the state of the art of protective relaying, PMU functionalities
and associated communications mechanisms used in today’s power transmission systems
including those used for PMU data transfer. The aim of this chapter is to briefly describe
the fundamental knowledge concerned with power system relaying communications and
synchrophasor data transmission. The unifying theme is to highlight that the future po-
tential of these devices lies in realizing the possibility of going beyond their traditional
application as stand-alone equipments with the single roleof acting “the last line of de-
fense”, this can be acheived by exploting PMU functionalities and communication mecha-
nisms for PMU data transfer.

2.1 Impact of renewable generation on power system dynamicsand
stability

The growth of renewable energy integration has increased gradually in the last decade
seeking to replace conventional generation methods. The connection between renewable
energy sources and main power systems can be categorized into two types; which are re-
mote and local connections. Renewable energy sources that are located far away from the
load-centers require an investment in new overhead lines and significant extension of the
existing main grid. A good example of the required transmission lines installation is the
“Three Gorges dam” hydro power plant in China which transmits power across the country.
Recent research has focused on developing concepts for improving grid integration for this
type of sources such as wind turbines [16, 17] or photovoltic[18, 19] plants. Meanwhile,
the second type of connection is where renewable energy plants are installed locally, al-
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lowing local consumers to generate electricity for their own. This type of connection is
growing rapidly, especially in distribution networks due to no long-distance transmission
requirements. In other words, having renewable sources close to the load location reduces
transmission losses and prevents network congestions.

In spite of many economic and technical advantages, high penetration of renewable
sources could cause some negative impacts on network operation. That is because the
power systems are traditionally designed and operated assuming uni-directional power
flow, particularly in distribution network. Once a set of protective devices has been co-
ordinated under this paradigm, reversing or allowing multi-directional power flow in some
particular operation scenarios, according to the infeed from renewable energy resources,
can cause serious protective device maloperations. This problem has occurred in many
countries, for example in Germany [20], UK [21], and South Korea [22]. This implies that
and increasing amount of renewable energy resources (with intermitted energy production)
requires a larger focus on the operational planning and the actual on-line operation of power
networks due to: increased need for balancing of productionand demand, more adequate
monitoring, storage capability, etc. In addition, more challenges brought by the impact
of distributed resources on distribution relay protectionare summarized by IEEE-Power
System Relay Committee, which can be found in [23].

In order to address undesirable consequences (regarding integration of renewable
sources) on protection systems, new functions are requiredin protective relays when com-
pared to traditional devices. As describe in [24] here is where the use of PMU data can have
new applications to cope with the challenges listed above. New, PMU data based functions
would allow relays to change predefined-settings to ensure that the entire power system is
protected at all times. Technical requirements for new protection system paradigms consist
of [25] :

• Relays that satisfy the selectivity requirement. This is because the current time-
graded protection schemes used at MV and LV networks are inapplicable to handle
bidirectional flows.

• Relays which allow using programmable or different tripping characteristics that can
be parameterized remotely or locally, either automatically or manually [26].

• Using new/existing communication infrastructures and/or standard communication
protocols (for example, IEEE C37.118.2, IEC 61850 or ModBus) that allows
individual relays to exchange information (e.g. PMU measurements at different lo-
cations) with a control room or among relays to guarantee a required application
performance.

Some practical implementations of protective relays with programmable tripping
characteristics can be found in [27], the software tools forsetting these characteristics of
different relay vendors are summarized in Table 2.1. Meanwhile,the adoption of communi-
cations processors with relays can be found in [28], more details regarding communication
mechanism will be provide in Section 2.3.
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The unifying theme of this chapter tries to highlight that the future potential of these
devices lies in the possibility of going beyond the common view which catalogs them as
stand-alone equipments with the single role of protection which should act as “the last
line of defense”. Here is where PMU functionalities can be a major aid by realizing that
they play a vital role in improving the system awareness, improving system stability and
security [29, 30]. For example, the combination of protective functions and synchronized
phasors in protective relays could aid in coordinating better with power system controllers
to mitigate outages [31], and to enable the smooth integration of distributed renewable
sources of energy [9]. To this end, the following sections are provided to emphasize the
aspects of the communication mechanisms used for protective relaying and PMU data
transfer, and the requirements that they should meet.

2.2 Comparison of relay characteristic among vendors in PMU
functionalities

The IEEE defines protective relays as: “relays whose function is to detect defective lines
or apparatus or other power system conditions of an abnormalor dangerous nature and
to initiate appropriate control circuit action ” [32]. Relays detect and locate faults by
measuring electrical quantities in the power system which are different during normal
and intolerable conditions. The most important role of protective relays is to first protect
personal, and second to protect equipment. In the second case, their task is to minimize
the damage and expense caused by insulation breakdowns which (above overloads) are
called “faults” by relay engineers. These faults could occur as a result from insulation
deterioration or unforeseen events, for example, lightingstrikes or trips due to contact
with trees and foliage.

The intention of this section is not to indicate the strengths and weaknesses of relays
from different vendors. Instead, the important characteristics of different vendors’ relays
are summarized, thus readers might be able to select the one that is most best suited for their
particular application. The characteristics of relays such as available measurements, PMU
functionalities, operating times and communication protocols, from different vendors are
summarized in Table 2.1. These relays’ characteristics areobtained from several manufac-
ture product manuals General Electric (GE) [33–37], Schweitzer Engineering Laboratories
(SEL) [38–42], Areva-Alstom [43–47], and ABB [48–52].
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Table 2.1: Comparison of relay characteristics between different vendors

Comparison of Relay Characteristics between Different Vendors

Characteristic Protection Relay
Vendors

GE ABB SEL ALSTOM

Units from
Manufacturer

Generator Protection G60 REG 670 SEL-700G P-345

Differential Protection T60 RET 545 SEL-487E P-645

Over-current Protection MIFII REF 545 SEL-551C P-145

Distance Protection D60 REL 512 SEL-311A P-441

Over/Under Voltage

Protection
MIV REM 545 SEL-387E P-923

Available
Measurements

Generator Protection
RMS and Phasors

(magnitude and angle) for

currents and voltages;

current harmonics and

THD; symmetrical

components; frequency,

power; power factor;

energy

Voltage; current; apparent

power; reactive power;

real power; frequency;

power factor; the primary

and secondary phasors

RMS and Phasors for

currents and voltages;

positive, negative and

zero-sequence voltages

and currents; system

frequency; power; energy;

power factor; V/Hz;

generator thermal capacity

Current; voltage; power;

energy; frequency; phase

differential quantities;

V/Hz; rate of change of

frequency; CTs current

magnitude and phase

Differential Protection

RMS and Phasors for

currents and voltages;

power; energy; differential

harmonic quantities

Phase and neutral

currents; frequency;

power factor; maximum

demand; power;

differential currents

Distance Protection

RMS and Phasors for

currents, and voltages, and

power metering

RMS and Phasors for

currents, and voltages, and

power metering

RMS and Phasors for

currents and voltages;

power; energy; power

factor; frequency; demand

and peak current; demand

and peak power; sequence

components

RMS and Phasors for

currents, and voltages, and

power metering

Over-current Protection
Phase and ground

currents; thermal image

Phase currents; line and

phase voltages; frequency;

power factor; energy;

power; THD

Currents; residual ground

current; negative-sequence

current; demand metering

values

Current; voltages; power;

power factor; frequency;

energy

Over/Under Voltage

Protection

Phase, ground and

phase-to-phase voltages;

frequency

Phase currents; line and

phase voltages; frequency;

power factor; energy;

power

RMS and Phasors for

currents, and voltages;

power; frequency; V/Hz;

harmonics; differential

currents

Phase, ground and

phase-to-phase voltages;

frequency
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Comparison of Relay Characteristics between Different Vendors(Cont.)

Characteristic Protection Relay
Vendors

GE ABB SEL ALSTOM

Diagnostic
Features

Generator Protection
Event Recorder (1024

time-tagged events,

Oscillography for up to 64

records

1000 events time tagged,

100 disturbances

Event Recorder (1024

time-tagged events)
512 events, 5 fault

records, 10 maintenance

records

Differential Protection
100 events each time

tagged

Event recorder (1000

time-tagged events)

Distance Protection
Fault records 20 (each 16

cycle),

Event recorder (512

time-tagged events)

500 events , 28

disturbance records each

time-tag

Over-current Protection

Event recorder (32 events

each time-tag), one

oscillography record
Disturbance record for

16 waveforms and 16

digital signals(total 32)

Event recorder (20

time-tagged events)

512 events , 50

disturbance records each

time-tag, 5 fault records

Over/Under Voltage

Protection

Event recorder (24 events

each time-tag), one

oscillography record

Event recorder (512

time-tagged events)

Event records 75, fault

records 5, disturbance

records 5 of 2.5s each

Operation
Time

Generator Protection

5 to 30 ms

About 15 ms

< 20 ms

<30 ms

Differential Protection < 35 ms < 33 ms

Over-current Protection 20 to 30ms < 30 ms <25 ms <30 ms

Distance Protection 10 to 30 ms < 30 ms <30 ms 17 to 30 ms

Over/Under Voltage

Protection
< 30 ms < 30 ms <25 ms < 30 ms

Programming
and Software

Features

Generator Protection

GE ENERVISTA UR

Protection and control

IED Manager PCM 600

ACSELERATOR

QuickSet SEL-5030

Software

S1 Studio Software for

editing and extracting

setting files, extracting

events and disturbance

records

Differential Protection CAP 505 Tools

Distance Protection RELTOOLS

Over-current Protection
ENERVISTA MII CAP 505 ToolsOver/Under Voltage

Protection
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Comparison of Relay Characteristics From Different Vendors(Cont.)

Characteristic Protection Relay
Vendors

GE ABB SEL ALSTOM

Additional
Functions

Generator Protection

Loss of excitation;

generator unbalance;

accidental energization;

power swing detection;

rate of change of

frequency

Loss of/ under excitation;

restricted earth fault;

over/under frequency;

directional power; pole

slip; thermal overload;

breaker failure; rate of

change of frequency

Over-current; restricted

earth fault; over

excitation; loss of field

protection; over/under

voltage; system backup;

rate of change of

frequency; thermal

overload

Over/under voltage;

over/under frequency; rate

of change of frequency;

loss of field; over fluxing;

thermal overload

Differential Protection

Volts per hertz; over/under

current; over voltage;

over/under frequency;

thermal overload;

synchrocheck

Over-current; under

impedance; earth fault;

over load; over/under

frequency; over/under

voltage; over excitation

Over/under voltage;

breaker failure; restricted

earth fault; Volts/Hz;

current imbalance

Restricted earth fault;

thermal overload; V/Hz,

over-fluxing; breaker

failure; over/under

frequency; CT/VT

supervision

Over-current Protection

Thermal Overload; cold

load pickup; breaker

failure to open

Earth fault; over/under

voltage; thermal overload;

breaker failure, auto

reclosure

Auto reclosure; demand

current overload; CT

saturation

Auto reclosure; CT/VT

supervision; overload;

frequency protection;

over/ under voltage; cold

load pick up

Distance Protection

Automatic reclosure;

power swing blocking;

breaker failure; current

disturbance; over current;

under/over voltage;

directional elements

Breaker failure; Auto

reclosure; over/under

voltage

Over-current; loss of

potential; load

encroachment

Over-current; power

swing; thermal overload;

auto reclosure; over/under

frequency; breaker failure

Over/Under Voltage

Protection

Voltage unbalance;

under/over frequency;

ground over-voltage

Over-current; earth fault;

differential; under

excitation; thermal

overload; frequency

Over-current; differential;

Volts/Hz; over/under

frequency

Over/under frequency; trip

circuit supervision; rate of

change of frequency

Communication
Method

Generator Protection

RS232; RS485; IEC 61850;

ModBus TCP/IP; DNP 3.0;

IEC 60870-5-104

RS232; RS485; IEC 61850-8-1;

IEC 60870-5-103; LON; SPA;

DNP 3.0; ModBus RTU/ASCII
SEL; ModBus TCP/IP; DNP;

FTP; IEC 61850; MIRROR BITS;

EVMSG; C37.118

(synchrophasors)

RS232; RS485;

Courier/K-BUS ModBus; IEC

60870-5-103; DNP 3.0; IEC

61850

Differential Protection

Distance Protection
RS232; RS485; DNP 3.0; ModBus

RTU/ASCII

Over/Under Voltage

Protection
RS232; RS485; IEC 61850;

ModBus TCP/IP; IEC

60870-5-103

RS232; RS485; DNP 3.0 ; ModBus

RTU/ASCII; IEC 61850-8-1; IEC

60870-5-103Over-current Protection
EIA 485; ModBus RTU; EIA

232
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Short description of programming and software features from different vendors

This section provides the short description of softwares’ functionalities and features for the
user interface. They are categorized by the different manufactures as follow.

• GE:

– ENERVISTA UR and ENERVISTA MIIare Windows-based softwares that allow
users to communicate with relays for data review and retrieval, oscillography,
I/O configurations and logic programming.

• SEL:

– ACSELERATOR QuickSet Softwareprovides analysis support for SEL-relays.
It creates, tests, and manages relay settings with a Windowsinterface.

– SEL-5077 SYNCHROWAVE Serverprovides phasor data concentration (PDC)
for synchrophasor information, and transmit data to a display software in IEEE
C37.118.2 format.

• ALSTOM:

– MICOM S1 Studioprovides user with global access to all IED’s data by send-
ing and extracting relay settings. It is also used for analysis of events and
disturbance records which acts as IEC 61850 IED configurator.

• ABB:

– IED Manager PCM 600is the toolbox for control and protection IEDs. It
covers the process steps of the IED’s life cycle, testing, operation and main-
tenance, to the support for function analysis after primarysystem faults.

– CAP 505 Relay Product Engineering Toolis a graphical programming tool for
control and protection units. It can be used both as a local system near the relay
and as a central system connected to several relays.

– RELTOOLSis management tool for controlling relays of the ABB-family. It
allows the user to edit settings and to modify control logics.

Nevertheless, these tools support limited range of different protection and control
products. For instance, thePCM 600tool supports the REG 670 relay (generator
protection) but the software does not patronize to the REL 512 (distance protec-
tion) [53]. Another example is theCAP 500supports the RE_545 relay-family, this
group of relays are differential, over-current, and over/under voltage protections (see
Table 2.1), but this software is not available for the REG 670relay [54]. This can
imply that there is no interface between different tools. Moreover, only relays man-
ufactured by SEL have implemented and support the IEEE C37.118.2 protocols [55]
which is a standard for communicating synchrophasor measurements in real-time
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from a PMU to a Phasor Data Concentrator (PDC). This protocolis used to guaran-
tee the data streams quality when aggregating them from different monitored power
system regions. This feature would allow for a further exploitation of a transmission
system operator’s assets through the development of Wide-Area Monitoring System
(WAMS), Wide-Area Control Systems (WACS), and Wide-Area Protection System
(WAPS).

In practical terms SEL and Alstom provide a more consistent software interface
to the IEDs by using 1 single configuration and programming software, while GE
and ABB require 2 and 3, respectively. It is apparent that there is a large practical
disadvantage in learning and maintaining more than 1 software for IED configura-
tion.

In addition, as mentioned in Chapter 1, in order to implementWAMS, WACS and
WAPS, local measurements such as bus frequencies, voltage phasors, current phasors, and
breaker status need to be transferred from different geographical locations, for example
at distant substations and power plants. Most electromechanical relays (which are not
designed to handle actual engineering analysis information in complex network topolo-
gies) are intentionally being replaced by the modern relayswith communications chan-
nels, this opens an opportunity to actively incorporate them within WAMS, WACS and
WAPS. However, to fully exploit the benefit of replacing these relays, the most advanta-
geous options from both the practical1 and future-looking perspective2 are those providing
consistency in the software used for management and that implement the latest IEC 61850
and IEEE C37.118 protocols. These channels can be utilized to support an analysis system
capable of evaluating protection operation against unexpected and expected behaviors, pin-
pointing possible malfunctions and indicating problems that may rise in the future.

2.3 Communications mediums and networks

A communication system consists of a transmitter, a receiver and communication channels.
Type of mediums and network topologies in communications provide different opportuni-
ties to advance the speed, security, dependability, and sensitivity of protection relays. There
are several types of communication medium such as micro wave, radio system, fiber optic,
etc. The advantages and disadvantages in communication mediums which are currently
in operation (both analog and digital) and different network topologies are summarized in
Table 2.2 and Table 2.3 [56], respectively.

1A common and transparent software platform to manage All protective relays.
2Those supporting the IEEE C37.118.2 protocol.
3Transmitting back and forth the signal 36,000 km between theearth and the satellite.
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Table 2.2: Comparison of communication mediums

Medium Advantages Disadvantage

Transmission Power Line Carrier

Economical, suitable for station to station

communication. Equipment installed in utility

owned area

Limited distance of coverage, low bandwidth,

inherently few channels available, exposed to

public access

Microwave

Cost effective, reliable, suitable for establishing

back bone communication infrastructure, high

channel capacity, high data rates

Line of sight clearance required, high

maintenance cost, specialized test equipment and

need for skilled technicians, signal fading and

multipath propagation

Radio System
Mobile applications, suitable for

communication with areas that are otherwise

inaccessible

Noise, adjacent channel interference, changes in

channel speed, overall speed, channel switching

during data transfer, power limitations, and lack

of security

Satellite System

Wide area coverage, suitable to communicate

with inaccessible areas, cost independent of

distance, low error rates

Total dependency to remote locations, less

control over transmission, continual leasing cost,

subject to eavesdropping (tapping). End to end

delays3 in order of 250 ms rule out most

protective relay applications [57].

