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1   Introduction  

1.1 Motivation 
In large interconnected power systems, inter-area oscillations may under certain 

power transfer conditions be the limiting factor on the transfer capability. In the 
Nordic power system the damping of low frequency inter-area oscillations sets limits 
on the transfer capability when power is transferred from Finland to the other Nordic 
countries over AC transmission lines. 

The motivation of this work has been to obtain a better understanding of the 
mechanisms affecting the damping of inter-area oscillations in large power systems. 
A challenge has been to find and develop methodologies for studying these 
phenomena in a full scale model of the Nordic system. 

The experience from the time as a commissioning engineer for the leading 
manufacturer of equipment for power transmission systems has also given me the 
motivation to carry on this research. These phenomena where experienced in practice 
during the commissioning of large power transmission systems during those times 
[34]. 

1.2 Research problem 
The research problem can initially be divided into two major parts. The first one is 

to determine in what physical units the inter-area oscillations can be observed in 
different locations of the power system.  The second one is to determine how the 
damping of the inter-oscillations can be controlled. The first can - using control 
terminology - be called mode observability and the second one mode controllability. 
The important things with both parts are the ways of presenting the results for 
understanding of the dynamic properties of the system. The oscillations, although 
they are of many frequencies, can be treated separately as sinusoidal oscillations. In 
other terms we can say that we are dealing with the linear properties of the power 
system. This is by power engineering terminology often called small signal stability 
analysis [17].  

One of the challenges is the complexity of the system. The full scale system model 
that is used represent the Nordic power system, consisting of the networks in Finland, 
Sweden, Norway, and Sjælland (Eastern parts of Denmark), has 1282 generators, 
4780 buses and 5730 branches. In addition there are also high voltage direct current 
(HVDC) links and static var compensators (SVC). The generators are provided with 
excitation systems, some of them also with turbine governors and power system 
stabilizers.  

1.3 Scope of the research 
The research work is limited to the Nordic power system, with the focus on the 

Finnish part of the system. In order to understand the phenomena related to inter-area 
oscillations it was found necessary to study the whole system. Two system conditions 
are studied, one under light summer load and the other under a winter load condition. 
Both system conditions are with power transfer from Finland to the other Nordic 
countries. The light summer load condition, which has a high power transfer level 
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towards Sweden, is used for most of the research. Certain situations are studied under 
the winter load condition, which has a moderate power transfer level towards 
Sweden. The main part of the research work was done in the early 2000s (decade) 
with a network model representing the system at that time. Therefore the calculated 
results, e.g. for transfer capabilities numerically presented, are not directly compatible 
with the present system. Anyhow, the research results were made available for the 
grid operator and power plant owners along the research work, which supported their 
work with improving the system performance. 

Part of the research is done using the PSS/E power system simulator software [19], 
[20]. This is the software that the Nordic transmission system operators use for 
studying the dynamic system behavior under different conditions and for determining 
power transfer limits. The power system model for this program was developed 
during a twenty year period by the power system operators in the Nordic countries. 
The standard PSS/E software has some modal analysis software, with which it is 
possible to study amplitudes and damping of different oscillation modes in the 
response of time domain simulations [20]. This software has been used for studying 
the observability of the oscillation modes in terms of different physical quantities in 
various parts of the system, e.g., active power on generators, load variations, line 
flow, mechanical power at turbine governors, generator reactive power, and terminal 
voltage.    

However, the standard PSS/E software has not been very efficient for studying the 
controllability of oscillation modes. The thesis has some new methodologies based on 
frequency responses to study the controllability of inter-area oscillations (mode 
controllability) in large systems. These methodologies have partly been used for 
controllability assessment of inter-area modes with the PSS/E software. The 
methodologies have also been used to determine parameters settings for generator 
controls at real power plants in Finland with the PSS/E software. 

The research work has been done for Fingrid Oyj, the national grid operator of 
Finland. I have done part of the research within a joint Nordic project called 
”Increased utilization of the power systems in Norway and the Nordic countries”. The 
emphasis on my part in the Nordic project has been to study small signal stability 
using linear analysis software. Sintef Energy Research in Trondheim, Norway has 
taught me the basics about linear analysis with the PacDyn program [15]. The full 
scale PSS/E model of the Nordic power system was converted to be used with the 
PacDyn program. A lot of research work was later done with the linearized system 
model. New contributions from this joint research work have been included in this 
thesis and in publications [1], [3]. 

 One part of the thesis also deals with transient stability. It explains the linkage 
between small signal stability and transient stability with a few examples from the 
Finnish part of the grid. It also looks at the cumulative effects of the stabilizing 
methods on the power transfer capability. 
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1.4 Research methods 
An important requirement for relevant methods is that they suit for the full scale 

model of the Nordic power system. Modal analysis of system responses from time 
domain simulations has been used to assess the mode shape or observability of inter-
area oscillations in different physical quantities around the network with the non-
linear system model.  

A methodology based on long-distance frequency responses has been developed 
and used to assess the controllability of inter-area oscillations with non-linear system 
models. Frequency scanning routines has been developed for the PSS/E, because 
frequency computations are not standard with the non-linear PSS/E software. The 
same frequency scanning technique has also been used for assisting in coordinating 
control parameters for real power plants in the Finnish part of the network. The use of 
this methodology has been demonstrated with both non-linear and linear system 
models.  

A new method based on linear feedback over long distances has been introduced 
to verify the effects on damping and to show the correlation to results from 
computations with long-distance frequency responses. 

A third method that has been introduced is a synthesizer method, which can be 
used with the non-linear model to find the optimal phase angle for the control signal 
in a certain situation.  

Small signal stability analysis has been done with the linear analysis software 
package PacDyn and an adapted and validated version of the full scale model for the 
Nordic power system. 

1.5 Contributions 
To familiarize the reader with the math and terminology related to damping of 

power system oscillations and linear analysis there is initially a study of a simple two 
area system (see section 3). In [32] it is shown analytically how damping of an AC 
transmission can be improved by modulation of power with a parallel DC line. In 
section 3 of this thesis the same concept has been used to analytically show how 
feedback control for AC bus voltage modulation and series reactance modulation can 
be used to control damping. The reader is further introduced to linear analysis using 
matrix computations to study damping with the two area system. The Matlab [23] 
software has been used as a tool for the matrix computations. 

After the short introduction with the two area system the focus of the studies is 
shifted to the large Nordic network model. The data for two load conditions with the 
Nordic network in PSS/E format was obtained from the Finnish grid operator 
(Fingrid). The PSS/E software is used for the non-linear simulations. A joint research 
work was done with Sintef Energy Research (Trondheim, Norway) related to linear 
analysis with the PacDyn software [15]. The thesis explains what data preparations 
and validations that were done when converting the two load cases for studies with 
the PacDyn software.  Parts of the joint research work have been published in IEEE 
panel paper [3] and IEEE Transaction on Power Systems [1].  

The contributions of the thesis can be summarized as follows: 
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1.5.1 System analysis 
 

 A new method based on long-distance frequency responses has been introduced 
for controllability assessment. With this method an approximation of the relative 
variation in controllability factor magnitudes can be obtained by comparing the 
frequency responses of transfer functions over long distances. The inputs of the 
long-distance transfer functions could for example be reactive or active power 
injections, or bus shunt susceptance at major AC buses around the system, or the 
voltage reference of the excitation systems of selected generators around the 
system. The output should be the active power response of an AC tie line 
preferably far away from the location where the modulation input is located, and 
should be the same one for all computations. The method is applicable to both 
non-linear and linear system models.  

 

 A new method based on linear feedback over long distances has been introduced 
to verify the effects on damping and to show the correlation to results from 
computations with long-distance frequency responses. The phase angle 
compensation to be used in the feedback loops is calculated with information from 
the long-distance frequency response computations. The method is applicable to 
both non-linear and linear system models. 

 

 With the non-linear system model a synthesized feedback control from the AC tie 
line power response has been used. The output of the synthesizer has been 
programmed to follow the magnitude and phase angle of the inter-area oscillation 
mode in the AC tie line power response with a programmable gain and phase shift. 
By applying a constant gain in the feedback loop and varying the phase shift in 
steps for a set of simulations it is possible to find the angle for the control signal 
that gives the best damping.  

 

 Computation of mode controllability factors with the linearized system model for 
controllability assessment. Comparison of these results with results from the long-
distance frequency response computations and linear feedback over long distances. 
Long-distance frequency response computations, combined with computations of 
damping using feedback over long distances, has proven to be a methodology that 
gives the same information about controllability as computation of controllability 
factors with linear analysis software. For practical purposes, the long-distance 
frequency response computations alone may give sufficient information about the 
controllability of the inter-area modes. 

 

 Computation of the frequency responses of the transfer functions from the bus 
shunt susceptance of the 400 kV buses to the bus voltage magnitude for the 
candidate locations for SVC. Information from the amplitudes, phase angles, and 
rate of change of phase angles of the frequency response were used to determine 
whether shunt compensators operating in normal bus voltage control are good for 
damping purposes. It was found that there is a strong correlation between the rate 
of change of frequency response angles and damping contribution obtained with 
normal bus voltage control.  

 

 Analytical derivation shows that we can expect a strong correlation between the 
rate of change of phase angles in the frequency response of the transfer functions 
for bus voltage control and damping contribution from SVC operating in bus 
voltage control. 
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1.5.2 Power system stabilizers 
 

 The developed techniques for the non-linear system model have also been used to 
find settings that make the power system stabilizers on the five largest generators 
in Finland effective on damping inter-area oscillations (Olkiluoto, Loviisa, and 
Meri-Pori). The new stabilizer settings have made it possible for the transmission 
system operator to raise the power transfer limits from Finland to Sweden. 

 

 An interaction problem with new power system stabilizers and the reactive power 
controllers of the Olkiluoto generators was found and resolved. System tests were 
done with new stabilizers that included activation of the lowest inter-area mode in 
the Nordic power system. The system test results from the plant have been 
analyzed with modal analysis software, and the results compared to results from 
simulations.  

 

 The behavior of the stabilizers on the generator reactive power output during 
power ramps with the turbines and network disturbances has been studied both 
from site measurements and simulations. This has given the basis for a proposal of 
a new power-steam input stabilizer, which would have smaller impact on the 
generator reactive power fluctuations during power ramps than the present power 
input stabilizers has. At network induced disturbances it would work identically to 
the present stabilizer. 

1.5.3 System aspects 
 

  Time domain simulations and modal analysis software with the PSS/E program 
was used to study the observability of inter-area oscillations (mode shapes).  

 

 Modeling, design and tuning of damping controllers for the Fennoskan HVDC link 
between Finland and Sweden. The application of linear analysis is demonstrated 
and compared with non-linear dynamic simulations. 

 

 Linear analysis was used to find and rank candidate locations for static var 
compensation (SVC) and controlled series compensation (TCSC) for damping 
purposes. The methods of long-distance frequency responses, damping with long-
distance feedback, and computation of controllability factors were used.  

 

 The studies showed that an SVC operating in voltage control in an area exporting 
power over AC lines will improve damping of the two inter-area modes. On the 
other hand an SVC operating in voltage control located in and area importing a lot 
of power over AC lines will lower the damping of at least one of the inter-area 
modes. This was proven with both the linear and the non-linear system model.  

 

 The effects of static var compensators (SVC) on the power transfer capability have 
been studied using the PSS/E model of the Nordic power system with transient 
simulations. The cumulative effects of the transfer capability from power system 
stabilizers on generators, SVC, TCSC, and modulation with HVDC have also been 
studied. 
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2   Review  

2.1 Early experiences with oscillations 
Electromechanical oscillations appeared as soon as synchronous generators were 

operated in parallel. The earliest problems were experienced in the 1920s, in the form 
of spontaneous 1-3 Hz oscillations due to the mechanical inertia and power angle 
characteristics. The phenomenon was described as ’hunting’. The problems were 
resolved by the use of damper windings in the generators and turbine-type prime 
movers with favorable torque speed characteristics [24]. 

2.2 Experience with inter-area oscillations 

 2.2.1 The Nordic system 
In the late 1950s and early 1960s, mainly due to the expansion of hydroelectric 

power generation far from the load centers, it became popular to connect networks 
together that had previously been operated independently.  This caused problems with 
a new type of electromechanical oscillations. In 1959 the Finnish power grid was 
connected to the Swedish power grid by means of a 220 kV transmission line 
between the northern parts of Finland and Sweden, and in 1960 the first 400 kV 
transmission line from northern to southern Finland was commissioned. It has been 
reported in literature that just before the 400 kV transmission line came into service a 
small fault initiated growing oscillations which led to a major disturbance [33]. 
Previously the limitations in power transfer from north to south in Finland had been 
set by transient stability criteria. Damping problems are also reported from the late 
60s, especially with the interconnections between Sweden and Norway but also in the 
interconnection between Sweden and Denmark. Due to damping problems, the steady 
state power transfer capability over some interconnections was close to zero. In the 
1960s the damping of these oscillations were improved by building new power lines 
and the installation of power system stabilizers on generators. A factor that also 
improved the damping was the installation of fixed series compensations on long 
transmission lines. 

The damping of inter-area oscillations is now often a factor determining the 
transfer capability with power export from Finland to Sweden. 

 2.2.2 The western U.S. system 
Another interesting system that has faced many challenges with damping of inter-

area oscillations is the power system in western USA and parts of western Canada 
and northern Mexico, operated by the Western Systems Coordinating Council 
(WSCC).  

The interconnected power systems of the Nortwest, predominantly hydro, and the 
interconnected power systems of the Southwest, predominantly steam, were initially 
linked together in October of 1964 through one 230 kV line in the state of Utah and 
soon augmented by another longer 230 kV line through the state of Colorado. The 
total tie capacity was small compared to the 30.000 to 40.000 MW systems it 
interconnected, only about 150 MW with the first tie line. A natural frequency of 6 
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c/min (0.1 Hz) was observed soon after the closure of the tie. The tie operated 
satisfactory for a time until trip-outs began to develop due to rather wide 3 c/min 
(0.05 Hz) oscillations of the Northwest system frequency. After coordination of hydro 
governors on large hydro plants in the Northwest, the tendency toward 3 c/min 
oscillation subsided. But trip-outs still occurred due to gradual wander of tie line load 
due to imperfect coordination of changes in interchange scheduled and periodic 
swings of tie line load at about 6 c/min  [25]. 

The first parts of the Pacific Intertie, consisting of two 500 kV AC lines 
connecting the Northwestern power grid with the Southwest grid, came into service in 
1968 and 1969. In 1970 a parallel DC transmission of 400 kV came on line. The 
initial plan was to carry 2000 MW through the AC lines and 1440 MW on the DC 
circuits [24]. 

Energization of the Pacific Intertie in 1968-1969 increased the frequency of the 
inter-area power oscillation mode from 0.1 Hz to 0.3 Hz. However, the system 
continued to have damping problems, in this case caused by automatic voltage 
regulators. As a result power system stabilizers were installed on most generators. 
After this the system operated with sufficient damping until 1974, when negatively 
damped 0.33 Hz oscillations reoccurred. In 1975 modulation of the Pacific HVDC 
Intertie was put into service, which proved to strongly damp this oscillation mode. By 
the late 70s a new 0.2 Hz oscillation was observed in the system. [26] The damping 
problems initially limited the power transfer capability on AC to 1300 MW. After 
PSS installation the transfer capability of the AC lines increased to 1800 MW [24]. 

The Bonneville Power Authority (BPA) implemented a 1400 MW braking resistor 
at Chief Joseph Dam in 1974 to improve first swing stability of the system. This 
indicated that the system could operate with up to 2500 MW through the AC 
interconnection with adequate stability margin following a severe disturbance such as 
close three phase faults [24]. 

By the additions of PSS, braking resistors and HVDC power modulation, the AC 
transmission capacity was increased from 1300 MW to 2500 MW.  

The Pacific DC Intertie was upgraded from 1440 MW to 2000 MW in 1985 by 
increasing the voltage to 500 kV. Installation of parallel converters in 1989 
increased the DC transmission capacity to 3100 MW.  

The power transfer capability in the western power system was again increased in 
1986 by the Intermountain Power Project (IPP) HVDC intertie between Delta, Utah 
and Adelanto, California. The initial transfer capacity was 1920 MW in bipolar 
operation. The Intermountain Generating Station (IGS) is composed of two coal fired 
units of 800 MW net each, near Delta, Utah. The first unit came on-line in 1986 and 
the other in 1987. The Intermountain generating station is connected to the AC grid in 
Utah by means of two 345 kV AC lines and one 230 kV line to the state of Nevada. 
Normally the power in the DC transmission is set to follow the output of the 
generators with predetermined power inter-change with the northern AC system.  

On March 6, 1987, IPP and several locations of the WSCC system reported power 
and frequency swings with a frequency of about 0.7 Hz [34], [27], [29]. The IGS had 
two generators on-line with a total output power of 800 MW. The HVDC link was 
transmitting this power to southern California. The sequence of events and further 
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analysis revealed that the DC power schedule calculator (DCPSC) had a major 
influence in the oscillations. Up to the disturbance the DCPSC had been set to follow 
the generator power output with a 1 s filtering time constant. Later this filtering time 
constant was increased in the DCPSC and it was put back into service, with no further 
oscillation problems that could be linked to the HVDC controls. The 0.7 Hz 
oscillation had become evident during high power transfer from Arizona and Nevada 
into southern California and in some operating conditions the stability of this mode 
imposed restrictions on the power transfer into southern California.  

Later the HVDC transfer capacity has been further increased on both the Pacific 
Intertie HVDC transmission and the IPP HVDC transmission. 

Static Var compensators have also been installed in the system to enhance the 
transient stability and power transfer capabilities of stability limited paths [28]. 

The effects on damping with a combination of HVDC modulation and two SVCs 
are studied in [9]. 

  

2.3 Analysis tools and procedures 
In the early literature solutions for stabilizing networks has been sought for by 

analytical methods [32]. Analytical methods are still used by some researchers. With 
analytical methods it is not possible to treat very complex systems. Often only two-
area systems are used with simplified treatment of generators and excitation systems 
[7]. Analog computers were widely used in the 60s for studying tie line oscillations. 
By time the modeling on analog computers became more sophisticated with both 
direct and quadrature axis representation of synchronous generators equipped with 
voltage regulators and DC transmission models consisting of six-pulse converter 
models with both current control and extinction angle control. Damping of power 
swings in a parallel AC and DC system was studied on such a model in [30]. 

The digital computer revolutionized the dynamic studies on power systems. 
Computer programs were developed with which it was possible to perform load flow 
and dynamic studies. One of the early simulation programs is the PSS/E Power 
System Simulator [14], which is programmed in Fortran and it is still one of the 
mostly used power system simulation programs by power utilities and power system 
consultants worldwide. The output interface for dynamic studies has generally been 
time domain plots and some sets of analysis software routines for analyzing this data, 
e.g. Fourier analysis and modal analysis.  

 Later on linear analysis software packages has become available for studying 
inter-area oscillations in power systems [15], [18]. These software packages are 
applications from the control system theory. They make a linearized model of the 
power system model for a particular load flow and system situation. The linearized 
model is then treated with software routines that compute eigenvalues including 
frequency and damping of inter-area oscillations, mode shapes, controllability and 
observabililty factors, frequency responses of transfer functions etc. One drawback 
with these software packages is that they have not been able handle very large 
systems. However, in the early 2000s there were linear analysis software packages 
available that could handle system models with as many as 1200 generators [15].  
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The linear analysis software PacDyn that has been used with the Nordic system in 
this thesis is a later version of the software package that previously was used by other 
researchers for two separate studies of inter-area oscillations in Argentina and Brazil, 
respectively. 

In Argentina a project was started in 1995, which objective was to increase the 
loading of the Comahue-Buenos  Aires 500 kV transmission lines from 2,700 MW to 
3,300 MW, mainly through the elimination of poorly damped inter-area oscillations. 
The whole interconnected network, static Var compensators, synchronous generators 
and their controllers were modeled. The system had 160 machines and 1800 state 
variables. Two dominant modes existed in the Comahue area: one ranging from 0.43 
to 0.52 Hz and the other from 0.52 to 0.60 Hz. [35] 

Reference [36], Appendix A describes the procedures utilized in the studies carried 
out by Electrobra’s, several other Brazilian utilities and CEPEL for the retuning of 
power system stabilizers (PSSs) together with the damping controls of two thyristor 
controlled series capacitors (TCSCs). This project was mainly motivated by the 
Brazilian North-South interconnection, commissioned in early 1999 and already 
having the two TCSCs in operation. The North-South interconnection is a 500 kV 
AC, 1300 MW, 1000 km long, series connected transmission line. It is 
interconnecting the two systems of 13,000 MW and 45,000 MW capacities.  The 
system had 120 generating plants and 1,800 state variables. 

Reference [37] describes field testing to determine the effectiveness of the TSCS 
damping controllers. It also describes the testing and commissioning of a new power 
oscillation damper (POD) that is based on phasor estimation.  

Linear analysis techniques based on transfer function residues have generally been 
accepted as a method for finding locations for placement of power system stabilizers 
on generators and static var compensators for improving damping of inter-area modes 
[10]. Frequency response techniques have also been suggested for allocating FACTS 
devices [11],[12]. A method based on voltage stability considerations is presented in 
[13].  

 
 
2.4 Validation of my research results by others 
 

As part of my research I was involved in stabilizer retuning of generators in 
Finland. These research results and findings were documented in a number of reports 
to the national network operator (Fingrid) and the power plant owners and their 
experts. [2], [1]  

Joint research work related to linear analysis of inter-area oscillations was done 
with Sintef Energy Research. The research subjects were linearization of the full 
scale Nordic network model, and study observability and controllability of inter-area 
oscillations in the network. Damping improvements with power system stabilizers on 
generators, HVDC modulation, thyristor controlled shunt compensation and 
controlled shunt compensation were studied. [1], [3] 
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Fingrid, Finland 

The national network operator (Fingrid) has reported the following. “The extensive 
study proved that by optimizing the stabilizers of the seven largest generators located 
in south Finland, significant improvements in damping of inter-area oscillations can 
be achieved”. “The optimization study was extended also to power oscillation 
damping circuit of existing Fenno-Skan HVDC connection and possible new FACTS 
devices, namely SVC and TCSC that could be applied to further improve the 
damping of electromechanical oscillations. As the main result of the study, both the 
SVC and TCSC were shown to have capability to improve system damping. Further 
studies concentrated on SVC mainly because the studies indicated that single SVC 
could provide significant improvement in damping of inter-area oscillation”. [42] 

At the beginning of year 2009, a +200ind/-240cap Mvar static var compensator was 
installed in the Finnish 400 kV transmission system at Kangasala (KA SVC) 
substation in the middle of southern Finland. While the SVC device also increases 
the voltage support, the primary target of Kangasala SVC, became finally to 
guarantee high attenuation of electromechanical inter-area oscillations. Therefore 
under such export conditions KA SVC is operated only in POD mode to guarantee, 
that the whole reactive power capacity is available in case of a severe system fault. 
[42] 

 
Denmark and the UK 

In [49], authors from Denmark and the UK reported about using one of my 
methods in their work to evaluate the impact of WPP (wind power plant) model 
complexity on damping contribution [49]: “The ability of a WPP POD to affect the 
power system oscillation may be evaluated using the controllability factor for the 
POD output for the eigenvalue that describe this particular oscillation. In [1], a ‘long 
distance transfer function’ H1d(j ), is introduced and it is shown that relative 
variations of the frequency response H1d(j ) evaluated at the resonance frequencies 
contain the same information as the relative variations of the controllability factors 
computed from modal analysis. The long distance transfer function is defined as  

 

    
)(
)(

1 jU
jPH d     (2.1) 

where P(j ) is the active power variations for a line with high mode observability 
and U(j ) is the controlled output of the unit where the modulated shunt 
susceptance, B(j ), was used in [1]. Here, U(j ), represents the output of the P 
and the Q POD, which are the control signals to the WTs for, respectively, active 
and reactive power modulation. For the present study, the long distance transfer 
function in (2.1) is evaluated directly on the non-linear time domain model by 
measuring the frequency response to an applied Fourier series perturbation on the 
POD output and it is used to compare the WPP modeling approaches in terms of 
impact on grid”.  

“The ability to aggregate WPPs into simpler equivalents is very important with 
respect to practical power system studies. To evaluate the controllability of the WPP 
on dominant power system oscillations and the impact of the WPP modeling 
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complexity on this, the long distance transfer function [1] was computed for four 
different levels of model complexity”.  

“The controllability factors were computed for the dominant eigenvalues for the 
different levels of aggregation and very similar results were found”. [49] 

 

2.5 GPS time synchronized measurements 
 

 Interconnected SAPP Grid 

The first known application with GPS-based angle measurement for AC system 
control and damping was commissioned in 1999 as part of a new Grid Master Power 
Controller (GMPC) at Cahora Bassa in Mozambique. The GMPC controls the 
generation at the Cahora Bassa hydro power station and its dispatch through parallel 
AC and DC interconnections. The bulk DC power flows directly to South Africa 
while AC power is delivered to Zimbabwe that is also connected with the South 
African grid. The GMPC enables energy transmission over the interconnected SAPP 
(Southern African Power Pool) grid.  [39] 

Part of the GMPC’s angle and frequency measurements equipment, including a 
GPS clock for telegram synchronization, is situated at the Apollo HVDC converter 
station in South Africa. Relaying on the fixed transmission delay of the 
telecommunication system, GPS-clocked angle information is transferred to Cahora 
Bassa by dual power line carrier systems (PLC) operating over the HVDC lines and 
their earth wires (a distance of 1414 km).  [39] 

With coupled operation in angle control mode, the GMPC stabilizes the parallel 
AC system by modulating the HVDC power as a function of the derivative of the 
Cahora Bassa/Apollo voltage angle and the derivative of the Bindura power (AC 
power from Cahora Bassa towards Zimbabwe). [39] 

 Norway 
Statnett (the Norwegian system operator), ABB and Sintef Energy Research, have 

worked on designing, implementing and deploying a Wide Area Monitoring System 
(WAMS) completely integrated with Statnett’s SCADA system in Norway. 

A model based approach that has been implemented as part of the WAMS, utilizes 
carefully selected phasor measurement unit (PMU) measurements, an autoregressive 
model and Kalman Filtering (KF) techniques for identification of the optimal model 
parameters. Subspace state-space system identification has also been used. [45] 

Two papers present the measurements and conclusions from two incidents that 
were recorded with the WAMS. [40], [41]  

At the first incident a fault in northern Sweden led to trip of generators and 
overloading of a main transmission line connecting north Sweden with Norway. This 
resulted in separation and islanding operation of a large surplus generation area in 
Mid-Norway. System frequency, as derived from different voltage phasor 
measurements, provided immediate indication of where the network was split. 
Recordings of the power flow on the Hasle corridor (two 420 kV lines from Southern 
Norway towards Sweden) indicated that a large amount of the power deficit was 
compensated by generation in Southern Norway. The recordings also show that the 
disturbance excited a 0.4 Hz inter-area power oscillation [40], [41].  

The second incident started an inter-area oscillation of 0.5 Hz for a duration of 
about two minutes. The incident could probably not have been analyzed in detail 
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without the power oscillation monitoring (POM) application of the WAMS. Power 
oscillations could be seen in the transmission corridors in northern Norway (Nedre 
Røssåga), in Hassle (between southern Norway and Sweden), and between Finland 
and Sweden.  Further the oscillation could be seen in the bus voltage angle in Nedre 
Røssåga, as well as in the active and reactive power at that location. The paper says 
that the likely explanation to this is that the  160 Mvar SVC in Nedre Røssåga is 
switching between its upper and lower limits in an unstable manner. [41] 

Finland 
The Finnish system operator (Fingrid) has also had its own WAMS project. The 

project initially focused on obtaining real-time information about the damping of 0.3 
Hz inter-area oscillations. In 2011 the Finnish WAMS consisted of 12 PMUs (phasor 
measurement units) installed and connected to a PDC (phasor data concentrator) with 
applications. The placement of the PMUs is on all 400 kV border lines, HVDC links, 
SVC, and on certain large generator units with power system stabilizers (PSS). The 
Finnish WAMS streams data also from one PMU in Norway and one in Denmark. 
[48]  

In 2006-2017 Fingrid has collaborated mainly with Aalto University School of 
Electrical Engineering to develop and analyze new methods for damping estimation 
[47], [55]. As a result a new wavelet-based real-time estimation method was 
developed and its performance thoroughly analyzed [48]. The method estimates the 
damping of inter-area oscillations under steady state (ambient) conditions. [43], [44] 
The characteristics of three data-driven methods to monitor frequency and damping 
of electromechanical oscillations in power systems during steady state conditions are 
compared in [46]: wavelet transform and random decrement, state subspace system 
identification, and spectral independent component analysis and random decrement. 
The paper also studies the validity of the assumption that the load variations in power 
systems are Gaussian distributed [46]. The use of multichannel Yule-Walker 
estimation of a multivariate autoregressive model for measurement based modal 
analysis of power systems is studied with the 39 bus New England test system in 
[50]. A wavelet based method and a method based on the multivariate autoregressive 
model are used for real time monitoring of electromechanical oscillations. 
Comparison of these two methods has been done using data from PMUs installed in 
the Finnish transmission system. The focus on the analysis was on the 0.6- 1 Hz 
oscillatory mode observed in the area of Northern Finland and Norway [52]. 

The synchrophasor measurements and wide-area controls have also in Finland 
proven highly valuable for post-disturbance analysis and model validation of system 
damping controls. A good example of added value provided by WAMS system in 
analysis of transmission network dynamics is the power oscillation damping 
verification of Kangasala SVC (KA SVC) [48]. The synchrophasor measurements 
were not only applied extensively during the commissioning of the SVC and its post-
commissioning analysis, but synchrophasor measurements are also applied as a part 
of SVC controls. Two phasor measurement units are installed as an integral part of 
the KA SVC power oscillation damping controls to provide local frequency 
measurement and positive sequence voltage signals for the POD controls. [48] 

A special application of phasor measurements has been to validate sub 
synchronous torsional frequencies at two generators near the Fenno-Skan HVDC 
converter station in southwestern Finland. The generators were refurbished between 
2010 and 2011 with an increase in rating to 1100 MW each. Refurbishing changed 
the frequencies of the torsional oscillations from 9.9 Hz and 19.5 Hz to 9.2 Hz and 



14       2. Review  

 

18.3 Hz, respectively (measured with the PMU based approach) [54]. An alternate 
method based on shaft encoder tape-based measurements gave torsional frequencies 
of 9.1 Hz and 18.2 Hz, respectively. The shaft encoder tape method required outage 
time of the generator. The PMU method only requires PMU installation, which is 
much simpler. [54]  

The WECC system 
A recent journal paper [53] analyses an event from the summer of 2013 in the 

Western US power system when synchrophasor measurement based analysis detected 
a forced oscillation at 0.38 Hz that was injected from a hydro generator.  

PMU based real-time framework for analyzing oscillatory based on the frequency 
domain decomposition algorithm (FDD) has been implemented in several North 
American utilities. During the summer season of 2013 there were several instances in 
the Western US system where such monitoring equipment estimated the damping 
level of the 0.37 Hz North-South inter-area mode to be below 3 % for several hours. 

The analysis in the paper is illustrated using data from five PMUs located widely 
across the western system. Estimation results are over two different ten minute time 
windows that are within the same one hour time period. The FDD estimation shows a 
frequency of 0.377 Hz with a damping ratio of 0.55 % for the first time window and 
a frequency of 0.382 Hz with a damping ratio of 12.20 % for the other time window. 
Mode shape estimates for the apparent power (MVA) that is based on FDD analysis 
are also presented for the two cases.   

The FDD algorithm can estimate the mode frequency, mode damping ratio, mode 
energy, and mode shape of dominant oscillatory modes using ambient PMU data. 
Due to historical issues voltage phase angles were not available, therefore apparent 
power was used instead. 

The paper [53] further shows the effectiveness of a previously proposed ambient 
oscillation monitoring method, named stochastic subspace identification method 
(SSI-cov) [51], in detecting forced oscillations and in finding their locations. The 
same PMU data as in the previous analysis is used with the new method. The results 
for the first time window shows a  forced oscillation of 0.377 Hz with 0.28 % 
damping ratio, and an inter-area oscillation of 0.396 Hz with 14.89 % damping ratio. 
The results for the second time window now show forced oscillation; there is only the 
inter-area oscillation with a frequency of 0.384 Hz and a damping ration of 14.12 %. 
SSI mode shape estimates are plotted for both the forced oscillation and the inter-area 
mode of the first time window data, and the mode shape of the inter-area mode for 
the second time window. The advantage of the SSI-cov method is that it can detect 
two different frequencies that are very close to each other. 

The paper concludes that the power plant monitored by one PMU experienced 
vortex related oscillations with a frequency around 0.37 Hz that were injected as MW 
oscillations into the western power grid. Hydro turbines with Francis turbines 
undergo vortex related mechanical turbine oscillations when units are operated in the 
rough zone. Air compressor systems are employed to keep the oscillations under 
control at low levels. [53] 

 
 

 



                                 15                          

 

3 Simple two area system 
This section with a study of a simple two area system has been included to 

familiarize the reader with the mathematics and terminology related to damping of 
power system oscillations and linear analysis. 

3.1  Analytical approach for AC system damping 
Figure 3-1 shows a two area system with parallel AC and DC ties. A similar 

concept is used in [32] to study damping with HVDC. The concept will be here 
expanded to include modulation of the bus voltages and the tie line reactance. 

 
 

 

 
 
Fig. 3-1. Two area system with parallel AC and DC tie. 

The load flow equations for the system can be written as in (3.1) and (3.2). 
 

              )sin( 21
21

~ X
EEP        (3.1) 

           
                       DCPP         (3.2) 
 

Parameters that we want to modulate for damping are: 
- DC power  
- Voltage magnitudes 1E  and 2E  
- Tie line reactance X  
 
The system has the following state variables: 
- Bus frequencies 1f  and 2f . 
- Angles of the bus voltages 1  and 2 . 
 
To simplify the calculations we can reduce the state variables to two as written in  

(3.3) and (3.4). 
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          21 fff         (3.3) 
          21         (3.4) 
 
Further the internal reactance of the generators (areas) is zero. The system 

parameters are as follows: 
 
 ..0.11 upE  
 ..0.12 upE  
 ..0.1 upX  
 rad6/  
 
 ..0.1 upSBASE  
 ..8.01 upS  (connected power in area one) 
 ..0.12 upS  (connected power in area two) 
 MVAMWsH /0.31  (intertia time constant in area one) 
 MVAMWsH /0.42  (intertia time constant in area two) 
 HzfS 50   (nominal network frequency) 
 
After partial derivation of equations (3.1) and (3.2) and use of equation (3.4), we 

obtain the linearized load flow equations for the system (3.5 and 3.6). 
 

              X
X

EEE
X
EE

X
E

X
EEP sinsinsincos 2

21
2

1
1

221
~  (3.5)  

           
                       )()()()( 1 susFsPsP DC       (3.6) 

 
E1 and E2 stand for bus voltage modulation, X for line reactance modulation, 
PDC(s) for change in DC power load, and u(s) is the DC power modulation input. 

In order to determine how the modulation of these parameters should be done to 
obtain damping in the system, we replace the four modulation parameters with 
transfer functions using the frequency difference f(s) as control input, i.e., 
 
   )()()()( 1 sfsFsPsP DC       (3.7) 

  )()()( 21 sfsFsE        (3.8) 

  )()()( 32 sfsFsE        (3.9) 

  )()()( 4 sfsFsX        (3.10)  

The equation for small bus angle variations  (s) can be written as (3.11). 
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After substitution into equation (3.5) we obtain the following: 
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           (3.12) 
 
The frequency equations for the two areas can be written as follows. 
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  )()()( 21 sfsfsf         (3.15) 
               

After substitution and rearranging we obtain the following equation for f(s). 
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We can define the inertia constant for the oscillation as HSW (3.17). For a two area 

system it is smaller than the minimum inertia constant of the two systems, related to 
the same system base (3.18). It is as well larger than half of the minimum inertia 
constant of the two systems, related to the same system base (3.18). 
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 Equation (3.12) can be rearranged as (3.20). 
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          Substituting (3.7) into (3.19) gives us (3.21). 
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          Rearranging (3.21) gives us (3.22). 
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 From (3.20) and (3.22) we get equation (3.23). 
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 Rearranging (3.23) gives us (3.24). 
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           (3.24) 
 

 
Equation 3.24 tells how the AC power load will respond to a change in DC power 

load. In the denominator we have transfer functions )(1 sF , )(2 sF , )(3 sF , and )(4 sF  
which we initially assume to be zero. We also find three of them in the numerator 
polynomial.  
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We will now write the equation for finding the roots of the denominator 
polynomial: 

 

     
cos)(sin)(sin)(sin)(

4

)(sin)(sin)(sin)(
4

2
21

2

42
21

3
1

2
2

1

2

42
21

3
1

2
2

12,1

X
EE

H
f

sF
X

EE
sF

X
E

sF
X
E

sF
H
f

sF
X

EE
sF

X
E

sF
X
E

sF
H
f

SW

S

SW

S

SW

S

           (3.25) 
 

The roots of the denominator polynomial are the eigenvalues of the system. An 
oscillatory mode is represented by a pair of complex conjugate eigenvalues 

j . To have positive damping,  needs to have a negative real part. The 
imaginary part of  is the frequency of oscillation in rad/s. 
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From equation (3.26) we notice that real positive values for )(1 sF , )(2 sF ,and )(3 sF  
improves damping.  A negative real value for )(4 sF  also improves damping. The 
oscillation frequency is affected by )(1 sF , )(2 sF , )(3 sF  and )(4 sF  as shown by equation 
(3.27). This means that a controller with frequency difference )(sf as input signal 
and positive feedback with no phase shift for P , 1E , 2E modulation, will 
improve damping. A controller with negative feedback should be used for 

X modulation. 
By giving real positive values to )(2 sF , )(3 sF  or negative to )(4 sF  we obtain a first 

degree polynomial in the denominator of transfer function (3.24). The transfer 
function will then get a left half plane zero.  

 

3.1.1 Damping
We can rewrite the equation for finding the roots as follows in (3.28).  
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Without feedback in the system, the real part of the complex conjugate roots is 
zero as written in (3.29). 
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 By taking the square of the equation we obtain the following relationship. 
  
  cos2
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We can further assign symbol 0  as the frequency of oscillation when the real part 

of the complex conjugate roots are zero. 
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We then make use of the newly derived symbol in the equation for the roots. 
 
 
 2

0
2

2,1 j       (3.32) 
 
We then again take the square of the imaginary parts of the equation. 
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  222

0         (3.34) 

 
The ratio between the real part and the absolute value of the roots can be written as 

follows. 

 
 

0
22

       (3.35) 

 
 

0
22

       (3.36)  
 
 Symbol  stands for damping ratio and is a quantity that is frequently referred to 

in literature [18]. 

 3.1.2 Feedback gain 
With help of equations (3.26) and (3.36) we can write the relationship between 

damping and feedback gain as in (3.37), (3.38), (3.39), and (3.40). 
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where 0  is obtained from (3.31) and shown in (3.41). 
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From (3.34) and (3.36) we can trace the following relationship between damping 

ratio  and oscillation frequency . 

 
  2

0 1         (3.42) 
 

By using the derived equations we can directly get the feedback gains as a function 
of the desired damping ratio. The results are shown in Table 3-1. 

 
 
     

TABLE 3-1 
Target damping of 05.0 in the AC tie line power in response to change 

in power flow on the HVDC tie.  
Feedback loop )(sFx [p.u.] 0 [rad/s] [rad/s] 

fsFPP DC )(1   0.0571 9.5231      9.5112 
fsFE )(21   0.1143 9.5231 9.5112 
fsFE )(32   0.1143 9.5231 9.5112 

fsFX )(4  -0.1143 9.5231 9.5112 
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 3.1.3 Verification in Matlab 
We assign numerical values to transfer function (3.24) and obtain (3.43). 
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           (3.43) 
 
  

We assign a value of 0.1143 to )(2 sF  and do calculations with Matlab: 
 

 
   Transfer function: 
 
       -0.9525 s - 90.69 
    ---------------------- 
    s^2 + 0.9525 s + 90.69 
 
   eigenvalues: 
 
    -0.4763 + 9.5112i 
     -0.4763 - 9.5112i 
 
   poles: 
 
   -0.4763 + 9.5112i 
     -0.4763 - 9.5112i 
 
   zero: 
 
     -95.2126 
 
       Eigenvalue                      Damping     Freq. (rad/s)   
                                                                                      0  
  -4.76e-001 + 9.51e+000i     5.00e-002      9.52e+000     
  -4.76e-001 - 9.51e+000i      5.00e-002      9.52e+000     
 
 

Figure 3-2 shows a simulated step response with Matlab Simulink. 
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Fig. 3-2. System response to a -0.1 p.u. step in DC power. Feedback fsFE )(21 with 

01143.0)(2 sF  is used, giving a damping ratio of 0.05. 
 

3.1.4 Discussion 
In this section an analytical approach has been used to study damping with a 

simple two area system with a parallel AC and HVDC tie.  By partial differentiation 
of the load flow equation for the AC line, we obtain a linearized equation for the AC 
line with modulation inputs for bus voltage 1E  and 2E , and tie line reactance X . 
The HVDC tie has two inputs, one for power changes and the other is to be used for 
power modulation. 

Analytically it has been shown how to find control transfer functions that satisfy a 
desired damping. The frequency difference between the two areas is used as input to 
all control transfer functions. The outputs of the four damping controllers are for 
modulating DC power, the voltage magnitudes in the two AC systems, and the AC tie 
line reactance. 

Finally verification in Matlab of the analytically derived transfer function was 
done. The analytically derived modal characteristics of the system agree with those 
calculated in Matlab. A step response of the transfer function was finally simulated in 
Matlab Simulink.  
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3.2   State space approach for AC system damping  
In this section a linear state space model will be set up for a simple two area 

system, and with help of linear analysis theory [17] and Matlab the dynamic 
properties of the system are analyzed (Fig. 3-3).  

 
 
 

 
Fig. 3-3. Simple two area system. 

With the system model we want to be able to do small changes to the following 
parameters from external inputs: 

- Bus loads 1P  and 2P . 
- Voltage magnitudes 1E  and 2E . 
- Tie line reactance X . 
 
The state variables are the following: 
- Rotational speeds 1  and 2 . 
- Angles of the bus voltages 1  and 2 . 
 
Further the internal reactance of the generators (areas) is zero. The system 

parameters are as follows: 
 
 ..0.11 upE  
 ..0.12 upE  
 ..0.1 upX  
 rad6/  
 
 ..0.1 upSBASE  
 ..8.01 upS  (connected power in area one) 
 ..0.12 upS  (connected power in area two) 
 MVAMWsH /0.31  (intertia time constant in area one) 
 MVAMWsH /0.42  (intertia time constant in area two) 
 sradS /502   (nominal network frequency) 
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3.2.1 Linearization 
 

The load flow equation for the system can be written as (3.44). 
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After partial derivation of the equation above we obtain the linearized load flow 

equation for the system as in (3.45). 
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The linear equations for the angular frequencies of the two areas can be written as 

follows (3.46) to (3.49), where )(1 sPm  and )(2 sPm  stands for change in generator 
turbine power. 
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The bus voltage angles are defined as follows: 
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  )()()( 21 sss        (3.52) 

 

3.2.2 System matrices 
Let us now build the matrices for our system. 
 

   uBxAx        (3.53) 

   uDxCy        (3.54) 

 
We define the input vector u , state vector x and output vector y  according to 

the following: 
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Now when we have defined the input, output and state vectors, we are ready to 
define the state matrix (3.57), control input matrix (3.58), output matrix (3.59) and 
feed forward matrix (3.60). 
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3.2.3 Analysis in Matlab 
For analyses in Matlab we need to assign numerical values for the parameters. For 

simplicity per unit values have been used as defined in section 3.2. Matlab then gives 
us the following numerical system matrices. 

 

   uBxAx          

  uDxCy         
 
 

         

001.34001.34
1000
068.56068.56
0010

A       (3.61) 
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D       (3.64) 

 
  
  

We then convert the state space system into modal form using Matlab: 
  

  uBzz 1                     (3.65)  
                   
               uDzCy        (3.66) 
 

 
Eigenvalue matrix: 
 

         

0000
00.0000-00
009.5231i - 0.0000-0
000 9.5231i  0.0000-

   (3.67) 

 
 

The diagonal elements of are the eigenvalues. Two eigenvalues are a complex 
conjugate pair with zero real parts. This means an oscillatory mode with zero 
damping. The imaginary part is the oscillation frequency in rad/s. The two other 
eigenvalues are zero.  
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Right eigenvector matrix: 
 

          

0.0000-0.0000-0.0000i  0.5117-0.0000i - 0.5117-
0.70710.70710.0537i - 0.0000-   0.0537i  0.0000-
0.00000.00000.85280.8528
0.70710.70710.0896i  0.0000-0.0896i - 0.0000-

 (3.68) 

 
 

There is one eigenvector associated with each eigenvalue. The eigenvectors are the 
column vectors of the -matrix. They give information of how each state is 
participating in the oscillation modes (magnitude and angle).  

 
 

Left eigenvector matrix: 
 

          

0.0000i - 0.00000.0000i  0.44190.0000i - 0.0000-0.0000i - 0.2652
0.0000i - 0.00000.0000i  0.44190.0000i - 0.0000-0.0000i - 0.2652
0.0000i - 0.2587- 3.4896i  0.00000.0000i - 0.43113.4896i - 0.0000-
0.0000i  0.2587-3.4896i - 0.0000-0.0000i - 0.43113.4896i  0.0000

1 (3.69) 

 
 
 

Controllability matrix: 
         

 

-

0.0000i - 0.0000-     0.0000i  0.0000      0.0000i  0.0000     0.0000i  0.0000-   0.0000i  0.0000   

0.0000i - 0.0000-     0.0000i  0.0000      0.0000i  0.0000     0.0000i  0.0000-   0.0000i  0.0000   

0.0000i  19.1867    0.0000i - 19.1867-   0.0000i - 19.1867-  0.0000i  10.1576   0.0000i - 28.2157- 

0.0000i - 19.1867   0.0000i  19.1867-  0.0000i 19.1867-   0.0000i - 10.1576   0.0000i  28.2157

1B

           (3.70) 
 
 

The first two rows of the controllability matrix are related to the oscillatory mode. 
They tell that inputs 1P , 2P , 1E , 2E , and X can all be used to control this 
mode. 1P  is the most efficient, followed by 1E , 2E , X ,  and 2P   as the last 
one. 
 
Observability matrix: 
 

          

0.00000.00000.1241i  0.00000.1241i - 0.0000
0.0000-0.0000-0.0000i  0.5117-0.0000i - 0.5117-
0.70710.70710.0537i - 0.0000-0.0537i  0.0000-

000.85280.8528
0.70710.70710.0896i  0.0000-0.0896i - 0.0000-

C   (3.71) 
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The first two columns of the observability matrix are related to the oscillatory 
mode. They give information on how the oscillation is observable in the outputs 
( out_1 , out_1 , out_2 , out_2 , and ~P ).  

 

        3.2.4 Adding feedback for damping 
 

The observability matrix C  (3.71) tells that the oscillatory mode has good 
observability in the out_1 and out_2  signals. The phase of out_1  is in phase with 
the oscillation and out_2  is in opposite phase to the oscillation. Therefore the 
difference between these two signals would be in phase with the oscillation and be a 
good input candidate to our damping controller. 

The third element in the first row of the controllability matrix B1  (3.70) is for 
the 1E input. The value is  negative real (  0.0000i - 19.1867- ). Then our damping 
controller should have a positive scalar feedback with 1E  as input in order to add 
damping to the system.  

We can build this feedback into the state and output matrices as follows: 
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           (3.72) 
 

              

X
KE

X
EE

X
KE

X
EE )1(sincos1sincos

0100
0010
0001

221221

C   (3.73) 

 
 

Numerical values for the system matrices calculated with a feedback gain of 
02.01K  are shown in A  (3.74) and C  (3.75). The value of feedback gain K1 has 

been chosen to obtain a damping ratio  of about 0.05 as calculated from the 
complex conjugate eigenvalue pair of eigenvalue matrix  (3.76). 

 
 

         

0.39-01.340.3901.34
0000

0.6568.560.65-68.56
0010

A      (3.74) 
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010.0866.0010.0866.0
1000

100
0010
0001

C      (3.75) 

 

         

0.0000-000
0000
009.5087i - 0.5236-0
0009.5087i  0.5236-

 (3.76) 

 
  9.5087i  0.52362,1 j  
 

  055.0
22

  

 
The new damping ratio  is 0.055. 
 
 
3.2.5 Adding feedback for speed control 

Two of the eigenvalues for the system are zero. Adding  turbine governors on the 
generators - as symbolized with parameter 2K  in two of the elements of state matrix 
A  - will change one of the zero eigenvalues. The turbine governors use )2(1  as 
input variable and )2(1mP  as output variable (See equations 3.46 and 3.77). 
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With 2K  set to 0.5 one of the zero eigenvalues goes to real negative value. 
 

         

0.5000-000
00.0000-00
009.4917i - 0.7736-0
0009.4917i  0.7736-

 (3.78) 
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  9.4917i  0.77362,1 j  
 
  0.0000- 3 j   
 
  0.5000- 4 j  
 

  081.0
22

 

3.2.6 Adding feedback to compensate for time lag 

One of the eigenvalues is still zero. We can add a feedback from one of the bus 
voltage angles to the rotational speed control of the generator in one of the systems as 
symbolized with parameter 3K  in matrix A . The controller input variable is 1  and 
the output variable is mP1  (See equations 3.50 and 3.79). 
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With 3K  set to 0.05 the last of the zero eigenvalues goes to real negative value. 
 

 

         

0.4592-000
00.0408-00
009.4933i - 0.7736-0
0009.4933i  0.7736-

 (3.80) 

 
 
  9.4933i  0.77362,1 j  
 
  0.0408- 3 j  
 
  0.4592- 4 j  
 

  081.0
22

 

Fig. 3-4. shows the step response to a simultaneous steps of opposite sings in 1P  and  
2P .  
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Fig. 3-4. System response to -0.1 p.u. step in P1 power and +0.1 p.u. step in P2 power. The damping 
ratio is 0.081. 

3.2.7  Discussion 
 

In this section the modal analysis tools of Matlab have been used to study the 
properties of our simple two area system model. The eigenvalues initially showed an 
undamped oscillatory mode from a pair of complex conjugate eigenvalues. Two 
eignevalues were zero. We further calculated the controllability and observability 
matrices for the system. 

The analysis showed that the inputs 1P , 2P , 1E , 2E , and X can all be used 
to control the oscillatory mode.   

We further used the modal analysis tool to determine how to design feedback 
loops to add damping, speed control, and time lag compensation to our system. A step 
response test with the system was finally done in Matlab Simulink.  
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4 The Nordic network model 

The network model that has been used is Fingrid’s transmission system model for 
the Nordic system from the beginning of the 2000s, consisting of the networks in 
Finland, Sweden, Norway, and Sjælland (Eastern parts of Denmark). The model has 
1282 generators, 4780 AC buses and 5730 AC branches. In addition there are also 
high voltage direct current (HVDC) links and static var compensators (SVC). The 
generators are provided with excitation systems, some of them also with turbine 
governors and power system stabilizers. The original data for this model is in PSS/E 
format to be used with load flow and transient stability studies. 

An important part in the research project has been to introduce the program system 
PacDyn [15] for small signal stability analysis with Fingrid’s full scale network 
model. PacDyn provides efficient methods for stability assessment and control 
design, which can be used in addition to traditional simulation studies using PSS/E 
[14]. 

Section 4.1 describes briefly the data preparation that was required in order to use 
the PSS/E data for analysis with PacDyn. 

We have used two study cases from Fingrid, one with winter load and the other 
with light summer load as described in section 4.2. 

4.1   Data preparation 
For PacDyn simulations it is possible to use network and dynamic declarations in 

PSS/E format. However, there are certain limitations and restrictions, which require 
modifications both to network data and dynamic data. With the network data, 
limitations have been reached for the numbers of generators and phase-shifting 
transformers (e.g. Y/D-transformers). There are 1282 generators and 523 phase-
shifting transformers in the original PSS/E model. The numbers of generators and 
phase-shifting transformers in PacDyn were limited to 1200 and 500, respectively. 

PacDyn recognizes the majority of the dynamic declarations in PSS/E format. 
Dynamic models in PSS/E format, that PacDyn do not recognize, have had to be 
replaced with other models. Certain models have just been removed. These are 
supplementary signals for static var compensators, frequency dependent load models, 
and current compounding models for voltage regulators. All HVDC models have 
been replaced with constant power loads.  

To overcome the limitation on the number of generators, all off-line generator 
models have been removed from the network data declarations. The dynamic data for 
these generators have been removed from the dynamic data declarations. To 
overcome the limitation for the number of phase-shifters, some of the Y/D-connected 
generator transformers have been replaced with Y/Y-connected transformers. All 
isolated buses and isolated branches have also been removed. 

Table 4-1 lists the dynamic models used in the original dynamic declarations in 
PSS/E format. Table 4-2 lists the dynamic models after the changes for PacDyn 
simulations. 
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TABLE 4-1. ORIGINAL PSS/E MODEL 
 
ORIGINAL  DYNAMIC DECLARATIONS IN PSS/E-FORMAT 

NORDISK BALANS 2005, FINLAND LAST JAN 1999, NÄTET 2000+ 
UPPDATERAT 5.2.2001 MIKOS 

SUMMARY OF MODELS READ: 

GENS:  GENROU  GENSAL  GENCLS  CSVGN5  CIMTR3 
        323     823     56      12      56 

COMPS: COMP 
        407 

STABS: STAB1  STAB2A STAB3  STABNI IEEEST STBSVC 
          3      51     12     106    15     6 

EXSYS: IEEET2 SCRX   SEXS   EXNEBB EXNI   EXAC2  EXST1  BBSEX1 IVOEX  ESAC1A 
          2      358    518    124    45     2      9      10     1      10 

GOVS:  TGOV1  TGOV2  HYGOV  BBGOV1 
          4      1      785    11 

LOADS: LDFRAR 
         74 

MISC:  CDC4   CDC6   CDCAB1 SYSANG RELANG NETFRQ VSCAN  RELAY1 OSSCAN USRMDL 
          4      2      1      1      1      1      1      1      1      65 
 

 
TABLE 4-2. MODIFIED PSS/E MODEL FOR PACDYN IMPLEMENTATION 

MODIFIED DYNAMIC DECLARATIONS FOR PACDYN SIMULATIONS 

NORDISK BALANS 2005, FINLAND LAST JAN 1999, NÄTET 2000+ 
UPPDATERAT 5.2.2001 MIKOS 

SUMMARY OF MODELS READ: 
 
GENS:  GENROU GENSAL GENCLS CSVGN5 
        211    797    111    11 

STABS: STAB2A STABNI IEEEST 
        51     104    20 

EXSYS: IEEET2 SCRX   SEXS   EXNEBB EXNI   EXST1  BBSEX1 
        11     328    486    121    42     11     6 

GOVS:  TGOV1  HYGOV  BBGOV1 
        2      760    4 
 

 

 4.1.1 Example on dynamic model replacement procedure 

For the PacDyn analysis the EXAC2 excitation system model was replaced with 
the IEEE type ST1 excitation system EXST1. This replacement was done at the 
Olkiluoto OLG1 and OLG2 generators (the largest nuclear power units in Finland). 
The frequency scanning technique that was developed for the PSS/E was used to 
compare the response of the two models and in such way determine the pattern of 
parameter replacement from one model to the other.  The data for this particular 
dynamic model was set according to Table 4-3. 
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Fig. 4-1 shows the frequency response of the original 21606 EXAC2 1 excitation 
system at generator OLG1. Figure 4-2 shows the frequency response of the 
replacement 21606 EXST1 1 excitation system at generator OLG1. 

 
 

TABLE 4-3. REPLACEMENT OF EXAC2 WITH EXST1. 

IBUS,’EXAC2’,I,TR,TB,TC,KA,TA,VAMAX,VAMIN,KB,VRMAX,VRMIN,TE, KL, KH, 
KF,TF, KC, KD,   KE,VLR,E1,E1,S(E1),E2,S(E2)/ 
IBUS  ’EXAC2’  I   h(1)   h(2)   h(3)   h(4)   h(5)   h(6)   h(7)   h(8)   h(9)   h(10)   
h(11)   h(12)   h(13)    h(14)   h(15)   h(16)   h(17)   h(18)   h(19)   h(20)   h(21)   
h(22)   h(23) 
 IBUS,’EXST1’,I,TR,VIMAX,VIMIN,TC,TB,KA,TA,VRMAX,VRMIN,KC,KF,TF/ 
 IBUS  ’EXST1’  I   h(1)   h(6)   h(7)   0.    0.    h(4)   h(5)*100.   h(9)   h(10)   0.   0.15   3. 
 

 

Fig. 4-1. Frequency response of the original  EXAC2  excitation system at Olkiluoto.

___ magnitude 
- - - phase angle 
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Fig. 4-2.  Frequency response of the replacement  EXST1 excitation system at Olkiluoto. 

 
 

 4.1.2 Verification with time domain simulations 
To verify how all the model changes have affected the dynamics of the power 

system model, the power response of the Olkiluoto OLG1 generator and Forsmark 1G 
generator together with the power response in the Svartby-Keminmaa 400 kV line 
(Finland-Sweden interconnection) was monitored at switching of power lines in 
Finland and Sweden. Figures 4-3 and 4-4 show the power response with the winter 
load case. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

___ magnitude 
- - - phase angle 
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Figure 4-3. Power swings at disconnection of the SJ4-AJ4 400 kV line in Finland. The power 
responses marked as modified are with modeling used for PacDyn simulations. The vertical axis 
represents the scaling and offset of the plotted signals. Forsmark 1G power is plotted with 2.5 MW/div 
and 950 MW offset, Olkiluoto OLG1 power with 10 MW/div and 800 MW offset, and Svartby-
Keminmaa power with 20 MW/div and -320 MW offset. The time scaling on the horizontal axis is  
2.0 s/div.  
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Figure 4-4. Power swings at disconnection of the STRÖMM.4-HORREDP4 400 kV line in southern 
Sweden. The power responses marked as modified are with modeling used for PacDyn simulations. 
The vertical axis represents the scaling and offset of the plotted signals. Forsmark 1G power is plotted 
with 2.5 MW/div and 950 MW offset, Olkiluoto OLG1 power with 10 MW/div and 800 MW offset, 
and Svartby-Keminmaa power with 20 MW/div and -320 MW offset. The time scaling on the 
horizontal axis is 2.0 s/div.  
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4.2  Load cases 

Winter load 
This represents a high winter load case from the early 2000s. The total load in 

Finland is 12200 MW. In such conditions there is normally moderate exchange of 
power between the countries. In this load flow case there is 338 MW export to 
Sweden on the AC lines and 150 MW import on the FennoSkan DC transmission. 
The import from Russia is 1280 MW. The number of on-line generators modeled is 
1119. See Table 4-4. 

Summer load 
This represents a summer load case from the early 2000s, with high export of 

power from Finland to Sweden. The total load in Finland is 7266 MW. The net export 
from Finland to Sweden is more than 1800 MW (1176 MW export on the AC lines 
and 550 MW export on the FennoSkan DC transmission). The import from Russia is 
1310 MW. The number of on-line generators modeled is 784. See Table 4-4. 

 
 
 

TABLE 4-4,  2003 IEEE                                                                                                
LOAD FLOW SUMMARIES FOR WINTER AND SUMMER LOAD CASES 

 Winter load Summer load 
No. of (on-line) generators 
modeled: 1119 784 

No. of AC buses: 4780 4780 
No. of AC branches: 5730 5730 
   
Finland:   
Total generation: 11369 MW 7889 MW 
Total load: 12211 MW 7267 MW 
Power exchange:   
- To Sweden (AC-lines) 338 MW 1176 MW 
- To Sweden (DC-link) -150 MW 550 MW 
- From Russia 1283 MW 1310 MW 
Sweden:   
Total generation: 26818 MW 15368 MW 
Total load: 25559 MW 14980 MW 
Norway:   
Total generation: 20922 MW 13591 MW 
Total load: 20776 MW 12662 MW 
Eastern Denmark:   
Total generation: 2965 MW 2124 MW 
Total load: 2901 MW 2031 MW 
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5  Observability of inter-area oscillations 

5.1   Introduction 
Power oscillations between different areas of an AC interconnected power system 

are often referred to as inter-area oscillations. During inter-area oscillations the 
rotating masses of generators in one area of the system oscillate against the rotating 
masses of generators in other areas. At the power plants these oscillations are best 
observed in the rotational speed and terminal power of the generators, but they are 
also observable in many other measurement quantities of a generator, i.e. frequency, 
generator voltage, reactive power and excitation current. The frequency of these inter-
area oscillations is normally between 0.2…0.7 Hz. In the transmission network, the 
oscillations are best observed in the active power flow, but they are also observable in 
the bus voltage and bus frequency. At the lowest inter-area oscillation mode of a 
power system, the generators oscillate in two groups against each other. With the 
higher oscillation modes, there are more and smaller groups of generators involved. 
The oscillation patterns of certain modes, which are treated as vectors indicating both 
amplitudes and phase angles of selected measurement variables in the system, are 
often referred to as Mode shapes [3]. 

5.2 Methods 
To be able to assess the observability (Mode shapes) of the inter-area modes with a 

non-linear system model, we have to excite the modes by some means. A disturbance 
of proper time duration, such as opening and closing a parallel line path 
interconnecting two areas, will excite several modes at the same time. Modal analysis 
software can be used to study the magnitudes and phase angles of each inter-area 
mode in quantities such as generator terminal power and shaft speed at different 
locations in the system. Sinusoidal stimuli at the frequencies of the inter-area modes 
is another way to excite the inter-area modes, e.g., as a supplementary signal to the 
voltage reference at a large generator.  