Spread Spectrum Radio Affordable solution using unlicensed services
Yet to be examined to satisfy relaying

requirement

Leased Phone
Effective if solid link is required to site served

by telephone service

Expensive in longer term, not good solution for

multi channel application

Fiber Optic

Cost effective, high bandwidth, high data rates,

immune to electromagnetic interference.

Already implemented in telecommunication,

SCADA, video, data, voice transfer etc.

Expensive test equipment, failures may be

difficult to pin-point, can be subject to breakage
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Table 2.3: Comparison of different communication network topologies

Topology Graphical Model Advantages Disadvantages

Point-to-Point network is the simplest configuration with
channel available only between two nodes

Relay Suitable for systems that require high exchange rate of
communication between two nodes

Communication can only be transferred between two nodes,
disconnection of the communication channel will lead to a
total loss of information exchange

Star network consists of multiple point-to-point systems with
one common data collector

Re
lay

Relay

R
e
la
y

Relay

Relay

Easy to add and remove nodes, simple in managing and
monitoring, node breakdown does not affect rest of the
system

The reliability of entire network depends only on single hub
failure

Bus network has single communication path which runs
throughout the system to connect nodes

Relay Relay Relay

Relay Bus network is not dependent on a single machine (hub).
This provides high flexibility in configuration (easy to
remove or add nodes and node to node can be directly
connected).

High information load might delay the communication traffic
speed. Also, it is sometime inefficient to utilize communi-
cation channels since the information cannot be exchanged
directly between the desired relay and hub without passing
through relays along the communication path. In other words,
some relays may receive information packets which are un-
necessary for them. Thus, it is also hard to troubleshoot the
root cause of problem when needed.

Linear Drop and Insert network consists of multiple paths for
relays to communicate with each other. Information between
two non-adjacent nodes can be transferred directly passes
through intervening node(s).

Relay Relay Relay When a certain communication channel drops, its
bandwidth can be balanced by other channels Lack of channel backup against fiber or equipment failure

SONET Path Switched Ringcomprises of two separate opti-
cal fiber links connecting all the nodes in counter rotating con-
figuration. In normal case, the information is transferred from
A to C through outer ring (via B) which is the primary route
(left figure). However if channel failure occurs, the information
is transferred through inner ring which is secondary route (right
figure)

D

A

B

C

D

A

B

C

This type of network is redundant which means that
channel failures will not affect the communication process

An unequal time delay between transmitter and receiver
might cause the false operation of protective relays when
there is a switch to from primary to secondary route in the
case of channel failure

SONET Line Switched Ring has the same structure as
SONET Path type however one path is active and other is a
reserved one. Under normal condition, the active path trans-
fers information via outer ring (left figure). However in case of
channel failure, the inner ring is activated to reverse and trans-
mit information through another direction (right figure)

D

A

B

C

D

A

B

C

More efficient use of fiber communications for some
applications

This communication type is not suitable for teleprotection
applications since it requires complex handshaking
(Synchronizing) that causes a delay of 60 ms.
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2.4 Communication protocols

Communications protocols are sets of rules by which communication over a network is
achieved. Communications protocols are responsible for enabling and controlling network
communication. Protocols set the rules for the representation of data, the signals used in
communications, the detection of errors, and the authentication of computing devices on
the network. It is not mandatory for relay manufacturers to follow the same protocols as
shown in Table 2.1. Communication protocols can be categorized into two groups which
are (i) Physical-based protocols and (ii ) Layered-based protocols. Both types of protocol
are briefly discussed in this section.

Physical-based protocol

Physical-based protocols have been developed to ensure compatibility between units pro-
vided by different manufacturers, and to allow for a reasonable success in transferring data
over specified distances and/or data rates. The Electronics Industry Association (EIA) has
produced protocols such as RS232, RS422, RS423 and RS485 that deal with data com-
munications. In addition, these physical-based protocolsare also included in the “Physical
layer” of the Open Systems Interconnection (OSI) model thatwill be explained in Layered-
based protocols, section below.

• RS232 Protocols

The RS232 Protocol is the most basic communication protocolwhich specifies the
criteria for communication between two devices. This type of communication can
be simplex (one device acts as transmitter and other acts as receiver and there is only
one way traffic i.e. from transmitter to receiver), half duplex (any of thedevice can
act as a transmitter or receiver but not at the same time) or full duplex (any of the
device can transmit or receive data at the same time). A single twisted pair con-
nection is required between the two devices. Figure 2.1 shows the RS232 protocol
configuration.

Microprocessor 

Relay

Full duplex communication 

between Relay and Computer using 

RS232 protocol

Figure 2.1: RS232 Protocol configuration
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• RS485 Protocol

This protocol is similar to the RS232 protocol which allows multiple relays (up to
32) to communicate at half-duplex. This half duplex scheme authorizes one relay
either to transmit or receive command information. This means that the information
is handled by polling/ responding. The communication is always initiated by the
“Master unit” (host) and the “Slave units” (relays) will neither transmit data with-
out receiving a request from the “Master unit” nor communicate with each other.
There are two communication modes in RS485 protocol(i) Unicast modeand(ii)
Broadcast mode. In the unicast mode, the “Master unit” sends polling commands,
and only one “Slave unit” (assigned by an unique address) responds to its command
accordingly. The “Master unit” will wait until it obtains a response from a “Slave
unit”or abandon a response in case a pre-defined period expires. In the broadcast
mode, the “Master unit” broadcasts message to all “Slave units”. Figure 2.2 and 2.3
show a simple RS485 protocol configuration in the unicast andthe broadcast mode,
respectively.
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Command sent by Master (host) to Slave (relays)

Response from Slave (relay to host)

Figure 2.2: RS485 Protocol configuration: Unicast mode
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Figure 2.3: RS485 Protocol configuration: Broadcast mode
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Layered-based protocols

Other protocols mentioned in Table 2.1 are developed by the Open Systems Interconnec-
tion (OSI) model [58]. This model is a product of the Open Systems Interconnection effort
at the International Organization for Standardization. The model sub-divides a communi-
cation system into several layers. A layer is a collection ofsimilar functions that provide
services to the layer above it and receives services from theone below. On each layer,
an instance provides services to the instances at the layer above and requests service from
the layer below. When data is transferred from one device to another, each layer would
add the specific information to the “headers” and the information will be decrypted at the
destination end. Figure 2.4 demonstrates data communication using OSI model where “H”
represents “headers”. Table 2.4 describes function of eachlayer.

Figure 2.4: OSI model
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Table 2.4: Functions of OSI model

Layers Function

Application

(A)

Offers direct interaction of user with the software application. Adds an application header to the data which

defines which type of application has been requested. This forms an application data unit. There are several

standards for this layer e.g. HTTP, FTP, etc.

Presentation

(P)

Handles format conversion to common representation data and compresses and decompresses the data re-

ceived and sent over the network. It adds a presentation header to the application data unit having information

about the format of data and the encryption used.

Session

(S)

Establishes a dialogue and logical connection with the end user and provides functions like fault handling

and crash recovery. It adds a session header to the presentation data unit and forms a session data unit.

Transport

(T)

Manages the packet to the destination and divides a larger amount of data into smaller packages. There are

two transport protocols, Transmission Control Protocol (TCP) and User Datagram Protocol (UDP), in this

layer. Reliability and speed are the primary difference between these two protocols. TCP establishes

connections between two hosts on the network through packages which are determined by the IP address

and port number. TCP keeps track of the packages delivery order and check of those that must be resent.

Maintaining this information for each connection makes TCPa stateful protocol. On the other hand, UDP

provides a low overhead transmission service, but with lesserror checking.

Network

(N)

Controls the routing and addressing of the packages betweenthe networks and conveys the packet through the

shortest and fastest route in the network. Adds a network header to the Transport Data Unit which includes

the Network Address.

Data Link

(D)

Specifies Physical Address (MAC Address) and provides functions like error detection, resending etc. This

layer adds a Data Link Header to the Network Data Unit which includes the Physical Address. This makes a

data link data unit

Physical Determines electrical, mechanical, functional and procedural properties of the physical medium.
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Some of protocols, mentioned in Table 2.1, that are derived from OSI model are
described below:

• DNP 3.0[59]

The Distributed Network Protocol (DNP) 3.0 is a protocol developed to achieve
interoperability standard between substation computers.This protocol adopts layers
1, 2 and 7 from the OSI model for basic implementation. A fourth layer (a pseudo-
transport layer) can be added to allow for the message segmentation. This DNP
3.0 protocol with a pseudo-transport layer is called the Enhanced Performance
Architecture (EPA) model. It is primarily used for communications between master
stations in Supervisory Control and Data Acquisition (SCADA) systems, Remote
Terminal Units (RTUs), and Intelligent Electronic Devices(IEDs) for the electric
utility industry. This protocol does not wait for data as TCP/IP. If a packet is delayed,
after a while, it will be dropped. This is because the protocol consists of embedded
time synchronization (timetag) associated with messages.This timetag’s accuracy
is on the order of milliseconds. It is feasible to exchange messages asynchronously
which is shown in a function of the polling/ response rate. The typical processing
throughput rate is 20 milliseconds [60].

• ModBus [61]

ModBus is also a three-layer protocol that communicates using a “master-slave”
technique in which only one device (the master) can initiatetransactions (called
queries). The other devices (slaves) respond by supplying the requested data to the
master, or by taking the action requested in the query. This protocol does not consist
of embedded time synchronization as in case of DNP 3.0 that each message is stored
in an internal buffer. However, time synchronization can be implemented either
using the external time synchronization source, such as Global Positioning System
(GPS) or using the external timing mechanism, such as Inter-Range Instrumenta-
tion Group (IRIG) to keep Intelligent Electronic Devices (IEDs) in synchronism. In
general, IRIG provides accuracy in the 100 microsecond range [62] but it requires
dedicated coaxial cable to transport the timing signals which can be limitation for
the number of connected devices (depending on cable length and device load).
On the other hand, GPS provides higher accuracy (in the rangeof 1 microsec-
ond [62]) compare to IRIG but cost and complications of antennas installation to
every device are the restriction for the GPS deployment. Nevertheless, the choice of
time synchronization protocol is usually dictated by the number and type of power
system devices as well as the physical arrangement of the equipment. The typical
processing throughput rate of ModBus protocol is 8 milliseconds [60].

The protocol can be categorized into three frame formats which are American
Standard Code for Information Interchange (ASCII), RemoteTerminal Unit (RTU),
and Transfer Control Protocol and Internet Protocol (TCP/IP) format. The ModBus
ASCII and ModBus RTU are both used in serial communication. The difference
between these ASCII and RTU frames is the format of communication message. In
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the ASCII format, two ASCII characters are used in each 8 bit byte message whereas
two 4 bit hexadecimal characters (or 8-bit binary) are used in case of the RTU format.
The advantage of ASCII format is that it allows time intervals of up to one second
to occur between characters without causing an error. On theother hand, the greater
character density in the RTU allows better data throughput compare with the ASCII
for the same baud (modulation) rate however each message must be transmitted in a
continuous stream. Figure. 2.5 shows the Protocol Data Unit(PDU) for ASCII and
RTU frame formats.

Address Field Funcion Code Data Error Check

Contains the address of 

the slave. Each slave has a 

unique address. The 

master addresses the slave 

by placing slave address in 

the address field

Indicates to the slave’s 

function which is to be 

performed e.g. Function 

Code 1800 means to send 

value of Source 1: Phase A 

current RMS

Response from Slave to 

the master e.g. value of 

current or angle or 

breaker status etc.

Modbus fills this field by 

using various error 

checking algorithms for 

reliable transfer of data

ModBus PDU

APPLICATION PDU (protocol data unit made by the application 

layer of ModBus ASCII & RTU)

Figure 2.5: ModBus ASCII & RTU Protocol Data Unit (PDU)

Meanwhile, the ModBus TCP/IP is modified from the PDU frame with the Ethernet-
TCP/IP as an additional data transmission technology for the ModBus Protocol.
First, an “Error Check” algorithm at the end of frame is removed and the Address
Field (address of slave) is replaced by a new header called the ModBus APplica-
tion (MBAP) Header. This header consists of (i) Transaction Identifier, (ii ) Protocol
Identifier, (iii ) Length Field, and (iv) Unit Identifier. Figure. 2.6 shows the Applica-
tion Data Unit (ADU) for TCP/IP frame format (compare with PDU message). In
addition, details such as message format or function codes for all three frames format
can be found in [63].

The difference between ModBus and DNP 3.0 is the communication purpose.
ModBus is suitable for communication within substations that are used for com-
municating with devices meant for protection control and metering. Meanwhile
DNP 3.0 is suitable for communicate outside the substations(communication of data
from substation to master control centers). This is becausethe ModBus protocol has
limited function codes while the DNP 3.0 supports the specific data objects that
provide more flexibility, reliability and security. For example, the DNP 3.0 has
‘Control Function Code’ to perform specific function. The comparison between
ModBus and DNP 3.0 can be found in [64]. In addition, the ModBus protocol is
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Figure 2.6: Message frame comparison between ModBus PDU andADU

a prototype for proprietary protocols such asK-BUS [65] andSPA [66] protocols
which are of Areva-Alstom and ABB, respectively.

• IEC 61850[61]

IEC 61850 is an electrical substation standard promoted by the International Elec-
trotechnical Commission (IEC). The data models defined in IEC 61850 protocol
can be mapped to various protocols, for example to Generic Object Oriented Sub-
station Events (GOOSE) that allows for both analog and digital peer-to-peer data
exchange. The protocol includes time tags and also messagesthat can be exchanged
asynchronously. The typical processing throughput rate is12 milliseconds [60]. IEC
61850 provides many advantage over other protocols such as programming can be
done independent of wiring, higher performance with more data exchange, or data
is transmitted multiple times to avoid missing information. More advantages can be
found in [67] and [68].

• LON [69]

The Local Operating Network (LON) protocol equates all seven layers of the OSI
Model. It is capable of establishing network communications not only for power
system applications, but also for factory automation, process control, building
networks, vehicle networks, etc. This may be considered as adrawback in relay
communication perspective since the LON protocol occupiesseven layers in order
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to transfer information, thus it provides lower data exchange rates compare to the
EPA model such as DNP 3.0.

Communication delays in data delivery for synchrophasor applications

The communication infrastructure is an essential element for protective relays and
especially for WAMS, WACS and WAPS. PMU devices are used in order to transmit
data from several parts of the system to a control center, therefore the communication
network has a potential to be a bottleneck that could impactsthe achievable wide area
system’s performance. Delay due to the use of PMUs depends onmany components such
as transducers that are involved starting from the initial sampling instant. The process-
ing time required for converting transducer data, into phasor information depends on the
selected Discrete Fourier Transform’s (DFT) time frame or the specific phasor computa-
tion algorithm. Moreover, the overall delay also caused by PMU’s data size, multiplex-
ing and transitions, and type of communication medium. A Phasor Data Concentrator
(PDC) receives data streams from PMUs, then correlates theminto a single data stream
that is transmitted to a PC via an Ethernet port, both PMUs andPDCs use the IEEE
C37.118.2 protocol to achieve this. The propagation delaysassociated with the communi-
cation is dependent on the medium and physical distance while the delay associated with
transducers used, phasor computation algorithm, data concentration, and multiplexing are
not fixed. The associated delays for various communication mediums when using PMUs
are summarized in Table 2.5 [70]. However, the time durationof different delays has

Table 2.5: Associated delays with various communication mediums

Communication link Associated delay one way [ms]

Fiber Optic 100 - 150
Microwave 100 - 150
Power Line 150 - 350

Telephone line 200 - 300
Satellite System 500 - 700

been ambiguous, particular for communication timing. Reference [70] describes that the
delay caused by processing time (data concentrating, multiplexing and delay associated
with transducers) is fixed and estimated to be around 75 ms. This is questionable, as the
IEEE C37.118 standard does not specify how processing time must be implemented and
therefore each manufacturer differs. As a consequence, processing time is not consistent
between each manufacturer. Meanwhile this processing timedelay is stated only 5 ms
in [71] (see Table 2.6) and it is doubtfully cited in certain number of publications as in [72–
74]. Hence, there is not actual consensus on the time delays involved in each stage of the
process between measurement and concentration of synchrophasors. Experimental studies
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are necessary to establish these important characteristics and to clarify these contradictions.