An open and closing procedure of a parallel heavily loaded line in an 
interconnection between two large areas such as Finland and Sweden for about half a 
cycle of the inter-area mode will excite the inter-area modes. An example on how to 
study the inter-area power response in the power on generators is as follows: The 
power response of large generators in different areas of the system should be recorded 
for about six oscillation cycles of the inter-area mode with the lowest frequency, 
which corresponds to about 18 s. The time window for the modal analysis should start 
a few cycles into the simulation so that the non-linear components in the power 
responses have had enough time to damp out. The integrated plotting package 
(PSSPLT) with the PSS/E software has two modal decomposition methods, a Prony 
based method [31], [38] and one that is based on recursive least square 
approximations. Results are obtained in terms of complex eigenvalues and associated 
eigenvector elements. Comparison of eigenvector elements for a certain mode and 
measurement quantity from different locations in the system, allows construction of 
their associated Mode shapes.  Table 5-1 shows the results from modal decomposition 
of the terminal power of a large generator (Olkiluoto, Finland) and the corresponding 
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equation is shown in (5.1) [20]. There are two dominant oscillation frequencies, at 
0.36 Hz and 0.58 Hz, respectively. They are the two inter-area oscillation modes of 
the Nordic system that we will refer to throughout this thesis. The eigenvector 
magnitudes are scaled on the 100 MW system base of the network model. The first 
component means a steady state power level of the generator at 855 MW. The modal 
decomposition of the power response into the two low frequency modal components 
is shown graphically in Fig. 5-1.  

 
 jj
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j
j

t

i
i tebeaty ji cos)(              (5.1) 

where: 
  y(t)  is the generator power response 

  i is eigenvalue of the non-oscillatory component i

  ia   is the magnitude of the non-oscillatory component i

  j is the real part of the eigenvalue related to modal component j

  j  is the imaginary part of the eigenvalue related to modal component j

  jb   is the eigenvector magnitude related to modal component j 

  j  is the eigenvector phase angle related to modal component j 
  

                                                     TABLE 5-1 

RESULTS FROM MODAL DECOMPOSITION OF THE TERMINAL POWER OF A LARGE GENERATOR 

(OLKILUOTO, FINLAND) WITH PSSE MODAL ANALYSIS SOFTWARE 

CHANNEL:  CHNL# 28: [POWR 21606 [OLG1    20.000] [1 ]] 
TIME:  11.5002  - 18.6999  SEC. 

                     MODAL  COMPONENTS 
 --------------------------------------------------------------------------------- 
 COMP.           EIGENVALUE                    EIGENVECTOR 
  NO [i]   REAL [ai]   IMAGINARY [ i] MAGNITUDE[ai]   ANGLE[ i]           REMARKS 
 --------------------------------------------------------------------------------- 
   1      0.279144E-06       --         8.5506           -- 
   2     -0.173326        2.23373      0.14910           4.28   FREQ.:   0.356 HZ. 
   3     -0.152138        3.66815      0.50399E-01     -13.66   FREQ.:   0.584 HZ. 
   4     -0.546761        5.20205      0.18250E-01     173.36   FREQ.:   0.828 HZ. 
   5     -0.766905           --       -0.27309E-02       --     TCNST:   1.304 SC. 
   6      -3.19114        9.57094      0.29528E-02      37.29   FREQ.:   1.523 HZ. 
   7      0.130899E-01    6.77935      0.48967E-03      21.80   FREQ.:   1.079 HZ. 
   8     -0.556117        10.3698      0.44969E-03    -134.84   FREQ.:   1.650 HZ. 
   9     -0.138894        13.2199      0.54207E-04    -179.65   FREQ.:   2.104 HZ. 
  10       1.43099        14.5498      0.41519E-08    -162.38   FREQ.:   2.316 HZ. 

 PERC. ERROR:  0.1375 
 SIGNAL/NOISE:   56.77 
 METHODS:  EIGENVALUE - LEAST SQUARE,  EIGENVECTOR - LEAST SQUARE 
 ORDER:  35 
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 Power response  

 0.36 Hz modal component 

 0.58 Hz modal component 

 0.36 Hz + 0.58 Hz modal components 

 
Fig. 5-1. The power response and its modal decomposition into two low frequency modal components 
for a large generator in Finland. The vertical axis represents the scaling and offset of the plotted 
signals on a 100 MVA base. The trace named ‘Power response’ is plotted with 25 MW/div and 650 
MW offset. The 0.36 Hz and 0.58 Hz modal components as well as the sum of the two components are 
plotted with 25 MW/div. The time scaling on the horizontal axis is 720 ms/div.  
 
 

Similar modal decompositions of other measurement quantities such us generator 
speed, bus frequencies, and bus voltage magnitudes can be done in order to allow 
construction of their mode shapes. In the results section there are mode shapes 
constructed for generator power, power system loads, power system losses, generator 
mechanical power, and power flow. The results are based on the summer load case. 

5.3 Results 

          5.3.1   Generator terminal active power 
An opening and closing procedure of one of the parallel 400 kV AC tie lines 

between Finland-Sweden was used to activate the inter-area oscillations in time 
domain simulations with the PSS/E network model. The active power of generators 
with a load flow output larger than 50 MW was recorded. The PSS/E modal analysis 
software program was used to analyze the modal content in the measurement data.  

The modal data from the PSS/E modal analysis program is defined on a 100 MVA 
system base. If the generator active power mode shapes where interpreted on the 
common system base, the large generators in the system would show high mode 
shape magnitudes. If on the other hand the generator mode shape data is scaled with 
the MVA base of the generators, the mode shape will tell how the generators in 
different areas as groups participate in the oscillations. The generator with the largest 
mode shape vector (eigenvector element) for the generator terminal active power in 
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each area has been selected and the vector normalized to the generator MVA base. 
The resulting normalized mode shape vectors have thereafter been plotted on a map 
of the countries that belong to the Nordic system. The alignment of the maps is -90 
degrees (straight down) for the large eigenvector components in Finland (Fig. 5-2).  

For a system model with 1000 generators, there is an eigenvector with thousands 
of elements for each inter-area oscillation mode. When we refer to mode shapes we 
mean a small selected fraction of the eigenvector elements. Mode shapes are thus a 
measure of how the different modes are observed in selected state or measurement 
variables of the system. 
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Fig. 5-2. Mode shapes for the generator terminal active power normalized to the generator MVA base 
for the 0.36 Hz (left) and 0.58 Hz (right) modes. Summer load case. 

 The 0.36 Hz mode 

The generators in Finland oscillate against the generators in central and southern 
Sweden and southern Norway. The average angle between the mode shape vectors in 
the two areas is about 135 degrees. Finland has the largest normalized mode shape 
vectors for generator terminal active power for the 0.36 Hz mode. The single largest 
mode shape vector is for the North-West Power Plant (NWPP) located near Saint 
Petersburg, which can be synchronously connected to the Nordic system with a radial 
line. This is a 450 MW combined cycle plant connected to the Finnish grid by a 400 
kV AC intertie. (Fig. 5-2). 
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            The 0.58 Hz mode 

The generators in southern Norway and southern Finland oscillate in phase against 
the generators in Denmark, Sweden and the northern parts of Norway and Finland. 
One of the oscillation nodes, where the generators are not participating in the active 
power oscillations, is in central Finland and the other node is in the area 
interconnecting southern Norway with Sweden. Sweden, southern Norway and a 
synchronous condenser at Sjælland in Denmark has the largest normalized mode 
shape vectors for generator terminal active power for the 0.58 Hz mode. (Fig. 5-2). 

 

5.3.2  Bus loads 
A modal decomposition of the active power load variation (bus load) in each area 

(or zone) has been done. The mode shape vectors have been normalized to the steady 
state active power load in each area. The resulting mode shape vectors have thereafter 
been plotted with generator polarity on the maps in Fig. 5-3. 
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Fig. 5-3. Mode shapes for the active power load variation (bus load) normalized to the steady state 
active power load in each area for the 0.36 Hz (left) and 0.58 Hz (right) modes. Summer load case. 
 

           The 0.36 Hz mode 
The load variation goes like a traveling wave through the whole system. When 

starting in southern Finland the mode shape vector angles increase and reach their 
largest difference to Finland in Denmark and southern Norway. The difference is 
about 135 degrees or 3/8 of the wave length for the 0.36 Hz mode. The mode shape 
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vectors of the loads have been plotted with generator power polarity because a 
decrease in the active power of a bus load has the same effect on the active power 
flow as a generator increasing its active power output. A comparison of the mode 
shape vectors of Figs. 5-2 and 5-3 reveals that the active power load variations in 
Finland plotted with generator polarity are approximately in phase with the generator 
active power variations. This means that the load variation in Finland is magnifying 
the effect of the generator power oscillations at 0.36 Hz. On the contrary in southern 
Sweden and Denmark the corresponding load variations are in opposite phase to the 
generator power variations. This means that the generator power oscillations in this 
area are partly consumed by the local loads. In Norway the phase shift between the 
mode shape vectors of generation and load variations is about 90 degrees. (Figs. 5-2 
and 5-3). 

           The 0.58 Hz mode 
The load variations are more complex for the 0.58 Hz mode, but for Finland the 

normalized mode shape vectors for the load variation have the same directions with 
only little variation in magnitudes. The load variations in southern Sweden are in 
opposite phase to the load variations in Finland. In the south of Finland and south of 
Sweden the active power load variations plotted with generator polarity are almost in 
phase with the generator active power variations, and in these areas the load 
variations are therefore magnifying the effect of the generator power oscillations. 
(Figs. 5-2 and 5-3). 
 
5.3.3  Power system losses 

A modal decomposition of the active power losses in the transmission system has 
also been done. The mode shape vectors have been normalized to the steady state 
active power losses in each area and afterwards scaled with a common factor. The 
scaling factor has been chosen so that the length of the plotted eigenvectors for the 
losses in the north corresponds to the lengths of the eigenvectors for the load 
variation. The resulting mode shape vectors for the transmission system losses have 
also been plotted with generator polarity on maps (Fig. 5-4). 
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Fig. 5-4. Mode shapes for the transmission losses normalized to the steady state transmission losses  
for the 0.36 Hz (left) and 0.58 Hz (right) modes. The small dots in the picture indicate negligible effect 
on losses. Summer load case. 
 

           The 0.36 Hz mode 
The normalized transmission losses for the 0.36 Hz mode are high in Finland and 

northern Sweden. They are in opposite phase to load variations in the same area, and 
are thus counteracting each other. (Figs. 5-3 and 5-4). 

           The 0.58 Hz mode 
For the 0.58 Hz mode the normalized transmission losses are highest in Finland 

and in a few areas in southwestern parts of Norway and Sweden. In Finland the load 
and loss variations are also of opposite phase and counteracting each other. (Figs. 5-3 
and 5-4). 

         5.3.4 Generator mechanical power 

The hydro generators of the network model for Sweden and Norway are provided 
with turbine governors. The turbine governor models measure the shaft speed of the 
generator and change the mechanical power of the generator based on speed deviation 
from the nominal speed. The generator with the largest mode shape vector for the 
generator mechanical power in each area has been selected and the vector normalized 
to the generator MVA base. The resulting normalized mode shape vectors have been 
plotted with three times magnification on maps of the Nordic system. 
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Fig. 5-5. Mode shapes for the generator mechanical power normalized to the generator MVA base for 
the 0.36 Hz (left) and 0.58 Hz (right) modes. Summer load case. 
 

          The 0.36 Hz mode 
Hydro governors in Norway participate strongest in the oscillations, followed by 

the hydro generators in Sweden. The maps also tell that there are no hydro governors 
modeled in Denmark, southern Sweden and southern Finland. There are mainly steam 
power plants operated by coal, natural gas and nuclear power in these areas, and they 
operate at constant power during the oscillations. (Fig. 5-5). The generator 
mechanical power lags the generator terminal power with approximately 225 degrees 
for the 0.36 Hz mode (compare the vectors of Fig. 5-5 with Fig. 5-2). The variation in 
generator mechanical power is however small in comparison to the variation in the 
generator terminal active power, which is important for the stability of the 0.36 Hz 
mode.  

The 0.58 Hz mode 
The hydro governors in Norway participate strongest in the oscillations (Fig. 5-5). 

The generator mechanical power lags the generator terminal power with 
approximately 270 degrees for the 0.58 Hz mode (compare the vectors of Fig. 5-5 
with Fig. 5-2). The variation in generator mechanical is however small in comparison 
to the generator terminal active power, which is important for the stability of the 0.58 
Hz mode. 
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5.3.5 Power flow variation 
 The power flow variations in the power lines of different areas (zones) in Finland, 
Norway and Denmark and in some major line sections in Sweden have been 
computed for the 220 kV, 330 kV, and 400 kV voltage levels. The vectors of the total 
flow variation through different areas or sections have been plotted for the 0.36 Hz 
mode (Fig. 5-6). 
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Fig. 5-6. Power flow variation for the 0.36 Hz mode. Summer load case. 
 

The power flow variations are smallest in the far ends of the system and groves 
along the route to the middle of the system. This is what should be expected for the 
0.36 Hz mode, because of only two areas for the oscillation, as shown in Fig. 5-2. The 
circled vector refers to the Finland-Sweden AC tie power flow and will be used as a 
reference in our controllability computations in the following sections.

5.4   Discussion 
In this section we have shown how to study the observability of inter-area 

oscillations with time domain simulations with the PSS/E program. The mode shapes 
of generator active power, power system loads, power system losses, generator 
mechanical power, and power flow have been plotted on maps of the Nordic system.  
The Matlab program [23] was used for graphical display of the results. 

By displaying the mode shape vectors on maps, we obtain another dimension into 
the presentation of the results. We can for example determine directly from the maps 
where the nodes and maxima of the inter-area oscillation modes are geographically 
located. It further makes it easier to relate mode shape vectors of different 
measurement variables to each other. 
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An advantage of the methodology is that it combines standard software routines of 
the PSS/E and Matlab for simulation and presentation of the results. Another 
advantage is that the standard network modeling can be used, without any 
replacement of dynamic or user defined models.  
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6  Controllability of inter-area oscillations  

6.1  Introduction 
Any device, e.g. a generator, motor, load or compensator connected to an AC bus 

can be thought of as linked to the AC system through active and reactive power 
flows.  Often these flows are not constant, but change as a consequence of changes to 
the magnitude and phase angle of the bus voltage. The active and reactive power flow 
change is also affected by controls on the device itself. This is the case with turbine 
governors and excitation systems on generators, load changes on motors as well as 
controlled compensators. As was analytically shown in section 3.1, inter-area 
oscillations in a simple two-area system can be damped with bus voltage modulation 
if the modulation is in phase with the frequency difference between the two areas. It 
was also shown that damping can as well be achieved with series reactance 
modulation if the modulation is in opposite phase to the frequency difference between 
the two areas. The power flow of an HVDC link in a simple two-area system should 
be modulated in phase with the frequency difference to achieve damping in the 
parallel AC system.  

In this section we verify how effective reactive power modulation and active 
power modulation are on damping at different locations around the whole Nordic 
system using a method that was developed by the author of this thesis and has been 
given the name ‘long-distance frequency response method’. 

6.2   Long-distance frequency response method  
Reactive power or active power of constant amplitude and a varying frequency 

from 1 rad/s to 10 rad/s  is injected at the largest 400 kV buses in different areas of 
the Nordic network model. The power response is measured in a heavily loaded tie 
line between two areas, e.g. a 400 kV line between Finland and Sweden (Fig. 6-1). 
The magnitude and phase angle of the response is recorded for each modulation, and 
later the magnitudes and phase angles of the responses at the inter-area oscillation 
frequencies are read and plotted as vectors on maps of the Nordic countries. These 
long-distance frequency responses are a way of assessing the controllability of the 
inter-area modes. The relationship between the mode controllability factors and the 
frequency responses of a certain transfer function can be expressed with the following 
(See also [10]):  
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where 

 )( jhijH   frequency response of the transfer function; 
 

 )( jhQ   reactive power modulation at bus h; 
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 )( jijP   active power variation in the line identified with indexes i and j; 

 k   eigenvalue of mode k; 
 khijR ,   transfer function residue of mode k;  

 hijD   direct term of the transfer function; 

 khb ,   mode controllability factor of mode k;
 kijc ,   mode observability factor of mode k; 
   angular frequency of the modulation. 
 

If the selected inputs and outputs of the transfer functions are far from each other, 
mainly the inter-area modes will contribute to the responses. A modulation frequency 
that matches the imaginary part of an eigenvalue will be seen as a high magnitude in 
the frequency response. At a resonance frequency, the contributions from the other 
eigenvalues and residues are relatively small. The responses without the contributions 
from the other residues and eigenvalues can therefore be written as bh,k  cij,k/Re{- k}, 
where controllability factor bh,k is the only factor that changes from one computation 
to the other. Therefore an approximation of the relative variation in the  
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Fig. 6-1. Frequency response of the transfer function with reactive power injection at the Alajärvi 400 
kV bus as input and the active power response in one of the 400 kV power lines between Finland and 
Sweden as output. 
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controllability factor magnitudes can be read from the long-distance frequency 
responses when using reactive power or active power modulation at different buses  
as input to the transfer functions. Verification of the similarities between long-
distance frequency responses, controllability factors, and damping computations with 
linear feedback over long distances has been done using linear analysis in sections 13 
and 15.

6.3   Linear feedback over long distances 
Let us use equations for linear feedback and the block diagram in Figure 6-2 to 

determine the angle of control to achieve best damping. 
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where 

 )( ju    modulation input; 
 )( jy   output; 
 )( jhijH   system transfer function; 

 )( jK   feedback transfer function; 
 
 

 
  

 

 

 

Fig. 6-2. Block diagram with system transfer function and feedback transfer function. 
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For one of the inter-area oscillation modes we can rewrite equation (6.3) according 
to the following: 
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where 

 
 )( jhijH   system transfer function; 

 )(
k

jK  feedback transfer function; 

 khijR ,   transfer function residue of mode k; 

 k   eigenvalue of mode k; 
 

k
   real part of the eigenvalue; 

 
k

   frequency of the inter-area mode; 

 
 

The real part of the eigenvalue 
k

 is negative with a stable inter-area mode. The 

phase angle of the transfer function is the same as the angle of the transfer function 
residue when no feedback is used. The optimal phase angle of the feedback transfer 
function with regard to damping is achieved when the angle of )(, k

jKkhijR  

is 180 degrees. Mathematically it can be expressed as in (6.5). This means that the 
control vector for best damping is 180 degrees shifted in relation to the vector 
obtained when applying modulation to the input of the open loop transfer function. 
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6.4   Results 

6.4.1 Reactive power injection 

The frequency responses of the transfer functions with reactive power injection on 
the 400 kV buses as input variable and the power flow response in one of the 400 kV 
lines between Finland and Sweden as output variable has been computed. The 
amplitude and phase angle information at the inter-area resonance frequencies has 
been collected to show graphically on maps for each of the inter-area modes   (Fig.  
6-3). The vectors shown on the maps are referenced to a southbound vector of -96 
degrees for the power flow in the Finland-Sweden tie line as shown in Fig. 5-6 of 
section 5.3.5. The vectors have been turned 180 degrees from the measured frequency 
response in order to show the angle of modulation with linear feedback over long 
distances for best damping (See section 6.3). Our maps will therefore show 
information of controllability of the inter-area modes with the relative magnitudes of 
the vectors and their phase angles. The directions of the vectors can easily be related 
to the mode shape vectors in section 5, because they all use the vector for Finland-
Sweden tie line power flow response as reference. 
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Fig. 6-3. Power responses in one of the Finland-Sweden 400 kV lines to reactive power injections at 
different 400 kV buses for the 0.36 Hz (left) and 0.58 Hz (right) modes. Summer load case. 
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6.4.2  Active power injection 

The frequency responses of the transfer functions with active power injection on 
the 400 kV buses as input variable and the power flow response in one of the 400 kV 
lines between Finland and Sweden as output variable has been computed. The 
amplitude and phase angle information at the inter-area resonance frequencies has 
been collected to show graphically on maps for each of the inter-area modes   (Fig.  
6-4). The vectors shown on the maps are referenced to a southbound vector of -96 
degrees for the power flow in the Finland-Sweden tie line as shown in Fig. 5-6 of 
section 5.3.5. The vectors have been turned 180 degrees from the measured frequency 
response in order to show the angle of modulation with linear feedback over long 
distances for best damping (See section 6.3). The maps will therefore show 
information of controllability of the inter-area modes with the relative magnitudes of 
the vectors and their phase angles. The directions of the vectors can easily be related 
to the mode shape maps (observability) in section 5, because they all use the vector 
for Finland-Sweden tie line power flow response as reference. 
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Fig. 6-4. Power responses in one of the Finland-Sweden 400 kV lines to active power injections at 
different 400 kV buses for the 0.36 Hz (left) and 0.58 Hz (right) modes. Summer load case. 
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6.5   Discussion 
The long-distance frequency responses with reactive power injections indicate the 

best controllability of the 0.36 Hz mode in Finland (Fig. 6-3). Southern Sweden and 
Denmark is ranking next with control vector magnitudes of about half of the vectors 
in Finland. For the 0.58 Hz mode the long distance frequency responses with reactive 
power injections indicate the best controllability in Finland and central Sweden. 

Some general conclusions can also be drawn from comparison of the control 
vector maps in Fig. 6-3 with the mode shape maps for generator active power in Fig. 
5-2. For the 0.36 Hz mode the control vectors for reactive power injections lead the 
mode shape vectors with about 60 degrees in Finland and about 30…50 degrees in 
southern Sweden and Denmark. For the 0.58 Hz mode the control vectors for reactive 
power injections lead the mode shape vectors with about 90 degrees in Finland and 
southern Sweden and about 60 in central Sweden.  

The long-distance frequency responses with active power injections indicate the 
best controllability of the 0.36 Hz mode in Finland (Fig. 6-4). Southern Norway, 
southern Sweden and Denmark is ranking next with control vector magnitudes of 
about half of the vectors in Finland. For the 0.58 Hz mode the long distance 
frequency responses with active power injections indicate the best controllability in 
northern Norway, northern Sweden, and southern Norway. The next level of 
controllability for the 0.58 mode is in southern Finland, northern Finland and 
Denmark. 

A comparison of the control vector maps in Fig. 6-4 with the mode shape maps for 
generator active power in Fig. 5-2 reveals the following. For the 0.36 Hz mode the 
control vectors for active power injections lag the mode shape vectors with about 90 
degrees in areas that indicate high or moderate controllability. For the 0.58 Hz mode 
the control vectors for active power injections lag the mode shape vectors with about 
70…80 degrees in southern Finland, northern Finland, central Sweden, and southern 
Norway. Northern Norway showing high controllability for the 0.58 Hz mode, 
indicate a low observability. The control vector is here lagging the mode shape vector 
with about 135 degrees. Denmark is an exception with a lead of 135 degrees for the 
control vector. 

The active power injections reveal a two times better controllability than with 
reactive power injections for the 0.36 Hz mode. For the 0.58 Hz mode the active 
power injections also show a little better controllability than with the reactive power 
injections. 
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7   Damping of inter-area oscillations with generators  

7.1 Introduction 
All large synchronous generators are provided with excitation systems and voltage 

regulators. The excitations of the generators are normally controlled to maintain a 
constant bus voltage. Fast response times of generator excitation systems enhance the 
transient stability of the transmission system [33]. On the other hand fast excitation 
systems can lower the damping of system oscillations. To counteract this effect, large 
generators are equipped with power system stabilizers which provide a modulation 
signal to the voltage regulator that follow the oscillations in the generator terminal 
active power and/or rotor speed with a certain gain and phase shift determined by a 
transfer function implemented into the stabilizer. (See Fig. 7-1) 

In this section it will be shown how the excitation systems should be controlled to 
provide good damping of inter-area oscillations. This information will be valuable for 
the design of power system stabilizer transfer functions that take damping of inter-
area oscillations into account. The method used in this section is based on long- 
distance frequency responses. Another method, which is referred to as synthesized 
feedback control, is presented in section 8. 

 
 
 
 
 
 

 
 
 

Fig. 7-1. Block diagram of the excitation system used in simulations for a large generator in Finland. 
The input signals are the voltage reference Uref , generator terminal voltage Ug, and power Pg . Uf  is the 
generator field voltage and If  is the field current. PSS is the power system stabilizer. 

 

7.2    Frequency response method 
A modulation signal of constant amplitude and a varying frequency of 1 to10 rad/s 

has been applied to the voltage reference of the generator voltage regulators one at a 
time for the generator in each area of the Nordel network participating strongest in 
the 0.36 Hz inter-area oscillation mode. The power response has been measured in 
one of the parallel 400 kV tie lines (Keminmaa-Pikkarala) towards Sweden in 
northern Finland. The magnitudes and phase angle of the response have been 
recorded for each modulation for later treatment and graphical presentation. These 
computations have been done in three different generator configurations; one with 
the voltage regulator bus voltage feedback disconnected and deactivated power 
system stabilizer, one with normal voltage regulator bus voltage feedback and 
deactivated power system stabilizer, and one with normal voltage regulator feedback 
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and active power system stabilizer. The frequency responses of these long-distance 
transfer functions can be expressed as in (7.1) and (7.2).  
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where 

 )( jhijH   frequency response of the transfer function; 
 

 )(, jhrefU   modulation of the voltage reference at generator h; 

 )( jijP   active power variation in the line identified with indexes i and j; 

 k   eigenvalue of mode k; 
 khijR ,   transfer function residue of mode k;  

 hijD   direct term of the transfer function; 

 khb ,   mode controllability factor of mode k;
 kijc ,   mode observability factor of mode k; 
   angular frequency of the modulation 
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Fig. 7-2. Power response in one of the Finland-Sweden 400 kV lines to the voltage reference 
modulation at a large generator in Finland (Olkiluoto).  
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Similarly to what is explained in subsection 6.2, the long-distance frequency 
responses at the inter-area resonance frequencies, using different generator voltage 
references as input to the transfer functions, can be used for controllability 
assessments. A more thorough verification of the similarities between long-distance 
frequency responses, controllability factors, and damping computations with linear 
feedback over long distances has been done with linear analysis in sections 13 and 15. 

The frequency responses of generator quantities such as active and reactive 
terminal power, and terminal voltage have also been recorded at the same time as the 
computations of the long-distance frequency responses. The long-distance frequency 
responses with the voltage reference at a generator in Olkiluoto as input variable and 
active power response in the southernmost Finland-Sweden 400 kV line as output is 
presented in Fig. 7-2. The frequency response of the generator active terminal power 
is presented in Fig. 7-3.  Because the power of the generators is used as input quantity 
to the stabilizers, it is worth determining how large this phase shift is in relation to the 
phase shift of the generator active power during free oscillation with no stabilizer. In 
this comparison we will use the power response in one of the 400 kV lines 
interconnecting Finland with Sweden as the common reference (Fig. 5-6).  
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Fig. 7-3. Generator active power response to the voltage reference modulation at a large generator in 
Finland (Olkiluoto). 
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7.3    Results 

 7.3.1 Effects of the generator excitation system feedback loops  
The frequency responses of the transfer functions with generator voltage reference 

as input variable of the active power responses in a Finland-Sweden 400 kV line has 
been calculated for one generator at a time, for the generator participating strongest in 
the inter-area oscillations in each area in the Nordel system. The calculations has 
been done for three different configurations; one without bus voltage feedback and 
with deactivated stabilizer, one with normal bus voltage control and deactivated 
stabilizer, and one with normal bus voltage control and active stabilizer (see block 
diagram in Fig. 7-1).  

The results are presented as three-dimensional graphs in Figs. 7-4 to 7-6. Two 
distinct resonance frequencies can be seen in all frequency responses. Some of the 
frequency responses also have resonances of higher frequency. The two resonances of 
the lowest frequency, 0.36 Hz and 0.58 Hz, are the so called inter-area resonance 
frequencies. Closing of the voltage regulator feedback loop generally increases the 
magnitude of the frequency response at the resonance frequencies, but there are also 
areas where the closure of the feedback loop lowers the magnitude of the response. At 
one location in Sweden, the magnitude of the frequency response of the 0.58 Hz 
inter-area mode goes particularly high at closure of the voltage regulator feedback 
loop (Fig. 7-5). The activation of the power system stabilizers generally lowers the 
magnitude of the frequency responses (Fig. 7-6). The frequency response angles have 
been shown for the case with the normal generator configuration (Fig. 7-6). The 
phase angles for the areas in Finland can be seen most clearly in the graph. It can be 
determined that for the 0.36 Hz mode the frequency responses for all areas in Finland 
are nearly in the same phase. For the 0.58 Hz mode the frequency responses for the 
majority of the areas in Finland also seem to be nearly in the same phase. 
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Fig. 7-4. Frequency responses of the transfer functions from the voltage reference of one generator at a 
time to the power response in a Finland-Sweden power line, without bus voltage feedback and with 
deactivated stabilizer. 

 
Fig. 7-5. Frequency responses of the transfer functions from the voltage reference of one generator at a 
time to the power response in a Finland-Sweden power line, with normal bus voltage control and 
deactivated stabilizer. 
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Fig. 7-6. Frequency response magnitudes and angles of the transfer functions from the voltage 
reference of one generator at a time to the power response in a Finland-Sweden power line, with 
normal bus voltage control and active stabilizer. 
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7.3.2 Inter-area frequency response vectors with deactivated stabilizer  
The frequency response magnitudes and angles of the active power in a Finland-

Sweden 400 kV line with voltage reference modulation on one generator at a time, 
with normal bus voltage control and deactivated stabilizer, has been computed for the 
generator participating strongest in the inter-area oscillations in each area of the 
Nordel system. The magnitudes and angels of the frequency responses have been 
plotted as vectors on maps for each of the inter-area modes (Fig. 7-7). The vectors 
have been normalized to the generator MVA base. The case with deactivated 
stabilizer has been chosen so as to obtain a measure for the controllability of the inter-
area modes with generators.  
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Fig. 7-7. Power responses in one of the Finland-Sweden 400 kV lines to voltage reference modulation 
at different generators (with deactivated stabilizers) for the 0.36 Hz (left) and 0.58 Hz (right) modes. 
The vector directions represent the control signal in relation to a constant southbound direction (-96 
degrees) for the power response vector. Summer load case. 

 
The power responses in Fig. 7-7 indicate high controllability for the 0.36 Hz mode 

with generator voltage reference modulation in Finland, and moderate controllability 
in the northern parts of Sweden and the southern parts of Norway and Sweden.  For 
the 0.58 Hz mode, the power responses indicate high controllability with generator 
voltage reference modulation in the central parts of Sweden, and moderate 
controllability in southern Norway, followed by southern Finland. 
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7.3.3  Generator active power response vectors  
The magnitudes and angles of the generator active power responses for voltage 

reference modulation on one generator in an area at a time, with deactivated 
stabilizer, has been plotted as vectors on maps for both inter-area modes (same 
generators as in the previous computation). The generator active response vectors 
(mode shapes) have also been computed for the system under free oscillation with 
deactivated power system stabilizer to use as reference. The vectors for both cases 
have been normalized to the generator MVA base. (Fig. 7-8). 
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Fig. 7-8. Generator active power response vectors for voltage reference modulation (magenta) and 
under free oscillation (black) at different generators (with deactivated stabilizers) for the 0.36 Hz (left) 
and 0.58 Hz (right) modes. The vector directions are in relation to a southbound vector (-96 degrees) 
for the active power variation in the FIN-SWE  power lines. Summer load case. 

  
In areas that have showed high controllability with the long distance frequency 

response computations (Fig. 7-7), the voltage reference modulation rotate the 
generator active power response vectors counterclockwise 10…40 degrees in relation 
to the response vectors under free oscillation (Fig. 7-8). Close to the oscillation nodes 
- indicated by a near 180 degree direction change at low magnitude of the free 
oscillation power vectors - the frequency response vectors do not change direction 
and magnitude, which results in an almost opposite direction of the two response 
vectors for a generator in the vicinity of a node (Fig. 7-8).  
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A comparison with the maps over the active power injections (Fig. 6-4) show that 
for the areas with high controllability of the inter-area modes with generators, the 
vector components causing the generator active power responses to turn 
counterclockwise are in opposite direction to the active power injection vectors for 
best damping. This proves that one part of the active power inter-area frequency 
response is caused by generator active power modulation in areas where generators 
show high controllability for the inter-area modes.  

7.3.4  Generator reactive power response vectors  
 The magnitudes and angles of the generator reactive power responses for voltage 
reference modulation on one generator in an area at a time, with deactivated 
stabilizer, has been plotted as vectors on maps for both inter-area modes (same 
generators as in the previous computation). The generator reactive response vectors 
(mode shapes) have also been computed for the system under free oscillation with 
deactivated power system stabilizer to use as reference. The vectors for both cases 
have been normalized to the generator MVA base. (Fig. 7-9). 
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Fig. 7-9. Generator reactive power response vectors for voltage reference modulation (magenta) and 
under free oscillation (green) at different generators (with deactivated stabilizers) for the 0.36 Hz (left) 
and 0.58 Hz (right) modes. The vector directions are in relation to a southbound vector (-96 degrees) 
for the active power variation in the FIN-SWE  power lines. Summer load case. 
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For the 0.36 Hz mode, the voltage reference modulation causes the generator reactive 
power response vectors in Finland and northern Sweden to rotate clockwise about 
90…110 degrees in relation to the reactive power response vectors under free 
oscillation (Fig. 7-9). The rotation decreases in central and southern Sweden and 
reaches almost zero degrees in southern Norway. 

In areas that showed high controllability for the 0.58 Hz mode with the long 
distance frequency response computations in Finland and Sweden (Fig. 7-7), the 
voltage reference modulation rotate the generator reactive power response vectors 
clockwise about 135 degrees in relation to the reactive power response vectors under 
free oscillation (Fig. 7-9). In southern Norway, which also showed high 
controllability with generator voltage reference modulation, the reactive power 
response vectors increase in amplitude but have the same directions as under free 
oscillation.  

A comparison of Fig. 7-9 and Fig. 6-3 reveals that in areas with high 
controllability of the inter-area modes, the generator reactive power response vectors 
for the voltage reference modulation (Fig. 7-9) is in nearly opposite direction to the 
reactive power injection vectors for best damping (Fig. 6-3). This proves that one part 
of the active power inter-area frequency response is caused by generator reactive 
power modulation in areas where generators show high controllability for the inter-
area modes. Reactive power injection in southern Norway has little effect on damping 
(Fig. 6-3). The reason for this can be the large number of static var compensators in 
southern Norway. This means the generator reactive power response from the voltage 
reference modulation with generators in southern Norway has little effect on the 
inter-area power response.

7.3.5 Combining controllability and observability  
 In the three previous figures (Figs. 7-7 to  7-9), the control vectors as well as the 
active and reactive power response vectors of generators were drawn in relation to the 
active power oscillations in the Finland-Sweden power lines. It was assumed that if 
the changes are small, the active power response in the interconnecting power lines 
follow the average system oscillation of a particular mode with a constant amplitude 
ratio and a constant angle. The correctness of this assumption will be proven with 
linear analysis in sections 13 and 15 [1].  The theorem, which follows the theory 
outlined in subsections 6.2, 6.3 and 7.2, is that a modulation of the generator voltage 
reference - with deactivated stabilizer - at any point in the system with a signal of a 
frequency that the system has under free oscillation, will give the best damping of the 
mode if the phase angle of the modulation signal is altered 180 degrees in relation to 
its previous phase angle to the inter-area power oscillation. The magnitudes of the 
long-distance active power frequency responses obtained at the common 
measurement point at interconnecting tie lines will be a measure of the controllability 
of this particular mode from voltage reference modulation at different generators.  
 The phase angles of the generator active power response vectors show a moderate 
counter clockwise rotation in most parts of the network in response to the voltage 
reference modulations (Fig. 7-8), while the phase angles of the reactive power vectors 
show a large clockwise rotation (Fig. 7-9). A 180 degree phase shift of the control 
signal in relation to the modulation signal for the inter-area power oscillation - 
created for example with linear feedback from the power flow in the inter-area tie line 
- would cause the active and reactive power vectors of the generator oscillations to 
rotate in opposite direction to the rotation caused by the voltage reference 
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modulation. The rotation will be larger with higher control signal magnitude / 
oscillation magnitude ratios. Therefore, a power system stabilizer using the active 
power of the generators as input signal and relatively small gain at the inter-area 
oscillation frequencies, could be designed with information from the long-distance 
frequency responses and information from the free oscillations.   
 Figure 7-10 combines the control vectors and observability vectors. The control 
vectors are obtained from 180 degree rotation of the power response vectors in Fig. 7-
7, and the observability vectors are the generator active power response vectors under 
free oscillation without stabilizers as shown in Fig. 7-8. The phase shift of a stabilizer 
at the inter-area oscillation frequency should be the angle difference between the 
generator active power response vector during free oscillation and the control vector 
during oscillations induced by generator voltage reference modulation with opposite 
sign plus a 180 degree phase shift caused by negative feedback (Fig. 7-10).    
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Fig. 7-10. Generator active power response vectors under free oscillation (black) and the control vector 
for best damping (red) for the 0.36 Hz (left) and 0.58 Hz (right) modes. The vector directions are in 
relation to a southbound vector (-96 degrees) for the active power variation in the FIN-SWE  power 
lines. Summer load case. 

 The vectors of Fig. 7-10 show a phase shift of about 135 degrees between the power 
response vector and the control vectors for the generators with high controllability of 
the inter-area modes in Finland. For the areas with high controllability in Sweden and 
Norway the vectors show phase shifts of around 90 degrees between the power 
response and control vectors. However, when the gains of the stabilizers are increased 
to practical levels, a rotation opposite to the one showed during the frequency 
modulation (Fig. 7-8) will be seen with the generator power response vectors. This 
will make the phase angle between the power response vectors and control vectors 
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somewhat larger than indicated in Fig. 7-10.  In section 8 this effect is shown using 
another method that has been named ‘synthesized feedback control’. 

7.4    Discussion 
A method based on long-distance frequency response computations has been 

introduced for determining the controllability of inter-area modes with generators at 
different locations of the power system during system conditions where the damping 
of the low frequency inter-area mode determines the transfer capability from Finland 
to the other Nordic countries. Long-distance frequency responses has been plotted for 
three different generator configurations, one with the voltage regulator bus voltage 
feedback disconnected and deactivated power system stabilizer, one with normal 
voltage regulator bus voltage feedback and deactivated power system stabilizer, and 
one with normal voltage regulator feedback and active power system stabilizer. 

Computations have been made for free oscillation of the inter-area modes and 
during forced oscillation from voltage reference modulation at one generator with 
disconnected stabilizer in an area at a time, for the generators participating strongest 
in the inter-area oscillations in each area. With the long-distance frequency response 
computations the active power response in the 400 kV lines on the border between 
Finland and Sweden has been used as the response variable. Comparison of the power 
response magnitudes scaled to the generator MVA and phase angles at the inter-area 
resonance frequencies in these power lines is used as a method for determining how 
the inter-area modes can be damped by generator voltage reference modulation on 
generators at different locations of the system. The generator active and reactive 
power response vectors have also been calculated for generators both under free 
oscillations and forced oscillations and comparisons done to get a better 
understanding of what factors affect the damping of these modes, and to determine 
how the damping of the oscillation could be controlled through feedback from local 
measurements of the generator active power response.  

Good candidates for stabilizers are generators in areas showing high controllability 
and high observability of a certain mode. The ranking could be based on the product 
(multiplication) of the magnitudes of those two vectors (Fig 7-10). The results 
indicate that generators in Finland are very good candidates for damping of the 0.36 
Hz mode with power system stabilizers on generators. Generators in southern 
Norway and in the middle parts of Sweden would be the best candidates for stabilizer 
placement on generators for damping the 0.58 Hz mode. Moderate damping 
improvements could also be achieved for the 0.58 Hz mode with generators 
stabilizers in the southern parts of Finland. Moderate damping improvements could 
be achieved for the 0.36 Hz mode with generator stabilizers in southern Sweden, 
southern Norway and Denmark. Therefore power system stabilizers placed on 
generators in the above mentioned areas should be designed to damp both the 0.36 Hz 
mode and the 0.58 Hz mode. 
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8 Synthesized feedback control 

8.1 Introduction 
In the previous sections we used frequency response methods to study inter-area 

oscillations. The frequency response of different transfer functions was studied when 
modulation signals of constant amplitude and varying frequency were applied to 
control inputs or system parameters. The frequency response angle of the active 
power flow in the 400 kV AC lines was used as a reference for vector presentation of 
the responses of different system parameters on geographical maps for the two inter-
area modes.  

Another approach, which is presented in this section, is based on feedback over 
long distances. The principle is that we activate the system oscillations for an inter-
area mode and with a feedback control loop from the measured system response in 
the power flow create a synthesized feedback signal, which follows the magnitude, 
frequency and phase angle of the power flow variation in a tie line and has a 
controllable gain and phase shift in relation to the power flow variation. In this 
section we study the system behavior when applying the synthesized feedback signal 
to the voltage reference of the generators at different locations in the system. By 
running a set of post disturbance simulation cases with different phase shifts in the 
feedback loop and monitoring the damping performance, we can find the optimal 
angle of control. 

8.2 Method 

         8.2.1  System setup 
The system needs to be tuned so that the mode to be studied has much lower 

damping than the other modes of the system. This can be achieved by increasing the 
AC power flow, for the 0.36 Hz mode from southwestern Finland to the east central 
parts of Sweden, and for the 0.58 Hz mode from southwestern Finland to 
southwestern Norway and a further load increase in the east central parts of Sweden. 
(Fig. 8-1) 

         8.2.2  Feedback control 
The feedback controller is programmed to follow the frequency and phase angle of 
the oscillations by means of zero crossing detection of the oscillation around the 
mean value of the signal and the exponential decay (or increase) of the peak-to-peak 
oscillation amplitude. The output of the controller is a sinusoidal signal with a 
controllable gain and phase shift in relation to the oscillatory component on the input 
signal. 
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Fig. 8-1. Inter-area oscillations with the system load flow tuned so that all other modes except the 0.58 
Hz mode are well damped. Power flow in one of the two parallel Finland to Sweden 400 kV AC lines. 
The vertical axis represents the scaling and offset of the plotted signal in MW. The time scaling on the 
horizontal axis is 7.5 s/div.  

         8.2.3  Simulations 
The simulation is run until all but the inter-area mode to be studied have damped 

out. During the same time the feedback controller synchronizes to the oscillations 
with its output blocked. After that the stabilizer is disconnected at the generator 
where we are going to apply the feedback control signal. The simulation is further run 
for a couple of oscillation cycles to allow the transient from the stabilizer 
disconnection to decay after which the controller output signal is applied to the 
generator voltage reference and the simulation continued for another ten to twenty 
oscillation cycles. The first set of simulations is run with the controller gain set to 
zero so as to obtain a reference for the damping without generator stabilizer and to 
later determine the mode shape of the generator active and reactive power and voltage 
at the generator terminals with disconnected stabilizer. This is done for all the 
selected generators one at a time. 

For the first set of simulations - with the synthesizer gain set to zero - a modal 
analysis  of the inter-area line power response and the generator active power is done 
for the 0.36 Hz or the 0.58 Hz frequencies. The ratios of the generator active power 
responses to the inter-area power response in the Finland – Sweden tie lines are 
computed and used in the equations for the feedback gains. In this way each of the 
selected generators one by one will get a modulation signal that has a level in 
proportion to how strongly the generator is participating in the oscillations. 
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Simulations are thereafter run with the pre-calculated feedback gain for a number 
of phase shifts with a ten degree resolution around a given starting value for each of 
the selected generators. Modal analysis is thereafter performed on the data from the 
simulations to search for the control giving the best damping. The results and 
interpretations are presented in the results section that follows. A time domain 
presentation of the inter-area oscillations in the Finland-Sweden power lines in 
response to different phase shifts on the control signal with all other parameters 
constant can also be used to visually determine which phase shift of the control signal 
gives the best damping (Fig. 8-2). The time domain traces of the oscillations 
representing different phase shifts for the control signal will create two focus points 
per cycle of the oscillation if the synthesizer signal is switched on at exactly the same 
time during each simulation. The trace that passes the focus points in the smallest 
angle to the horizontal axis represents the control signal phase shift that gives best 
damping. This is as well the trace with the smallest amplitude. 

 
 

 
 
Fig. 8-2. A time domain presentation of the 0.58 Hz inter-area oscillations in the Finland-Sweden 
power lines with different phase shifts on the feedback control signal with all other parameters 
constant. The dotted line that has the smallest amplitude represents the control with best damping at 
Olkiluoto, Finland. Note that the frequency has dropped below 0.58 Hz due to increased power flow, 
but we still refer to it as the 0.58 Hz mode. The vertical axis represents the power flow in one of the 
two parallel Finland to Sweden 400 kV AC lines with a 25 MW/div resolution and a 1000 MW offset. 
The time scaling on the horizontal axis is 0.5 s/div.  
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8.3 Results 

         8.3.1 Control vector and  generator active power response 
The selected generators have one by one been given a synthesized feedback signal 

- from power response in a Finland-Sweden inter-area tie line to the generator voltage 
reference - that has a level in proportion to how strongly the generator is participating 
in the oscillations. The participation in the active power oscillations has been 
determined during free oscillation on a generator MVA base, with the stabilizer 
disconnected on one generator at a time. With the 0.36 Hz mode, a gain of 1.0 
p.u./p.u. in relation to the active power oscillation at the generator terminals was 
chosen for the modulation. For the 0.58 Hz mode the gain chosen was 0.77 p.u./p.u. 
The control angle giving best damping has been determined with the synthesized 
feedback method from a set of simulations. The control vector for best damping and 
the resultant vectors for generator active power response are plotted for both inter-
area modes in Fig. 8-3. 
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Fig. 8-3. Generator active power response vectors with control giving best damping (black) and the 
control vector (red) for the 0.36 Hz (left) and 0.58 Hz (right) modes. The vector directions are in 
relation to a southbound vector for the active power variation in the FIN-SWE  power lines. 

  The control angle in relation to the generator active power oscillations for the 0.36 
Hz mode is about 135…155 degrees in Finland. In southern Sweden, Norway, and 
Denmark the corresponding angle is about 90 degrees. In northern and central 
Sweden the participation in the mode is weak and the control angle changes over a 
range from -160 to +60 degrees. For the 0.58 Hz mode there are three areas with a 
control angle averaging around 145 degrees, i.e. southern Finland, east central 
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Sweden, and southwestern Norway. In southeastern Norway and southeastern 
Sweden the control angle is around -145 degrees, and in northern Finland -50…-135. 
In other areas the participation in the mode is weak and the control angle changes 
over a wide range. 
  A comparison of the frequency response method (Fig. 7-10) and the synthesized 
feedback control method (Fig. 8-3) regarding control vectors for best damping, 
reveals a discrepancy in the direction of 0.58 Hz mode control vectors for a few 
generators in southern Norway, southeastern Sweden, and northern Finland. The long 
distance frequency response vectors in Fig. 7-10 show a low controllability for many 
of these generators. A comparison of Figs. 6-3 and 6-4 in section 6 reveal that the 
reactive power and active power vectors for best damping have the same directions 
for the 0.58 Hz mode in northern Finland. This has a negative effect on the damping 
with generators as explained further in section 8.3.3.  

         8.3.2  Damping 
 The damping improvement with the control angle giving best damping has been 
determined for each generator by subtracting the damping with disconnected 
stabilizer from the best damping value obtained by the synthesized feedback control. 
The damping improvements for the selected generators have then been scaled to the 
generator MVA base and illustrated graphically using the same angles as used for the 
control vectors (Fig. 8-4). 
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Fig. 8-4. Damping improvement for the 0.36 Hz (left) and 0.58 Hz (right) modes. The vector directions 
are those for the control vectors in relation to a southbound vector for the active power variation in the 
FIN-SWE  power lines. 
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With the 0.36 Hz mode the best damping is obtained in Finland followed by southern 
Sweden and Denmark. With the 0.58 Hz mode the best damping is obtained in 
southwestern Norway and east central Sweden followed by the southernmost parts of 
Finland. In almost all the areas where good damping in relation to the magnitude of 
oscillations is obtained, the control angle in relation to the generator active power 
oscillations at the generator is about 135…155 degrees, except for the 0.36 Hz mode 
in the southern parts of Norway, Sweden and Denmark where the angle is around 90 
degrees, and for the 0.58 Hz mode in southeastern Sweden where the angle is around 
-145 degrees (Fig. 8-3). In areas where the control angle is outside these values, the 
obtained damping is small, even with a moderate power oscillation at the generator 
terminals. 

 8.3.3 Generator active and reactive power 
 The generator active and reactive power response vectors have been plotted on 
maps both with the stabilizer disconnected (Fig. 8-5) and for the case with the 
synthesized stabilization giving best damping (Fig. 8-6). 
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Fig. 8-5. Generator active (black) and reactive (green) power response vectors with disconnected 
stabilizer for the 0.36 Hz (left) and 0.58 Hz (right) modes, in relation to a southbound vector for the 
active power variation in the FIN-SWE  power lines. The active power vector/reactive power vector 
scaling is two. 
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Fig. 8-6. Generator active (black) and reactive (green) power response vectors with synthesized 
stabilizer for the 0.36 Hz (left) and 0.58 Hz (right) modes. The active power vector/reactive power 
vector scaling is two. 

 For the cases with disconnected generator stabilizer (Fig. 8-5), the active and 
reactive power response vectors in southern Finland have the same relative pattern for 
both inter-area modes. So have also the response vectors for southeastern Norway. In 
southern Finland the reactive power vectors are lagging the active power vectors on 
an average of ten degrees. This generator response pattern is obtained at the edge of 
the network for an area exporting power. In southeastern Norway the reactive power 
vectors are lagging the active power vectors on an average of about 135 degrees. This 
pattern is on the other hand obtained at the edge of the network for an area importing 
power.  

Furthermore it can be determined that the 0.36 Hz mode has one node for the 
active power oscillations located in northern Sweden, while there are no nodes for the 
reactive power oscillations. The 0.58 Hz mode has two nodes for the active power 
oscillations, one located in central Finland and the other on the boarder between 
southern Norway and Sweden. For the reactive power there is one node for the 0.58 
Hz mode and its location is at the same place as the 0.36 Hz active power node. This 
means that where the active power vectors change directions the reactive power 
vectors are not, and vice versa. Therefore, we find almost all combinations of the 
active and reactive power vectors on the maps, and it will later be shown that these 
combinations of vectors give important information for understanding the damping 
performance with power system stabilizers on generators. 

Let us take a closer look at what happens when we apply stabilization through the 
synthesized feedback with a phase angle for the control signal giving the best 
damping (Fig. 8-6). In southern Finland, the active power vectors rotate clockwise 
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about 10 degrees in relation to the vectors without stabilizer (Figs. 8-5 and 8-6), while 
the reactive power vector rotates counterclockwise and stops 30 degrees ahead of the 
active power vector. Because these directional changes are relatively small we can 
approximate the vectors for the changes as being perpendicular to the vectors during 
free oscillation, or the active power vector components obtained by the synthesized 
feedback control have a westbound direction and the reactive power vector 
components have an eastbound direction. These directions are both close to those 
obtained for best damping with active and reactive power injections (Figs. 6-3 and 6-
4).  

In southwestern Norway, the active power vectors for the 0.58 Hz mode also rotate 
clockwise about 10…30 degrees, when the synthesized feedback signal is applied. 
The vector component causing this rotation (Figs. 8-5 and 8-6) is aligned with the 
active power vector for best damping (Fig. 6-4) and influences therefore the damping. 
For the 0.36 Hz mode the active power vectors remain almost constant, and have thus 
insignificant influence on the damping. The rotations of the reactive power vectors 
are quite large for both modes. Although the corresponding reactive power vector 
components causing the rotation are of relatively large magnitude, they have 
insignificant influence on damping due to the low controllability of the inter-area 
modes shown by reactive power injections for southern Norway (Fig. 6-3).  

As a third case we can check the 0.58 Hz mode for northern Finland. Although the 
active power oscillations of the generators are relatively strong in this area (Figs. 8-5 
and 8-6), the damping improvement caused by the synthesized feedback modulation 
is insignificant (Fig. 8-4). A comparison of vectors as in the previous two cases will 
give us an answer to this. The vectors on the maps for active power and reactive 
power injections giving best damping (Figs. 6-4 and 6-3) are in the same direction for 
this mode in northern Finland. A verification of the case with free oscillation without 
stabilizer  (Fig. 8-5)  and the case with synthesized feedback (Fig. 8-6) – for the two 
generators furthest to the north - show that modulation with synthesized feedback 
with the best control angle for damping (Fig. 8-3) - will give an active power vector 
component that is in opposite direction to the vector for best damping with active 
power injections (Fig. 6-4) and is therefore counteracting damping improvement. The 
reactive power component induced by the synthesized feedback (Figs. 8-5 and 8-6) is 
of the same direction as the vector for best damping with reactive power injections 
(Fig. 6-3) and is therefore enhancing the damping. In total the damping improvement 
is negligible. 

 8.3.4  Generator reactive power and voltage 
The generator reactive power and voltage response vectors have been plotted on 

maps both with the stabilizer disconnected (Fig. 8-7) and with the synthesized 
feedback control giving best damping (Fig. 8-8). All the vectors are referenced to the 
southbound vector of the inter-area power response in one of the Finland-Sweden 
parallel 400 kV lines. 

The voltage regulator of generators has a negative feedback of the generator 
terminal voltage as input variable (Fig. 7-1). Without feedback stabilizing the reactive 
power response vectors lag the voltage response vectors with about 225 degrees in 
Finland and Sweden for both inter-area modes (Fig. 8-7). In southern Norway for the 
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0.36 Hz mode, the vectors for reactive power and voltage are very small and 
approximately with a 180 degree phase shift between the two vectors. This vector 
pattern tells that the generators are supporting the network with reactive power to 
lower the voltage fluctuations during the oscillations. It tells that we have a lag of 45 
degrees between control input and reactive power response (0 degrees in Norway 
with the 0.36 Hz mode) for the generators voltage control, when the generators are 
tested one by one without stabilizer. These results are clear and consistent. 
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Fig. 8-7. Generator reactive power (green) and voltage (blue) response vectors with disconnected 
stabilizer for the 0.36 Hz (left) and 0.58 Hz (right) modes.  

 
The synthesized feedback control for damping control will give a reactive power 

component that turn the reactive power vectors counterclockwise in areas like 
southern Finland with high observability of the inter-area modes in the generator 
active power (Figs. 8-7 and 8-8). That makes the terminal voltage response of the 
generators turn clockwise towards the reactive response vector in relation to the 
vectors with disconnected stabilizer (Figs. 8-7 and 8-8). This effect is especially 
strong with the 0.58 Hz mode in central Sweden where the voltage response vectors 
are reversed when synthesized feedback for damping is used. The voltage response 
vectors in southern Norway are not changing directions when the synthesized 
feedback control is switched on. On the other hand the directions of the reactive 
power responses are reversed. This effect is particularly strong for the 0.58 Hz mode 
where the vectors for voltage response are magnified without directional change. This 
is the opposite effect to what was seen with the voltage control loop alone (Fig. 8-7).  
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Fig. 8-8. Generator reactive power (green) and voltage (blue) response vectors with synthesized 
feedback control for the 0.36 Hz (left) and 0.58 Hz (right) modes.  

 

8.4 Discussion 
In this section a method with synthesized feedback over long distances has been 

used to study inter-area oscillations. Vectors have been plotted of generator active 
power, reactive power and generator terminal voltage with the existing stabilizers 
disconnected at one generator at a time and then with synthesized feedback. With the 
synthesized feedback we have searched for the best angle of control to be used. 

A good thing with the synthesized feedback method is that it shows the 
measurement vectors with directions they have during action with a freely oscillating 
system. We could therefore call this a direct method to study the controllability of 
inter-area modes, while we could call the frequency response method (in section 7) an 
indirect method.  

With the synthesized feedback method we need to adjust the load flow of the 
system to make the mode that should be studied have marginal damping while the 
other modes have good damping. With the frequency scanning method on the other 
hand we do not need any pre-adjustments of power flow. 

The results of the control vector computations are quite close between the two 
methods. The actions of the control vectors are the opposite with the frequency 
scanning method. This makes the vector maps with the feedback method easier to 
interpret. The method also gives more precise information for stabilizer design in the 
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inter-area oscillation frequency range. Outside the inter-area frequency range the 
frequency scanning method is naturally the one which has the competitive advantage.  

It was also noticed that information from active and reactive power injections can 
be used to explain low damping effects on a few generators with moderate 
observability for the 0.58 Hz mode.  
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9 Retuning of power system stabilizers at Olkiluoto power plant 

9.1 Introduction 
Poorly damped inter-area power oscillations of about 0.3 Hz may in some 

operational situations restrict the transmission capacity from Finland to Sweden. 
However, small sustained power oscillations have also been encountered under 
conditions with low inter-area power transfer and the grid intact. This section presents 
the theoretical background, methods and practical solutions for power system 
stabilizer retuning at the largest generating station in Finland. Both simulations and 
the first on-site tests revealed that the reactive power controllers of the generators in 
question can strongly interact with the power system stabilizers, thus creating a need 
to coordinate the control loops of these two controllers.  

To find new settings for the power system stabilizers, the frequency scanning 
technique was used with the full scale nonlinear model of the Nordic power system. 
The frequency scanning technique was also used to find the cause and remedies for 
the low frequency interaction problem.  

System tests were done with both old and new settings for the power system 
stabilizers together with modified reactive power controllers. These tests included 
disconnection and connection of one of the two interconnecting 400 kV AC lines 
between Finland and Sweden. The line switching created power oscillations, which 
were monitored both at the generating station and in the AC lines to Sweden. The 
results from the system tests show that the new stabilizer settings at the Finnish 
power plant have clearly improved the damping of the lowest inter-area oscillation 
mode in the Nordic power system.  

The work was done in cooperation with a transmission system operator, a power 
plant owner and a university, thus giving a wide view of the problem. [2] 

9.2 Power oscillations in the Finnish grid 
The Finnish power transmission grid is a part of the synchronous Nordic grid. The 

most important interconnections to Scandinavia are two 400 kV AC lines between the 
northern parts of Finland and Sweden and a 400 kV DC connection between the 
southern parts of the two countries (Fig. 9-1). The studies and tests represent the 
network situation as it was 2003. The network has later been reinforced with another 
DC cable to Sweden (Fennoskan 2), and with two DC cables to Estonia (Estlink 1 and 
2). 
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Fig. 9-1. Map of the Nordic power system,  2004 CIGRE. 
 
    

The transmission capacity of the AC interconnections between Finland and the 
other Nordic countries is in most situations determined by stability issues. When 
power is imported from the northern parts of Sweden to Finland, the voltage stability 
becomes a limiting factor after certain contingencies. When power is exported over 
the long distance from Finland to the southern parts of the Nordic system, poorly 
damped inter-area oscillations become a limiting factor. The frequency of these 
oscillations is around 0.3 Hz.  

Some prolonged low-frequency oscillations were observed in a low load situation 
at the end of 1998. The grid was intact at that time and the power transfer between 
Finland and Sweden was relatively low. The assessment of power system stabilizers 
settings on the largest generators in Finland had previously been done in the 
beginning of the 1980’s. Therefore it was decided to reassess the damping issue in the 
present situation where both the grid and its loading patterns had considerably 
changed from the 1980's. Initially the studies were concentrated to the power system 
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stabilizers of the two large generators at the Olkiluoto power plant. It was soon 
discovered that the power system stabilizers may in some situations interact with the 
reactive power controllers for the constant reactive power control mode of the 
generators, thus giving rise to sustained power oscillations. 

 

9.3  Olkiluoto power plant controls 
On the west coast of Finland, in Eurajoki, Teollisuuden Voima Oy (TVO) operates 

two 840 MW boiling water reactors (by ASEA ATOM AB). TVO was founded in 
1969 by a number of Finnish industrial companies with the purpose of building and 
operating large power plants. The first Olkiluoto unit was connected to the national 
grid in September 1978 and the second unit in February 1980. 

The units have been uprated on several occasions since the commissioning. The 
thermal power of each reactor was increased from 2000 MW to 2160 MW in 1984 
and to 2500 MW in 1998. The correspong nominal values of the net electrical output 
were 660 MW, 710 MW and 840 MW, respectively. After installation of new low 
pressure turbines and generators for the two units in 2010 and 2011, the net electrical 
output is 880 MW. The studies and testing described in this thesis is with the old 
generators as the situation was 2003.  

Normally, both units are used in constant reactive power control mode and voltage 
control is only prioritized in case the terminal voltage differs more than 2.5% from its 
setpoint value. The reactive power controller holds the generator reactive power 
exchange around zero in steady state conditions. The advantages of this mode are that 
the generators will operate at stable temperature conditions, and that generators will 
have a big reactive power reserve available to support the network during 
disturbances. 

The generators have brushless excitation systems with rotating AC pilot- and 
main-exciters. The generators can also be operated in constant field current mode, 
where the pilot exciter, voltage controller and thyristor rectifier are replaced with an 
excitation transformer, current controller and a separate thyristor rectifier. The 
selection between the two modes is done by means of switches on the DC side of the 
thyristor bridges. (Fig. 9-2). 
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Fig. 9-2. Functional block diagram for the excitation systems at Olkiluoto,  2004 CIGRE. 

 

9.4  Dynamic simulations and on-site testing  

         9.4.1  Frequency response of the excitation system  
The generators at Olkiluoto use power input stabilizers. The input signal is the 

active power measured at the generator terminals and the output signal is connected 
in parallel with the voltage reference at the voltage regulator. The original stabilizers 
were tuned primarily for damping local machine oscillations. A frequency scanning 
technique had been developed and implemented to be used with the non-linear PSS/E 
network model. The frequency scanning technique was used to determine what 
stabilizer transfer function would be required for damping the inter-area oscillations. 
The full scale PSS/E model of the Nordic power system in a load situation with 
power transfer from Finland to the other Nordic countries was used for these studies. 
The frequency response of the transfer function from the voltage reference to the 
terminal power of the Olkiluoto generators with deactivated stabilizers in this load 
situation is shown in Fig. 9-3.a. 

The frequency response with the highest magnitude is obtained in the 4...8 rad/s 
range. These oscillations occur between generators or groups of generators in 
Finland. Another resonance is at 2.0 rad/s (0.32 Hz). This is the inter-area mode, 
where the generators in Finland oscillate against the generators in the southern parts 
of Sweden and Norway. The phase shift is about 45 degrees lead at the 2.0 rad/s 
resonance, and changes sharply in the 5...7 rad/s range from lead to lag. The 
resonance at 50 rad/s is generator/exciter shaft torsional oscillations. 

 8. Generator stator winding, 
        step-up transformer, and 
        circuit breakers 
 



  89
 

 

 

 
 Fig. 9-3. a) Frequency response of the excitation systems of the Olkiluoto generators.  b) Frequency 

response of the power system stabilizers at Olkiluoto,  2004 CIGRE. 
 
 
 

         9.4.2  Frequency response of the power system stabilizer 
The design criteria that is used for stabilizers with negative feedback is to obtain 

an open loop phase shift of about zero degrees and a relatively high loop gain at the 
frequencies that need damping. The power system stabilizers at Olkiluoto were 
originally designed to have a good damping of local machine oscillations. The 
stabilizers were retuned in 2003 to give a good damping in the inter-area frequency 
range while still having an acceptable damping of the local machine modes. (Fig. 9-
3.b).  