Table 2.6: Time estimates for steps in wide-area protection[72]

Activity Time [ms]

Sensor Processing time 5
Transmission time of information 10
Processing incoming message queue 10
Computing time for decision 100
Transmission of control signal 10
Operating time of local device 50





Chapter 3

Experimental and Simulation Set-Ups

This chapter describes experimental and simulation set-ups which are required prior
to the development of algorithms for voltage stability monitoring, visualization, and
instability mitigation. These set-ups are comprised of both software and hardware im-
plementations. Regarding the simulation set-up, a test system that can generate different
instability scenarios is implemented in both a positive-sequence-based (PSB) simulator
and a Real-time Hardware-In-Loop (RT-HIL) platform. The detailed modeling of each
device with their required initialization settings are provided to show the need of accurate
system models’ implementation. For the experimental hardware set-up, the purpose of
the SmarTS-Lab at KTH and its components is explained. This “test-bench” provides an
environment that allows to carry out experiments as close aspossible to real existing power
networks.

3.1 The system modelling in DIgSILENT software

The commercial and proprietary DIgSILENT PowerFactory simulation software offers a
Graphical User Interface (GUI) to implement power system models for stability analysis
purposes. The software is complemented with a library that contains built-in IEEE models
and it also allows users to create their own models if needed.The models can be imple-
mented by either building block diagrams or programming in the DIgSILENT Simulation
Language (DSL) block definitions; allowing for the representation of transfer functions,
or differential equations for complex dynamic models. This section presents a test power
system and the detailed models of each individual device implemented in PowerFactory by
using block diagrams and DSL programming.

3.1.1 Test System

A one-line diagram of the “all-in-one” test system is shown in Fig. 3.1. This test system
is an alteration of the Bonneville Power Administration test system initially developed by

29
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Prof. T. Van Cutsem in [75], constructed to capture transient (angle), frequency and voltage
instability phenomena, resulting in system collapse, within one system.

The system consists of a local area connected to a strong grid(Thevenin Equivalent) by
two 380 kV transmission lines. A motor load (rated 750 MVA, 15kV) is connected at Bus
4 and supplied via a 380/15 ratio transformer. A load with constant power characteristics
and load tap changer (LTC) dynamics at the distribution sideare explicitly modelled at Bus
5. A local generator (rated 450 MVA, 20 kV) is connected at Bus2 to supply the loads
through a 20/380 ratio transformer.

Thevenin 
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`

`

M

`

1

2

3

4

5

L1-3

L1-3b

TR2-3 

20/380

TR3-4 

380/15

Load (Motor)

Load

Generator 

L3-5

Figure 3.1: “All-in-one” test system

From the power system viewpoint, excitation systems shouldbe capable of respond-
ing rapidly to a disturbance so that proper voltage support is provided through excitation
control. Thus, excitation systems should be designed to have a fast acting response to
enhance transient stability. This fast response requirement has been taken into consider-
ation by manufactures which have developed excitation control systems, such as the GE
EX2100 [76], Westinghouse’s static excitation system [77], and others, that can be mod-
elled through the IEEE Type ST excitation models recommended by the IEEE Standard
421.5 [78]. In this study, the ST1A model (shown in Fig. 3.2) is implemented by setting
model parameters to appropriate values, then simplifications are made.

3.1.2 Adapting built-in models

This section describes an approach to adapt built-in modelsthat are available in DIgSI-
LENT software.

• Thesimplified ST1A excitation systemis implemented by setting time constantsTB,
TB1, TC andTC1 in the forward path of the original ST1A Excitation system tozero.
The internal excitation control system stabilization is represented in the feedback
path with the gainKF (internal limits onVI and the internal feedback stabilization
time constant (TF) are neglected in this thesis). This is a suitable practice in many
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Figure 3.2: ST1A Excitation system block diagram showing major functional blocks
(adapted from [78])

cases as stated in Ref. [78]. Moreover, the current limit (ILR) and gainKLR of the
field current limiter are set to zero. An underexcitation limiter (VUEL) input voltage
is also ignored, nevertheless an overexcitation limiter (VOEL) is added at the first
summation junction instead of the low voltage gate.

Figure 3.3 depicts the excitation system obtained from the simplifications above,
and used in this study. The input signal of the excitation system is the output of
the voltage transducer,VTR. This voltage is compared with the voltage regulator
reference,VREF. Thus, the difference between these two voltages is the error signal
which drives the excitation system. An additional signal from overexcitation limiter
(OEL) output,VOEL, becomes non-zero only in the case of unusual conditions.

VTR

Ʃ KAVR
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1
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-

+

-

EFD

∆V

Figure 3.3: Simplified Excitation system model obtained by simplifying the IEEE ST1A
excitation model

• A typical speed-governing systemconsists of a speed governor, a speed relay, hy-
draulic servomotors, and controlled valves, which are represented in the functional
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block diagram in Fig. 3.4
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Figure 3.4: Functional block diagram of a typical speed-governing system

The speed-governor regulates the speed of a generator by comparing its output with
a predefined speed reference, the resulting error signal is sent to and amplified by
a speed relay (a shaft speed is transformed into a valve position). The servomotor
is necessary to move steam values (especially, in case of large turbines) and can
be considered as an amplification. A standard model that can be used to represent
a mechanical-hydraulic system as shown in Fig. 3.5, can be found in an IEEE
Working Grouping Report [79]. This model is altered by many manufacturers,
such as GE and Westinghouse, by applying different governor time constant (T1),
governor derivative time constant (T2), and servo time constant (T3). In this study,
the Westinghouse EH Without Steam Feedback [79] is considered. To implement
this model in DIgSILENT;T1, T2, andT3 are set to 0, 0, and 0.1, respectively. The
valve speed (open or close) is determined by maximum and minimum rate of change
of the valve position (Z′MAX andZ′MIN , respectively) where the the gate position is
limited by maximum and minimum gate position (PMAX andPMIN , respectively).
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Figure 3.5: Model for the speed-governing steam turbine system

• A steam turbineconverts stored energy from high pressure and temperature steam
into rotating energy, which in turn is converted into electrical energy by a generator.
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The general model used for representing steam turbines is provided in [79]. This
model is applicable for common steam turbine system configurations which can be
characterized by an appropriate choice of model parameters. A steam system, tan-
dem compound single reheat turbine, was selected for this study (shown in Fig. 3.6).
This turbine is represented by a simplified linear model [79], which is shown in
Fig. 3.7.

CONTROL
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Figure 3.6: Steam turbine configuration
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Figure 3.7: Approximate linear model representing the turbine in Fig. 3.6

From Fig. 3.6, steam enters the high pressure (HP) stage through the control
valves and the inlet piping. The housing for the control valves is called “steam
chest”. Then, the HP exhaust steam is passed through a reheater. Physically,
this steam returns to the boiler to be reheated for improvingefficiency before
flowing into the intermediate pressure (IP) stage and the inlet piping. Subse-
quently, the crossover piping provides a path for the steam from the IP sec-
tion to the low pressure (LP) inlet. In this thesis, Fig. 3.8 shows the models
implementation in PowerFactory. It depicts the steam turbine with speed gov-
ernor where the left-block and right-block represent speedgoverning system and
steam turbine, respectively. This model was implemented bymodifying DIgSI-
LENT’s “gov_ IEESGO_ mod_ new: IEEE Standard Governor” model, where the
speed governing system did not reflect the recommendation in[79]. Hence the
speed-governing system was modified by replacing the lead-lag and the first-order
delay filter with gain blocks by a constant block. Moreover, the limiter block in
the original built-in model is replaced by the constant withlimiter and the limited
non-windup integrator blocks. Finally, the output signal from integrator block is
added at the second summation junction. Figure 3.9 shows a comparison between
the speed-governing system before and after being modified.
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Figure 3.8: Steam turbine with speed governor modelled in DIgSILENT
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(a) Speed-governing system before modified

(b) Speed-governing system after modified

Figure 3.9: Comparison of speed-governing system before and after modification

3.1.3 Custom models

This section describes some devices that are necessary for producing instability scenarios.
For example, an overexcitation limiter, a load tap changer,and a load restoration model
are required to illustrate voltage instability phenomena.Since they were not available in
DIgSILENT, they were implemented by using the DSL programming and block diagrams.

• An overexcitation limiter (OEL)model is necessary to capture slow acting
phenomena, such as voltage collapse, which may force machines to operate at
high excitation levels over ling periods. According to the IEEE recommended
practice 421.5 [78], OELs are required in excitation systems to capture slow
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changing dynamics associated with long-term phenomena. The OEL’s purpose is
to protect generators from overheating due to persistent and larger field currents
beyond the design limits. This can be caused either by the failure of a component
inside the voltage regulator, or an abnormal system condition. In other words, it
allows machines to operate for a defined time period in overload conditions, and
then reduces the excitation to a safe level. A standard modelthat can be used to
implement most OELs can be found in [80]. In this study, an OELis modelled and
implemented following the block diagram shown in Fig. 3.10.
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Figure 3.10: Overexcitation limiter (adapted from [81])

The OEL detects high field currents (IFD) and outputs a voltage signal (VOEL), which
is sent to the excitation system summing junction. This signal is equal to zero in
normal operation conditions. In other words,VOEL is zero if IFD is less thanIFDlim.
As a result the error signal (∆V ) is altered so that the field current is decreased
below overexcitation limits (forcesIFD to IFDlim). As shown in Fig. 3.10, Block 1 is
a two-slope gain obeying the following expressions.

x2 = S1x1 if x1 ≥ 0, (3.1)

= S2x1 otherwise (3.2)

With S1 andS1 greater than zero, Block 2, the non-windup limited integrator block
reacts as the following expressions.

ẋt = 0 if (xt = K2 andẋ2 ≥ 0) or (xt = −K1 andẋ2 < 0), (3.3)

= x2 otherwise (3.4)

Assume thatIFD becomes larger thanIFDlim, this means thatxt is also greater than
zero. Thus, Block 3 switches as indicated in Fig. 3.10 and thesignal is sent to the
wind-down limited integrator to produceVOEL. Large values ofS2 and Kr cause
VOEL to return to zero whenIFD is less thanIFDlim. The OEL model implemented
in the PowerFactory software is shown in Fig. 3.11 where block number 1, 2,
and 3 represent the two-slope gain, the non-windup limited integrator, and the
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switching blocks which behave similarly as an OEL presentation shown in Fig. 3.10,
respectively.

1

2
3

Figure 3.11: Overexcitation limiter implementation in theDIgSILENT software
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• A Load Tap Changer (LTC)transformer which automatically operates to maintain
voltages at the load within desired limits, especially whenthe system is under distur-
bances. In other words, LTCs act to restore voltages by adjusting transformer taps.
As a result the voltage level will progressively increase toits pre-disturbance level.
Dynamic characteristics of the LTC’s logic can be modelled in different ways, as
described in CIGRE Task Force 38-02-10 [82]. In this thesis,a discrete LTC model
is chosen, its function is to raise or lower the transformer ratio by one tap step. The
tap changing logic at a given time instant is modeled by [81]:

rk+1 =



























rk + ∆r if V > V0 + d andrk < rmax

rk − ∆r if V < V0 − d andrk > rmin

rk otherwise

(3.5)

where∆r is the size of each tap step,k is the tap position, andrmax, rmin are the
upper and lower tap limits, respectively.

The LTC is activated when the voltage error increases beyondone half of the LTC
deadband limits (d). To this aim, a comparison between the controlled voltage (V)
and the reference voltage (V0) is performed by the LTC’s logic:

k = 0 if
∣

∣

∣V(t+0 ) − V0
∣

∣

∣ > d and
∣

∣

∣V(t−0 ) − V0
∣

∣

∣ ≤ d (3.6)

Moreover, the tap movement can be categorized into two modeswhich are:
sequential, andnon-sequential[83]. In this study, the sequential mode is adopted.
Here the first tap position changes after an initial time delay and continues to change
at constant time intervals. If the transformer ratio limitsare not met, the LTC will
bring the error back inside into the deadband. The LTC can be modelled in DIgSI-
LENT software by using the DIgSILENT Simulation Language (DSL) code that
offers some flexibility for implementing user-specific models need for stability anal-
ysis purposes [84]. The DSL code for LTC modelling is given asfollows.

1- t=time()

2- ! Initial value

3- inc(v0)=u

4- inc(nntap0)=nntapin

5- inc(tchangedown)=0

6- inc(tchangeup)=0

7- ! Definition of tap steps

8- tapdown = nntap0 - 1

9- tapup = nntap0 + 1

10- tapstop = 0

11- changeup = picdro({(u*nntap0/nntapin)>(v0+d)},0.0,0.0)

12- changedown = picdro({(u*nntap0/nntapin)<(v0-d)},0.0,0.0)

13- ! First step Delay
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14- up1st = select(changeup=1,1.0,0.0)

15- down1st = select(changedown=1,1.0,0.0)

16- cond = select(picdro(up1st.or.down1st,15,0.0), 1, 0)

17- act = select(cond=1, 1, 0)

18- later = act+1

19- clear = select(picdro(later=2, 0, 1000), 1, 0)

20- clear1st = select(clear=1, 1, 0)

22- event(1,clear1st, ’create=

EvtParam Target=this name=Deactivate_1st_change value=0 variable=act’)

23- ! command to change Tap position = triggering

24- tchangedown = picdro({later>1.and.nntap0>=

Tmin.and.changedown.and. .not.delay(tchangedown,tdelay/15)},tdelay,0.0)

25- tchangeup = picdro({later>1.and.nntap0<=

Tmax.and.changeup.and. .not.delay(tchangeup,tdelay/15) },tdelay,0.0)

26- ! force event signal zero crossing

27- evtdown = tchangedown -0.5

28- evtup = tchangeup -0.5

29- nntapin = nntap0

30- lim(select(evtdown,nntap0 - 1,select(evtup,nntap0 + 1,nntap0)),Tmin,Tmax)

31- ! set event

32- event(0,evtdown,’name=this dtime=0. value=tapdown variable=nntap0’)

33- event(0,evtup ,’name=this dtime=0. value=tapup variable=nntap0’)

34- ! Check the difference

35- tstop = picdro({abs((u*nntap0/nntapin)-v0) < 0.01},3.0,0.0)

36- evtstop = picdro(evtstop>0.and.t>20,0.0,0.0)

37- event(0,evtstop,’name=stoptap dtime=0. value=nntap0 variable=nntapin’)

38- check=(u*nntap0/nntapin)

39- vardef(Tmin)=’p.u.’;’Min Tap Position’

40- vardef(Tmax)=’p.u.’;’Max Tap Position’

41- vardef(d)=’%’;’LTC half volt deadband’

42- vardef(tdelay)=’s’;’Delay between 2 subsequent stap change’

43- vardef(umin)=’pu’;’Min Voltage’

44- vardef(umax)=’pu’;’Max Voltage’

The DSL code can be mapped to the example in Fig. 3.12 providedto illustrate how
the LTC’s tap position can be controlled.
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Figure 3.12: Example of LTC’s tap position movement

From the code shown above, lines 1 - 6 indicate the initial settings for voltage level
and transformer’s tap position. Lines 8 - 12 represent the movement of tap position.
The example shows, in Fig. 3.12, that the code in line 11 implements the first con-
dition described in (3.5). Next, the code in line 14 - 22 represent the first tap move-
ment. The code in lines 24 -25 describes how the subsequent taps are performed
at a constant time where lines 27 - 28 represent the DSL programming requirement
in order to move tap up or down. Code in line 30 is implemented to check the tap
position reaches the minimum limit as shown in Fig. 3.12. Thecomparison between
the controlled voltage and reference voltage described in (3.5) is performed by the
DSL code in lines 35 - 38. Meanwhile, code in lines 39 -44 is forsetting parameter
values such as minimum tap position or LTC’s half deadband.

• A load restoration modelin this thesis is a generic type self-restoring load in which
load dependencies on terminal voltages exhibit power restoration characteristics.
Generic load models can be categorized into two types which are multiplicativeand
additive, in these models the load state variable is multiplied and added to a transient
characteristic. In this study, a multiplicative generic load model is selected, the load
power is given by [81]:

P = zPP0

(

V
V0

)αt

(3.7)

Q = zQQ0

(

V
V0

)βt

(3.8)
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wherezP andzQ are dimensionless state variables associated with load dynamics
andzP = zQ = 1 in steady state.

Moreover, the dynamics of the multiplicative model are described by:

TpżP =

(

V
V0

)αs

− zP

(

V
V0

)αt

(3.9)

TQżQ =

(

V
V0

)βs

− zP

(

V
V0

)βt

(3.10)

where TP and TQ are restoration time constants for active and reactive load,
respectively. The steady state active and reactive load-voltage dependencies are
characterized byαs andβs, respective. Meanwhile, the transient active and reactive
load-voltage dependencies are characterized byαt andβt, respectively. The load
restoration model implemented in DIgSILENT for this study is shown in Fig. 3.13.
In this figure (for active load), Block 1 and 2 represent the first and second term
on the right-handed side of ( 3.9), respectively. The voltage V0 is set to the voltage
bus at initial condition (see Appendix) and the voltageV is the measured bus
voltage. Other parameters such asαs, αt, andTP (in Block 3) are defined by DSL
programming as described in LTC section. The equation for reactive power load
follows the same form.
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Figure 3.13: Load restoration model implemented in the DIgSILENT software
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3.2 Simulation of voltage instability scenarios

As mentioned in Section 3.1.1, the “all-in-one” system can be used for simulating different
instability scenarios by setting different parameters and initial (power flow) conditions. All
possible instability scenarios can be generated with this test system. However, this thesis
focuses only voltage instability scenarios, other types ofinstability such as frequency and
dynamic instabilities are throughly documented in [85, 86].