         9.4.3  Generator reactive power controller 
In addition to a normal voltage control, the generators at Olkiluoto are provided 

with reactive power controllers for constant reactive power control. The operators can 
choose whether to have the reactive power controllers in service or not. The reactive 
power controller originally changed the voltage control reference with a speed of 
0.005 pu/second, when the reactive power was outside a small dead-band.  Later the 
dead-band was replaced with a linear range (sections 9.4.5 – 9.4.6). 

If a disturbance leads to a voltage deviation of more than 2.5 % from the voltage 
setpoint for a duration longer than 2 seconds, the reactive power controller returns the 
voltage within 2 % of the setpoint value, after which it is deactivated.  

         9.4.4  Controller interaction 
A stabilizer with an improved phase-shift at the inter-area oscillation mode was 

studied together with the reactive power control model. The simulations showed a 
sustained oscillation of 0.3 Hz after a disturbance was applied to the system. The 
sustained power variation was 2.2 MW for each generator at Olkiluoto. This 
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phenomenon was discovered immediately before a scheduled on-site test of a new 
stabilizer. (Fig. 9-4.a).  

 
The damping ratios in Fig. 9-4 are calculated according to following equation, 
 
  damping ratio =      (9.1) 
 

where A1p-p and A2p-p represent the magnitudes of the oscillations at the beginning 
and at the end of the chosen observation interval for calculation of damping, and n
represents the number of cycles in this interval. The damping ratio  in (9.1) is 
directly related to the damping ratio used in linear control theory [21] [22] (see 
sections 3.1 and 3.2). 

During the on-site testing of the new stabilizer, special attention was paid to the 
interaction with the reactive power controller. Variations similar to the simulations 
were obtained in the output signal of the reactive power controller. Therefore, it was 
decided not to take the new stabilizer into service at this time. 

 
   

 
 Fig. 9-4. a) Simulation with original reactive power controller showing sustained oscillations after 

disturbance. b) Simulation with a reactive power controller with linear range,  2004 CIGRE. 
 

         9.4.5  Reactive power controller with linear range 

Because of the interaction problem encountered during the on-site testing, further 
simulations were done with the reactive power controller. It was found that by 
coordinating the action of the reactive power controller with the action of the power 
system stabilizer, a better damping performance could be obtained than when 
operating with the power system stabilizer alone. By simulations, it was found that 
after applying a disturbance to the system, the highest damping ratio was obtained at 
a reactive power variation of 13 Mvar at the generator terminals (Fig. 9-4.a). 
Therefore, a linear range was introduced to the reactive power controller, which 
linearly decreased the output magnitude of the reactive power controller with the 
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reactive power variation at the generator terminals at the inter-area oscillation 
frequency (Fig. 9-4.b).  

A linear range of  10.0 Mvar was introduced with the reactive power controllers 
at the plant. The modified reactive power controllers were used together with the old 
power system stabilizers for six months. After this trial period, a new power system 
stabilizer was tested on-line. During this testing another low frequency variation of 
0.8 rad/s (0.125 Hz) in the reactive power at the generator terminals was encountered. 
The variations were not noticed immediately, because the magnitude of the variation 
varied by time. The internal supervisory functions of the reactive power controller 
eventually switched off the controller.  Because the old power system stabilizer had 
encountered no problems with the modified reactive power controller, the old 
stabilizer was put back in service.  

         9.4.6  Reactive power controller with enlarged linear range 
A simulation study was again initiated to find the cause for the 0.8 rad/s (0.125 

Hz) interaction between the new power system stabilizer and the modified reactive 
power controller. The frequency response of the transfer function from the voltage 
reference to the reactive power output of one of the generators was plotted, while the 
other generator was operating in parallel with its reactive power controller active 
(Fig. 9-5).  By means of the Bode plot and the transfer function for the reactive power 
controller, it could be calculated that the gain of the reactive power control loop was 
about 1 p.u. and the phase angle -150 degrees at the 0.8 rad/s (0.125 Hz) resonance 
frequency, which gives us a phase margin of 30 degrees. Note that the reactive power 
controller, which is of integrator type, has a phase shift of -90 degrees over the whole 
frequency range.  
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 Fig. 9-5. Frequency response of transfer function from the voltage reference to the reactive power at 

the generator terminals. The power system stabilizers are active at both generators and the reactive 
power controller is active only at the parallel generator,  2004 CIGRE. 

 
The resonance can be seen in the same Bode plot because the other generator has 

its reactive power control loop closed. A higher phase margin is normally required for 
feedback controllers [21]. The stimulus to the oscillation was believed to have 
originated from an aliasing problem [22] with the new digital power system stabilizer.                           

From the Bode plot it was determined that the gain of the reactive power controller 
would need to be lowered with a factor of ten. This was accomplished at the plant by 
increasing the linear range of the reactive power controller from 10 Mvar to 140 
Mvar, which lowered the gain by a factor of fourteen.  

Step responses of the reactive power controller with the dead band and two 
different linear ranges is presented in Fig. 9-6. With the 1 Mvar dead band an 
undamped oscillation of about 0.3 Hz can be seen in the response. With a 10 Mvar 
linear range, a damped 0.125 Hz oscillation can be seen in the response for small 
reactive power changes. The time constant of the reactive power controller when 
using a 100 Mvar linear range can be verified to be about 8 seconds at small reactive 
power changes. At large reactive power deviations, all three reactive power 
controllers have similar characteristics. From the step responses it can be seen that 
this controller gives the most stable controller performance. A negative effect is that 
the reactive power controller no longer has any effect on the damping of the 0.3 Hz 
mode. 
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         9.4.7  System tests 
On-site tests were done with new stabilizer settings (Fig. 9-3.b) and the reactive 

power controller with a linear range of 140 Mvar and the generators at full power. 
The 0.8 rad/s (0.125 Hz) oscillation problem had now disappeared making it possible 
to verify the system damping with different stabilizer settings and system 
configurations. 

The Fennoskan HVDC transmission link, which goes from south-western Finland 
to mid Sweden was used to change the power flow on the AC interconnection 
towards Sweden in order to lower the damping of the 0.3 Hz inter-area mode for the 
testing. The power transfer to Sweden on the AC lines was maintained at about 1000 
MW for all tests. The inter-area oscillations were activated by switching out one of 
the interconnecting 400 kV AC lines towards Sweden, and switching it back in a few 
minutes later. With one of the interconnecting lines switched out, there was only one 
400 kV AC line carrying this power. The switching created quite large power 
oscillations and the damping of the inter-area oscillations were monitored at the 
generating station and in the AC lines towards Sweden. This test procedure was done 
with both old and new stabilizer settings at Olkiluoto.  

Fig. 9-6. Response of the reactive power controller at OLG1, when adding constant reactive power   
load to both generators. The vertical axis represents the scaling and offset of the plotted signals. All 
signals are plotted with 0.005 p.u./div and -0.05 p.u. offset. The time scaling on the horizontal axis is 
3.0 s/div,  2004 CIGRE. 
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The damping ratios from the system tests have been calculated from the generator 
power recordings using the recursive least-square method for modal analysis with the 
PSS/E [20] (Table 9-1). 

 
TABLE 9-1,  2004 CIGRE. 

Damping ratios for OLG1 power when switching one of the interconnecting 400 kV AC 
lines towards Sweden. 
  f
Old stabilizer 
settings 

Opening line 3.58E-2 0.252 Hz 
Closing line 4.17E-2 0.277 Hz 

New stabilizer 
settings 

Opening line 4.47E-2 0.246 Hz 
Closing line 5.13E-2 0.279 Hz 

The results from the system tests show that the new stabilizer settings at the 
Olkiluoto generators have improved the damping of the lowest inter-area oscillation 
mode in the Nordic power system. The decrease in stability caused by the line outage 
has been fully compensated for with the use of new stabilizer settings at Olkiluoto.  

The system test showed a smaller damping improvement than obtained by 
simulations. One of the reasons for this is differences in the response between the 
excitation system model used in the simulations and the response of the excitation 
system at the plant.  

 

9.5 Conclusions 
A combination of simulation techniques and on-site measurements has been used 

to find the cause for occasional sustained low-frequency oscillations in the Finnish 
transmission grid. The work was done in cooperation with a transmission system 
operator, a power plant owner and a university, thus giving a wide view on the 
problem. The most detailed dynamic simulation model available of the Nordic power 
system has been used together with a frequency scanning technique and time domain 
simulations. The simulated frequency responses of the transfer functions from the 
voltage reference to the active power and reactive power at the generator terminals 
with different controller configurations have been proven beneficial in this work.  

The same frequency scanning technique has been used to find settings that make 
the power system stabilizers effective on damping inter-area oscillations. 
Modifications of the power system stabilizers originally caused interaction problems 
with the generator reactive power controllers. A set of on-site tests and simulations 
were done to find the cause of the interactions. When the solutions to these problems 
had been found system tests were done which included activation of the lowest inter-
area oscillation mode in the Nordic power system.  

The system tests showed that a solution to the problem had been found and that the 
damping of the lowest inter-area oscillation mode was much better with the new 
control system settings than with the original ones. The new control system settings 
were left in service after these tests, which made it possible to increase the power 
transfer limit from Finland to Sweden. [2]  
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10  Vector presentation of Olkiluoto system test results  

10.1  Introduction 
In this chapter we perform some further analysis of the measurement data from the 

system testing with the new stabilizers at Olkiluoto. We perform modal analysis on 
generator measurement variables such as generator active power, reactive power, 
terminal voltage, frequency, and excitation current of the pilot exciter. The 0.25…0.3 
Hz component in the measurement variables is presented as vectors on compass 
roses. The results are compared with similar analysis of data obtained from time 
domain simulations with the PSS/E model.  

10.2  System testing with inter-area oscillations 
A total of four tests were done for verification of system damping performance. 

The first two tests were performed with the stabilizers tuned for damping only the 
local machine oscillations. The other two tests were done with the stabilizers tuned 
for damping inter-area oscillations. The time domain responses from the tests for the 
OLG1 and OLG2 generators  are shown in Appendix A, Figs. A-1 to A-4.  

A modal decomposistion of the measurement data from the four system tests was 
done. Vectors representing the inter-area frequency mode in the five generator 
measurement signals for the two generators are drawn as a compass rose for each test 
separately (Figs. 10-1 to 10-4). An example on how the modal decomposition was 
done is shown in Appendix B, Figs. B-1 to B-5. It represents opening of the 
Pikkarala-Keminmaa 400 kV tie line with the use of new stabilizer settings at the 
Olkiltuoto generators and measurements from the OLG2 generator. The modal 
components are shown in the lower compass rose of  Fig. 10-3. 

Field voltage Efd is used as variable name in the figures, though the measured 
variable from the plant is the pilot exciter current Ifd.  The assumption has been made 
that the pilot exciter current is a good representation of the field voltage of the 
generator. By studying the vectors of the 0.25... 0.3 Hz inter-area mode in the OLG1 
and OLG2 generator measurements in Figures 10-1 to 10-4, we can notice that the 
field voltage vector has rotated about 90 degrees clockwise in relation to the power 
vector after switching to the new stabilizer settings. At the same time the voltage 
vector also rotates clockwise, but to a lower degree than the field vector. The 
frequency vector leads the power vector with about 90 degrees. With the new 
stabilizer settings, the reactive power vector increases in magnitude and switches 
from 120 degree lead to about 80 degree lead in relation to the power vector.  
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Fig. 10-1. Vectors of the inter-area frequency component in the OLG1 and OLG2  
generator measurement signals when opening the PR4-KI4 400 kV line. (February 
14th, 2003). Old stabilizer settings. Damping ratio for OLG1 power = 0.0358 and  
f = 0.252 Hz.  
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Fig. 10-2. Vectors of the inter-area frequency component in the OLG1 and OLG2 
generator measurement signals when closing the PR4-KI4 400 kV line. (February 
14th, 2003). Old stabilizer settings. Damping ratio for OLG1 power = 0.0417 and  
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Fig. 10-3. Vectors of the inter-area frequency component in the OLG1 and OLG2 
generator measurement signals when opening the PR4-KI4 400 kV line. (February 
14th, 2003). New stabilizer settings. Damping ratio for OLG1 power = 0.0447 and 
f = 0.246 Hz. 
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10.3  Comparison with simulation results 
The network model set up for a heavy winter load configuration was used to verify 

the response of the Olkiluoto generators with simulations. The generator voltage was 
plotted when a step change of 0.02 p.u. was applied to the voltage reference of an 
OLG generator under full load using the old stabilizer settings (Fig. 10-5). The time 
constant of the simulated step response is about 1.6 seconds, which is a lot faster than 
during the on-site testing.  

Vectors representing the inter-area frequency mode in the five generator 
measurement signals, with both old and new stabilizer settings, have been drawn as 
compass roses in Appendix C, Figs. C-1 to C-4. The activation of the inter-area mode 
is done by switching of the Pikkarala-Keminmaa 400 kV tie line in Finland towards 
Sweden. 

When comparing the simulated response for power line switching with the results 
from on-site measurements, the magnitudes of the vectors should be compared as the 
ratios of Efd/P, U/P, f/P and Q/P.  The reason is that the initial magnitudes of the 
oscillations differ between different types of switching. The angles on the other hand 
can be compared directly, because they are all related to vector P, which has been 
given angle 0 .   

 

 
Fig. 10-5. Simulated step response in the generator voltage to a 0.02 p.u. change in the voltage 
reference. (Simulation). The range of the vertical axis is from 0.95 p.u. to 1.05 p.u. with a scaling of 
0.01 p.u./div. The time scaling on the horizontal axis is 2.0 s/div.  

Time constant        
 = 1.6 s 
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         10.3.1 Old stabilizer settings 
In the vector diagrams for old stabilizer settings, the Efd/P and U/P ratios are a 

little higher in the simulations than in the vector diagrams constructed from on-site 
measurement data (Figs. 10-1 and 10-2; Appendix C, Figs. C-1 and C-2). The f/P 
ratios are about the same with simulations and on-site measurements. The Q/P ratios 
are smaller with the simulations. The Q vector leads the P vector about 120  in the 
diagrams constructed with on-site measurement data, while the corresponding angle 
is about 50  in the diagrams obtained from simulation data. With the on-site 
measurements the U vector leads to Q vector with only about 30 degrees. This 
indicates that a big part of the Q response is coming from the network. The cause of it 
could be the slow excitation system response of the Olkiluoto generators that makes 
the other generators in the system support the bus voltage for these generators during 
the power swings. This effect is further transferred to the Efd and U vectors. The Efd 
vector leads the P vector about 260 degrees with the on-site measurement data, while 
the angle is about 300 degrees with the simulation data. The U vector leads the P 
vector about 150 degrees with the on-site measurement data, while the angle is about 
180 degrees with the simulation data.  

         10.3.2 New stabilizer settings 
In the vector diagrams for new stabilizer settings, the largest differences are with 

the Efd/P and Q/P ratios (Figs. 10-3 and 10-4; Appendix C, Figs. C-3 and C-4). The 
Q/P ratio is on the average about 52 % higher in the diagrams obtained from 
simulation data compared to the Q/P ratio in the diagrams obtained from the on-site 
measurement data. The Q vectors obtained from on-site measurement data leads the P 
vector about 80 , while the Q vectors obtained from simulation data leads the P 
vector about 50 . The corresponding Efd/P ratios are on the average 87 % higher in 
the vector diagrams obtained from simulation data. The Efd vectors lead the P vectors 
about 150  in the vector diagrams obtained from on-site measurement data and about 
140  in the vector diagrams obtained from simulation data. 

Comparison of the vector diagrams obtained from on-site measurement data and 
simulations reveal that the new stabilizers increase the Efd/P ratio on the average 
from about 0.5 to 1.2 with on-site measurement data and 0.5 to 2.2  with simulation 
data. The direction of the Efd vector in the diagrams based on on-site measurements 
changes from a 260 degree lead to a 150 degree lead in relation to the P vector, when 
switching from old to new stabilizer settings. The corresponding change in the 
direction of the Efd vector in the diagrams based on simulations is from 300 degree 
lead to 140 degree. The new stabilizers increase the Q/P ratio on the average from 
about 0.6 to 1.7 in the diagrams based on on-site measurement data and from about 
0.4 to 2.6 in the diagrams based on simulation data. The direction of the Q vector in 
the diagrams based on on-site measurements changes from a 120  lead to a 80  lead 
in relation to the P vector, when switching from old to new stabilizer settings. In the 
corresponding diagrams based on simulation data, the direction of the Q vector 
remains unchanged at about 50  in relation to the P vector when changing from old to 
new stabilizer settings. 
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The difference in the direction of the Q vectors obtained from on-site measurement 
data and the Q vectors obtained from simulation data could as well be explained by 
the slow excitation system of the Olkiluoto generators in relation to other generators 
in the system, which makes the voltage control vector component for the reactive 
power to point in almost opposite direction when comparing the on-site 
measurements with the simulation data (see Figs. 10-1 and 10-2; and Appendix C, 
Figs. C-1 and C-2). 

10.4 Discussion 
There is a large difference in the Efd/P rations and Q/P ratios for the 0.3 Hz inter-

area mode between the on-site measurements and simulations with new stabilizers. 
The reason for this is the difference in speed between the real excitation system and 
the modeled excitation system.  

The old stabilizers were tuned for damping local machine oscillations only. In the 
study with synthesized feedback control the U vector for the 0.36 Hz mode leads the 
Q vector with a 225 degree angle when the stabilizer is disconnected (See section 8, 
Fig. 8-7). This vector pattern is obtained when the generators excitation systems are 
only taking part in the bus voltage control. The on-site measurements with old 
stabilizers showed an angle of only 30 degree lead for the U vector in relation to the 
Q vector. This is a difference of more than 180 degrees. The direction of the Q-vector 
from on-site measurements therefore tells us that other sources in the AC system are 
supporting the bus voltage at Olkiluoto during inter-area oscillations more than the 
Olkiluoto generators do. In other terms it is another indication that the excitation 
systems of the Olkiluoto generators are slower than on the other generators in the 
system. The simulations with the old stabilizers (section 10.3.1) do not show that 
behavior.  

With new stabilizer settings the on-line test shows a performance that is closer to 
simulation results. The direction of the Q-vector is determined to the most by the 
stabilizer which is using the generator active power as input and reference. The Q 
vector with on-site measurements had an 80 degree lead in the relation to the P 
vector, while the corresponding simulation results with our model gave an angle of 50 
degrees. This difference is caused by the vector component obtained from the bus 
voltage control as that point in different directions between the on-site measurements 
and simulations, as a consequence of  the slower than expected excitation system at 
the plant.  

The behavior of the new stabilizer is acceptable. The on-site tests and showed that 
a reactive power component of desired direction for good damping was obtained with 
the new stabilizer settings. The magnitude of the reactive power component from the 
plant measurements was 2/3 of what the simulation results calls for. This indicates 
that the damping contribution could be further increased if the gain of the Olkiluoto 
excitation system would be raised to a level that is more in line with the other 
generators in the system.  

The results further stresses the importance of realistic on-site tests to validate 
generator and excitation system models used in stability assessments of power 
systems
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11    Generator power ramps and network disturbances  

11.1   Introduction 
After introduction of the new stabilizers on the generators at Olkiluoto, the power 

plant owner (TVO) has paid attention to an increased variation in the reactive power 
output of the generators during power ramps with the turbines. The owner provided 
recordings from generator and turbine measurement variables during power ramps, 
steam valve testing and network disturbances to study. The results from the studies of 
these recordings are presented in this section. A proposal for a new power-steam 
input stabilizer that would handle power ramps and steam valve operations better than 
the present stabilizer is also presented. It would have as good performance as the 
present stabilizer for damping inter-area oscillations and handling network induced 
disturbances.

11.2  Power ramp 20 MW/10 s 

           11.2.1  Power plant recordings 
The recordings in Appendix D represent a reduction in generator power of OLG2 

as a consequence to a boiler circulation pump trip. The power is reduced by 20 MW 
during a 10 second ramp. Generator active power, reactive power, terminal voltage, 
frequency and the exciter field current was recorded during the disturbance. The 20 
MW/10s power ramp caused the reactive power to fluctuate within a 100 Mvar range, 
the generator voltage within a 0.022 p.u. range and the exciter field current to vary 
within a 0.1 p.u. range of the steady-state field current. 

11.2.2 Comparison with simulations 
The same situation was simulated with the large network model. In the simulations 

the 20 MW/10 s power ramp causes variations in reactive power and terminal voltage 
of the generator, which to the shapes and magnitudes are quite close to the measured 
values from the plant. The variation in reactive power is 90 Mvar and the variation in 
generator terminal voltage is 0.019 p.u. These variations are 10 and 5 percent lower 
than the variations recorded at the plant. (Fig. 11-1). 

In the simulations the excitation current of the generator was calculated, and at the 
plant the field current to the rotating exciter was measured. Therefore a larger 
difference in these values should be expected. The variation of the simulated 
generator excitation current is 5.8 percent of the pre-fault steady state excitation 
current. The variation of the measured excitation current variation from the plant is 
7.8 percent.  

The power system stabilizer output varies in the simulations about 0.02 p.u. and 
the reactive power controller output about 0.014 p.u. in relation to 1.0 per unit 
reference voltage. The power system stabilizer output is limited at 0.05 p.u., so the 
variation during this event was about 20 percent of full scale. 
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Fig. 11-1.  Simulated reponse of an Olkiluoto generator to a power ramp of 20 MW/10 s, with an 
electrical power input stabilizer and an active generator reactive power controller. 

 

11.2.3 Discussion 
The simulation results show that the response of the power system stabilizers and 

the reactive power controllers were correct during the power ramp of Unit 2 at 
Olkiluoto. The variations in reactive power and terminal voltage in response to the 
power changes are caused by charging and discharging of the power system stabilizer 
wash-out filter for the generator electrical power input signal. They are normal for an 
electrical power input stabilizer and are not a sign of instability. 

11.3  Generator runback of 500 MW/10 s 

11.3.1 Simulation setup 
A fast generator runback of 500 MW/10s with one of the generators at has been 

studied. The runback represents a controlled  reduction in turbine power from full 
power to 0.4 p.u. power in 10 seconds.  A study was done to find out how the 
generators would work with the new stabilizers and modified reactive power 
controllers in such a situation. The recorded data from the plant of the generator 
mechanical power was used in simulations. The simulations revealed that the reactive 
power fluctuation during the disturbance was so large that the minimum excitation 
limiter would be activated. Therefore a minimum excitation limiter with the 
characteristics according to Appendix E, Fig. E-1 was included in the simulations. 
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11.3.2  Simulation results 
The largest reactive power fluctuations were obtained with the reactive power 

controller of the generators inactive. With an initial reactive power output of 47 Mvar 
on the generator, the reactive power reaches a high of 300 Mvar after the start of the 
power ramp and a low of -210 Mvar after the end of the ramp. The variation in 
generator terminal voltage is between a high of 1.06 p.u. and a low of 0.96 p.u. The 
power system stabilizer output varies between its maximum of +0.05 p.u. and its 
minimum of -0.05 p.u. (Fig. 11-2). Similar simulations with the reactive power 
controller active adds another -0.02 p.u. to the voltage reference, because it is 
deactivated at that output level quite soon after the beginning of the ramp. However, 
because the minimum excitation limiter already limits the exciter field current, it has 
no effect on the negative reactive power output during the disturbance. 

 

 
Fig. 11-2. Simulated response of a generator at Olkiluoto to a power ramp of 500 MW / 10 s with the 
reactive power controllers inactive. The minimum excitation limiters are in service at both Olkiluoto 
generators.  

 

11.3.3 Discussion 
Fast changes in generated power will cause large fluctuations in reactive power. 

The generator voltage fluctuations will be limited by the 0.05 p.u. output limitation 
of the power system stabilizer and a -0.02 p.u. contribution from the reactive power 
controller. The 400 kV voltage fluctuations will be smaller than this, because the 
parallel generator and other generators in the network will counteract the reactive 
power variation of the generator in power runback. The minimum excitation limiter, 
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which follows a P/U2 –Q/U2 characteristic, has priority over the power system 
stabilizer and the reactive power controller. With the 500 MW/10 s power ramp used 
in the simulations, the minimum excitation limiter was activated and kept the reactive 
power of the generator above -210 Mvar. The recording from the plant showed a 
reactive power variation from a high of 250 Mvar to a low of 50 Mvar with the old 
stabilizer settings. This means that we can predict the reactive power variations at the 
plant with the new stabilizer settings to be 2.5 times as high as they were with the old 
stabilizer settings.  

The increased reactive power fluctuations during fast power ramps of the 
generating units are still acceptable to the generators and the power system. A thing 
of concern is the time duration under which the power system stabilizer output is 
limited. In this case it takes almost 35 seconds until the power system stabilizer is 
fully operational again.  

11.4  Proposal for a power-steam input power system stabilizer  

 11.4.1   Introduction 
The Olkiluoto power plant owner (TVO) is annually performing steam valve 

testing with the generators operating at partial power. During this testing the power 
drops about 50 MW during 10 second intervals. This was considered to be a good 
opportunity to study the behavior of the turbine and generator measurement quantities 
and the impact of the stabilizers in response to power plant induced disturbances. 
Therefore a recording of the generator and turbine signals during the steam valve 
testing of generator OLG1 was performed in May of 2003. The recordings are with 
new and old stabilizer settings and with the stabilizer deactivated. A recording of the 
same generator and turbine signals during a power system disturbance in September 
of 2003 was done for generator OLG2. The following study shows how measurement 
signals from turbine steam pressure and steam flow can be used to improve the 
performance of the power system stabilizers during power changes. 

 11.4.2  Steam valve testing 
Appendix F show recordings of generator and turbine signals during the steam 

valve testing: 
  generator active power 
  generator reactive power 
  generator frequency 
  generator voltage 
  generator excitation voltage (pilot exciter current) 
  400 kV bus voltage 
  steam flow  
  HP-turbine inlet pressure 
  condensor pressure 
The two first tests are with new stabilizer settings. The following seven are with 

old stabilizer settings. The last three tests are with the stabilizer disabled. The 
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generator active power follows the steam flow and steam pressure changes. Large 
fluctuations in generator reactive power and voltage can be observed when the new 
stabilizer settings are used. The fluctuations are smallest when the stabilizer is 
deactivated. 

 11.4.3  System disturbance 
Appendix G show recordings of generator and turbine signals during a system 

disturbance: 
  generator active power 
  generator reactive power 
  generator frequency 
  generator voltage 
  generator excitation voltage (pilot exciter current) 
  400 kV bus voltage 
  steam flow  
  HP-turbine inlet pressure 
The disturbance can be seen in the six first measurement signals. The steam flow 

and steam pressure remain constant during the system disturbance. 

 11.4.4  Calculation of power and steam flow/pressure difference 
In Appendix F we noticed that during the steam valve testing, the changes in 

generator active power follow the changes in turbine steam flow and steam pressure. 
On the contrary, in Appendix G we noticed that the network disturbance can only be 
seen in the measurement signals of the generator, while the steam flow and steam 
pressure remain constant during the disturbance.  

By multiplying the steam flow and steam pressure signals with certain constants 
and applying a digital filter that filters out the high frequency variations and provides 
a shift of this measurement data with 0.5 seconds in relation to the power 
measurement data, the variations in all the three measurement signals are quite close 
to each other (Figs. 11-3 and 11-4). 
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Fig. 11-3.  a) Steady state generator electrical power. b) Steam pressure measurement signal that has 
been filtered and multiplied by a certain constant.  

 
Fig. 11-4. Calculation of power-steam pressure (a) and power-steam flow (b) with the measurement 
data when the steam pressure and steam flow have been filtered and multiplied by certain constants.  

  
 11.4.5  Stabilizer with power-steam measurements as input signals 

A stabilizer with power-steam measurements as input signals has been studied in a 
stabilizer model using the measurement data from the plant. The stabilizer inputs are 
generator electrical (active) power, turbine steam flow and HP-turbine inlet pressure.  
The transfer functions of the stabilizer has been divided into three subsystems. The 
first one uses the generator electrical power as input signal. The second one uses the 
difference between the electrical power and a filtered and scaled value for the turbine 
steam flow. Similarly, the third one uses as input signal the diffenence between the 
electrical power and a filtered and scaled value for the HP-turbine inlet pressure. The 
filtering characteristics for the steam flow and steam pressure measurements can be 
changed as a function of generated power. The output signal for the stabilizer unit is 
created through a min-max computation of the values of the three stabilizer 
subsystems. This means that the output signal of the stabilizer unit will have the value 
of the signal that momentarily is between the highest and the lowest signal (Fig. 11-
5).  
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 11.4.6  Stabilizer performance with data from steam valve testing 
When the disturbance is initiated from the turbine control, the electrical power at 

the generator terminals follows the steam flow and pressure variations with a certain 
time delay. When only the electrical power signal is used as stabilizer input, the 
stabilizer output signal has large fluctuations during fast power changes. On the other 
hand, when the power-steam flow or power-steam pressure is used as input, the 
output fluctuation is much smaller, because the stabilizer input signal combination 
now represents the accelerating power of the generator. When the min-max 
computation is used, the three previous outputs are combined, so that the output 
signal is chosen that has its level between the two other signals. (Fig. 11-6). 

 
 

 
Fig. 11-6. Stabilizer output signals with measurement data from steam valve testing. They relate to 
input data in the following sequence; power, power-steam flow, power-steam pressure, and min/max 
computation of the three previous outputs. The scaling of the verctical axis is 0.05 p.u./div and the 
output signals are limited at -0.05 p.u and +0.05 p.u. The time window is 0…1500 s in (a) and 
760…900 s in (b), respectively. 

 

 11.4.7 Stabilizer performance with data from the system disturbance 
When using the data from the system disturbance, there is hardly any change in the 

steam flow and steam pressure measurements. This means that a power-steam flow or 
power-steam pressure input signal combination will give the same response at the 
stabilizer output as the power input will give. The min/max output combination 
ensures a relatively smooth steady state output signal from the stabilizer. The time 
delay of the filter used during the system disturbance was 250 ms. (Fig. 11-7). 
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Fig. 11-7. Stabilizer output signals with measurement data from the system disturbance. They relate to 
input data in the following sequence; power, power-steam flow, power-steam pressure, and min/max 
computation of the three previous outputs. The scaling of the verctical axis is 0.05 p.u./div and the 
output signals are limited at -0.05 p.u and +0.05 p.u. The time window is -50…600 s in (a) and             
-30…180 s in (b), respectively. 

11.5  Conclusions 
The present stabilizer with generator active power as the only input signal causes 

large reactive power fluctuations during fast power changes. By using steam flow and 
steam pressure as additional inputs to the power system stabilizer, a better 
performance can be obtained during power changes. The study indicates that both 
steam flow and steam pressure signals would be required to get small variation in the 
output signal under both partial and full load. This is because the pressure signal has 
smaller variations at partial power and the steam flow signal has smaller variations 
during full power. The min/max combination of power, power-steam flow and power-
steam pressure signals is a good way to lower the steady state variations in the 
stabilizer output signal.  

During system disturbances, this type of stabilizer works identical to a stabilizer 
with electrical power as the input signal. 
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12    Linear analysis for stability assessment 

12.1  Introduction 
In this section the linear analysis software package PacDyn is introduced. The 

work presented here was done in close cooperation with Sintef Energy Research in 
Norway for the Finnish transmission system operator. Throughout this work the 
analysis and design have been based on the fully complete dynamic simulation model 
of the interconnected Nordic power system. The network model (PSS/E) and the 
modifications that were done for the PacDyn implementation are presented in chapter 
4. Two load flow cases have been used in the studies. The first case represents a high 
load situation, with limited power exchange between the countries. The second case 
is a light load condition, but this is characterized by a higher exchange of power.  The 
two cases are denoted winter load and summer load, respectively (See section 4.2). 