Voltage stability is defined by the IEEE/CIGRÉ Joint Task Force on Stability Terms
and Definitions [87] as“the ability of a power system to maintain steady voltages atall
buses in the system after being subjected to a disturbance from a given initial operating
condition. It depends on the ability to maintain/restore equilibrium between load demand
and load supply from the power system. Instability that may result occurs in the form of a
progressive fall or rise of voltages of some buses”. In the same document, voltage stability
is categorized in two groups depending on the time frame in which the phenomena takes
place, these are:(i) short-term voltage stability and(ii) long-term voltage stability. In this
thesis, examples of short-term and long-term voltage instability are presented. In order
to simulate these phenomena, some initialization settingsmust be fulfilled as shown in
Appendix A.1.

3.2.1 Short-term voltage instability

In this system, there are several cases where short-term voltage instability conditions can
be observed.

Case 1: One of the transmission line between Bus 1 and 3, and the generator at Bus
2, are disconnected att = 1 sec

The voltage at Bus 3 drops to acceptable levels as well as the motor speed, if there is only
one line trip (see Fig. 3.14a and Fig. 3.15a). However, the disturbance is too severe for
the system to remain stable when both components are tripped. This leads to a dramatic
drop in the motor voltage and speed (see Fig. 3.14b and Fig. 3.15b). In addition, Fig. 3.16
shows the power consumed by the motor for both situations.
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(b) Both L1-3 and Generator are tripped
Figure 3.14: Voltage at Bus 3
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(b) Both L1-3 and Generator are tripped

Figure 3.15: Motor speed
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(b) Both L1-3 and Generator are tripped

Figure 3.16: Motor Power consumption
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Case 2: Three-phase fault att = 1 sec near Bus 3 and clearing by the trip of Line
L1-3

A fault is cleared at different times:(i) t = 1.36 sec and(ii) t = 1.37 sec. For clearing
time t = 1.36 sec, the fault lasts for 0.26 sec, which is short enough to preserve stability
and hence the system returns to a new equilibrium. Meanwhile, for clearing timet = 1.37
sec, the fault lasts too long and the motor (load at Bus 4) stalls, causing voltage collapse.
Figure 3.17 and 3.18 show a comparison of the voltage at Bus 3 and the motor speed for
the two fault clearing time cases,t = 1.36 sec andt = 1.37 sec, respectively.

0 1 2 3 4 5 6 7 8 9 10
0

0.2

0.4

0.6

0.8

1

1.2

Time [s]

V
o

lta
g

e
 a

t 
B

u
s3

 [
p

.u
.]

(a) t = 1.36 sec
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(b) t = 1.37 sec
Figure 3.17: Voltage at Bus 3
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(b) t = 1.37 sec

Figure 3.18: Motor speed
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3.2.2 Long-term voltage instability

Similar to short-term voltage instability, there are several ways to observe long-term volt-
age instability conditions in this system.

Case 1: Higher load consumption at Bus 5

In this case, one of the transmission lines between Bus 1 and 3is tripped att = 1 sec. The
overexcitation limiter (OEL) at the generator is triggered, thus generator’s voltage is no
longer controlled. Consequently, the LTC unsuccessfully attemps to restore the load bus
voltage, until reaches its lower limit. Figure 3.19a shows the load bus voltage decreases
stepwise accordingly. This is a long-term voltage instability scenario compared to a case
when load is decreased from 1500 MW and 150 MVAR to 1200 MW and 0MVAR, shown
in Fig. 3.19b. The load tap changer (LTC) is capable of restoring the voltage at the load
bus within its deadband (see Fig. 3.19b). This forces the power system to operate at a new
equilibrium point. In addition, Fig. 3.20 and 3.21 show the transformer tap position and
field current of the generator at different load levels.

LTC operation

OEL activation

LTC lower limit reached

(a) Load= 1500 MW and 150 MVAR

LTC action

(b) Load= 1200 MW and 0 MVAR

Figure 3.19: Voltage at Bus 3
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Figure 3.20: LTC Transformer tap position

OEL activation

(a) Load= 1500 MW and 150 MVAR
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(b) Load= 1200 MW and 0 MVAR

Figure 3.21: Generator field current
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Case 2: Higher power generation

This case is similar to Case 1 (which is a line trip att = 1 sec) however, here power
generation is changed from 300 MW to 450 MW. In this case, long-term voltage instability
triggers an instability of the short-term dynamics in the form of a loss of the generator’s
synchronism. Figure 3.22 shows the dynamic response of the system from which it can be
observed that the generator looses synchronism att = 110 sec. Short-term dynamics are
triggered aboutt = 100 sec when the machine is forced out of equilibrium.

Figure 3.22: Voltage at Bus 3 (top), Field current (middle),Gen-Speed (bottom)
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Case 3: Higher motor load

This case is similar to Case 2, however, part of the load at Bus5 is shared with the
motor load at Bus 4 while power generation is kept at 300 MW. Inthis case, long-term
voltage instability triggers an instability of the short-term dynamics resulting in both loss
of generator’s synchronism and motor stalling att = 47 sec. Short-term dynamics are
initiated aboutt = 27 sec when the OEL is activated. This results in an uncontrolled field
voltage which is not able to restore the voltage at Bus 3. Finally, the lack of reactive
support prompts short-term angular instability att = 35 sec which initiates the final system
collapse.
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Figure 3.23: Voltage at Bus 3 (top-left), Field current (top-right), Gen-Speed (bottom-left)
and Motor-Speed (bottom-left)
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3.3 Architecture and components of the SmartTS-Lab

This section describes the real-time hardware-in-the-loop platform used to carry out ex-
periments in this thesis. The main architecture hardware and software implementation are
described.

3.3.1 Overall architecture

The purpose of SmarTS-Lab is to develop different wide area measurement, protection
and control applications which exploit PMU data, that can beutilized by transmission
system operators and utilities for safe, efficient and reliable operation of power systems.
This includes the design and validation of real-time applications involving deterministic
computers that can be used to implement wide-area controllers [88], in particular for
wide-area power oscillation damping [89], and the coordination of real-time controllers
with protective relays [31], which requires the implementation of synchrophasor, station
and process bus for data exchange. With such aim it becomes necessary to include in
the architecture design and implementation, the use of actual physical devices, andad
hoc communication networks and application software development hosts. This section
describes the conceptual architecture, implementation, and major components used in the
laboratory.

Figure 6.1 depicts the overall architecture of SmarTS Lab. Measurement and data
streams are indicated, non-exclusively, as follows: blue for WAMS, red for WAPS, and
green for WACS applications. Solid lines indicate measurement streams, while dotted lines
indicate digital data streams over Ethernet. An RT simulator is used to emulate the power
system and to interfacing with physical devices. Data for WAMS applications is streamed
from PMUs into anad hoc communication network, where it is sent to a WAMPAC
application host platform which includes PDCs. WACS applications stream data either
directly to the simulator over Ethernet or to external controllers that can drive models in
the RT simulator or low-powered physical devices. As for WAPS applications, the simula-
tor streams data using IEC 61850, using sampled values to communicate with the process
bus or GOOSE for the Station Bus, these in turn communicate with the protective relays
and the WAPS applications.

3.3.2 Hardware and software implementation

The SmarTS-Lab currently deployed at KTH is comprised of several components. These
include hardware components and software components, which are different PDCs and
application host platforms that allow users to develop applications for wide area measure-
ment based on the data acquired from these hardware components.

The current laboratory set-up consists of both software andhardware components, as
shown in Figure 3.25, where the current implementation as ofDecember 2011 is shown1.
(1) The power system is simulated using the eMegaSim Real-Time Simulator from Opal-
RT [90], capable of providing real-time analog and digital I/Os for its interfacing with

1Refer to Fig.3.25 in the following description to map to the numbers listed to the photograph.
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(1) (1)

(3)

(2)
(5)

(4)

(6)

(9)(7)

(8)

(10)

Figure 3.25: Hardware Implementation of SmarTS Lab as of Dec. 2011.

Table 3.1: RT Simulator Main Features

Features Description

Number of Cores 2 HIL boxes each with 12 Intel i7 3.3 GHz cores

Analog Inputs 32 (± 10mA and± 100V)

Analog Outputs 128 (± 10mA and± 16V)

Digital Inputs 128 (± 4V to ± 30V and 6mA)

Digital Outputs 128 (± 4V to ± 30V, sink up to 100 mA current)

HVDC Interface 16 Digital outputs (250V DC and up to .125 A current)

Communication IEC 61850-8-1 (GOOSE) and IEC 61850-9-2 Sampled Val-
ues through two separate Ethernet ports.

hardware components.(2) The WAMPAC application host platform includes the PDC
and takes the form of either proprietary software solutionsfrom Schweitzer Engineering
Laboratories (SEL) and/or solutions built in-house [91].

The WAMPAC application host platform interfaces with the RTsimulator through the
following hardware components:(3) protection relays with embedded PMU functions
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from Schweitzer Engineering Laboratories (SEL) [92],(4) line differential protection re-
lays from ABB with Optical Ethernet Module (OEM) for stationand process bus imple-
mentation [93], current and voltage amplifiers from Megger [94] (not shown),(5)compact
Reconfigurable Input/Output (cRIO) real-time controller from National Instruments,(6) a
PC with a communication networks emulator and(7) a GPS substation clock from Arbiter
Model 1094B [95] fed by(8) a GPS antenna which provides time stamping to the PMUs
and IEDs.

The IED’s stream data over TCP/IP using a(9) network switch, which also allows users
to transfer models to the real-time targets from four independent workstations (not shown).
(10)Two servers allow access to the real-time simulator from other locations within KTH.
There are additional devices that provide ancillary services for the facility which are not
listed here.

3.3.3 Real-time simulator

It is costly to adopt a real power system for an experimental purposes, and PMU data from
utilities is not always available. Thus, a development and testing operates that performs
as close as possible to real existing networks is adopted forthe experiments involving
real PMU data. The RT simulators help to model power systems and then simulate them,
with very high resolution and small time-steps, to accurately emulate the behaviour of
actual power systems. Here, the eMEGAsim real-time digitalsimulator [90] was procured
from Opal-RT and deployed in the lab. The major features of the simulator are shown
in Table 3.1. With this configuration, the RT simulator allows for the simulation of large
power grids while including detailed models of HVDC, FACTS,wind farms, etc., and
hardware-in-the-loop interfacing of physical devices.

The test system as shown in Fig. 3.1 is also implemented in theRT simulator. The
reason of having the test system in two test platforms, the positive-sequence-based (PSB)
simulatior (DIgSILENT PowerFactory) and Real-time Hardware-In-Loop (RT-HIL), is to
guarantee that the proposed algorithms will perform robustly when the “real” PMU data
is involved. PSB simulations may exclude the effect of switching devices and events on
measurements, ambient behavior, noise and outliers in actual PMU data, as it will be shown
in Chapter 4.

3.3.4 Physical devices and their interface with the RT Simulator

The overall interconnection of the Opal-RT simulator with the PMU/relays and vendor
softwares is shown in Fig. 6.3. The analog outputs of the simulator are low level voltage
and current signals. These analog outputs of the simulator are connected to the current
and voltage inputs of the amplifiers procured from Megger. The amplifiers step up the
low level signals to the level acceptable to be fed to the protection relays and PMUs (i.e.
100 V and 1 A). These amplified three-phase voltage and current are directly fed to the
current transformer (CT) and voltage transformer (VT) inputs of the PMUs and protection
relays from SEL (SEL-421 distance relay and SEL-487E transformer differential protection
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relay), ABB (two RED-670 Line Differential Relays) and Arbiter (Model 1133A Power
Sentinel).

Power Supply for High 
Voltage Interface Panel 
(250 V DC)

Ethernet Swirtch

OP5949 Active Monitoring Panel

OP 5600 I/O Extension Chasis

eMEGAsim (12 Cores)

Oscilloscope

64 Analog Out

16 Analog In

Current Inputs Voltage Inputs

OPAL-RT 

PMU -1133A

Receiving  
Data from 

PMUs

MATLAB/Simulink
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real-time simulation

Simulator Analog 
and Digital I/Os
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Opal-RT Lab Software

Real-Time Digital simulation is 
converted to Analog / Digital 

Signals through I/O s Synchrophasor 
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by PMU

The Analog outputs of the 
Simulator are fed into the 
CT/VT Inputs of the PMU. 

RealTime simulations are accessed 
from the console generated by  

OPAL-RT Lab software

OP 5251 (128
DIgital I/O))

Figure 3.26: Model-to-Data Work-Flow for Generating Real-Time Data Streams

Vendor specific softwares such as SEL’s AcSELerator Quickset, ABB’s PCM 600 and
Arbiter’s Power Sentinel are used to configure the PMUs and protection relays to update
CT and VT ratios, selecting measurements to be included in synchrophasor data streamed
out of the PMUs, activating the protection functions (e.g.,overcurrent, distance, etc.) and
developing a substation architecture based on GOOSE messages. In this thesis, only one



3.3. ARCHITECTURE AND COMPONENTS OF THE SMARTTS-LAB 55

aspect of the problem which is noise and outliers by having PMUs in the loop is considered.
Several practical aspects such as problems in communications networks (e.g. package
delay and loss) or impact of measurement channels (e.g. PTs,CTs, measurement cables)
are not considered but will be investigated in future work.

The modeling platform for Opal-RT real-time simulator is MATLAB / Simulink Sim-
PowerSystems which can be modified using libraries providedby Opal-RT. The software
interface of the Opal-RT simulator known as RT-Lab allows the users to build, compile and
execute the MATLAB/Simulink SimPowerSystem models in real-time. This overallwork-
flow to obtain data streams from building a model to receivingreal-time data is shown also
in Fig. 6.3. More detailed information about the SmarTS-Laboratory can be found in [96].





Chapter 4

Voltage Stability Monitoring using
Sensitivities Computed from PMU data

This chapter describes the first approach to mitigate voltage instabilities. This first
approach utilizes synchrophasors in order to determine when the system is going towards
a voltage instability and also to trigger the operation of HVDCs to relieve the system’s
stress. Simultaneously with the activation of the HVDC controller input signals are
selected among those available from the PMUs. The approach consists in using volt-
age sensitivities from synchrophasor data for voltage stability monitoring. In addition, a
visualization approach that can be implemented in wide-area early warning systems uses
these sensitivities. This chapter also proposes an algorithm that utilizes the computed volt-
age sensitivities to cooperate with VSC-HVDCs so that voltage instability can be avoided.

4.1 Wide-area voltage stability monitoring concepts

Voltage instability detection methods can be categorized in to the following branches:
local [97, 98] versus wide-area measurement [99] or synchronized [100] versus non-
synchronized [101] approaches. These categories aid in identifying how the accumulated
measurement information is used. To have a complete system awareness, it appears that
the entire power system state needs to be reconstructed fromsynchrophasor measurements
and other data [102], or that different indices for different system components need to be
computed to determine instabilities [100].

PMU data has been adopted to develop indicators to detect voltage instability type.
However, the pre-processing method in order to compute accurate and robust indicators (if
they are to be used for control room applications) is not well-established. For example, this
issue is avoided in [103] by extracting the slope of the sensitivities instead of sensitivities
themselves. To achieve this, a large parcel of data is needed, delaying the delivery of
information to a wide-area early warning system. The pre-processing issue is partly
addressed in [104] by using filtering to separate the quasi-steady state components of sim-
ulated data; however, the approach is limited because the simulated data does not contain

57
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the correct features observed from PMU data and it is not capable to cater for inconsis-
tencies and errors embedded in them. Hence, a filtering methodology for robust voltage
sensitivity computation is proposed in Section 4.3.

It can be argued that wide-area early warning systems could contain monitoring tools
that display voltage stability indicators; however, it is not clear how to present this
information to operators so that it is easy to understand. Therefore, the ultimate goal
of this thesis is to create voltage stability (VS) indicators by computing sensitivities and
presenting them in ways that are simple to comprehend.

4.2 PV and QV sensitivities as VS indicators

The use of voltage sensitivities for voltage instability detection has been proposed in [103–
106]. In this thesis a similar approach is adopted, with the main difference being that the
Jacobian matrix directly from the measurements instead of matching these measurements
to a Jacobian. Furthermore, the Jacobian utilized here varies from the standard power flow
Jacobian in that it considers every measured branch individually. To this end, individual
components of sensitivities are constructed from the powerflow in each transmission line
(one direction) instead of injected power flow of the bus (summation of power flow).
Secondly, the lines’ power flow are calculated solely based on measured voltage and
current phasors. This means that the effects of shunt capacitances of the transmission
line (in the case of medium and long lines) of the nominalπ-model are also included.

The transmitted power on the line can be expressed as follows:

Sik = Vie
jδi {I ikejδik }∗

Pik = Re(Sik), Qik = Im(Sik) (4.1)

where
Vi = voltage magnitude at Busi.
I ik = current magnitude from from Busi to Busk.
δi = voltage angle at Busi.
δik = δi − δk.

Sik = complex power transmitted from Busi to Busk.
Pik = transmitted real power from Busi to Busk.
Qik = transmitted reactive power from Busi to Busk.

From (4.1) it follows that the real and reactive power flows through the transmission
lines can be calculated directly regardless the system’s model and parameters (differently
from [104, 107]). Normally, sensitivites in the Jacobian matrix are constructed as a produc-
tion of partial derivatives. However, the proposed sensitivites in this thesis are computed
discretely as the ratio of differences in two consecutive computation points from measured
voltages and powers which are constructed as follows:
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Sensitivities⇒

[

δPik(t) VPik(t)
δQik (t) VQik (t)

]

(4.2)

where
δPik(t) = δi(t) − δi(t − 1)/Pik(t) − Pik(t − 1)= ∆δi/∆Pik

VPik(t) = Vi(t) − Vi(t − 1)/Pik(t) − Pik(t − 1)= ∆Vi/∆Pik

Similar expressions can also be derived forδQik andVQik .

In this thesis, only∆Vi/∆Pik, and∆Vi/∆Qik are studied and used as voltage instability
indicators. Each individual component of the sensitivities is obtained from the PMU data.
The values of these sensitivities can aid in assessing voltage instability with the considera-
tions below.

1. The sensitivities are consistently at a low-positive value (or negative depending the
current measurement direction) with the assumption of steady-state operation. This
indicates that a system operates far away from a voltage instability condition.

2. The value of the sensitivities will increase positively (or negatively) when a system
is stressed. This denotes a system is moving towards a “weak”operating condition;
thus, this is a trend in the development of the voltage instability.

3. The value increases abruptly to very high positive (or negative) and switches sign
in the case of a lack of reactive power support for∆Vi/∆Qik or when the maximum
power transfer is reached for∆Vi/∆Pik. This depicts an unstable condition which
consequently leads to voltage collapse.

4.3 Filtering methodology

The proposed filtering method used in this study is similar tothe low pass part of the com-
plementary filter in [108]. There are two restrictions that differentiate this filter from an
ordinary low pass filter1 which is affected by discrete events that occur in power systems.
This filter screens out only high frequency noise. Its aim is to smooth all signals before
computing voltage sensitivities. Figure 4.1 shows a block diagram of the processing
method. It starts by taking raw data and applying a first-order high pass filter with cut-
off frequency of 1.37 Hz. This cutoff frequency corresponds to the dominant oscillatory
component in the system. Then, the original data is subtracted by the filtered data. By
applying this subtraction, electromechanical oscillations, high frequency noise and large
outliers are removed from the original signal, this is shownin Fig. 4.1 with a (i); signals
from this step are termed“Filtered” signals.

An additional step is to apply a moving average (MA) window bycomputing the mean
and standard deviation of the filtered signal. The size of theMA window is designed to

1 1) the high pass filter must have left-right symmetry (i.e., azero or linear phase), and 2) the impulse must
be added at the center of symmetry [109].
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Figure 4.1: Proposed filtering approach for pre-processingdata to compute voltage stability
indicators.

cover the data which deviates from the mean value by three standard deviations of the
filtered signal, which originally has the same size as the predefined finite-size window
mentioned earlier. Then, this predefined finite-size of the MA window is decreased when
MA algorithm detects the data exceeds the threshold standard deviation. This process is
repeated over the entire data set. As denoted in Fig. 4.1 (ii ), these signals are termed
“Filtered+MA” . The MA aids to increase the smoothness of the computed sensitivities.

There are two ways to filter the signal which are“post-event” and“near real-time”
approaches. In thepost-eventapproach the time-synchronized data is gathered from
different locations for a particular time range, and the entire set of data is filtered. Here
the start-up and ending transients of the filters are minimized by matching the initial and
final conditions. This is accomplished by reversing the filtered data sequence, and process
the input data in both the forward and reverse directions. Onthe other hand, the“near
real-time” approach processes the input data only in the forward direction. The start-up
and ending transients of the filters for this approach can be eliminated by buffering data
into a predefined finite-size window. The data buffer for eliminating the start-up transient
can be constructed by creating parcels2 which contains the steady state values of each
variable3. Then, the data in the buffer is replaced with measurements, one sample at a
time, always maintaining a finite-size window full. The filtering process is applied to each
data window, which is updated with each new sample. Finally,the ending transient of the
filter is eliminated by using the last measured samples in a data buffer to maintain the size
of the data window (in a similar fashion as described for the other parcels used).

In this thesis, the proposed filtering method is validated byexamining its performance
under different types of voltage scenario. Numerical examples are given in Chapter 5,
where the methodology is applied to both the DIgSILENT PowerFactory simulation (of
0.001 sec step-size) and the PMU measurement data (50 samples per second) from both
RT-HIL simulations and the Norwegian grid.

2These parcels are vectors of data which contain in each entrythe steady state values of its corresponding
variable.

3When using models this steady state value can be obtained from the power flow solution.
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4.4 Utilizing sensitivities for VSC-HVDC control to mitigate voltage
instability

The∆Vi/∆Pik and∆Vi/∆Qik sensitivities can be used to generate the early-warning and
final alarm signals for system operators. These two signals are derived by comparing the
computed∆Vi/∆Pik and∆Vi/∆Qik sensitivities with the pre-defined early warning and
final alarm thresholds. If the sensitivities (denoted as “a” in Fig. 4.2) are less than the the
warning threshold (denoted as “b”), a system is in normal operating conditions. In case
the value of sensitivities is greater than warning threshold but less than the alarm threshold
(denoted as “c”), it indicates that a system operates in a weak condition. Finally, a system
approaches endangered condition in case the sensitivitiesvalue is greater than the alarm
thresholds. The logic behind warning and final alarm signalsactivation can be illustrated
as shown in Fig. 4.2.

Warning Threshold

oror

Alarm Threshold

or

Computed

if a < b

normal (green)

Co

Figure 4.2: Generation of early warning and alarm signals

In order to mitigate voltage instabilities, an early warning signal described earlier can
be adopted to trigger the change of power transfer through anVSC-HVDC and its control
modes of operation. Fig. 4.3 shows a block diagram of the proposed method to adapt the
HVDC control.

As seen from Fig. 4.3, the method starts by gathering synchronized voltage and current
phasors from different locations. Then, these phasors are used to compute sensitivities as
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Synchronized 
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> warning 

threshold

YES

Identify 

the problematic 

location

Calculate 
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Select input signals

Adapt HVDC 

control

> alarm 

threshold

YES

Load shedding

NO

NO

Figure 4.3: Proposed method to mitigate voltage instability

described in (4.1) and (4.2). Next, the computed sensitivities (∆Vi/∆Pik and∆Vi/∆Qik) are
compared with pre-set values of early warning signals to determine the locations leading
to voltage instability. After problematic locations have been found, system quantities are
selected as input signals to change the control mode and/or operational reference of the
VSC-HVDC. The VSC-HVDC that is used in this thesis is the built-in model available
from the PowerFactory [84] software’s library. The original model is modified by imple-
menting an additional stabilizing control comprised by a PI-controller (indicated by dash
box in Fig. 4.4) to change the active and reactive reference power of the VSC-HVDC. This
allows the use of PMU signals as controller inputs.

In the case of reactive power (∆Vi/∆Qik signal), the input signal of this PI-controller is
the measured voltage level of the problematic location indicated by computed sensitivities
while the voltage reference value (Uss in Fig. 4.4a) is the voltage value when an early warn-
ing is triggered. In case of active power, the input signals are measured voltage angles at
Bus i andk (which are selected w.r.t. the sensitivities∆Vi/∆Pik), while the angle reference
value (θss in Fig. 4.4b) is the angle different between Busi and Busk when an early warn-
ing is triggered. The required controller input signals areassumed to be available from
PMUs.
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Figure 4.4: VSC-HVDC Control Scheme activated by∆Vi/∆Qik and∆Vi/∆Pik with PMU
input signals

Finally, if sensitivities approach values near the final alarm threshold, a load shedding
scheme has to be activated to disconnect loads. However, this thesis does not present the
load shedding scheme. The proposed load shedding will be developed in future work. An
example of load shedding strategies can be found in [110]. Inaddition, parameters for
the PI-controller such as gain and time constant values are selected regardless of particular
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response characteristics of the VSC-HVDC. Different controller parameters can provide
different rise time, overshoot, time-to-peak, or steady-stateerror respecting the same phys-
ical limits of VSC-HVDC. This paper only focuses on how to utilize sensitivities in order to
mitigate voltage instabilities. The important issue of control tuning will also be addressed
in future work.



Chapter 5

Case Studies on Monitoring and Voltage
Instability Mitigation using Sensitivities

This chapter provides numerical examples of how voltage sensitivities computed from
synchrophasor data can be used to detect voltage instability. A visualization method is
also demonstrated for wide-area voltage stability monitoring purposes. Moreover, this
chapter shows how voltage instability can be achieved by coordinating synchrophasor-
based sensitivities and the use of PMU measurements for VSC-HVDC control.

5.1 Case studies on voltage stability monitoring and detection

The test system described in Chapter 3 is modified (see Fig. 5.1) by combining transmission
line L1-3 and L1-3b. A modification is done so that the total impedance of these lines
equals to the same as in the original system.
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Figure 5.1: Test system used for generating voltage instability scenarios

The voltage instability scenario used for demonstration isimplemented by increasing
the load at Bus 5 of the test system shown in Fig. 5.1. Typical constant active and reactive

65
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power models are used. The load is assumed to change as follows:

PL = PLo(1+ λ) (5.1)

QL = QLo(1+ λ) (5.2)

wherePLo andQLo are the initial base active and reactive powers, respectively, andλ is a
varying parameter representing the loading factor.

5.1.1 Case 1: Load increase without OEL

Case 1.1: PSB simulation

As mentioned earlier, the load at Bus 5 is increased att = 70 sec. The on-load tap changer
(OLTC) tries to restore the voltage at the load bus within itsdeadband [81]. Since the load
increases monotonically, the OLTC unsuccessfully attempts to restore the load bus voltage,
until it reaches its lower limit. The load bus voltage then decreases stepwise accordingly
and the system collapses att = 440 sec (see Fig. 5.2).

The filtering approach and sensitivities computation (as described in Chapter 4) are
applied in order to demonstrate advantages of the proposed method. Figure 5.2 and 5.3
show the difference between filtering and not filtering a voltage and the corresponding PV-
curve at Bus 5, respectively. Figure 5.4 depicts the plot of asensitivity (∆V5/∆P53) at Bus
5 that was obtained by using data from a DIgSILENT PowerFactory PSB simulation.
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Figure 5.2: Filtered and Unfiltered Voltage at Bus 5 (PSB Simulation)

As mentioned in Chapter 4, the sensitivity (∆Vi/∆Pik in this case) can be used to gen-
erate an early warning alarm when its value changes from positive to negative; this occurs
at t = 400 sec (while the system collapses att = 440 sec). This early warning alarm can



5.1. CASE STUDIES ON STABILITY MONITORING AND DETECTION 67

14 16 18 20 22 24 26
0.7

0.75

0.8

0.85

0.9

0.95

1

1.05

P
L
 [pu]

V
o
lt
a
g
e
B
u
s
5
[p
u
]

 

 
UnFiltered
Filtered

(a) PV-curve (Load Power vs Voltage Bus 5)
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Figure 5.3: An example of filtered and unfiltered PV-curves.

be generated by setting a threshold value (e.g.,∆V5/∆P53 = 0.08); this allows detection
before the sensitivity changes abruptly to a large positivevalue. This can be verified from
Fig. 5.2. The spikes shown in green in Fig. 5.4 correspond to OLTC tap position changes.
It can also be noted that the sensitivity calculated from theunfiltered data (green line) are
vulnerable to OLTC tap switching and vary abruptly comparedwith those computed using
data which has been filtered, or filtered+ MA. Figure 5.4b shows that the “filtered+MA”
approach provides a more robust result compared to the one without MA. However, these
filtering methods (either with or without moving average window) introduce a small delay
to the calculation (≈ 5 sec for this experiment).
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Figure 5.4: Plot of calculated∆V5/∆P53 sensitivity at Bus 5 from filtered PSB simulation
data.

Case 1.2: RT-HIL simulation

The same experiment is conducted in the laboratory using theRT-HIL approach, and the
synchrophasors for Bus 5 are acquired. Figure 5.5 shows the voltage magnitude from the
phasor streamed out from a SEL PMU. Note that the traces obtained from the PMU have
significantly different characteristics than those from the PSB simulation (Fig. 5.2). Notice
that Fig. 5.5 clearly contains not only electromechanical oscillations, but also noise, and
outliers due to the switching of discrete devices whereas Fig. 5.2 does not contain most
of these characteristics. To develop a robust wide-area monitoring application, these data
features need to be considered.

Sensitivities computation results were obtained using PMUdata, which are shown in
Fig. 5.6. Here the spikes due to OLTC switching that appear inthe computed sensitivities
are much higher than those obtained using PSB simulation results. This is of natural occur-
rence with measurement devices when sampling a signal that has been subject to discrete
switching. Moreover, there are other nuisances in the PMU data generated from the RT
HIL simulator such as outliers and noise. The “filtering+MA” approach helps in dealing
with these natural characteristics of measurement data.

In addition, the voltage when the system becomes unstable for Case1.1 is lower as
compared to Case1.2. This is because the load in Case1.1 is modeled with a constant
impedance characteristic which leads to the collapsing point not necessary to be at the tip
of the PV-curve but it can be at very low voltage value [111] (see Fig. 5.3). The use of
constant impedance load model will allow for simulation to reach the unstable branch of
the PV-curve although this is not a feasible operating pointin practice.

Meanwhile, the load in Case1.2 is modeled with a constant power characteristic where
the tip of the PV-curve represents both the maximum loadability and voltage instability
limit [111]. The intention of having constant power load is to verify that the proposed
sensitivities can detect a voltage collapse whether the voltage level is not at low values or
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Figure 5.5: Voltage Magnitude at Bus 5 from PMU Measurements.
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(a) Plot of∆V5/∆P53 sensitivity using PMU data.
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Figure 5.6:∆V5/∆P53 sensitivity using PMU-data generated from the RT-HIL experiment.

if the lower part of the PV-curve does exist as with constant impedance loads. Therefore,
sensitivities only increase abruptly to high positive but do not switch sign as in Case1.1.
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5.1.2 Case 2: Load tripping with OEL limiter activated

In this test scenario, an Over Excitation limiter (OEL) is added to allow a generator to
operate at high excitation levels for a sustained duration.An OEL is adopted to suppress
the field current for cases when the temperature of the field winding exceeds the allowed
level. The test system for this test scenario is the originalsystem described in Chapter 3.

A voltage instability is created by tripping one of the parallel lines between Bus 1 and
Bus 3. The generator at Bus 2 produces more power to compensate the power flow from the
Thevenin equivalent due to disconnected line. As seen in Fig. 5.7, the OLTC also attempts
to restore the load bus voltage; however, an OEL at the generator is activated (at “”).
Consequently, the generator voltage is no longer controlled and the voltage at Bus 5 drops
steeply as shown in Fig. 5.7. Figure 5.8 also shows that the OLTC attempts to restore the
load bus voltage to the reference level (represented by the vertical dash-dot line). However
when OEL’s limit is reached, the system’s operating point jumps from one PV-curve (at
“ ”) to another PV-curve (“q”) where there is no intersection between the PV-curve and
the load, thus the system is unstable.

The∆Vi/∆Qik (see Fig. 5.9) is of interest due to coupling between voltageand reactive
power. After the OEL’s limit is reached, it can be seen that the∆V5/∆Q53 increases sharply
and switches from positive values to negative ones. This confirms the fact that a voltage
instability has occured.
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Figure 5.7: Voltage at Bus 5: OEL limiter activated
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Figure 5.8: PV-curve: OEL limiter activated
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Figure 5.9:∆V5/∆Q53 sensitivity: OEL limiter activated
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5.1.3 Case 3: Real PMU data from the Norwegian Grid

In this case, the PMU-data from January 29, 2010 was gatheredfrom three PMUs installed
in the Norwegian Grid. Figure 5.10 shows the approximated location of PMUs installed at
high voltage substations.

North

Central

South

Figure 5.10: Norwegian transmission system and approximate PMU locations

Figure 5.11a shows measured voltage from three substations, and Fig. 5.11b depicts
only the unfiltered and filtered voltage of the “North” substation.

As seen in Fig. 5.11b, the voltage at “North” substation started to drop at 16:07 hrs and
one of the transmission line near the substation was disconnected at 16:10 hrs. The OLTC
was activated to step up the voltage level at 16:12 hrs and 16:15 hrs, respectively. However,
since the voltage was very low (0.93 pu approximately), a large industrial load which is
at a distant location from the closet high voltage transmission substation, was manually
disconnected to prevent a voltage collapse. Figure 5.12 shows the∆Vi/∆Qik

1 sensitivity
calculated from PMU-data of the “North” substation can detect the line tripping (indicated
by “1”), the two steps of OLTC’s activation (“2” and “3”), and the load disconnection (“4”).

1∆Qik is calculated from the measured reactive power flows in the line towards the large industrial load.
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Figure 5.11: Measured voltage from Norwegian grid

The author suspects that the∆Vi/∆Qik sensitivity would continue to increase steeply if the
load was not shedded. In adddtion, it is worth noting that thesensitivity decreases after the
load disconnection and it remains at positive value (higherthan the pre-fault value at “0” )
which means that the system is stable.