Linear analysis has been used to access the observability and controllability of low 
frequency inter-area modes, and to find candidate generators for stabilizer retuning.  

A large part of the work is analysis, modeling, design and tuning of damping 
controllers for the Fennoskan HVDC link between Sweden and Finland. The effects 
on damping and power transfer limits from new power system stabilizers on two 
large power plants in Finland are also demonstrated. [3] 

 

12.2  Linear analysis - winter load case 

 12.2.1 Eigenvalue computation 
The first sign of a successful data conversion is when the linear software package 

can calculate eigenvalues. After that there follows a lot of validations to ensure that 
no major errors have been introduced with the data.  

The Rayleigh Quotient Iteration method was used for eigenvalue computation 
[15]. With this iteration method only eigenvalues in a specified frequency range will 
be calculated. Our focus was on electromechanical oscillations in the frequency range 
from 2 rad/s to 8 rad/s (0.3-1.3 Hz). Table 12-1 lists some of the low damped system 
modes that were identified from the winter load case. A large number of eigenvalues 
in the frequency range above 0.8 Hz were found that were mainly local modes. The 
modes listed in Table 12.1 have been observed in the real network at different times 
and locations. Such information contributes to give confidence to the model and 
analysis. 

Eigenvalues contain information about frequency and damping. The damping 
value is defined from the eigenvalue as shown in equation (12.1): 

damping = - Re( ) / | |  100%     (12.1)

There is no common definition of what is acceptable damping in power systems. A 
reasonable criterion for required damping of inter-area modes is 3-5 %. In this case 
the damping of the 0.3 Hz mode is only 1 %.  Thus, from the eigenvalue analysis it 
can be concluded that the system is only marginally stable. 
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TABLE 12-1,  2003 IEEE. 

IDENTIFIED LOW DAMPED MODES AND THEIR OBSERVABILITY (WINTER LOAD) 

 

 12.2.2 Mode shapes 
After a successful computation of eigenvalues the following step is mode shape 

analysis. For that purpose we need to compute the eigenvectors in addition to the 
eigenvalues. The eigenvectors are computed from the same Rayleigh Quotient 
iteration, are readily available when the corresponding eigenvalues are found. It is 
useful to calculate the mode shapes with respect to generator speed or generator 
terminal power. 

Fig. 12-1 shows the mode shapes with respect to generator speed for the 0.33 Hz 
inter-area mode with respect to generator speed for the summer load case. This mode 
is most observable in Finland. The generators in Finland oscillate in phase against the 
generators in Sweden, Norway and Denmark. 

Observability information for the different modes is also summarized in Table 12-
1 for the winter load case. The mode shape computation for the 0.48 Hz mode with 
respect to generator speed has shown that the generators in Southern Norway (and 
Finland) oscillate in phase against the rest of the system. The speed variations are 
most observable in Southern Norway. 
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Fig. 12-1. Graphical illustration of Mode shapes with respect to generator speed for the 0.33 Hz 
inter-area mode,  2003 IEEE. 

 
 At the 0.61 Hz mode, the generators in Northern Norway oscillate in phase against 

the rest of the system and primarily against generators in Eastern Denmark. The 0.77 
Hz mode is a local area mode, mainly observable in Western Norway (Table 12-1). 

The mode shapes computation for 0.33 Hz and 0.48 Hz with respect to generator 
electrical power for 0.33 Hz and 0.48 Hz, revealed that the power oscillations are 
observable in most of the largest generators in the Nordic power system. 

 12.2.3 Transfer function residues 
The transfer function residues are also based on the calculations of eigenvectors 

and eigenvalues. In addition the input and output system matrices, B and C, of the 
linearized system model must be available. (See sections 3.2.2 and 6.2 for further 
definitions) 

For the transfer function residue computation we need to define the inputs and 
outputs of the transfer functions to be studied. For power system stabilizer studies a 
good choice is to define the generator voltage reference (VREF) as input, and either 
generator speed ( ) or generator terminal power (PT) as output. The residue 
computation was done with existing power system stabilizers connected. Therefore a 
high residue can indicate that a generator is a good candidate for stabilizer placement 
or that there is a potential for improved stabilizer tuning on a generator. A low 
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residue for a generator equipped with a PSS indicates that there is little potential for 
improvements. Table 12-2 summarizes the observations from the transfer function 
residue computations. 

 
 
 
 

TABLE 12-2,  2003 IEEE. 

SUMMARY FROM THE TRANSFER FUNCTION RESIDUE COMPUTATIONS (WINTER LOAD) 

 
 
 

 12.2.4 Model validation 
Chapter 4 lists the model changes and modifications that were done in order to 

adapt the PSS/E model data to be used with PacDyn. In the validation procedures we 
have compared modal information from the PSS/E simulations and PacDyn analysis. 
Prony analysis [31], [38] is a method that can be used to obtain modal information 
from (non-linear) timed domain simulations. In this work a similar method that is 
based on least square approximations has been used. For the PSS/E simulations two 
sets of data were used; the original data and the data containing the PacDyn 
modifications. For the PacDyn analysis we used the modified data set. The mode 
shape information for the 0.33 Hz mode with respect to generator power for 12 
selected generators is presented from the three different analysis methods in Fig. 12-
2. Of the selected generators six are generators in Finland, four are Swedish nuclear 
power generators, and two are Norwegian hydro generators. The model had a total of 
1132 generators in operation. The comparison of mode shapes in Fig. 12-2 shows 
that despite the numerous model changes and modifications the most important 
system characteristics of the original model has been retained.  
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Fig. 12-2. Graphical comparison of the mode shapes for the 0.33 Hz power oscillations, derived from 
three different analyses. Two sets of data are used to obtain modal information from non-linear 
simulations (PSS/E) and one set of data is used for the linear analysis (PacDyn),  2003 IEEE. 
 

12.3  Fennoskan HVDC link 

 12.3.1 General 
Both the non-linear PSS/E system model and the linearized PacDyn model has 

been used to study the effects on damping with the Fennoskan HVDC link. 
Frequency response based methods have been used for stabilizer design with a 
summer load configuration of the system model. The summer load configuration has 
fewer generators on-line, which raises the frequencies of the inter-area oscillation 
slightly from the winter load configuration. Stability improvements and effects on 
transfer capability are illustrated. The winter load case was used to study the behavior 
of the original stabilizer. 

 12.3.2 Modeling with PSS/E 
The CDC4 HVDC model, which was originally used as the dynamic model for the 

Fennoskan HVDC link in the network model obtained from Fingrid, was replaced 
with the CDCAB1 HVDC model. This model was originally developed by the 
Technical University of Denmark in co-operation with NESA A/S and ABB Power 
Systems under the sponsorship of the Academy of Technical Sciences of Denmark. 
The CDCAB1 model was included in the PSS/E model library and its functions were 
quite well documented in the manuals. The new model differs from the CDC4 model 
previously used, in that the DC cable dynamics are also modeled, and that it is uses 
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more sophisticated modeling of the controls. Fig. 12-3 illustrates the main modeling 
features of the CDCAB1 HVDC model when used in our study with the Fennoskan 
HVDC link. The model has a built in power system stabilizer, but in this study we 
have used a separate stabilizer model that was provided by Fingrid as a basis.  

 

  
 
Fig. 12-3. Diagram showing the main modeling features of the Fennoskan HVDC link,  2003 
IEEE. 
 
 
 

 12.3.3 Original stabilizer 
The Fennoskan link has a power system stabilizer installed. The inputs to the 

stabilizer are the bus frequencies from both converter stations. The information about 
frequency at the other station is sent over by a microwave link. The original HVDC 
stabilizer works as a bang-bang controller with  a  25 mHz dead band. The output of 
the controller is limited to 100 MW. The controller action is pulse width modulated. 

The performance of the original HVDC system stabilizer was tested in the winter 
load configuration with the PSS/E. The HVDC model used in this test was the 
simpler CDC4 HVDC model with settings obtained from Fingrid. Fig. 12-4 shows a 
case when a big generator in Finland is tripped at full load. The plotted signals are 
the active power in the two Finland-Sweden 400 kV AC tie lines, the active power in 
an outgoing AC line  from the converter station in Finland, the speed and active 
power of the OLG1 generator at Olkiluoto and the stabilizer output signal.  
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Fig. 12-4. Winter load case. Trip of a large generator in Finland. HVDC stabilizer is active at 
Fennoskan. The plotted variables are the AC power in the Fin-Swe power lines, AC power from the 
HVDC station, the speed and power of Olkiluoto Generator 1, and the HVDC stabilizer output. 
 

The tripping of the generator in Finland lowers the power transfer from Finland to 
Sweden with about 840 MW. The speed of generator OLG1 drops initially with 
0.006 p.u., which reflects the drop in frequency in the whole network due to the loss 
of generation. The generators with turbine governors increase their power when the 
frequency drops. This can be seen in the post-trip speed increase, which has a time 
constant of about 20 s. There are no turbine governors in the Finnish part of the 
network model, and that is the reason why the power transfer between Finland and 
Sweden does not increase when the network frequency increases after the generator 
trip. 

A 0.3 Hz power oscillation can also be seen in the AC line powers, generator 
speed and power. Initially there are oscillations in the generator power at higher 
frequency which is partly due to the local generator oscillation mode and partly due 
to the response of the HVDC link. The stabilizer output signal and the AC power 
from the converter station show the actions from the HVDV link during the first two 
cycles of oscillation. The HVDC power system stabilizer gives a power order 
increase pulse of 100 MW in the positive direction followed by two power order 
decrease pulses of 100 MW.  

Fig. 12-5 shows a case where the HVDC stabilizer is switched off, when all the 
other conditions are similar to the previous case. Here we can notice that the 
magnitude of power oscillations is significantly higher compared to the previous 
case. By comparing Fig. 12-4 and Fig. 12-5 we can determine that the control action 
of the power system stabilizers during the first two oscillations cycles was quite 
effective. However, the relative damping of the oscillations after the first two 

Fin-Swe AC line  Fin-Swe AC line 

AC power from 
Rauma converter OLG1 speed 

OLG1 power 
Stabilizer output 

    2000 MW 

  0 MW 
0                                                                          100 

0                                                                          100 

0                             Time [s]                                 100 

0                                                                           100 

0                                                                           100 

0                             Time [s]                                 100 

  1000 MW 

   0 MW 

 1000 MW. 

 750 MW 
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 -100 MW 

 0.015 p.u. 

 -0.01 p.u. 

  400 MW 
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oscillations cycles has not changed. Therefore, the stabilizer does not improve the 
damping as such. The stabilizer only mitigates the effects of large disturbances. 

 
 
 

 
 
Fig. 12-5. Winter load case. Trip of a large generator in Finland. HVDC stabilizer is inactive at 
Fennoskan. The plotted variables are the AC power in the Fin-Swe power lines, AC power from the 
HVDC station, the speed and power of Olkiluoto Generator 1, and the HVDC stabilizer output. 
 

 

 12.3.4 Frequency response of transfer functions 
When setting up the parameters for the CDCAB1 HVDC model in the PSS/E for 

Fennoskan, the frequency responses of a variety of transfer functions were used in 
the validation process. The summer load configuration was used for these 
computations. Fig. 12-6 shows the frequency response of the transfer function from 
the DC power order to the difference in bus frequency between the converter AC 
buses in Finland and Sweden that were computed with the final model parameters. 
Oscillatory modes at approximately 0.34 Hz, 0.57 Hz and 0.8 Hz can be seen in the 
frequency response. The two lower modes, which represent the inter-area oscillation 
modes, have a phase shift of about zero degrees at the resonance frequencies. An 
observation of concern is a relatively high gain around 30 rad/s, which is in the 
frequency range where the most critical turbine-generator torsional oscillatory modes 
are expected to be found. (It should be noted that there is a separate SSTI/SSR 
damping control in the link). The gain at frequencies below 0.3 Hz is low. This 
frequency response plot (Bode plot) can be used for HVDC stabilizer design for 
stabilizers with AC bus frequencies from the converter stations in Finland and 
Sweden as inputs.  
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AC power from 
Rauma converter OLG1 speed

OLG1 power Stabilizer output 
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0                                                                           100 

0                             Time [s]                                 100 
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   0 MW 
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 900 MW 

 -100 MW 

 0.015 p.u. 

 -0.01 p.u. 
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 -200 MW 



  121

 

 
 

 
 

Fig. 12-6. Frequency response of the transfer function from DC power order (MW) to bus frequency 
difference Finland-Sweden (Hz) for the Fennoskan HVDC link,  2003 IEEE. 

 
An alternative to the use of frequency measurements as inputs for the HVDC 

stabilizer is to use AC voltage angle measurements on both sides of the link. Such 
measurements could be obtained from phasor measurement units (PMUs). The 
transfer functions of interest would then be the one from the DC power order to the 
phase angle difference between the converter AC buses in Finland and Sweden as 
shown in Fig. 12-7. It was calculated from the same data that was used for Fig. 12-6. 
This transfer function has relatively high gain at low frequencies and low gain at high 
frequencies. The phase curve has been shifted -90 degrees from the frequency 
response in Fig. 12-6. This is as expected considering that the bus angle is the 
integral of the bus frequency. 
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Fig. 12-7. Frequency response of the transfer function from DC power order (MW) to bus angle 
difference Finland-Sweden (degr.) for the Fennoskan HVDC link,  2003 IEEE. 

 

 12.3.5 Linear analysis with PacDyn 
PacDyn can use the HVDC load flow declarations in the PSS/E format. With the 

PSS/E we have used a dynamic model for the DC cable. On the other hand PacDyn 
cannot utilize any of the dynamic HVDC models that are available in the PSS/E. To 
overcome this, we have built a simple current controller that acts on the converter 
firing angle. In our PSS/E simulations the HVDC stabilizer acted on the power order 
with a scaling in MW. In our PacDyn simulations the stabilizer was designed to act 
on the current order on a p.u. base. Fig. 12-8 shows the computed frequency response 
of the transfer function from the current order to the phase angle difference between 
the AC buses in Finland and Sweden computed by PacDyn. 
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Fig. 12-8. Frequency response of the transfer function from DC current order (p.u.) to bus angle 
difference between Finland and Sweden (rad.) for the Fennoskan HVDC link obtained from linear 
analysis,  2003 IEEE. 
 

By comparing the Bode plots from the PacDyn computations in Fig. 12-7 with 
Bode plots from PSS/E simulations in Fig. 12-8, we can conclude that they generally 
agree. The noticeable differences are steeper resonance peaks from the PacDyn 
computations than from the PSS/E simulations and a difference in response in the 
frequency range above 10 rad/s. The steeper resonance peaks indicate a less stable 
system, which has also been noticed when comparing the calculated damping ratios 
from PacDyn with those from PSS/E simulations. The differences above 10 rad/s can 
in part be explained by the fact that the stabilizer output is modulating the power 
order in the PSS/E model and the current order in the PacDyn model. The response of 
the current control loop is much faster than power control loop at an HVDC link.  

 12.3.6 HVDC stabilizer 
Based on the information from the frequency response in 12-6, we can determine 

that a stabilizer connected in negative feedback using the bus frequency difference 
between the converter AC buses in Finland and Sweden as input signals would 
require a zero phase shift in the inter-area resonance frequency range. In the turbine-
generator torsional frequency range we would need  a low gain, and similarly, a 
wash-out filtering at low frequencies is needed to make the stabilizer work 
satisfactorily even if the AC network is separated with the HVDC link in operation.  
By modifying the FENDM4 stabilizer we could obtain a stabilizer for the PSS/E 
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simulations, which had the main characteristics close to these requirements. The 
stabilizer gain in the inter-area frequency range was chosen to 500 MW/Hz. 

Because PacDyn had no bus frequency available that could directly be used as 
stabilizer input signals, we had to use a stabilizer that computed the bus frequencies 
from the phase angles of the bus voltages. A block diagram of this stabilizer is shown 
in Fig. 12-9. The two first washout filters convert the bus angle measurements to 
signals that in the frequency range of the inter-area modes are proportional to bus 
frequency. The third and fourth washout filters avoid control actions from steady 
state and low frequency disturbances. The two low pass filters reduce the gain at high 
frequencies. This stabilizer gives a phase angle compensation of 90  lead at the inter-
area oscillation frequencies. The gain was chosen to 30 to give a loop gain that 
corresponds to the PSS/E stabilizer loop gain of 500 MW/Hz. 

 
 

 
  

Fig. 12-9. Controller structure for the stabilizer implemented for linear analysis,  2003 IEEE. 
 

 

12.4  Performance assessments 

 12.4.1 Potential improvements of retuning stabilizers on generators 
Both linear analysis and non-linear simulations were used to determine the 

influence on damping and power transfer limits from the new stabilizers at Olkiluoto 
and Loviisa power plants in Finland.  The damping levels of the 0.34 Hz and 0.57 Hz 
modes were calculated as a function of the AC power flow in the corridor between 
northern Finland and Sweden with both old and new stabilizers. The summer load 
configuration was used for this study.  

The results from linear analysis are based on computation of eigenvalues, and the 
results from the non-linear simulations are based of modal analysis of the AC tie line 
power response. The “least squares” method was used to identify the damping of the 
inter-area modes from simulations. The results are shown in Fig. 12-10 and Fig. 12-
11, respectively.  
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Both methods show the same relative damping improvement. For the 0.34 Hz 
mode the relative damping improvement is 4 percentage points, and for the 0.57 Hz 
mode the relative damping improvement is 0.8 percentage points. However, the 
absolute damping values for the 0.34 Hz mode are about 5 percent lower with the 
linear analysis than with results obtained from non-linear simulations. Similarly, for 
the 0.57 Hz mode the absolute damping values are about 2 percent lower with the 
linear analysis in comparison to non-linear simulations. “A complete explanation of 
this mismatch has not been found. It is, however, recognized that the damping of 
inter-area modes is a response of the system interconnection and interaction of 
hundreds of generators. Moreover, system damping is sensitive to load representation 
and line impedances. It is therefore not unlikely that very small differences in model 
implementations in the tools applied for this study can create such differences, 
although the same model parameters are used in the two programs.” [3]. 

 
 
 

 
 

Fig. 12-10. Curves showing the effect of retuning stabilizers in two large power plants in Finland. 
Damping of the two main inter-area modes is plotted as function of power flow in the corridor 
between Northern-Finland and Sweden. All results are based on non-linear simulations and the ”least 
squares” method,  2003 IEEE. 
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Fig. 12-11. Curves showing the effect of retuning stabilizers in two large power plants in Finland. 
Damping of the two main inter-area modes is plotted as function of power flow in the corridor 
between Northern-Finland and Sweden. All results are based on linear analysis (eigenvalue 
computations),  2003 IEEE. 

 
 

We can use the linear analysis graph in Fig. 12-11 as an example on how to 
determine the effect of the new stabilizers on the transfer limit. A damping 
requirement of 3 % is fulfilled with a load flow at or below 90 % of base case with 
new stabilizers. With the old stabilizer the same damping requirement is fulfilled 
with a load flow at or below 60 %. The damping of the 0.57 Hz mode is the one 
determining the load flow in both situations. The new stabilizers therefore give an 
approximate increase in transfer limit from 60 % to 90 % of base case corridor flow. 
“This example was included for illustration only. It is recognized that other factors, 
such as voltage stability or thermal limits after certain contingencies can be equally 
important when operating power transfer limits are determined.” [3] 
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 12.4.2 New stabilizer on the Fennoskan HVDC link 
Fig. 12-12 shows the impact on system stability of the Fennoskan stabilizer with a 

gain of 30, as determined in section 12.3.6.  Applying the 3 % damping criterion, the 
transfer limit on the corridor between Northern-Finland to Sweden can be raised from 
approximately 60 % to 85 % of the base case corridor flow.  

 
 
 

 
 

Fig. 12-12. Curves showing the impact of the HVDC stabilizer on system damping at different power 
flows in the corridor between Northern-Finland and Sweden. All results are obtained from linear 
analysis,  2003 IEEE. 
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12.5  Conclusions 
In this section the linear analysis package PacDyn was introduced. Linear analysis 

was used to access the observability and controllability of low frequency inter-area 
modes in a full scale model of the Nordic power system, and to find candidate 
generators for stabilizer retuning.  

A large part of the work was analysis, modeling, design and tuning of damping 
controllers for the Fennoskan HVDC link between Sweden and Finland. The effects 
on damping and power transfer limits from new power system stabilizers on two 
large power plants in Finland have been demonstrated. The main results from linear 
analyses are presented and compared with non-linear dynamic simulations. 

A main conclusion of the work is that linear techniques can be of great benefit 
when designing damping controllers for large power systems. It was also illustrated, 
with the use of validated models, how linear tools can be used in operation planning 
to determine power transfer limits. [3] 
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13 Effects of controlled shunt compensation on damping 

13.1  Introduction 
In this chapter linear analysis techniques have been used to find and rank candidate 

locations for controlled shunt compensation (SVC) for damping purposes. The linear 
analysis software package PacDyn [15] was used with the full scale linearized model 
of the Nordic power system. A summer load condition with high power transfer from 
Finland to Sweden was studied (See section 4.2). Non-linear simulations with the 
PSS/E [14] software were used to validate some of the results from the linear 
analysis. [1] 

13.2  Methods 
Computation of eigenvalues was done in order to identify the frequency and 

damping of low damped inter-area modes. 
Long-distance frequency responses were computed as a means of identifying the 

most effective locations for controlled shunt compensation. Bus shunt susceptance 
modulation at the 400 kV buses was used as input for the long-distance transfer 
functions, and the active power response in one of the Finland-Sweden 400 kV AC 
tie lines as output. 

Linear feedback over long distances was used to verify the effects on damping and 
to show the correlation to results from computation of long-distance frequency 
responses. As input to the feedback controller the active power response in one of the 
Finland-Sweden 400 kV AC tie lines was used. As controller output, bus shunt 
susceptance modulation at one 400 kV AC bus at a time was used. 

The mode controllability factors with the 400 kV bus shunt susceptance as control 
variable were computed, and the results of these computations were compared with 
results from long-distance frequency response computations and linear feedback over 
long distances. 

The frequency responses of the local transfer functions for bus voltage control for 
the 400 kV buses were calculated. The bus shunt susceptance was used as input 
variable for the transfer function and the bus voltage magnitude as output variable. 
The amplitude, phase angle, and the rate of change of phase angles of the transfer 
function frequency responses were studied and compared between different buses.  

The effects on damping with controlled shunt compensation operating in normal 
bus voltage control were evaluated for different 400 kV buses around the system.  

The effects on damping with SVCs were compared with stabilizers on generators. 
Results from linear analysis were verified with non-linear simulations. 
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Fig. 13-1. Map of the countries belonging to the interconnected Nordic network. PR4, AJ4, and HU4 
are switching stations that are considered as potential candidates for controlled shunt compensation in 
TABLE 13-1 of this section. OLG is a large power plant. 
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13.3 Controllability of inter-area modes with SVCs 

13.3.1 Eigenvalues 
Fig. 13-1 shows the locations of three switching stations that are considered as 

potential candidates for controlled shunt compensation in this section, as well as the 
location of the Olkiluoto power plant where power stabilizer improvements have 
been done. A summer load condition with high power transfer from Finland to 
Sweden was used for the studies in this section (See section 4.2). Two low damped 
inter-area modes were identified with linear analysis. They were identified by the 
complex eigenvalue pairs 1=-0.064 j2.26 and 2=-0.089 j3.61, respectively. These 
correspond to inter-area oscillation frequencies of 0.36 Hz and 0.58 Hz. At the lower 
frequency, the generators in Finland oscillate against the generators in southern 
Sweden and Norway. At the higher frequency, the generators in Finland and Norway 
oscillate in phase against the generators in Sweden (see section 5.3.1). [3] 

 

13.3.2 Long-distance frequency responses 
The frequency responses of transfer functions over long distances have been used 

to assess the controllability of the two low-damped inter-area modes with controlled 
shunt compensation at all 400 kV AC buses around the system. As inputs to the long-
distance transfer functions, bus shunt susceptance modulation at the 400 kV buses 
was used. The active power response in one of the Finland-Sweden 400 kV tie lines 
(southernmost) was used as output for all transfer functions (13.1).  [1] 

 

 
)(

)(
)(

jiB

jSWEFINP
jSWEFINiH      (13.1) 

 
where 
 )( jSWEiFINH   is the frequency response of the transfer function; 
 )( jSWEFINP  is the line active power variation; 
 )( j

i
B    is the modulated bus shunt susceptance at bus i ; 

 
 

     is the angular frequency of the modulation. 
 
The 400 kV buses were ordered into four groups, one for each country, according 

to the magnitudes of the frequency responses of the long-distance transfer functions 
|HiFIN-SWE(j2 0.36)| and |HiFIN-SWE(j2 0.58)|, respectively. (Figs. 13-2 and 13-3). The 
bus order representing the 0.36 Hz mode is referred to as 400 kV buses, order A, and 
the bus order representing the 0.58 Hz mode as 400 kV buses, order B. That 
corresponds to about one third of the 400 kV buses in the system. 
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Fig. 13-2.  Frequency responses of transfer functions  PFIN-SWE (j )/ Bi(j ) at 0.36 Hz,                

 2005 IEEE. 
 
The frequency responses of transfer functions  PFIN-SWE (j )/ Bi(j ) at 0.36 Hz 

show high magnitudes for the 400 kV buses in Finland. The phase angles of the 
frequency responses at 0.36 Hz are divided into two groups. Finland and northern 
Sweden have phase angles averaging around 125 degrees. Southern Sweden, Norway 
and Denmark have phase angles averaging around -65 degrees. (Fig. 13-1) 

The frequency responses of transfer functions  PFIN-SWE (j )/ Bi(j ) at 0.58 Hz 
show high magnitudes for the 400 kV buses in Sweden followed by Finland. The 
phase angles of the frequency responses at 0.58 Hz are divided into four distinct 
groups, one for each country. The phase angles for Finland and Sweden seem to be in 
opposite phase to each other, and the phase angles for Norway and Denmark are also 
grouped with nearly opposite phase angles to each other. (Fig. 13-2) 

 
 

Frequency response angle Ubusi(j )/ Bi(j ): 0.58 Hz

-180

-135

-90

-45

0

45

90

135

180

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64

400 kV buses, order A

Ph
as

e 
an

gl
e 

(d
eg

re
es

)

b)

NOR DKSWEFIN

Frequency response PFIN-SWE(j )/ Bi j : 0.36 Hz

0

0.5

1

1.5

2

2.5

3

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64

400 kV buses, order A

M
ag

ni
tu

de

a)

NOR DKSWEFIN



  133
   
   

 

 
 
Fig. 13-3.  Frequency responses of transfer functions PFIN-SWE(j )/ Bi(j ) at 0.58 Hz,                  

 2005 IEEE. 
 

13.3.3 Linear feedback over long distances 
Linear control with feedback over long distances with an optimal phase angle 

compensation, PFIN-SWE*ej Bi, was used to verify the effects on damping with 
shunt compensation at the 400 kV buses identified with the long-distance frequency 
responses.  The active power response of the Finland-Sweden 400 kV AC tie line that 
was used in the frequency response computations was used as input to the feedback 
controller. As controller output, the bus shunt susceptance modulation at one 400 kV 
bus at a time was used. The phase compensation for the feedback controller was 
calculated in the following way, using information from the long-distance frequency 
control computations [Figs. 13-2(b) and 13-3(b)]:  

 

- If the frequency response angle was 90 < FR 270 , the compensator phase 
angle was set to =180 - FR, and positive feedback was used for the controller.  

- If the frequency response angle was -90 < FR 90 , the compensator’s phase 
angle was set to - FR, and negative feedback was used for the controller. [1] 
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The gain of the feedback controller was kept constant for all computations for the 
same inter-area mode. Fig. 13-4 shows the damping results for the 0.36 Hz mode and 
Fig. 13-6 the damping results for the at 0.58 Hz mode, respectively. 

The damping values with linear feedback over long distances for the 0.36 Hz mode 
follow the magnitudes of the frequency responses very closely [see Figs. 13-4 and 
13-2(a)]. This indicates that the results from the long-distance frequency response 
computations, PSWE-NOR(j )/ Bi(j ), can be used for ranking sites for controlled 
shunt compensation of similar rating when considering the optimal phase angle of the 
control signal for damping. [1] 

The damping values with linear feedback over long distances for the 0.58 Hz mode 
follow the magnitudes of the frequency responses [see Figs. 13-6 and 13-3(a)]. 
However, the damping values for Sweden have slightly higher variation and are a 
little lower than the results from the frequency response computations would suggest. 
These results are verified and compared with results from the controllability factor 
computations in the following subsection. [1] 

 

13.3.4 Controllability factors  
The relationship between the mode controllability factors and frequency responses 

of the transfer functions for controlled shunt compensation can be expressed with the 
following equations (13.2) and (13.3) (see [10], [18],  and [1]). 
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 kijckhbkhijR ,,,           (13.3) 

 
where 
 
 )( jhijH   is the frequency response of the transfer function; 

 )( jhB   is the modulated shunt susceptance at bus h; 
 )( jijP   is the active power variation in the line identified with  
   indexes i and j; 
 
 k   is the eigenvalue of mode k; 
 khijR ,  is the transfer function residue of mode k;

 hijD   is the direct term of the transfer function;  

 khb ,  is the mode controllability factor of mode k; 
 kijc ,  is the mode observability factor of mode k; 
   is the angular frequency of the modulation. 
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Fig. 13-4.  Results from the damping computations with linear feedback control from remote 
measurements, PFIN-SWE*ej Bi at 0.36 Hz, with line (---) indicating base level damping,           

 2005 IEEE. 
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Fig. 13-5. Controllability factors for the bus shunt susceptance Bi(j ) at 0.36 Hz,  2005 IEEE. 

 
Background about frequency response computations, transfer function residues, 

mode observability factors and mode controllability factors can be found in [10] and 
[16]-[18]. 

The mode controllability factors with the bus shunt susceptance as control variable 
were computed and are shown as bar graphs for the 0.36 Hz and 0.58 Hz inter-area 
modes (Figs. 13-5 and 13-7). The results of the controllability factor computations 
are very close to the relative improvements in damping obtained by linear feedback 
over long distances (see Figs. 13-4 and 13-6).  
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Fig. 13-6. Results from the damping computations with linear feedback control from remote 
measurements, PFIN-SWE*ej Bi at 0.58 Hz, with line (---) indicating base level damping,           

 2005 IEEE. 
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Fig. 13-7. Controllability factors for the bus shunt susceptance Bi(j ) at 0.58 Hz,  2005 IEEE. 
 
 
From the controllability factor computation we can draw conclusions about 

controllability identical to those drawn from the long-distance frequency response 
computations for the 0.36 Hz mode. [1] 

There is a slightly bigger difference between the results from the controllability 
factor computations and the results from the long-distance frequency response 
computations at 0.58 Hz, but here too it is possible to draw almost the same 
conclusions about the controllability from both computations. [1] 
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13.3.5  Discussion 
Equations (13.2) and (13.3) support the idea about using long-distance frequency 

response computations for controllability assessment. A modulation frequency that 
matches the imaginary part of an eigenvalue will be seen as a high magnitude in the 
frequency response. At a resonance frequency, the contributions from the other 
eigenvalues and residues are relatively small. The direct term Dhij in (13.2) stands for 
the power change in the transmission line that a step in the bus shunt susceptance 
causes momentarily, before any generators or dynamic devices have had time to 
respond. Its influence, however, becomes smaller over long distances and when the 
frequency response computations are performed at low damping for the oscillation 
mode of interest. If the same output is used for all frequency response computations 
the obervability factor cij,k will remain unchanged for all computations. The responses 
without the contributions from the other residues and eigenvalues can therefore be 
written as bh,k  cij,k/Re{- k}, where controllability factor bh,k is the only factor that 
changes from one computation to the other. Therefore the variation in the long-
distance frequency responses at the inter-area oscillation frequency will reflect an 
approximation of the relative variation in the controllability factor magnitudes when 
the bus shunt susceptance at different locations is used as the input to the transfer 
functions.  

Long-distance frequency response computations, combined with computations of 
damping using feedback over long distances, has proven to be a methodology that 
gives the same information about controllability as computation of controllability 
factors with linear analysis software. The advantage of the proposed methodology is 
that it can be used both with linear and non-linear system models. Because the 
method is based on frequency response computations, it can in principle be run 
directly on a non-linear system model without the need for linearization. For practical 
purposes, the long-distance frequency response computations alone may give 
sufficient information about the controllability of the inter-area modes with 
controlled shunt compensation. [1] 

 
 

13.4  Frequency response of the voltage control loops 

13.4.1  Magnitudes and phase angles 
The frequency responses of the transfer functions for bus voltage control with 

controlled shunt compensation, Ubusi(j )/ Bi(j ),  were calculated for the 400 kV 
buses that were determined earlier (bus orders A and B). The input of the transfer 
functions was the bus shunt susceptance and the output was the bus voltage 
magnitude. The magnitudes and phase angles of the frequency responses at the two 
inter-area oscillation frequencies are shown as bar graphs in Figs. 13-8(a) and (b) and 
13-9(a) and (b). 

The highest frequency response magnitudes for the 0.36 Hz mode were obtained in 
Finland. The frequency response angles are in a range of -25…+10 degrees for all the 
studied buses (bus order A) of the system. This means that controlled shunt 
compensation set to operate in voltage control at any of these buses, will lower the 
voltage variations at the 0.36 Hz inter-area oscillation frequency. 
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The highest frequency response magnitudes for the 0.58 Hz mode were obtained in 
Finland and Sweden. The frequency response angles average around zero degrees, 
except for two of the studied buses (bus order B). For two buses in Sweden the 
frequency response angles are -135 and -165 degrees, respectively [see Fig. 13-9(b)]. 
The exceptional frequency response angles at these two buses would cause problems 
with the bus voltage regulation. At the remaining buses, controlled shunt 
compensation set to operate in voltage control would lower the voltage variations at 
the 0.58 Hz inter-area oscillation frequency. 

13.4.2  Rate of change of the frequency response angles 
It was discovered that valuable information about the effects on damping with an 

SVC can be obtained from the derivatives of the frequency response angles of the 
transfer functions for bus voltage control at the inter-area oscillation frequencies. The 
frequency response computations were therefore expanded to include the derivatives 
of the frequency response angles at 0.36 Hz and 0.58 Hz [see Figs. 13-8(c) and 13-
9(c)].  

For illustration purposes a Bode-plot of transfer function Ubusi(j )/ Bi(j ) for a 
400 kV bus in southern Sweden is shown in Fig. 13-10. The two inter-area resonance 
frequencies can be seen in the frequency response.  At 0.36 Hz the magnitude drops 
and the phase angle has a positive rate of change (derivative). At 0.58 Hz the 
magnitude increases and the phase angle has a negative rate of change. 

For the 0.36 Hz mode, the derivatives of the frequency response angles are 
negative for SVCs located in Finland and northern Sweden. For SVCs located in the 
southern parts of Sweden and Denmark, the derivatives of the frequency response 
angles are positive, and in Norway slightly positive [see Fig. 13-8(c)].  

For the 0.58 Hz mode, the derivatives of the frequency response angles are 
negative for SVCs located in Finland and Sweden, with the exception of one bus in 
Sweden. For SVCs in Norway the derivatives of the frequency response angles are 
positive, and in Denmark slightly negative [see Fig. 13-9(c)]. [1] 

In the next subsection (13.5.1) it is shown that information about magnitude, phase 
angle and rate of change of the phase angle for frequency responses of the transfer 
functions for bus voltage control can be used to tell what damping behavior to 
expect, if an SVC is connected to a specific bus. A positive rate of change 
corresponds to decreased damping and a negative rate of change corresponds to 
improved damping. The effects of the -135 and -165 degree phase angles of the 
frequency responses at the two buses in Sweden will also be shown.  
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Fig. 13-8. Frequency responses of transfer functions Ubusi(j )/ Bi(j ), at 0.36 Hz,  2005 IEEE. 
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Fig. 13-9. Frequency responses of transfer functions Ubusi(j )/ Bi(j ),  at 0.58 Hz,  2005 IEEE. 
 

Frequency response angle Ubusi(j )/ Bi(j ): 0.58 Hz

-180

-135

-90

-45

0

45

90

135

180

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64

400 kV buses, order B

Ph
as

e 
an

gl
e 

(d
eg

re
es

)

NOR DKSWEFIN

b)

Derivative of frequency response angle 

 for Ubusi(j )/ Bi(j ): 0.58 Hz

-15

-10

-5

0

5

10

15

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64

400 kV buses, order B

Ph
as

e
an

gl
e 

/ 
(d

eg
re

es
/[1

0^
-2

 ra
d/

s]
)

c)

NOR DKSWEFIN

Frequency response Ubusi(j )/ Bi j : 0.58 Hz

0

0.01

0.02

0.03

0.04

0.05

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64

400 kV buses, order B

M
ag

ni
tu

de

a)

NOR DKSWEFIN



  141
   
   

 

 
Frequency response Ubusi j Bi(j )

400 kV bus 33, order A

0

0.005

0.01

0.015

0.02

0.025

1 1.5 2 2.5 3 3.5 4 4.5 5

(rad/s)

M
ag

ni
tu

de

0.36 Hz 
inter-area mode

0.58 Hz
inter-area mode

a)

-20

-15

-10

-5

0

5

10

15

20

25

1 1.5 2 2.5 3 3.5 4 4.5 5

 (rad/s)

Ph
as

e 
an

gl
e 

(d
eg

re
es

)

Negative rate of
change at 0.58 Hz

Positive rate of
change at 0.36 Hz

b)

 

Fig. 13-10. Bode-plot of transfer function Ubusi(j )/ Bi(j ) at 400 kV bus 33, order A located in 
the south of Sweden,  2005 IEEE. 

 

13.5  Bus voltage control 

13.5.1  Feedback from bus voltage 
Bus voltage control is one of the primary functions of controlled shunt 

compensator installations in power systems. The effect of this control mode on 
damping was studied with SVCs at different locations in the system. The SVCs were 
identical with a controller gain of 50 p.u./p.u. on a 100 MVA base, which 
corresponds to reactive power change of 100 Mvar for a 2 percent voltage change on 
the 400 kV bus. In the feedback loop the bus voltage magnitude Ubusi was used as 
controller input and the bus shunt susceptance as Bi as output. The damping results 
are shown as bar graphs for the 0.36 Hz mode [see Fig. 13-11(a)] and the 0.58 Hz 
mode [see Fig. 13-11(b)] with bus orders A and B, respectively. 

The bars that reach above the dashed lines (----) in Fig. 13-11(a) and (b) indicate 
an improvement in damping and the bars that end short of the dashed lines indicate a 
lowered damping. The damping results for the 0.36 Hz and 0.58 Hz modes are shown 
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in Fig. 13-11(a) and Fig. 13.11(b), respectively. A comparison with the derivatives of 
the frequency response angels for the 0.36 Hz mode in Fig. 13-8(c) shows a good 
correlation between the two quantities. Negative rate of change of the frequency 
response angle corresponds to improved damping, and a positive rate of change 
corresponds to a lowered damping. A similar correlation can also be seen with the 
0.58 Hz mode except for the two buses that had the large negative frequency 
response phase angles (-135 and -165 degrees) [see Fig. 13-11(b) and Fig- 13-9(c)]. 
The large negative phase angles of the frequency responses are at the northern 
terminals of two fixed series compensations in Sweden where the power flow is from 
north to south. Closing of the voltage control feedback loop at these two locations 
has directly led to lowered damping of the 0.58 Hz mode. 

 
 
 

 
Fig. 13-11. Effects on damping with linear feedback from the bus voltage magnitude to the 400 kV 
bus shunt susceptance. Lines (----) correspond to the base case damping levels, and lines (- - -) 
show the effects on damping with the Norwegian SVCs switched off. (Linearized system),             

 2005 IEEE. 
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13.5.2  Shutdown of controlled shunt compensators in Norway 
In our system model controlled shunt compensators were used in Norway. 

Therefore we wanted to verify the influence of these on the damping of the inter-area 
modes. Switching off the controlled shunt compensators in Norway improved the 
damping of the 0.36 Hz mode from a level of 2.84 to 4.7 percent. The damping of the 
0.58 Hz mode on the other hand decreased from a level of 2.49 to 2.32 percent [see 
the dashed and dot-dashed lines in Figs. 13-11(a) and (b)]. [1] 

 

13.5.3 Discussion 
Bus voltage control is one of the primary functions of controlled shunt 

compensator installations in power systems. However, our computations showed that 
this control mode will in certain situations lower the damping of inter-area 
oscillations. This has also been noticed by other authors [4]-[8].  

An SVC operating in voltage control in an area with high export of power over AC 
ties to other areas will improve the damping of inter-area modes. On the other hand, 
an SVC operating in voltage control in an area with high import of power over AC 
ties will lower the damping of at least some of the inter-area modes.  

The bus voltage control with SVCs was studied with a load flow case with excess 
generation of Finland and power transfer to the other Nordic countries. For the lowest 
inter-area mode (0.36 Hz), the Nordic network was divided into two areas. In Finland 
and northern Sweden controlled shunt compensation improved the damping. In 
Norway, Denmark and southern Sweden controlled shunt compensation lowered the 
damping. The situation was better with the 0.58 Hz mode. In Finland and Sweden 
(except for two buses in Sweden), controlled shunt compensation improved the 
damping. The situation in Denmark was unchanged and in Norway the damping was 
lowered. 

An interesting discovery was done with SVCs placed in the vicinity of large series 
compensations in Sweden with a load flow from North to South. A controlled shunt 
compensator operating in voltage control improved the damping when connected to 
the southern terminal of the series capacitor and lowered the damping of the 0.58 Hz 
mode, when connected to the northern terminal of the series capacitor. 

The effect on damping was also tested by shutting off the existing SVCs in 
Norway in the system model. The damping controllers for these SVCs were not in 
use in our model. The damping of the 0.36 Hz inter-area mode improved 
significantly while the damping of the 0.58 Hz mode decreased slightly when the 
SVCs were shut off. 

The results from shutting off the controlled shunt compensators in Norway are a 
little contradictory to the other results. The damping of the 0.58 Hz mode decreased 
slightly, despite the fact that the damping values shown at the ten Norwegian buses in 
our graphs suggested an increased damping in this situation.  This can be explained 
by the fact that the Norwegian SVCs were online when we performed the 
controllability computations. A bus with an SVC online will show low 
controllability, because the SVC operation will counteract our bus susceptance 
modulation and is therefore not among the buses shown in our graphs. [1] 

 
 



144     13. Effects of controlled shunt compensation on damping 

 

13.6 Comparison of generator stabilizers and SVCs 
 

Comparison of the damping effects with Generator stabilizers and SVCs has been 
done during a load flow situation where Finland has a high power export to the other 
Nordic countries (see Table 13-1). Comparisons have been done with both retuned 
and deactivated power system stabilizers on the two largest generators in Finland at 
the Olkiluoto power plant (OLG), with combinations of SVC at three candidate 
locations in Finland. The three candidate locations for the SVCs and the Olkiluoto 
power plant are shown in Fig. 13-1.   

A proportional gain of 50 p.u./p.u. on a 100 MVA base was used for the SVC bus 
voltage controller. With this gain a 350 MVA compensator would reach full capacity 
when the 400 kV bus voltage has changed seven percent. About two controlled shunt 
compensators of 350 MVA each are needed to obtain the same damping 
improvement as is obtained with the power system stabilizers on the two largest 
generators in Finland (see Table 13-1). [1] 

 
    
           TABLE 13-1,  2005 IEEE. 

 
 
 

13.7  Verification of SVC performance with non-linear simulations 

13.7.1  Feedback from bus voltage 
Some of the findings from linear analysis have been verified with non-linear 

simulations, so as to ensure that no major errors have been introduced in the 
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linearization process. The bus voltage control computations with controlled shunt 
compensation in subsection 13.5 were verified with non-linear simulations. For 
obtaining frequency and damping values from the PSS/E simulation results, we have 
used the least-squares method of the same program. An SVC with characteristics 
similar to the SVC model in section 13.5.1 was used, i.e. a 350 MVA compensator 
with a proportional voltage controller with a gain of 50 p.u./p.u. on a 100 MVA base. 
An opening and closing procedure of one of the parallel Finland-Sweden tie lines 
was used to activate the two inter-area modes during time domain simulations. The 
active power response in one of the Finland-Sweden tie lines was analyzed with the 
PSS/E modal analysis software for SVCs placed at 65 different buses - one at a time - 
plus one base case, using two different bus orders (see Fig. 13-12). 

The overall damping with non-linear simulations is better than the damping 
obtained with linear computations in subsection 13.5.  On the other hand, the relative 
effects on damping at the different buses are very similar. 

 

 
Fig. 13-12. Effects on damping with linear feedback from the bus voltage magnitude to the 400 kV 
bus susceptance. Lines  (----) correspond to the base case damping levels, and lines   (- - -) show the 
effects on damping with the Norwegian SVCs switched off. (Non-linear system),  2005 IEEE. 
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13.7.2  Shutdown of controlled shunt compensators in Norway 
The shutdown of the controlled shunt compensators in Norway improved the 

damping of the 0.36 Hz mode from a level of 7.15 to 9.19 percent. The damping of 
the 0.58 Hz mode decreased from 3.91 to 3.66 percent [see the horizontal lines in 
Fig. 13-12(a) and (b)]. These effects are in agreement with those obtained by linear 
analysis in section 13.5. 

13.8  Conclusions 

13.8.1  Analysis 
A systematic study based on linear analysis has been performed with a full scale 

model of the Nordic power system to get a better understanding of the effects on 
damping with controlled shunt compensation. 

A new method based on long-distance frequency responses has been used. The bus 
shunt susceptance is used as modulation variable, and the active power response in a 
remote line is used as output variable. Computations with linear feedback control 
from a remote area with data from the frequency response measurements have been 
used to get a more precise measure for controllability. There is good agreement 
between the results obtained with this methodology and the results from 
controllability factor computation with linear analysis software. 

A new method based on frequency response computations has also been 
introduced to determine what effects on damping to expect with controlled shunt 
compensation operating in voltage control mode. With this method the bus shunt 
susceptance is used as modulation variable and the bus voltage amplitude as output 
variable. The absolute value and phase angle of the bus voltage amplitude variation 
and the derivative of the latter quantity have been used to predict the damping 
behavior at the candidate sites for controlled shunt compensation. 

The strength of the new methods, which are based on frequency analysis, is that 
they can be used with both linear and non-linear system models. 

 

13.8.2  System aspects with SVC 
The findings of this section are that controlled shunt compensation operating in 

bus control mode will improve the damping of inter-area oscillations when they are 
located in an area with large surplus generation. On the contrary, for controlled shunt 
compensation located in an area with high power import over AC interconnections, 
the bus voltage control mode of the compensator will decrease the damping of at 
least some of the inter-area modes. 

The load situation studied was high power transfer from Finland to the other 
Nordic countries. In this situation SVCs operating in voltage control in Finland 
improved the damping of the inter-area oscillation modes. Shutdown of the existing 
controlled shunt compensators in Norway improved the damping of the 0.36 Hz 
inter-area oscillation mode significantly but decreased the damping of the 0.58 Hz 
mode slightly. 

Buses that show high controllability for at least one of the inter-area modes and 
show positive damping for both modes are good locations for SVC placement based 
on damping. The problem is that this situation changes when the power transfer 
direction changes. This indicates that SVC operation based on voltage control is not 
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enough to guarantee good damping performance with SVC during different system 
conditions. [1] 

A comparison of generator stabilizers and SVCs revealed the following. Two 
controlled shunt compensators of 350 MVA in Finland improved the damping of the 
lowest inter-area mode as much as the power system stabilizers at two of the largest 
generators in Finland.  
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14   Effects of bus voltage control 

14.1  Introduction 
 The primary operation mode of controllable shunt compensators is bus voltage 
control.  In chapter 13 it was shown that under certain conditions bus voltage control 
improves damping and under other conditions it lowers the damping. An interesting 
discovery during the research work was that the rate of change of the frequency 
response angles of the transfer function - from reactive power injection or bus shunt 
susceptance modulation to the bus voltage magnitude - can be used to tell how shunt 
compensation operating in voltage control will affect the damping [1]. This chapter 
includes an analytical derivation showing how the method works.

14.2  Rate of change of frequency response angles 

          14.2.1  Bus voltage frequency response 
 The frequency response of a transfer function with bus reactive power injection as 
input signal and bus voltage as output can be expressed according to (14.1) and 
(14.2), which is called partial-fraction expansion: 
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where 
 

 )( jiH   frequency response of the transfer function; 
 

 )( jiQ   reactive power modulation at bus i; 
 )( jiU   voltage variation at bus  i; 
 k   eigenvalue of mode k; 
 kiR ,   transfer function residue of mode k;  
 iD   direct term of the transfer function; 
 kib ,   mode controllability factor of mode k;
 kic ,   mode observability factor of mode k; 
   angular frequency of the modulation. 

 
 A bode plot of the frequency response for the above transfer function for the 
ALVEST 400 kV bus in southern Sweden has been computed (Fig. 14-1). A simple 
polynomial expression of the transfer function has been created from the frequency 
response data by matching the bode plots from the full scale power system model and 
three series connected zero-pole polynomials in Matlab Simulink (Fig. 14-2). The 
frequency response of the simplified model is presented in Fig. 14-3.  
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Fig. 14-1. Bus voltage variation at a 400 kV bus in southern Sweden in response to local reactive 
power injection. 

 

Fig. 14-2. Simplified model for the bus voltage variation in response to reactive power injections. 
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Fig. 14-3. Frequency response of the simplified model for the bus voltage variation in response to 
reactive power injections. 

 

With help of Matlab we can perform a partial-fraction expansion as in (14.3) of the 
three pole-zero polynomial expressions in Fig. 14-2 and obtain the results as 
presented in (14.3). The gain and phase shift of each term in the transfer function is 
presented as Bode plots in Figs. 14-4(a-c). The frequency response of the all the 
terms combined gives an identical Bode plot [Fig. 14-4(d)] as the one in Fig. 14-3. 
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Fig. 14-4. Bode plots of each term in the partial-fraction expansion and the frequency response of all 
the terms combined. The dashed lines (- -) in a and b are the two complex conjugate frequency 
responses and the solid lines (---) are the combined responses. The frequency responses of the fifth and 
sixth fractions are plotted in c and the frequency response of all the terms are combined in d. 

 

          14.2.2  Models for the analytical study 
 For the analytical study we can select two separate transfer functions - one for each 
inter-area mode - with the help of the previous Bode plots (Fig.14-4) and the terms 
from the partial fraction expansion in (14.3). The frequency response representing the 
Di-term in (14.3) has the dominant magnitude and should therefore be included in the 
polynomials for both modes. Of the other terms we will include those representing 
one of the inter-area modes at a time. To be able to convert our resultant polynomials 
to transfer functions with real constants, we need to include the complex conjugate 
terms in our equations and we will obtain two transfer functions as follows in (14.4) 
and (14.5), respectively. Bode plots of the resulting transfer functions are plotted in 
Fig. 14-5. 
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Fig. 14-5. Frequency response of the transfer functions for analytical studies, where the two inter-area 
modes are separated. 

 

         14.2.3  Damping and sensitivity analysis 
 The block diagram for the analytical studies is as shown in Fig. 14-6 and the 
transfer function parameters chosen as in (14.4) and (14.5 ) for the 0.36 Hz mode and 
the 0.58 Hz mode, respectively. The derivation of the eigenvalues – which give 
information about damping – is presented in (14.6)-(14.8). 
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Fig. 14-6. Block diagram of the analytical model for bus voltage regulation. 
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 The roots of transfer function (14.6) are shown in (14.7). The roots are of the form 
j , where the inverse of the real term 1/ stands for the damping time constant and 
for the angular frequency of the oscillation. 
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To verify how the change in gain K1 (reactive power injection / bus voltage variation) 
affects the damping, we calculate the derivative of the real term of the eigenvalue in 
(14.7) with respect to gain K1 as in (14.8). 
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 Equation (14.8) shows that the sensitivity of the real term d /dK1 is dependent on 
gain K1 as well. Therefore we will assess how strong this dependency is by giving 
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numerical values to the denominator polynomial as shown in (14.9) and (14.10). A 
numerical value of 15 given to gain K1, means that a 0.01 p.u. voltage change will 
give rise to a 0.15 p.u. change in the injected reactive power on a 100 MVA base. In 
the other case, K1 is set to zero. 

 
 
 0.32)004.1015.0151(22)2211(2 bKKDEN                 (14.9) 

 0.22)004.1015.001(22)2211(2 bKKDEN      (14.10) 
 

 The equations show that the sensitivity is decreasing slightly with increased gain. 
This does not cause any problems for ranking purposes. The numerical values apply 
to both the 0.36 Hz and the 0.58 Hz mode in this special case. 

         14.2.4  Derivation of  frequency response angles 
 The rate of change of frequency response angles are computed with the feedback 
loop open as in Fig. 14-7. The gain of K1 and K2 are chosen as 1.0 and 0.015, 
respectively. The derivation of the equations for the rate of change of frequency 
response angles are as follows in (14.11) - (14.13). 
  

 
 

Fig. 14-7. Block diagram of the analytical model for bus reactive power injection. 
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We multiply both the numerator and denominator polynomials with the complex 

conjugate of the denominator to make the denominator real (14.12).  
 

)(
)2

o
2)2

1o2(4(
oo)1oo1(2)2o11o(3)211(4

2
21

)(
)o1

2()o1
2(

)o1
2()o1

2
2(

21)(

sx
asaas

basbabasbababsbabsb
KK

sx
asasasas

asasbsbsb
KKsy

            
                        (14.12) 
 

In order to study the transfer function as a function of frequency we replace 
symbol s with j  in (14.13). 
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The arctangent of the ratio between the imaginary and real part of the numerator 

polynomial (14.13) will then be the phase shift (frequency response angle) of the 
transfer function as in (14.14). 
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The rate of change of the frequency response angle is obtained by calculating the 
derivative of (14.14) as shown in (14.15). 
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The last part of (14.15) stands for numerical term wise differentiation of F(j ). The 
term wise differentiation is done to identify which terms in the transfer function affect 
the rate of change of the frequency response angle the most. Equation (14.16) shows, 
as an example of the differentiation method, how the numerical differentiation of the 
highest order term of the numerator (here marked with index 3) is done. The results 
for the 0.36 Hz and 0.58 Hz modes are presented in (14.17) and (14.18), respectively. 
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The numerical results of the partial differentiations for both the 0.36 Hz and the 0.58 
Hz mode show large numbers for the denominator terms. However, they are of 
opposite signs and their sum is relatively small and negative for both modes. The sum 
of the numerator terms on the other hand is positive for the 0.36 Hz mode and 
negative for the 0.58 Hz mode.  Further, the third order term in the numerator is the 
one that makes the numerical differentiation of the frequency response angle positive 
for the 0.36 Hz mode. For the 0.58 Hz mode on the other hand the third degree term 
of the numerator has a big contribution in bringing the numerical differentiation of 
the frequency response angle negative This means that dominant term effecting the 
rate of change of frequency response angle is the third order numerator term of 
(14.16), rewritten in (14.19).  The sensitivity analysis of the real part of the 
eigenvalue to constant feedback gain K1 in (14.8), rewritten in (14.20), has the 
common factor with (14.19), i.e. (b1-a1 b2). Therefore we can expect a strong 
correlation between the rate of change of frequency response angles and damping.  
Verification with the large Nordic system model was done in sections 13.4 -13.5 and 
13.7. 
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14.3   Simulation results with the full scale Nordic system model 

The rate of change of frequency response angles of the 400 kV bus voltages in 
response to reactive power injection at different 400 kV buses has been calculated for 
the 0.38 Hz and 0.58 Hz inter-area modes, and the results are graphically shown as 
vectors on maps of the Nordel system in Fig. 14-8. A vector pointing to the left 
means negative rate of change of the frequency response, while a vector pointing to 
the right means positive rate of change. The non-linear PSS/E model was used for 
these computations. 

The damping effects of reactive power injections controlled with a negative 
feedback loop from the 400 kV bus voltage has also been studied at different 
locations in the system for the 0.38 Hz and 0.58 Hz inter-area modes, and the results 
are graphically shown as vectors on maps of the Nordel system in Fig. 14-9. A vector 
pointing to the left means improved damping, while a vector pointing to the right 
means lowered damping. The non-linear PSS/E model was used for these 
computations. 

A very strong correlation between the rate of change of frequency response angles 
and damping can be seen in the simulation results (Figs. 14-8 and 14-9). 

 
 
 

 

 
 
 
 
Fig. 14-8. Rate of change of frequency response angles of the 400 kV bus voltages in response to 
reactive power injections at different 400 kV buses, for the 0.36 Hz (left) and 0.58 Hz (right) modes. 
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Fig. 14-9. Damping effects from reactive power injections controlled with a negative feedback loop 
from bus voltages at different 400 kV buses for the 0.36 Hz (left) and 0.58 Hz (right) modes. 
 

14.4   Conclusions 
Analytically it has been shown a strong correlation between the rate of change of 

frequency response angles and damping for the transfer function with bus reactive 
power injection as input signal and bus voltage as output. A strong correlation 
between the rate of change of frequency response angles and damping can be seen in 
the simulation results with the non-linear network model. The results from the linear 
analysis with the Nordic network model in section 13 also agree with the analytical 
findings in this section. Comparisons with non-linear simulations were also done in 
section 13 and the results were found to be in agreement with the linear analysis 
results. 
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15 Effects of controlled series compensation on damping 

15.1  Introduction 
In this section linear analysis techniques have been used to find and rank candidate 

locations for thyristor controlled series compensation (TCSC) for damping purposes. 
The linear software package PacDyn [15] has been used with the full scale linearized 
model of the Nordic power system. The light summer load case with high power 
transfer from Finland to Sweden was studied (see section 4.2). Non-linear 
simulations with the PSS/E [14] software were used to validate some of the results 
from the linear analysis. [1] 

15.2  Methods 
The eigenvalues for the inter-area modes with the corresponding mode shapes 

(observability) for the active power in the 400 kV branches were computed.  
Candidate locations for series compensation were chosen based on the mode shape 
magnitudes for the active power Pij(j ) of the 400 kV branches, so that we obtained 
a separate set of branches for each of the two inter-area modes. 

Long-distance frequency responses were computed as a means of identifying the 
most effective locations for controlled series compensation. The series reactance of 
the candidate 400 kV lines for series compensation was used as input for the long-
distance transfer functions, and the active power response in one of the Sweden-
Norway 400 kV southern tie lines as output.  

Linear feedback control over long distances was used to verify the effects on 
damping and to show the correlation to results from computation of long-distance 
frequency responses. As input to the feedback controller the active power response in 
one of the Sweden-Norway AC tie lines was used. As controller output the 400 kV 
line reactance for one 400 kV line at a time was used. The phase angle information 
from the frequency response computations were used when determining the phase 
angle compensation for the feedback control. 

The mode controllability factors with the line series reactance as control variable 
were computed, and the results of these computations were compared with results 
from long-distance frequency response computations and linear feedback over long 
distances. 

Verification was done with non-linear simulations. 
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Fig. 15-1.  Locations for the highest ranking 400 kV branches in the Nordic network for controlled 
series compensation when considering damping of the 0.36 Hz and 0.58 Hz inter-area modes. The 
ranking was done by means of long-distance frequency response computations. 
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15.3 Observability of inter-area modes 
 

The mode shapes (observability) for the active power Pij(j ) of the 400 kV 
branches were computed for  the 0.36 Hz and 0.58 Hz modes. The branches were 
sorted based on the mode shape magnitudes in two sets of branch orders - one for 
each mode - referred to as 400 kV branches, order AA and 400 kV branches, order 
BB, respectively. The locations of the branches with the highest 0.36 Hz and 0.58 Hz 
mode shape magnitudes are shown on the maps in Figs.15-2 and 15-3. The AC tie 
lines between Finland and Sweden have high mode shape magnitudes for the 0.36 Hz 
mode (Fig. 15-2), while the AC tie lines between southern Sweden and Norway have 
high mode shape magnitude for the 0.58 Hz mode (Fig. 15-3). 
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Fig. 15-2. Observability (mode shape) of the 0.36 Hz mode in the active power flow of the main 
transmission lines in Finland and northern Sweden,  2005 IEEE. 
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Fig. 15-3. Observability (mode shape) of the 0.58 Hz mode in the active power flow of the main 
transmission lines in the southern parts of Sweden and Norway,  2005 IEEE. 

 

15.4  Controllability of inter-area modes with TCSCs 
 

 15.4.1 Long-distance frequency responses 
The frequency responses of transfer functions over long distances have been used 

to assess the controllability of controlled series compensation for the 400 kV lines 
that have shown high observability of the 0.36 Hz and 0.58 Hz modes. The series 
reactance of the candidate 400 kV lines for series compensation was used as inputs 
for the long distance transfer functions and the active power response in one the 
Sweden-Norway 400 kV southern tie lines as output (15.1). [1] 

 

)(

)(
)(

jijX

jNORSWEP
jNORijSWEH      (15.1) 

 
where 



  165 

 

HijSWE-NOR(j ) is the frequency response of the transfer function; 
Xij(j )   is the modulated line series reactance 

   between buses i and j;
PSWE-NOR(j ) is the active power response in a line  

       between Sweden and Norway; 
 

   is the angular frequency of the modulation. 

The magnitudes of the frequency responses of the inter-area modes |HijSWE-NOR 

(j2 0.36)| and |HijSWE-NOR(j2 0.58)|, have been positioned in the bar graphs according 
to the mode shape magnitudes (see Figs. 15-4 and 15-5). Large frequency response 
magnitudes indicate that the locations are good candidates for controlled series 
compensation. 
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Fig. 15-4.  Frequency responses of transfer functions PSWE-NOR(j )/ Xij(j ) at 0.36 Hz,                 

 2005 IEEE. 

Frequency response PSWE-NOR(j )/ Xij(j ): 0.58 Hz
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Fig. 15-5.  Frequency responses of transfer functions PSWE-NOR(j )/ Xij(j ) at 0.58 Hz,                
 2005 IEEE. 
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15.4.2 Linear feedback over long distances 
Linear feedback control over long distances was used to verify the effects on 

damping with the different candidate locations for controlled series compensation. 
The active power response of the same Sweden-Norway 400 kV tie line that was 
used in the frequency response computations was used as input to the feedback 
controller. As controller output the 400 kV line reactance for one 400 kV line at a 
time was used. The frequency response of the long-distance transfer functions 
showed a phase shift of about 90 degrees at the 0.36 Hz inter-area resonance 
frequency. Therefore, a linear feedback controller with a lagging phase shift of 90 
degrees at the inter-area frequency was set up in the program. The gain of the 
feedback controller was set so that a damping improvement of about three percent 
was obtained at the best location, and then kept constant for the rest of the 
computations for the 0.36 Hz inter-area mode. 