Figure 5.12:∆Vi/∆Qik sensitivity calculated from PMU data of the “North” substation

The examples shown in this section show that the proposed sensitivities are accurate
voltage instability indicators for PSB simulation, RT-HIL, and real PMU data cases. Since
individual sensitivities are reconstructed from measurements, there are many advantages
obtained from this proposed method. First, power system model or its topology changes
do not need to be known. Second, for short-term dynamics suchas generator control and
limits, e.g. OEL, their actual control modes are not known bythe methodology, however it
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is possible to detect their change from the computed sensitivities. Also, the methodology
is applicable for systems that are comprised of discrete switching components, e.g. OLTC,
where unwanted noise and especially outliers will be produced in PMU measurements
close to those components.

5.2 Visualization approach

For visualization purposes, the voltage and current phasors are gathered from different
locations of the modified system shown in Fig. 5.1 using a PDC.Each incoming voltage
and current phasors from different locations is filtered. Then, the active and reactive power
flow of each line are calculated. Consequently sensitivities are computed as described in
Chapter 4.

The computed sensitivities for each location are assembledin one display which maps
their values to a contour overlaying the power system one-line diagram2. Figure 5.13 shows
a screenshot of the voltage stability monitor tracking∆V5/∆P53 (Case1.1 in Section 5.1).
As shown in Fig. 5.13, the contour is on the left-hand side while the sensitivities are
displayed in the middle; a vertical red line indicates the time instant for which the contour
is being computed. The top-right-hand side is the PV-curve of a particular bus chosen (by
previous stability studies). A red circle indicates the current operating condition, which
has been computed from the PMU data. Vertical and horizontalyellow and red dash-
dot lines indicate the distance to the maximum power transfer (active power margin) for
the∆Vi/∆Pik thresholds that have been set by the user. These correspond to the “traffic
signal” that is displayed on the bottom-right-hand side. The green light of this traffic signal
indicates that the fact that the system is in a secure operating state while yellow and red
refer to an insecure and an emergency state, respectively. Determination of the PV and QV
curves andP & Q margins for each bus can be carried out off-line through continuation
studies, or on-line as proposed in [112].

All of these quantities can be updated dynamically as the data is processed and passed
to the display for visualization. Two thresholds for alarmsare set at∆V5/∆P53 = 0.08, for
an early warning signal (yellow dash-dot line), and∆V5/∆P53 = 0.24, for a final alarm (red
dash-dot line). A similar screenshot of∆V5/∆Q53 (see Fig. 5.14) can be done in the similar
way.

To explain how this wide-area early warning monitoring toolworks, two screenshots
of ∆V5/∆Q53 (Case1.1 in Section 5.1) at two different times (I at t = 240 sec andII at t =
360 sec) are captured and combined as shown in Fig. 5.15. The voltage instability scenario
is implemented by increasing the load at Bus 5 as explained earlier. The load increase rises
the value of the sensitivities. This in turn changes the colors of the contour map. This
color corresponds to the sensitivity values. The selected QV-curve (of Bus 5, in this case)
changes its value decreasingly when the load increases. Before the system collapses, an
early warning signal can be generated by setting different threshold values. This signal can
be generated when∆V5/∆Q53 = 0.2 or a final alarm signal in case∆V5/∆Q53 = 0.6. The
traffic light in the monitor will change colors accordingly.

2Observe that this could also be done using a Geographical Information System (GIS).
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Figure 5.13: Screenshot of Voltage Stability Monitor:∆V5/∆P53 Sensitivities

Figure 5.14: Screenshot of Voltage Stability Monitor:∆V5/∆Q53 Sensitivities
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Figure 5.15: Transition of∆V5/∆Q53 sensitivities fromt = 240 sec tot = 360 sec
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5.3 Observations on the use of sensitivities for the activation of
VSC-HVDC

Monitoring of both∆Vi/∆Qik and∆Vi/∆Qik are necessary since the bifurcation points of
the PV-curve and QV-curve can occur at different times. This can be done by varying
λ in (5.1) at a different rate. An example of increasing active and reactive loads with
differentλ rate (Case1.1) is shown in Fig. 5.16. It can be seen that∆Vi/∆Pik and∆Vi/∆Qik

do not switch from positive values to negative ones at the same time. This phenomena
is confirmed by the PV and QV-curve plots shown in Fig. 5.17 where the QV-curve’s
bifurcation point is reached att = 235 sec whereas it takes 35 sec more for the PV-curve’s
one.
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Figure 5.16: Plot of calculated∆V5/∆P53 and∆V5/∆Q53 sensitivities computed from fil-
tered and unfiltered signals.

However, it is more important to mention that∆V5/∆P53 and∆V3/∆P35 sensitivities in
case of active power, and only the∆V5/∆Q53 sensitivity in case of reactive power expe-
rience the abrupt change in their values as shown in Fig. 5.13and Fig. 5.14, respectively.
This means that the problematic location that tends toward voltage instability regarding
reactive power is at point5-3, while points3-5 and 5-3 shown in Fig. 5.1 need to be
considered for active power issues. To avoid the repetitionof results and present new
experiments, the computed sensitivities at other locations are omitted.

Next, it is assumed that there is an VSC-HVDC installed between Bus 3 and Bus 5
(see Fig. 5.18), in order to mitigate voltage instability, an early warning signal can be
adopted to trigger the change of power transfer though an VSC-HVDC as described in
Chapter 4, and appropriate PMU signals are used as inputs to additional stabilizing con-
trols. Different control modes of VSC-HVDC are tested and the benefits ofusing these
controls are described in Section 5.4
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Figure 5.17: Plot of calculatedPV−curveandQV−curvecalculated from filtered signals.
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5.4 Case studies on voltage instability mitigation

In this section, simulation results are presented to illustrate the test system’s response with
and without the inclusion of the proposed coordination method as shown in Fig. 4.3 in
Chapter 4. In these simulations, load increases are used to produced a voltage instability
(Case1.1 in Section 5.1), different power responses supported by the VSC-HVDC, and
also different control modes at the inverter side are considered. Thecontrol at the rectifier
side is inPdc − Q mode where the active and reactive power are fixed at 400 MW and10
MVar (where each converter size is 550 MVA), respectively. Meanwhile, the active and
reactive load are 1500 MW and 150 MVar, and being increased (at t = 1 sec) as defined
in (5.1) until test system experiences a voltage instability.

5.4.1 Case 1:Q− Vdc control, Q ramp support

In this case, reactive power support at the inverter side is ramped up starting att = 147
sec. The reactive power support is activated by sensitivity∆V5/∆Q53. This reactive power
ramping is achieved through the control scheme shown in Fig.4.4a.

The comparison of the resulting PV and QV-curves with and without reactive power
ramping is shown in Fig. 5.19. Meanwhile, the comparison of voltage at Bus 5 between
the two cases is shown in Fig. 5.20.
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Figure 5.19: PV-curve and QV-curve plots (Case 1)

As shown in Fig. 5.20, the reactive power that is ramped up by the VSC-HVDC sup-
ports a voltage drop caused by increasing load. This voltagesupport allows the system to
operate 10 more seconds before a collapse.

For comparison, the following schemes have been consideredto control the VSC-
HVDC: reactive power (Case 1), active power (Case 2), and both active and reactive power
(Case 3) are ramped in such a way that make a test system collapses at approximately
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same point (see Fig. 5.20). Fig. 5.21 shows the delay of an abrupt change of sensitivities
compared to the case without control.
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5.4.2 Case 2:Q− Vdc control, Pdc ramp support

This case is similar to Case 1, however despite the reactive power support at inverter side,
active power is ramped up at rectifier side and transmitted through DC line. The active
power ramping is controlled through the scheme shown in Fig.4.4b. Meanwhile, Fig. 5.22
shows the comparison of PV-curve and QV-curve between with and without active power
ramping.
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Figure 5.22: PV-curve and QV-curve plots (Case 2)

The increase of active power load is allowed to flow through the VSC-HVDC, resulting
in a decrease of active power transfer through the parallel AC transmission line, L3-5. By
transmitting higher power through the VSC-HVDC, the systemAC stress is relieved and
the loadability is increased. The system’s loadability represented by PV and QV-curves are
greater than in the case without active power ramping.

5.4.3 Case 3:Q− Vdc control, Pdc& Q ramp support

In this case, the active power support (Pdc) is ramped up by the rectifier while the reactive
powerQ is ramped up by the inverter. This means that we take advantage of the VSC-
HVDC described in both Case 1 and Case 2 to extend the maximum transferable Power
(MTP) point before the test system is confronted with the voltage instability. Fig. 5.23
shows the comparison of PV and QV-curves between only ramping Q (Case 1), only ramp-
ing Pdc (Case 2), and rampingPdc & Q (Case 3). These associated PV and QV-curve shows
three different ways to utilize the capacity of the VSC-HVDC. It can be seen that, ramping
both active and reactive power by VSC-HVDC provides the bestloadability in the system.
Table 5.1 shows a comparison between all three control schemes.
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Figure 5.23: Comparison ofPV − curveandQV− curveplots between Case 1, 2, and 3

Table 5.1: Loadability of different control schemes

Control MPT [p.u.] Gain [p.u.] Gain/Converter Size

No Control 24.38 - -
Pdc Control 24.81 0.43 -21 %
Q Control 24.98 0.60 +9 %

Pdc & Q Control 25.36 0.98 +78 %

5.4.4 Case 4:Q− Vdc control, Pdc step support

This case is similar to Case 2 in which the VSC-HVDC supporting only active power.
However, instead of ramping the active power, the transmitted power is controlled through
a step response. It is worth noting that since HVDC’s operation depends on alarms that are
set by the user, examples of stepping up DC power at different sensitivity values (which
corresponds to different activation times) are important to analyse. Fig. 5.24shows the
upper half of PV curves considering the AC flows through line L3-5 vs. the voltage at
Bus 3 and the DC active power increase in a step change from 400MW to 550 MW at the
HVDC.

As seen in Fig. 5.24, the closer the operating point to the stability boundary the higher
the swings expressed through the size of the spiral trajectories. The reason for less damping
when being closer to the stability boundary is that the synchronizing power goes down with
decreasing stability margin. At the nose of the PV-curve this synchronizing power becomes
zero, and it becomes negative when the nose of the PV-curve issurpassed. This happens
simultaneously with the crossing of the maximum stable transmission angle. Then with
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negative damping the system becomes electromechanically unstable [113].
It is worth noting that setting alarms also plays a vital rolein finding new power

system’s equilibrium, i.e. operational point. Observe that an early adjustment of the DC
transfer results in a shorter settling time, and that if adjustments are made latter, the use
of 2 different stages in the transition can aid in reducing the overshoot and settling time
required for finding a new equilibrium. Moreover, a step change of DC power creates
oscillations in the system’s response, thus the DC power should be gradually changed to
prevent this undesired feature (as done in the previous examples by rampingPdc andQ).
For comparison, Fig. 5.25 shows the PV-curve from unfiltereddata in case of no ramp,Q,
andPdc andQ ramp support.

In addition, the requirement of DC power step change which was mentioned earlier
can occur when a specific load demand changes due to an hourly-block in the electricity
market, regardless of the system’s operating point at that moment. This power step could
be applied without severe consequences if and only if the HVDC is VSC-type and a parallel
AC line in Fig. 5.18 is a short line and of about the same lengthas the HVDC. However, if
the HVDC is Classical-type and used to connect two grids which are, e.g., 1000 km apart,
the HVDC itself is prone to voltage instability.

It is also important to note that the control mode of this VSC-HVDC is P − Q
control mode (i.e. the AC voltage control mode is not adopted) due to a specific active
and reactive load demand whereas the use of AC voltage control mode (with a proper
design) can be used to avoid voltage stability problem but not necessarily transmission
angle instability [114]. The proposed HVDC stabilizing methods to prevent the voltage
and transmission angle instabilities due to these operation condition will be described in
Chapter 6.
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Figure 5.25: PV-curves from unfiltered data - no ramp,Q, andPdc andQ ramp support

5.4.5 Case 5:Pdc& Vac control at inverter

It has been noted before that Bus 5 experiences voltage stability issues, thus the control
of inverter is changed fromQ − Vdc to Pdc − Vac mode to investigate control schemes’
efficiency. However, in order to keep the active power on the AC side to be equal to the
active power transmitted from the DC side (losses neglected), the control mode of the
other side must regulate the DC voltage [115]. Therefore thecontrol mode of the rectifier
is changed toVac− Vdc mode. Fig. 5.26 shows a comparison of the PV-curves between no
ramping, PQ ramping (Case 3), and AC voltage control at Bus 5.
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As shown in Fig. 5.26, the voltage at Bus 5 is kept constant in the case of AC voltage
control. This is because reactive power is injected from theinverter of the VSC-HVDC.
However the voltage cannot be held any longer when active load power increases to 20 p.u.
due to the VSC-HVDC’s inner current control reaching its limit. Consequently, voltage at
Bus 5 starts declining until system collapse. It is worth noting that the proposed control
scheme (ramping active and reactive power) provides a better result as can be seen from
the MTP point between these two cases.





Chapter 6

Real-Time Implementation of HVDC
Stabilizing Controls

This chapter describes the implementation of the AutomaticVoltage Stability (AVS) and
Automatic Power Order Reduction (APOR) which are special stabilizing controls that are
used in the second approach to prevent voltage and angle instabilities when HVDCs are
operated under undesired conditions. This approach ensures that HVDCs will operate
securely when their transfer is pushed towards the maximum transferable power level. The
AVS and APOR controls are implemented and their performances are tested using both
an off-line and a real-time platform. This chapter focuses on the use of these stabilizing
controls on classical HVDC systems.

6.1 The proposed Classical HVDC stabilizing methods

The idea behind the Automatic Voltage Stabilizer (AVS) originates from [116] where the-
oretical analysis and preliminary PSCAD/EMTDC simulations using a simpler HVDC
model was conducted. The further development has been carried out on a CIGRÉ Bench-
mark [117] and proved that the proposed methodology is suitable in a real-time platform.

The AVS is based on an on-line steady state stability analysis using a dynamic stability
limit detection method [118]. The PV-characteristic in Fig. 6.1 provides information about
a generic AC transmission system with regards to voltage instability.

The uncontrolled AC voltage (VAC) is at the receiving end of an AC transmission
system. The voltage declines with increasing power up to themaximum transferable power
(MTP) level, once the MTP-Point has been reached, it will decline with decreasing power.
In general, this PV-curve holds also for an HVDC system beingconnected to an AC grid
of moderate stiffness [119]. For the current control loop the upper branch is stable and the
lower branch is unstable.

On the upper branch, DC current rises in proportion to the ordered DC power. If the
MTP-Point is surpassed, the DC current continues to grow butthe DC power declines. The
conventional HVDC power controller is not able to detect this change, and the AC terminal
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∂P

∂Id
> 0Id

Id

Figure 6.1: PV-curve and principle used in the stability limit detection method

voltage starts to collapse. The collapse can be halted through voltage dependent current
order limitation (VDCOL) [120]. However, VDCOL does not recognize if the system has
already passed the stability border and that HVDC operates on the lower branch of the
PV-curve. The Automatic Voltage Stabilizer (AVS) [119, 114], on the other hand, does not
experience this problem. Essential for a statement on steady state stability is the sign of the
quotient∂P/∂Id. AVS uses this derivative sign to distinguish between the upper and lower
branch of the PV-curve and use it as a signal to trigger its operation. Since∂P/∂Id cannot
be measured directly, it is determined by measuring the derivatives∂P/∂t and∂Id/∂t with
respect to time, and forming the product of these derivatives resulting in:∂P/∂t × ∂t/∂Id.
If only one of the derivatives with respect to time becomes negative, which indeed occurs
when moving along the lower branch of the PV-curve, the resulting derivative becomes
negative. If both derivatives with respect to time are either positive or negative (which
happens when the operating point moves along the upper branch) the product is positive,
so we know that the operating point is on the upper branch. Therefore, we can use this
signal to switch on the AVS where the current level in the closed-loop current controller
is adjustable so that the operating point is brought to the upper branch or revolve around
the stability boundary which can be stopped by implementingthe Automatic Power Order
Reduction (APOR).

The benefit of the AVS and the APOR cover both long-term (e.g. slow changes of in-
ternal grid voltages) and especially short-term (e.g. lines disconnection or voltage reaches
OEL limit) voltage instabilities. This short-term instability can occur when the system’s
operating point moves suddenly to the lower branch of the PV-curve as shown in Fig. 6.2
when one of the parallel line between Bus 1 and 3 (of the test system shown in Fig.3.1) is
disconnected.

As seen from Fig 6.2 after one of the parallel lines is tripped, the system’s equilibrium
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Figure 6.2: PV-Curve and Voltage - Line Trip Case

point moves from “red-dot” to point “A” to find a new equilibrium point. However, due to
the operation of LTC that attempt to restore voltage at the lower voltage side of the transfer
at the load bus, the voltage at higher side keeps decreasing.This triggers the OEL at the
generator, thus generator voltage is no longer controlled.Consequently, this forces the
system’s operation point to jump from point “B” to point “C” which is the lower branch of
the PV-curve. A similar process occurs with Classical HVDC working on a weak grid and
transfer from DC voltage control to minimum extinction angle control [114].

This case is similar toCase 2described in Section 5.1.1 where the sensitivity changes
abruptly, this implies that the change in control mode proposed in Section 4.4 will be
exhausted quickly, and further measures are needed to avoida system collapse. Therefore,
the AVS and the APOR are necessary to avoid the voltage instability.

6.1.1 Benefits of Real-time simulation

The PSCAD digital simulator permits the set-up and simulation of truly complex power
systems including power semiconductor equipment and necessary controls. The simulation
time increases in proportion to configuration size and depends on the specific equipment
needed. While for the comparison studies in this thesis PSCAD is sufficient, additional
circuitry can from a certain amount on, increase computation time to unacceptable values.
Further studies that consider the enhancement of the AC network model and the study of
a three-terminal HVDC systems are planned. Thus, it is expedient to simulate the AVS
with a real-time simulator (OPAL-RT simulator) and to get acquainted with its real-time
features before considering more complex configurations. Both the PSCAD digital sim-
ulator and the OPAL-RT simulator contain an implementationof the CIGRÉ Benchmark
Model for HVDC Controls, including the VDCOL function. The main tasks involved in the
studies shown below include the implementation and verification of the automatic voltage
stabilizer for both simulators and the performance evaluation of the VDCOL function.
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Compared to analog simulators, digital Real-Time simulators use samples of the
various system quantities and determine the next output of these quantities through some
solution algorithm using previous outputs, previous inputs and the actual inputs. Due to
the sampling period which has to cover the processing time ofthe samples as well as the
time it needs to have the inputs stored in the computer memoryand the outputs sent to
the measuring terminals the notion of RT is important. The pre-determined time step used
in our simulations is 50µs, which allows us to sample up to 20 data points on a 1 kHz
signal. With regard to firing signal generation and controlsthis is sufficient but regarding
the exact determination of, e.g., lightning surge having a rise time of 1.2µs this would not
be sufficient. Usually, however, insulation coordination is not performed on a RT-simulator
but on a Transient Digital Simulator as, e.g., PSCAD/EMTDC or EMTP-RV. It has to be
noted: a the OPAL-RT real-time simulator permits calculations within any time frame,
provided no real-time requirements have to be met.

A main reason for using a RT-simulator in the industry is to beable to connect control
cubicles and test its hardware and software before shippingto site. In our case the pursued
RT-simulation permitted to implement in a reasonable time frame a new stabilization
method and to prepare a possible connection of real-time controls containing the stabilizer
algorithm. Thus the results obtained are twofolds. First itis possible to operate the HVDC
system at or close to the stability boundary without inducing voltage instability which
is important in respect to building a smart power system. Secondly, connection points
between main circuitry measurements and the controls are identified for later connection
and tests of control cubicles.

6.2 Modelling Needs

6.2.1 CIGRÉ benchmark

The CIGRÉ Benchmark Model for HVDC Controls runs on a digitalcomputer using an
electromagnetic transient program. It permits to investigate steady state and dynamic
control performance at weak AC grid conditions. The model contains a 12 pulse/ 500kVdc/
1000MW mono-polar long distance transmission system including all necessary filter
circuits and capacitor banks to provide proper operating voltage quality (Fig. 6.3). The
grids are formed by static grid equivalents. Implemented inthe model is constant extinc-
tion angle control but not the transition from DC voltage control to minimum extinction
angle control as it is actually installed in DC transmissionsystems [121]. Therefore, for
this study inverter controls were complemented by DC voltage control. The transfer from
DC voltage to minimum extinction angle control is a rather problematic point on the power-
voltage characteristic of the inverter [118, 122].

In actual systems either the valve side AC voltage or the extinction angle can be
controlled via the converter transformer on-load tap changer. This improves stability
conditions [122]. However in the CIGRÉ Benchmark Model no tap changer is foreseen
and also for the present study no such equipment was added.
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Figure 6.3: CIGRÉ Model

6.2.2 AVS implementation in PSCAD

The PV-curve provides analytical means to distinguish between the upper and the lower
branch by determining the derivatives of the DC power with respect to the DC current
(Fig. 6.1). Essential for a statement on steady state stability is the sign of the quotient
∂P/∂Id.

As mentioned in Section 6.1, the derivatives product∂P/∂t × ∂t/∂Id can be used as a
stabilizing signal for HVDC. This signal is named as “crit” (short-term of “critical point”)
in Fig. 6.4a. If the product “crit” becomes negative, this means that the operating point
moves along the lower branch of the PV-curve.

The value of “crit” is passed to a hysteresis buffer that triggers a mono-flop which in
turn sets the stability limit detection signal “slds” (short-term of “stability limit detection
signal”). Fig. 6.4b illustrates how the “slds” generates a pulsed signal called “switchover”
which operates finally the sign reversal switch.

Two clock signals, T1 and T2, are embedded in the circuit. With T1 the operating
point is pushed back up, with T2 it falls back to the lower branch. The displayed principle
ensures a safe oscillation around the MTP-Point.

Fig. 6.4c depicts the effect of the switchover signal. The two time-based switches can
be disregarded. They are necessary to power up the system to nominal conditions without
AVS control.

If the AVS is switched on (“Stabilization at Limit” in upper position), the feedback sign
of the closed-loop current controller is switched between plus and minus depending on the
switchover signal. A negative sign will change the current from increase to decrease. This
leads the operating point back to the upper branch and then, since the “crit” value becomes
positive, the sign is switched back to positive. In this way the operating point will revolve
around the stability boundary.

Instead of bounding the operating point around the stability border, the power order
can automatically be reduced at the first occurrence of the stability limit detection signal
(slds) (Fig. 6.4d). This signal triggers a mono-flop that in turn operates a switch which
reduces the power order by a defined value. In [118] this is a value adapting itself to the
MTP level, but this value is fixed for the test purpose in this thesis.

Fig. 6.4d shows that VDCOL is DC based. This is indeed a limitation due to the fact
that the AC voltage declines always earlier than the DC voltage [123]. However, for a weak
AC grid with an SCR of around two there is only a very small AC voltage decline before
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Figure 6.4: PSCAD/EMTDC AVS Implementation

the voltage collapses. That is, the difference whether using AC VDCOL or DC VDCOL
is only marginal and not decisive for the functioning and theperformance of VDCOL at
weak grid conditions. If needed, the change to AC voltage dependent VDCOL can be
easily implemented.
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6.2.3 Real-time AVS model implementation

Figure 6.5 illustrates the AVS mechanism implemented for Real-Time Simulation.
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Figure 6.5: AVS Implementation for Real-Time Simulation

The AVS was implemented within the inverter control subsystem of the original CIGRÉ
model. This modeled needed proper tuning of parameters prior to the implementations of
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the AVS. Figure 6.5a depicts the details of the AVS which was embedded. The measured
DC current (CDC) and DC voltage (VDC) are multiplied to get the power transmitted over
the DC link. The subsystems for the stabilizer (Fig. 6.5a and6.5b) and the automatic power
reducer (Fig. 6.5c) are equipped with a switch to set them active or inactive.

The stabilizer is switched on after 35 seconds and stays active for 30 seconds, while the
automatic power reducer is switched on at 67 seconds and remains active for 28 seconds.
When the stabilizer is switched on, the “Id_Red_ON” function is set on too.

To avoid an operation at the stability boundary with the accompanying swings around
the MTP point a power order reduction triggered by the aforementioned “slds” signal is
necessary. Inspite of generating the “switchover” signal as mentioned in Section 6.2.2, this
“slds” signal can be generated by using a “monostable flip-flop” block (Fig. 6.5c).



Chapter 7

Case Studies of utilizing the Real-Time
HVDC Stabilizing Controls

This chapter provides numerical examples of how the AVS and APOR can prevent voltage
and transmission angle instabilities when HVDCs operate insome undesired conditions1.

7.1 VDCOL characteristics

Classical HVDC is normally equipped with Voltage DependentCurrent Order Limitation
(VDCOL) on both rectifier and inverter. This VDCOL automatically reduces the reference
DC current set-point when DC voltage decreases caused by, for example faults on the DC
link. Thus, the reactive power demand on an AC network is reduced in favor to recover
from a fault [124]. In general, the VDCOL on Classical HVDC istuned with sufficient
high short circuit ratio (SCR), for example SCR= 3.3 in this study. This is because there
is a protection mechanism against voltage instability and at the same time, there is no
unnecessary power curtailment if the voltage declines within the normal voltage band.

There are incidents that the SCR becomes lower, e.g. AC line disconnection (the SCR
value changes from 3.3 to 1.9, in this study) which results toan inappropriate VDCOL
setting. In other words, the VDCOL function would not reliably prevent the operating
point from jumping to the lower unstable PV-curve. In other words, the calibration of the
VDCOL characteristic based on SCR= 3.3 is no longer appropriate for the weaker grid.
However, if the VDCOL would be tuned for a SCR= 1.9 another problem would occur
which is the power would unnecessarily be curtailed at a normal operating conditions with
only slightly decreased AC voltage. Moreover, it is not possible to discriminate between a
normal voltage level and a voltage level indicating approaching instability.

The characteristic permits DC current overload of 1.2 at 0.9p.u. DC voltage holding
for the characteristic implemented in PSCAD controls. Thisis either a temporary overload
or can even be continuous overload depending on the prevailing ambient temperature.

1The acronym SPS indicates the results were obtained using the OPAT-RT real-time simulator, while PSCAD
indicates the use of PSCAD/EMTDC off-line simulator.
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The parameters given in Fig. 7.1a show that the VDCOL calibration values differ
between PSCAD and SimPower Systems (SPS). Accordingly the VDCOL characteristics
are somewhat different as depicted in Fig. 7.1a.
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Figure 7.1: VDCOL characteristics and Internal Grid Voltage

Fig. 7.1b shows a controlled variation of the internal grid voltage to test the behavior of
VDCOL, AVS and the AVS with automatic power reduction in the listed order. In PSCAD
simulation the variation of the internal grid voltage can beaccomplished manually or via
an automatic ramp. Manual ramping is not possible with SPS due to time lags between the
monitoring console and the real-time target, automatic ramping is used.

7.2 Case 1: Weak AC Grid on Rectifier Side

In this scenario the SCR at the rectifier is 1.9 while the SCR atthe inverter is 2.5. Fig. 7.2a
shows the response of the AC terminal voltage of the rectifieras a result of a variation of
the internal grid voltage as shown in Fig. 7.1b.

Only the VDCOL is activated duringt = 10-20 sec, which makes voltage drop to ap-
proximately above 0.8 p.u. The AVS is activated betweent = 40-50 sec, which retains the
voltage level around 0.9 p.u. The AVS with automatic power reduction is activated att =
70-80 sec. The AC voltage is kept above 0.9 p.u. Fig. 7.2b illustrates the comparison of
the DC quantities for the three different control methods.
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Figure 7.2: Weak AC Grid on Rectifier Side (SPS)

It is clear that without AVS, the operating point at VDCOL operation slides to the
lower branch of the PV-curve. The operation of AVS without the power order reduction
yields stable swings around stability limit and this swing can be removed by applying the
automatic power order reduction.

Fig. 7.3a and 7.3b depict the similar test on the PSCAD digital simulator. According
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to Fig. 7.2a to 7.3b the AVS implementation on both simulators provide similar responses.
While the oscillating operating point will not be acceptable for a longer time it provides
the proof that the system is actually kept around the stability boundary. Setting the power
order to a lower value as soon as these swings occur, either manually or automatically,
yields a stable system.

0 20 40 60 80
0.7

0.8

0.9

1

1.1

V
ol

ta
ge

 (p
u)

Time (s)
(a) AC Terminal Voltage

0 20 40 60 80
0.7

0.8

0.9

1

1.1

C
ur

re
nt

 (
pu

)

 

 

0 20 40 60 80
0.7

0.8

0.9

1

1.1

V
ol

ta
ge

 (
pu

)

 

 

0 20 40 60 80
0.7

0.8

0.9

1

1.1

Time (s)

P
ow

er
 (

pu
)

 

 

I
DC

V
DC

Power Order
Power

(b) Rectifier Oscillograms

Figure 7.3: Weak AC Grid on Rectifier Side (PSCAD)
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7.3 Case 2: Weak AC Grid on Inverter Side

The internal grid voltage shown in Fig. 7.1b is applied at theinverter. The SCR values are
2.5 at both rectifier and inverter sides. In this scenario only VDCOL and AVS with the
automatic power reduction are tested. Only the VDCOL is activated duringt = 10-20 sec,
the commutation failure occurs as shown in Fig. 7.4. In contrast to VDCOL, the operation
of AVS, att = 40-50 sec, results to only a voltage dip and prevents the commutation failure.
Similar simulation results were obtained from the PSCAD simulation are not shown here.
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Figure 7.4: AC Terminal Voltage Inverter (SPS)

7.4 Case 3: Performance with embedded induction machine

The performance of AVS is further tested with the induction machine connected at the
rectifier. The test system is modified as shown in Fig. 7.9.
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Figure 7.5: CIGRÉ benchmark with induction machine

In this scenario the SCR at the rectifier is set to 1.9 while theSCR at the inverter is set
to 3.3. In contrast to the previous scenarios, the DC power isdecreased to 0.8 p.u (taking
into account the demand of an induction machine). The total power transfer on the AC
line before the test is approximately same level as previousscenarios. The AC terminal
voltage of the rectifier shows a steep decline with solely VDCOL in operation (t = 10-30
sec), dropping to 0.6 p.u. (Fig. 7.6a).

This low voltage level caused by the reactive power demand ofthe induction machine is
pulling the AC voltage further down. In real operation this would be prevented by tripping
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Figure 7.6: Performance with induction machine (SPS)

the machines but it has to be recognized that before this happens the Vac versus Q behavior
of both the machines and the converter station determine in combination the slide towards
the lower branch of the PV-curve and the converter might havealready surpassed the nose
of the PV-curve before the machines trip.

Fig. 7.6b shows that DC power decreases despite the DC current increase, this is a clear
indication that the MTP-Point is surpassed. As in the previous test, the AVS and the AVS
with the Automatic Power Order Reduction (APOR) are appliedat t = 40-60 sec and 70-90
sec, respectively, where both of them prevent system collapse.
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Fig. 7.7a to 7.7b illustrate the similar response obtained from the PSCAD digital sim-
ulator. Fig. 7.8 shows the response of the induction machine. VDCOL cannot stop the
AC grid voltage decline. The induction machine is sent over the pull-out slip causing
further voltage decrease. AVS prevents this phenomenon either by keeping the operating
point revolving around the maximum power point or by applying automatic power order
reduction.
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Figure 7.7: Performance with induction machine (PSCAD)
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Figure 7.8: PSCAD Oscillograms for the induction machine

7.5 Case 4: Synchronous generator represents as AC grid

This case is similar toCase 1described in Section 7.2, however the AC grid (which is
modelled as a static voltage source) in Fig. 7.5 is replaced by a synchronous generator.
The test system is modified as shown in Fig. 7.9
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Figure 7.9: Modified version of Fig. 7.5
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Fig. 7.10 shows the oscillograms of the HVDC with the operation of the VDCOL and
the AVS. The SCR value is decreased from 3.3 to 1.9 att = = 8 sec, thus this results in a
sudden voltage decline. Only the VDCOL is activated duringt = 8-15 sec, which makes
the voltage drop to 0.75 p.u.
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Figure 7.10: Rectifier Oscillograms - HVDC with the AVS (SPS)

Then the experiment is repeated by increasing and decreasing at t = 16 and 22 sec,
respectively. However, in this case, the AVS is activated betweent = 22-30 sec, which
retains the voltage level above 0.9 p.u. In order to increasethe voltage level, the power
reduction is activated att = 30 sec. Consequently, this brings the voltage back to 0.95 p.u.
It is demonstrated that for the reduction of the SCR as given above the VDCOL cannot
stop the shift over the nose of the PV-curve.

AVS operation makes the operating point revolve around the nose of the PV-curve.
This nose determines the maximum transferable power. Of course, this kind of operation
with periodically changing P- and Q-values is not desirablefor a longer time. Therefore,
the power can be reduced manually by the operator or automatically using APOR (which
is done manually at 30 sec).

The next experiment is conducted for the HVDC with the operation of the VDCOL
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and the APOR. It can be seen in Fig. 7.11, as compared to the VDCOL function, APOR
keeps the DC voltage and power on a higher level and the DC current on a lower level.
The obtained results are similar to the HVDC with the AVS (seeFig. 7.10) however since
the power order is reduced by APOR, thus the operating point is not revolving around the
stability boundary but brought to the upper branch of PV-curve.
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Figure 7.11: Rectifier Oscillograms - HVDC with the APOR (SPS)

7.6 Case 5: Two-area AC system

In this case, a HVDC with the operation of the VDCOL and the APOR in a two-area
AC transmission system is investigated. Fig. 7.12 shows theequivalent of two-area AC
system which is connected at the rectifier side of the HVDC system. This two-area AC
transmission system consists of a 500 MVA (local) generatorand an 380 MVA induction
machine in one area while another area is modeled as 1200 MVA (remote) generator. The
local generator controls the AC terminal voltage of the rectifier as long as its excitation
limit is not reached. The remote generator runs on proportional/integral speed control, the
local generator on proportional speed control with an initial power ramp.
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The comparison study of HVDC with and without APOR is conducted by increasing
the power consumption of the induction machine. As seen in Fig. 7.13, the active load of
the induction machine is ramped up starting att = 10 sec. In response to the AC terminal
voltage decline the APOR mechanism is becoming active att = 15 sec, which results in a
small oscillation in the induction machine’s electrical torque, afterwards this torque is held
constant until the active power of the induction machine is ramped down fromt = 25 sec
on. The same experiment is repeated att = 40 sec, with only VDCOL being active. It can
be seen that VDCOL cannot prevent stalling of the induction machine.

Fig 7.14 shows the oscillograms of the HVDC rectifier side. APOR, becoming active
at t = 15 sec, aids HVDC to hold a constant DC voltage by changing thepower order
which leads to a decrease of DC current. The reactive power consumption of the rectifier
is decreased and also the reactive power demand of the AC linebetween the remote and
local bus becomes smaller. This relieves the local generator from reactive power demand
thus permitting the local generator to control again the AC terminal voltage.

Moreover, oscillations in generators’ torque, transmission angle and power angle can-
not be prevented by VDCOL when the nose of the PV-curve is surpassed (see Fig. 7.15 and
7.16 fromt = 45 sec on). These oscillations are resulted from DC power swings caused
through unstable converter controls on the lower branch of the PV-curve.

Finally, it is not solely the HVDC’s converter that pull an ACvoltage down but also the
induction machine. When the load is increased, the machine’s slip also increases to create
sufficient torque to turn the load. This implies that the machine’s rotor speed is decreased.
Thus, an induction machine requires higher voltage to permit faster changes to the current
and magnetic field in its coils so that the rotor can have faster rotation. Therefore, it can be
concluded that the induction machine might confront the stall phenomena when it runs at
certain load level. Fig. 7.17 depicts the torque versus slipof the induction machine. It can
be seen that, att = 10-18 sec, the APOR decreases the machine’s slip by reduction power
order whereas the slip keeps increasing (until it is stalled) in case of the HVDC operates
without the APOR (see Fig. 7.17b).
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Figure 7.13: Induction machine Oscillograms (SPS)
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Figure 7.14: Rectifier Oscillograms - HVDC with the APOR (SPS)
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Figure 7.16: Angles Remote Generator (SPS)
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Chapter 8

Closure

8.1 Conclusions

Protective relays have a major role to play in the development of future renewable and
sustainable power deliver networks. However, to properly include them in the develop-
ment of these future systems a broad understanding of their current capabilities, industrial
implementation, and future potential is necessary. To bring this understanding under a
comprehensive perspective, this thesis has presented an overview of available capabilities
from the different relay types of the four most common vendors in the market, including the
current availability of PMU functionalities. This includes information about measurements
used and performed by the relays, the available capabilities within the relay to perform
calculations, PMU functionalities, communication features, and the communication net-
work and mechanisms used by the relays to send out any available information. More-
over, a comparison between different communication protocols which considers various
architecture aspects and configuration, are presented — here the objective is to provide
general information about each protocol. Protocol selection depends mainly on application
specific requirements and functions to be carried out. In addition, the mediums’ advantages
and disadvantages (shown in Table 2.2) and communication delays (shown in Table 2.5)
have to be weighed and chosen based on the required control dynamics and operating eco-
nomics of the power system. An important fact that makes thisa difficult process is that
there are contradictory statements concerning the time-duration of different delays involved
in delivering phasor data. This is important because protective relays are now providing
synchrophasor capabilities and being used in WAMPAC, henceexperimental studies are
necessary to clarify these contradictions.

This thesis has described an approach for using voltage sensitivities computed from
synchrophasor data, and a visualization approach that can be implemented for wide-area
voltage stability monitoring to be used in wide-area early warning systems. If implemented
for control room use, this monitoring tool can be used by system operators in order to
track the state of a power system during normal and severe operating conditions. The idea
behind this approach is to ease system operators’ tasks by automatically generating early
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warning signals before a collapse occurs. To achieve this, sensitivities calculated from
PMU data are utilized as stability indicators. Different system conditions are determined
by the sensitivities which need to be computed from filtered synchrophasor measurement
data. The filtering approach has a large impact in sorting outunwanted electromechanical
oscillations, noise and outliers before computing the sensitivities. Both visualization and
filtering approaches are validated by using positive-sequence simulations, PMU-data from
a real-time hardware-in-the-loop laboratory, and PMU datafrom a real transmission system
(the Norwegian power grid).

The most important lesson to share from this experience is that any PMU data applica-
tion for WAMPAC, and especially early warning systems, mustbe thoroughly tested with
actualPMU measurements to guarantee its robustness. The effects of inherent data charac-
teristics will require algorithms to cater for relevant features which are simply not present
from traditional positive-sequence simulations. To this end the use of a real-time hardware-
in-the-loop laboratory has been shown to be very advantageous.

To utilize the computed sensitivities for mitigating voltage instabilities, several control
schemes are developed for an VSC-HVDC which operates in parallel with an AC
transmission line. The controls are implemented additionally to the standard control
schemes of VSC-HVDC in order to change its operating set point by using signals from
PMUs as input signals to control VSC-HVDC’s converters. Simulations of different con-
trols confirm the benefits of using these controls in a VSC-HVDC connected in parallel
with an AC line for voltage support and better power flow management, with implicit con-
siderations of the VSC-HVDC’s size.

There are however conditions where the determination of sensitivities is not sufficient
because their magnitudes do not permit a conclusive interpretation regarding the stability
margin. This is, e.g. the case, if stiffness changes in a non-foreseeable manner (i.e.further
studies on the threshold values (in Section 4.1) are necessary) or if at a given low stiffness
HVDC controls cause discontinuities in sensitivity values. Then no safe indication of an
impending voltage collapse via sensitivity calculation and their interpretation is possible.
The latter being particularly the case when controllers hitsuddenly unpredicted control
limits, e.g. firing angle limits at rectifier operation or extinction angle at inverter opera-
tion. The present state of art to determine sensitivities on-line and to use them in real-time
for grids including Classical HVDC and VSC-HVDC is not yet advanced enough to ensure
stability for obscured conditions. Further research is necessary combining sensitivity deter-
mination and HVDC system modeling to obtain continuously information on the distance
to the stability boundary under inclusion of structural grid and load flow changes as well
as internal grid and HVDC control limits.

Besides the voltage stability problem Classical HVDC systems are prone to electro-
mechanical oscillations when embedded in AC systems with multiple-areas. Both voltage
and electromechanical stability are presently not reliably ensured via the existing VDCOL
function in HVDC. Therefore, a real-time/on-line method was developed, implemented
and tested in a CIGRÉ Benchmark model for HVDC controls. The obtained Automatic
Voltage Stabilizer and the Automatic Power Order Reducer operate independently or in
combination in stand-alone or to back-up non-reliably working stabilizing methods and im-
plementations. The use of real-time simulators for this type of study has not only the ben-
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efit of allowing for faster computation times under inclusion of detailed controls, but also
for the consideration of complex scenarios with multi-areaAC grids and superimposed DC
grids, distributed generation from renewable energy resources and bulk power transmission
via AC and DC transmission systems.

8.2 Future Work

There are several issues that must be further addressed for implementing a wide-area volt-
age stability monitoring, including but not limited to: optimal filter design for sensitivity
computations, base-lining for determining thresholds fordifferent voltage instability
indicators, and the consideration of hybrid AC/DC transmission system operation and
related sensitivity computations. The ultimate goal is notonly to have real-time visuali-
zation of power systems and early warnings, but also to use these sensitivities to real-time
govern existing controllers in the power system before the PMU data is centralized in
the control room. Therefore, the real-time tuning parameters of the additional controller
described in Section 4.4 to cope with different time span of several voltage instability types
as mentioned in Chapter 3 must be tested and validated. In other words, the additional
controller should automatically adapt to mitigate all range of voltage instabilities that are
generated by certain controls such as over and/or under-excitation limiters. In addition, a
study on the load shedding proposed in the voltage instability mitigation method described
in Section 4.4 when sensitivities reach final alarms can be further addressed. Although the
manual load disconnection (as shown in Section 5.1.3) prevent system collapses, however
the outcome might not be the most preferable in economic terms. One of the ideas for min-
imizing the amount of load shedding is to use second-order approximations to approximate
the bifurcation point of the system when they are parameterized by loading [125].

The next steps planned for is the application of the automatic voltage stabilizer to the
VSC-HVDC transmission system connecting weak AC grids. Already available results
show the viability of the AVS for transmission angle stabilization. Transmission angle
stability is of significance for our electric power systems being under continued devel-
opment and construction in the years to come. Phasor Measurements Units used in
WAMPAC systems can be used to support stable operation by monitoring of the proposed
sensitivities in a WAMPAC application, but as to the resultsprovided in this thesis, they
do not provide complete security since threshold values of angles where instability occurs
show a high degree of uncertainty. Further work on sensitivities computation considering
hybrid AC/DC transmission computation is needed. However, currentlythe AVS/APOR
closes this gap by becoming active if WAMPAC application fails to recognize an impend-
ing stability problem.

Regarding the AVS and the APOR, the next step is planned thesestability mechanisms
on the VSC-HVDC transmission system connecting weak AC grids. The controls of VSC-
HVDC are relatively simpler as compared to Classical HVDC controls. However the inter-
connections with weak AC grids, especially operating in parallel to static generation has
not received sufficient attention. Moreover, the proposed stability mechanisms should be
tested their performance when HVDCs are operated in connection with renewable energy
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systems such as offshore wind power park or photovoltaic plants. In order to obtain
realistic results (as seen from simulation point of view), it requires the proper modeling
of wind (or solar) generation. Therefore, various generator types, for example Double Fed
Induction Generator (DFIG) or Full Converter Units with permanent magnet generator
should be modelled sufficiently to present different generation patterns (as for instance
shown in [126]). This means that the performance of the AVS/APOR will be evaluated
considering the power transmission fluctuation of different turbine types. Moreover, a
widespread use of storage devices can be taken into consideration to operate in connec-
tion with AVS/APOR. Hence, the stability studies that combine the operation of these two
components can be carried out. This includes the determination of maximum transferable
power level or evaluation of the mechanical stress relief onwind turbine generators when
they are subjected to AC lines disconnection.
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A.1 Initial condition settings for the voltage instability scenarios

A.1.1 Short-term voltage instability

For both Case 1 and 2

bus 1 : V= 1.0400 pu 0.00 deg 395.20 kV

> 1-3 P= 400.0 Q= 107.1 > 3

> 1-3b P= 400.0 Q= 107.1 > 3

gener 1 P= 800.0 Q= 214.1 Vimp= 1.0400

bus 2 : V= 1.0000 pu -9.35 deg 20.00 kV

> 2-3 P= 300.0 Q= 212.9 > 3

gener 2 P= 300.0 Q= 212.9 Vimp= 1.0000

bus 3 : V= 1.0058 pu -12.20 deg 382.21 kV

> 1-3 P= -400.0 Q= -19.5 > 1

> 1-3b P= -400.0 Q= -19.5 > 1

> 2-3 P= -300.0 Q= -191.2 > 2

> 3-4 P= 600.0 Q= 140.0 > 4

> 3-5 P= 500.0 Q= 90.2 > 5

bus 4 : V= 0.9930 pu -15.87 deg 14.90 kV

> 3-4 P= -600.0 Q= -100.0 > 3

gener 4 P= -600.0 Q= -100.0 Vimp= 0.0000

bus 5 : V= 1.0024 pu -13.34 deg 380.92 kV

> 3-5 P= -500.0 Q= -80.0 > 3

load P= 500.0 Q= 80.0
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A.1.2 Long-term voltage instability

Case 1: Load at Bus 5= 1200 MW and 0 MVar

bus 1 : V= 1.0800 pu 0.00 deg 410.40 kV

> 1-3 P= 450.0 Q= 117.6 > 3

> 1-3b P= 450.0 Q= 117.6 > 3

gener 1 P= 900.0 Q= 235.2 Vimp= 1.0800

bus 2 : V= 1.0100 pu -10.01 deg 20.20 kV

> 2-3 P= 300.0 Q= 36.9 > 3

gener 2 P= 300.0 Q= 36.9 Vimp= 1.0100

bus 3 : V= 1.0455 pu -12.72 deg 397.29 kV

> 1-3 P= -450.0 Q= -15.1 > 1

> 1-3b P= -450.0 Q= -15.1 > 1

> 2-3 P= -300.0 Q= -22.6 > 2

> 3-4 P= 0.0 Q= 0.0 > 4

> 3-5 P= 1200.0 Q= 52.8 > 5

bus 4 : V= 1.0053 pu -12.72 deg 15.08 kV

> 3-4 P= 0.0 Q= 0.0 > 3

gener 4 P= 0.0 Q= 0.0 Vimp= 0.0000

bus 5 : V= 1.0445 pu -15.24 deg 396.90 kV

> 3-5 P=-1200.0 Q= 0.0 > 3

load P= 1200.0 Q= 0.0

Case 1: Load at Bus 5= 1500 MW and 150 MVar

bus 1 : V= 1.0800 pu 0.00 deg 410.40 kV

> 1-3 P= 600.0 Q= 216.7 > 3

> 1-3b P= 600.0 Q= 216.7 > 3

gener 1 P= 1200.0 Q= 433.5 Vimp= 1.0800

bus 2 : V= 1.0100 pu -14.79 deg 20.20 kV

> 2-3 P= 300.0 Q= 212.6 > 3

gener 2 P= 300.0 Q= 212.6 Vimp= 1.0100

bus 3 : V= 1.0166 pu -17.58 deg 386.30 kV

> 1-3 P= -600.0 Q= -23.9 > 1

> 1-3b P= -600.0 Q= -23.9 > 1

> 2-3 P= -300.0 Q= -191.4 > 2

> 3-4 P= 0.0 Q= 0.0 > 4

> 3-5 P= 1500.0 Q= 239.3 > 5

bus 4 : V= 0.9966 pu -17.58 deg 14.95 kV

> 3-4 P= 0.0 Q= 0.0 > 3

gener 4 P= 0.0 Q= 0.0 Vimp= 0.0000
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bus 5 : V= 1.0089 pu -20.93 deg 383.37 kV

> 3-5 P=-1500.0 Q= -150.0 > 3

load P= 1500.0 Q= 150.0

Case 2: Higher Power generation

bus 1 : V= 1.0800 pu 0.00 deg 410.40 kV

> 1-3 P= 525.0 Q= 186.5 > 3

> 1-3b P= 525.0 Q= 186.5 > 3

gener 1 P= 1050.0 Q= 373.0 Vimp= 1.0800

bus 2 : V= 1.0100 pu -11.10 deg 20.20 kV

> 2-3 P= 450.0 Q= 197.6 > 3

gener 2 P= 450.0 Q= 197.6 Vimp= 1.0100

bus 3 : V= 1.0205 pu -15.26 deg 387.81 kV

> 1-3 P= -525.0 Q= -39.5 > 1

> 1-3b P= -525.0 Q= -39.5 > 1

> 2-3 P= -450.0 Q= -159.7 > 2

> 3-4 P= 0.0 Q= 0.0 > 4

> 3-5 P= 1500.0 Q= 238.6 > 5

bus 4 : V= 1.0005 pu -15.26 deg 15.01 kV

> 3-4 P= 0.0 Q= 0.0 > 3

gener 4 P= 0.0 Q= 0.0 Vimp= 0.0000

bus 5 : V= 1.0129 pu -18.59 deg 384.90 kV

> 3-5 P=-1500.0 Q= -150.0 > 3

load P= 1500.0 Q= 150.0

Case 3: Higher Motor load

bus 1 : V= 1.0800 pu 0.00 deg 410.40 kV

> 1-3 P= 600.0 Q= 226.7 > 3

> 1-3b P= 600.0 Q= 226.7 > 3

gener 1 P= 1200.0 Q= 453.3 Vimp= 1.0800

bus 2 : V= 1.0000 pu -14.84 deg 20.00 kV

> 2-3 P= 300.0 Q= 177.3 > 3

gener 2 P= 300.0 Q= 177.3 Vimp= 1.0000

bus 3 : V= 1.0117 pu -17.67 deg 384.45 kV

> 1-3 P= -600.0 Q= -31.8 > 1

> 1-3b P= -600.0 Q= -31.8 > 1

> 2-3 P= -300.0 Q= -157.9 > 2

> 3-4 P= 600.0 Q= 139.5 > 4

> 3-5 P= 900.0 Q= 81.9 > 5
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bus 4 : V= 0.9990 pu -21.30 deg 14.99 kV

> 3-4 P= -600.0 Q= -100.0 > 3

gener 4 P= -600.0 Q= -100.0 Vimp= 0.0000

bus 5 : V= 1.0091 pu -19.69 deg 383.46 kV

> 3-5 P= -900.0 Q= -50.0 > 3

load P= 900.0 Q= 50.0
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