 The base case damping without feedback was 2.84 % (Fig. 15-6). The damping 
values with linear feedback over long distances follow the magnitudes of the long-
distance frequency responses quite closely (Figs. 15-6 and 15-4). 

 
Fig. 15-6.  Results from the damping computations with feedback PSWE-NOR*ej Xij at 0.36 Hz, 

 2005 IEEE. 
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15.4.3  Controllability factors 
The relationship between controllability factors and frequency responses of 

transfer functions for controlled series compensation can be expressed with (15.2) 
and (15.3), see [10], [18], [1]. 
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where 

)( jijlmH   is the frequency response of the transfer function, 

)( jijX   is the modulated line series reactance between buses i and j, 

)( jlmP   is the active line power response between  buses l and m, 

k    is the eigenvalue of mode k, 

kijlmR ,   is the transfer function residue of mode k, 

ijlmD   is the direct term of the transfer function,  

kijb ,    is the mode controllability factor of mode k, 

klmc ,    is the mode observability factor of mode k, and
 

   is the angular frequency of the modulation. 
 
The mode controllability factors with the line series reactance as control variable 

were computed and are shown as bar graphs in Figs. 15-7 and 15-8. The results of the 
controllability factor computations are very close to the results from long-distance 
frequency response computations (see Figs. 15-4 and 15-5) and quite close to the 
relative improvements in damping obtained by linear feedback over long distances 
(see Fig. 15-6).  
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Fig. 15-7. Controllability factors for the line series reactance Xij(j ) at 0.36 Hz,  2005 IEEE. 
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0

0.2

0.4

0.6

0.8

1

1.2

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49

400 kV branches, order BB

M
ag

ni
tu

de
NORSWEFIN

 
Fig. 15-8.  Controllability factors for the line series reactance Xij(j ) at 0.58 Hz,  2005 IEEE. 

 
 

TABLE 15-1,  2005 IEEE.

 a    These are the 400 kV branches of order AA as in Fig. 15-4 
 b    These are the magnitudes of the long-distance frequency response normalized  
      to the magnitude of the first branch as in Fig. 15-4. 

 
TABLE 15-2,  2005 IEEE.

 c    These are the 400 kV branches of order BB as in Fig. 15-5 
 d    These are the magnitudes of the long-distance frequency response normalized  
      to the magnitude of the first branch as in Fig. 15-5. 
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15.4.4  Discussion 
We have here introduced a method based on long-distance frequency computations 

for assessing the controllability of candidate sites for controlled series compensation. 
We have shown that the long-distance frequency responses for the transfer functions 
with the line series reactance at different locations as input variable and the AC tie 
line power response in a remote area as output can be used as a measure for 
controllability assessment of inter-area modes with controlled series compensation 
(see Fig. 15-1 and Tables 15-1 and 15-2). Linear feedback over long distances with 
the active power response in the remote area as controller input and the line series 
reactance at different locations as output variable was used for damping assessment 
for the 0.36 Hz mode. The phase angle information from the long-distance frequency 
computations was used for determining what phase compensation to use in the 
feedback controller. There was a close agreement between the results of the long-
distance frequency response computations and the results from mode controllability 
computations. The advantage of the method with long-distance frequency response 
computations is that the method can be used with both linear and non-linear systems. 
It can also be concluded that if a linear system model is used, the controllability 
factor computations is a good method for ranking candidate locations for controlled 
series compensation as well. 

Long transmission lines with high observability of the inter-area modes were 
identified as the highest ranking candidates for controlled series compensation. These 
were as well identified as inter-area line paths with high load flow. The longer AC 
lines have a competitive advantage, because series compensation with higher ratings 
can be used (50 – 70 % compensation degree). Controlled series compensation in 
parallel line paths might be required to ensure good system performance. Controlled 
series compensation can damp inter-area oscillations in either power direction. 

 
 

15.5 Verification with non-linear simulations 

15.5.1  Controlled series compensator model 
With the controllability assessment we used feedback control over long distances. 

However, this is not a practical solution for real controlled series compensation 
installations. Therefore, we have built a controlled series compensation model that 
uses the phase angle measurement of the AC bus voltages at both ends of a long 
transmission line to be used with our non-linear simulations.  The inputs of the linear 
controller were the AC bus voltage angles at the Pikkarala 400 kV substation in 
Finland and the Svartby 400 kV substation in Sweden. The output of the controller 
was set to modulate the series reactance of a series capacitor in Keminmaa (locations 
marked in Fig. 15-1). The linear analysis showed that a phase shift of 90 degrees 
either lead or lag would be required for the controller at the 0.36 Hz resonance 
frequency. We designed the controller with a 90 degree lead compensation. The 
controller was provided with a wash-out filter to remove the DC component in the 
measurement signals. To reduce the loop gain at high frequencies a low-pass filter 
with complex roots was used (see Fig. 15-9).  
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15.5.2 Simulated remote fault 
The performance of the controlled series compensator was verified with non-linear 

simulations for a fault at Hasle (the lines interconnecting southern Sweden and 
Norway). The active power response in the Keminmaa-Svartby (Finland-Sweden) 
line, which has the controlled series compensation, is plotted in Fig. 15-10. The 
voltage angle difference (input to the controller) is plotted in Fig. 15-11 and the 
series compensator reactance in Fig. 15-12. 

15.5.3 Comparison of damping performance 
The damping performance of the controlled series compensator for the fault at 

Hasle was verified with both linear analysis and non-linear simulations (Table 15-3). 
For the 0.36 Hz mode, quite similar damping improvements were obtained with 

both linear analysis and non-linear simulations. The damping results from the non-
linear simulations are not shown for 0.58 Hz, because the simulated fault did not 
activate that mode. 

 
 
 

-0.03

-0.01

XKEMINMAA 

PIKKARALA

SVARTBY 

+ 

- Wash-out 
filter 

90 degree lead 
phase compen- 

sation at 0.36 Hz 

Gain and 
low pass filter

 

 
Fig. 15-9.  Block diagram for the controlled series compensator model used in the verifications,          

 2005 IEEE. 

 

 
TABLE 15-3,  2005 IEEE.
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Fig. 15-10.  Active power response in the Keminmaa-Svartby (FIN-SWE) line to a simulated fault in 
Hasle (SWE-NOR interconnection), with ( ) and without ( ) control of the series compensator.  

 

 

 
 

Fig. 15-11.  The voltage angle difference (input to the controller), with ( ) and without ( ) control 
of the series compensator. 

 

0 5 10 15 20 25 30
500

600

700

800

900

1000
POWR  4041 TO 30117 CKT 1       

Time [sec.]

[M
W

]

  POWER

0 5 10 15 20 25 30
0.1

0.12

0.14

0.16

0.18

0.2
DELTAANGLE                      

Time [sec.]

V
ol

ta
ge

 a
ng

le
 d

iff
er

en
ce

 [r
ad

.]

      DELTA  ANGLE



172    15. Effects of controlled series compensation on damping 

 

 
 

0 5 10 15 20 25 30
-0.03

-0.025

-0.02

-0.015

-0.01
XOUT                            

Time [sec.]

R
ea

ct
an

ce
 [p

.u
.]

 

Fig. 15-12. The reactance of the series compensator, with ( ) and without ( ) control. 

 

 
 
15.5.4  Outage of a parallel line 

An outage of a parallel line interconnecting Finland and Sweden, which makes the 
power increase in the line with the controlled series compensator, is simulated in Fig. 
15-13. The modulation of the series compensator reactance is shown in Fig. 15-14. 

The power flow increase, which is caused by the outage of the parallel line, has 
raised the loop gain of the controlled series compensator. This gives an increased 
damping of the inter-area oscillations compared to the case with the remote fault 
shown in Fig. 15-10. Care has to be taken so that the loop gain does not become too 
high in the subsynchronous frequency range. Gain scheduling based on line power 
flow might be necessary for this purpose.  
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Fig. 15-13.  Active power response in the Keminmaa-Svartby (FIN-SWE) line to a simulated outage 
of a parallel line interconnecting Finland and Sweden,  with ( ) and without ( ) control of the 
series compensator. 

 
Fig. 15-14.  Modulation of the reactance of the controlled series compensator to an outage of a parallel 
line. 
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15.6 Conclusions 

 15.6.1  Analysis 
A systematic study based on linear analysis has been performed with a full-scale 

model of the Nordic power system to get a better understanding of the effects on 
damping with controlled series compensations. 

A new contribution is the introduction of the long-distance frequency response 
computations to aid in determining the best locations for placement of controlled 
series compensators. With the long-distance frequency response computations, the 
series reactance of the 400 kV branches was used as input variable and the line power 
response in a remote area as output variable. Linear feedback control over long 
distances was used to verify the correlation between the results from long-distance 
frequency response computations and damping for the inter-are mode of the lowest 
frequency. A close correlation was found. There was also a close correlation with 
results from mode controllability factor computations. The magnitudes of the long-
distance frequency responses as well as the mode controllability factors show how 
effective on damping inter-area oscillations each controlled series compensator site is 
in relation to the other sites, with the same rating on the compensator. The advantage 
of the frequency response method is that it can be used with both linear and non-
linear system models.  

 15.6.2  System aspects with TCSC 
Heavily loaded branches that are long transmission lines were identified as good 

candidates for controlled series compensation. ‘The southernmost transmission line 
interconnecting the northern parts of Finland with Sweden ranked highest for 
placement of controlled series compensation for damping the 0.36 Hz inter-area 
mode. The line path that begins in southeastern Norway and continues northwards in 
Sweden ranked highest for damping the 0.58 Hz mode, but a controlled series 
compensator located in this area must be able to control both the 0.36 Hz and the 
0.58 Hz modes. [1]  

Installation of controlled series compensation in parallel line paths might be 
required to ensure good system performance during contingencies. Controlled series 
compensation can damp inter-area oscillations in either power direction. Gain 
scheduling based on line power flow might be necessary to avoid that the loop gain 
becomes too high at outage of parallel line paths.   

A comparison of TCSC with generator stabilizers and SVCs (see sections 13.6 and 
13.8.2) indicate that one TCSC at the optimal location will  improve the damping of 
the lowest inter-area mode as much as the power system stabilizers at two of the 
largest generators in Finland, or as much as two controlled shunt compensators of 
350 MVA. 
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16 Transient stability and SVC 

16.1  Introduction 
The effects of static var compensators (SVC) on the power transfer capability have 

been studied using the full scale PSS/E model of the Nordic power system. The 
stability limits have been searched for with a set of network disturbances 
(contingencies) when using SVCs at different locations in the Finnish network. The 
limiting factors have been the first swing instability, growing oscillations after the 
disturbances or low bus voltage at first swing. Four substations in Finland were 
chosen as candidate locations for SVC based on the linear analysis study presented in 
chapter 13. 

Comparisons have been made with power system stabilizers on generators, 
controlled series compensation, and increasing the degree of fixed series 
compensation. In addition the cumulative effects on the transfer capacity from power 
system stabilizers on generators, SVC, TCSC, and power modulation with HVDC 
have been studied. A network model representing a winter load condition with high 
power transfer from Finland to Sweden has been used. 

16.2  SVC configuration 
Static var compensators with a range of +320….-160 Mvar have been tested at 

Alajärvi, Pikkarala, Kangasala, and Huutokoski substations (see Fig. 16-2). The pre-
disturbance voltage has been about 1.03 p.u., which makes the equivalent size to 
about 340 Mvar. Simulations have also been done with an SVC of the double size. 
Fig. 16-1 shows a main circuit diagram for a static var system that could be used at a 
400 kV substation. 

 

 
Fig. 16-1. Main circuit diagram for a static var system at a 400 kV substation.
 

SVC 
+360 Mvar 
-160 Mvar 

400 kV/20 kV  
Sn= 300 MVA 
short term 
400 MVA Shunt capacitors 

400 kV 
3*120 Mvar or 
(4*120 Mvar) 
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Fig. 16-2. Candidate locations for SVC (Pikkarala, Alajärvi, Huutokoski, Kangasala), and locations 
for power stations with new power system stabilizers (Olkiluoto, Meri-Pori, Loviisa).  
 

The switched shunts in Fig. 16-1 are used to maintain a reactive power output of 
the SVC at or below zero Mvar in steady state so that the full capacity of the SVC 
will always be available for disturbances. The nominal size of the transformer can for 
that reason be smaller than the SVC size. 

 



  177
   
   

 

16.3  Simulation setup 

 16.3.1  Generators and SVCs 
The SVCs are set to operate in voltage control. A proportional gain of 16 p.u./p.u. 

have been used in most of the simulations. That corresponds to a 100 Mvar change in 
the SVC output for a two percent change in bus voltage. In one simulation the effects 
of different gains have been tested. In the base case configuration the following 
stabilizer, excitation system and SVC settings have been used: 

 -Olkiluoto; new stabilizers, fast excitation system 

 -Meripori; new stabilizer 

 -Loviisa; new stabilizers on two out of four generators 

 -SVC gain is set to zero. 

 16.3.2  Contingency simulations 
A set of six different contingencies A…F have been chosen for the simulations. 

All of the contingencies start with 100 ms three phase faults at different locations in 
the system. The clearing actions also differ between the different contingencies. 
Contingencies A, B, and C are at the same location but with different reclosing 
procedures. A is without reclosure. B is with reclosure 3.4 seconds into the fault, and 
clearing fault within 100 ms without reclosure. C is with reclosure 5.9 seconds into 
the fault, and clearing fault within 100 ms without reclosure. 

The AC power transfer from Finland to Sweden has been increased until, after the 
disturbance; sustained oscillations of the 0.3 Hz inter-area mode have been obtained, 
a minimum AC bus voltage of 0.75 p.u. has been reached, or the system has gone out 
of synchronism.  The AC power transfer level to Sweden before the disturbance has 
been logged. The AC power transfer was altered by means of the Fennoskan HVDC 
link and additional AC load changes on the Fennoskan terminals in Sweden and 
Finland. 

 

16.4 Static var compensation

 16.4.1  Base case  
The base case simulations are with new power system stabilizers at Olkiluoto, 

Meripori, and two of the generators at Loviisa. The gain of the excitation systems at 
Olkiluoto is increased with a factor of 2.5 from the actual gain used at the plant. 
There are no SVCs in use at the four candidate locations in Finland. Table 16-1 
shows the transfer limits for the different contingencies. Table 16-2 shows the 
minimum voltage at the first swing after applying the disturbance. Contingency F 
gives the minimum transfer limit in the base case configuration, which is 1172 MW. 

Contingencies A, B, and C are simulated faults at the same location with different 
clearing actions. A is without reclosure. B is with reclosure into the fault after a time 
that corresponds to about one cycle of the inter-area oscillation. C is with reclosure 
into the fault after a time that corresponds to about one and a half cycle of the inter-
area oscillation. The voltages readings listed in table 16-2 are the minimum voltage 
after the last clearing action of the fault clearing procedure. Contingencies B and C 
have two fault clearings due to the reclosing procedure. The results indicate that a 
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good reclosure time is one that corresponds to about the cycle time of the inter-area 
oscillation. The reclosure at one and a half cycle has a negative effect on stability, 
and lowers the transfer limit with 164 MW in relation to the fault clearing without 
reclosure. 

 
 

TABLE 16-1 
Base Case – Transfer Limits

Contingency Transfer level/MW  
Finland->Sweden 

A 1379 
B 1438 
C 1215 
D 1359 
E 1363 
F 1172

 
 

TABLE 16-2 
Base Case – Minimum Voltage at First Swing/p.u.

 PR4 AJ4 HU4 KA4 OL4 LO4 YL4 
A 0.900 0.917 0.903 0.946 0.973 0.977 0.946 
B 0.970 0.980 0.960 0.989 1.007 1.001 0.982 
C 0.878 0.903 0.887 0.945 0.975 0.972 0.932 
D 0.917 0.876 0.848 0.908 0.976 0.961 0.896 
E 0.912 0.871 0.840 0.954 0.972 0.968 0.901 
F 0.880 0.873 0.851 0.912 0.962 0.956 0.894 

 16.4.2  Variation of SVC gain  
 

An SVC is connected to the 400 kV bus in Alajärvi (see Fig. 16-2). Everything 
else is according to the base case. The SVC is operating in voltage control. For one of 
the contingencies the gain of the SVC control loop is varied from 8 to 64 p.u./p.u.  
Table 16-3 shows the transfer limits for the different contingencies. Table 16-4 
shows the minimum voltage at the first swing after applying the disturbance, with an 
SVC gain of 16 p.u./p.u. Contingency F determines the transfer limit in this 
configuration, which is 1428 MW. This is an improvement of 256 MW from the base 
case configuration. For the other contingencies with a higher transfer level there was 
an improvement of 176 MW… 208 MW, when the SVC gain was 16 p.u./p.u. 

The reduction in SVC gain from 16 to 8, for contingency A, dropped the transfer 
limit with 67 MW. An increase from a gain of 16 to 32 raised the transfer limit with 
19 MW, and an increase in gain from 32 to 64 raised the transfer level with 5 MW.  
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TABLE 16-3 
SVC at Alajärvi – Transfer Limits

Contingency SVC gain Transfer level/MW 
Finland->Sweden 

Comparison with base 
case / MW 

A 16 1577 +198 
A 8 1510 +131 
A 32 1596 +217 
A 64 1601 +222 
B 16 1614 +176 
C 16 1423 +208 
D 16 1560 +201 
E 16 1555 +192 
F 16 1428 +256 

 
 

TABLE 16-4 
SVC at Alajärvi – Minimum Voltage at First Swing/p.u.

 PR4 AJ4 HU4 KA4 OL4 LO4 YL4 
A 0.861 0.903 0.877 0.932 0.966 0.969 0.929 
D  0.903 0.883 0.830 0.897 0.971 0.955 0.881 
E 0.897 0.883 0.815 0.947 0.967 0.962 0.885 
F 0.875 0.880 0.849 0.906 0.958 0.958 0.896 

 

16.4.3  Single SVCs 
The SVC is tested at four different locations in the network; Alajärvi (AJ4), 

Pikkarala (PR4), Huutokoski (HU4), and Kangasala (KA4). The SVC gain is 16 
p.u./p.u. Contigencies A, D, E and F are used for determining the transfer limit. The 
effects on the transfer capability are graphically shown in Fig. 16-3. The SVC located 
at Kangasala (KA4) gives the best transfer capability increase, an improvement of 
333 MW from the base case configuration. The improvement in transfer capability is 
about 0.95 MW/Mvar. Alajärvi (AJ4) is the next best SVC candidate with an 
improvement of 256 MW from the base case configuration.  
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Fig. 16-3. The transfer capabilities in MW are shown for the base case and with SVCs at four different 
locations in the network – Alajärvi, Pikkarala, Huutokoski, and Kangasala. 

 

16.4.4  Multiple SVCs 
 

Multiple SVCs are tested at different locations in the network. The SVC gain is 16 
p.u./p.u. Contigencies A, D, E and F are used for determining the transfer limit. The 
effects on the transfer capability are graphically shown in Fig. 16-4. The combination 
of two SVCs, gives the best transfer capability increase when they are placed at 
Kangasala (KA4) and Huutokoski (HU4). It is an increase of 508 MW from the base 
case configuration. The combination of three SVCs, gives the best transfer capability 
increase when they are placed at Kangasala (KA4), Huutokoski (HU4) and Pikkarala 
(PR4). It is an increase of 595 MW from the base case configuration. 

 

 
Fig. 16-4. The transfer capabilities in MW are shown for the base case and with the combinations of 
two and three SVCs at different locations in the network. 
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16.5 Static var compensation and stabilizers on generators 

 16.5.1  Setup  
In the following simulations, the stabilizers have in addition to Olkiluoto, Meripori 

and two out of four generators in Loviisa been replaced at Inkoo, Vuosaari, the 
remaining two generators in Loviisa, and North-West Power Plant (NWPP): 

 
 - Olkiluoto; new stabilizers, fast excitation system 

 - Meripori; new stabilizer 

 - Loviisa; new stabilizers on all four generators 

 - Inkoo; new stabilizers 

 - Vuosaari; new stabilizers  

 - North-West Power Plant; new stabilizer 

 

16.5.2  No SVCs, new generator stabilizers 
Power system stabilizers are replaced on additional generators as described in 

subsection 16.5.1. There are no SVCs in operation. Table 16-5 shows the transfer 
limits for the different contingencies. Table 16-6 shows the minimum voltage at the 
first swing after applying the disturbance. Contingency F determines the transfer 
limit in this configuration, which is 1424 MW if we do not take the contingencies 
with reclosure into account (B and C). This is an improvement of 252 MW from the 
base case configuration. 

From the minimum voltage table we notice that the minimum voltage limit of 0.75 
p.u. is reached for nearly all the contingencies. The minimum voltages are therefore 
determining the transfer limits for this case. 

TABLE 16-5 
No SVCs, New generator stabilizers – Transfer Limits

Contingency SVC gain Transfer level/MW 
Finland->Sweden 

Comparison with base 
case / MW 

A 16 1555 176 
D  16 1568 209 
E  16 1544 181 
F  16 1424 252 

 
 
 

TABLE 16-6 
No SVCs, New generator stabilizers – Minimum Voltage at First Swing/p.u.

 PR4 AJ4 HU4 KA4 OL4 LO4 YL4 
A 0.750 0.800 0.801 0.891 0.953 0.951 0.884 
D  0.850 0.783 0.751 0.846 0.953 0.922 0.821 
E 0.850 0.788 0.751 0.921 0.947 0.933 0.833 
F 0.807 0.779 0.754 0.839 0.918 0.906 0.814 
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16.5.3  SVCs and new generator stabilizers 
The effects of SVCs in combination with stabilizers on additional generators as 

defined in subsection 6.5.1 are tested. The SVC gain is 16 p.u./p.u. Contigencies A, 
D, E and F are used for determining the transfer limit. The effects on the transfer 
capability are graphically shown in Fig. 16-5. The stabilizers on addition generators 
will give an increase of 252 MW in the transfer capability over the base case. The use 
of SVCs will increase the transfer capability over the case with additional stabilizers 
according to the following. An SVC at Huutokoski (HU4) gives a further increase of 
162 MW. A combination of two SVCs located at Alajärvi (AJ4) and Huutokoski 
(HU4) gives an increase of 270 MW over the case with additional stabilizers. A 
combination of three SVCs located at Alajärvi (AJ4), Huutokoski (HU4), and 
Pikkarala (PR4) gives an increase of 343 MW over the case with additional 
stabilizers. 

 
 

 
 
Fig. 16-5. The transfer capabilities in MW are shown for the base case; the case with new generator 
stabilizers; and the combination of stabilizers on additional generators with different number of SVCs 
in the network. 
 

 

16.6 Static var compensation, new generator stabilizers, and TCSC 

 16.6.1 Setup  
In the following simulations, the stabilizers have in addition to Olkiluoto and 

Meripori been replaced at Inkoo, Vuosaari, the remaining two generators in Loviisa, 
and North-West Power Plant. At the three 400 kV lines crossing section P1 in 
Finland 50  20 % thyristor controlled series compensation is used (see Fig. 16-2). 

 

16.6.2  No SVCs, new generator stabilizers, 50  20 % TCSC at section P1 
There are new power system stabilizers on the additional generators as described 

in subsection 16.5.1. In addition controlled series compensations are used on three 
400 kV lines at crossing section P1 in Finland. There are no SVCs in operation. 
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Table 16-7 shows the transfer limits for the different contingencies. Table 16-8 
shows the minimum voltage at the first swing after applying the disturbance. 
Contingency F determines the transfer limit in this configuration, which is 1535 MW 
if we do not take the contingencies with reclosure into account (B and C). This is an 
improvement of 363 MW from the base case configuration. 

From the minimum voltage table we notice that the minimum voltage limit of 0.75 
p.u. is reached for all the contingencies. The minimum voltages are therefore 
determining the transfer limits for this case. 

TABLE 16-7 
No SVCs, New generator stabilizers 

50  20 % TCSC at section P1 in Finland 
Transfer Limits

Contingency SVC gain Transfer level/MW 
Finland->Sweden 

Comparison with base 
case / MW 

A 16 1619 240 
D  16 1627 268 
E  16 1627 264 
F  16 1535 363 

 
 
 

TABLE 16-8 
No SVCs, New generator stabilizers 

50  20 % TCSC at section P1 in Finland 
Minimum Voltage at First Swing/p.u.

 PR4 AJ4 HU4 KA4 OL4 LO4 YL4 
A 0.754 0.804 0.804 0.895 0.955 0.951 0.889 
D  0.849 0.784 0.753 0.848 0.954 0.930 0.829 
E 0.851 0.791 0.754 0.923 0.949 0.940 0.839 
F 0.797 0.776 0.752 0.838 0.919 0.913 0.819 

 

16.6.3  SVCs, new generator stabilizers, 50  20 % TCSC at section P1 
New power system stabilizers are used on the additional generators, controlled 

series compensation on three 400 kV lines at crossing section P1 in Finland, and 
SVCs in different combinations. The SVC gain is 16 p.u./p.u. Contigencies A, D, E 
and F are used for determining the transfer limit. The effects on the transfer 
capability are graphically shown in Fig. 16-6. The use of TCSC at section P1 
increases the transfer capability with 111 MW over the case with new power system 
stabilizers. An SVC at Huutokoski (HU4) gives a further increase of 137 MW. A 
combination of two SVCs located at Alajärvi (AJ4) and Huutokoski (HU4) gives an 
increase of 222 MW over the case with additional stabilizers and TCSC. A 
combination of three SVCs located at Alajärvi (AJ4), Huutokoski (HU4), and 
Pikkarala (PR4) gives an increase of 284 MW over the case with additional 
stabilizers and TCSC. 
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Fig. 16-6. The transfer capabilities in MW are shown for the base case; the case with new generator 
stabilizers and TCSC; and the combination of stabilizers on additional generators, TCSC, with 
different number of SVCs in the network. 
 

 

16.7 Static var compensation, new generator stabilizers, TCSC, and fixed   
shunt capacitors 

In the following simulations, the stabilizers have in addition to Olkiluoto and 
Meripori been replaced at Inkoo, Vuosaari, the remaining two generators in Loviisa, 
and North-West Power Plant. SVCs are used at Alajärvi, Huutokoski and Pikkarala. 
At the three 400 kV lines at crossing section P1 in Finland 50  20 % thyristor 
controlled series compensation is used. At Alajärvi, Huutokoski and Pikkarala, 240 
Mvar shunt capacitors have been added. 

Table 16-9 shows the transfer limits for the different contingencies. Table 16-10 
shows the minimum voltage at the first swing after applying the disturbance. 
Contingency A determines the transfer limit in this configuration, which is 1917 MW 
if we do not take the contingencies with reclosure into account (B and C). This is an 
improvement of 538 MW from contingency A with base case configuration. The 
effect of the fixed shunt capacitors on the transfer limit is 98 MW. 
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TABLE 16-9 
SVCs at Alajärvi, Huutokoski and Pikkarala, New generator stabilizers 
50  20 % TCSC at section P1 in Finland, 3*240 Mvar shunt capacitors 

Transfer Limits
Contingency SVC gain Transfer level/MW 

Finland->Sweden 
Comparison with base 

case / MW 
A 16 1917 538 
D  16 1951 592 
E  16 1964 601 
F  16 1971 799 

 
 

TABLE 16-10 
SVCs at Alajärvi, Huutokoski and Pikkarala, New generator stabilizers 
50  20 % TCSC at section P1 in Finland, 3*240 Mvar shunt capacitors 

Minimum Voltage at First Swing/p.u.
 PR4 AJ4 HU4 KA4 OL4 LO4 YL4 
A 0.774 0.854 0.893 0.903 0.940 0.951 0.918 
D 0.845 0.777 0.763 0.802 0.924 0.912 0.796 
E 0.835 0.761 0.760 0.888 0.914 0.925 0.809 
F 0.774 0.766 0.762 0.781 0.870 0.891 0.779 

 

16.8 Static var compensation, new generator stabilizers, TCSC, fixed shunt 
capacitors, and DC power modulation with Fennoskan 

In the following simulations, the stabilizers have in addition to Olkiluoto and 
Meripori been replaced at Inkoo, Vuosaari, the remaining two generators in Loviisa, 
and North-West Power Plant. SVCs are used at Alajärvi, Huutokoski and Pikkarala. 
At the three 400 kV lines crossing section P1 in Finland 50  20 % thyristor 
controlled series compensation is used (see Fig. 16-1). At Alajärvi, Huutokoski and 
Pikkarala, 240 Mvar shunt capacitors have been added. The DC power modulation 
used in the simulation with the Fennoskan HVDC link is 100 MW. 

Table 16-11 shows the transfer limits for the different contingencies. Table 16-12 
shows the minimum voltage at the first swing after applying the disturbance. 
Contingency A determines the transfer limit in this configuration, which is 2004 MW 
if we do not take the contingencies with reclosure into account (B and C). This is an 
improvement of 625 MW from contingency A with base case configuration. 
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TABLE 16-11 
SVCs at Alajärvi, Huutokoski and Pikkarala, New generator stabilizers 

50  20 % TCSC at section P1 in Finland, 3*240 Mvar shunt capacitors, 
and DC power modulation with Fennoskan 

Transfer Limits
Contingency SVC gain Transfer level/MW 

Finland->Sweden 
Comparison with base 

case / MW 
A 16 2004 625 
D  16 2013 654 
E  16 2026 663 

 
 
 

TABLE 16-12 
SVCs at Alajärvi, Huutokoski and Pikkarala, New generator stabilizers 

50  20 % TCSC at section P1 in Finland, 3*240 Mvar shunt capacitors, 
and DC power modulation with Fennoskan 

Minimum Voltage at First Swing/p.u.
 PR4 AJ4 HU4 KA4 OL4 LO4 YL4 
A 0.771 0.849 0.889 0.896 0.935 0.950 0.913 
D  0.853 0.782 0.769 0.803 0.921 0.913 0.801 
E 0.842 0.765 0.765 0.884 0.911 0.925 0.811 

 

16.9  Double size static var compensators 

SVCs of the double size are tested at one 400  kV station at a time, in Alajärvi, 
Pikkarala, and Huutokoski. In other respects the system is configured as the base 
case. 

Tables 16-13 to 16-15 show the transfer limits for different contingencies. Com-
parisons are shown with base case for double size SVCs and normal size SVCs. 

TABLE 16-13 
Double Size SVC at Alajärvi 

Transfer Limits
Contingency SVC gain Transfer level - MW 

Finland->Sweden 
Comparison with base case / MW 

Double size / Normal size SVC 
A 16 1680 +301/198 
B 16 1694 +256/176 
C 16 1573 +358/208 
D 16 1688 +329/201 
E 16 1667 +304/192 
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TABLE 16-14 
Double Size SVC at Pikkarala 

Transfer Limits
Contingency SVC gain Transfer level - MW 

Finland->Sweden 
Comparison with base case / MW 

Double size / Normal size SVC 
A 16 1691 +312/194 
B 16 1703 +265/173 
C 16 1560 +345/204 
D 16 1550 +191/118 
E 16 1577 +214/119 

TABLE 16-15 
Double Size SVC at Huutokoski 

Transfer Limits
Contingency SVC gain Transfer level - MW 

Finland->Sweden 
Comparison with base case / MW 

Double size / Normal size SVC 
A 16 1627 +248/184 
B 16 1662 +224/163 
C 16 1519 +304/204 
D 16 1707 +348/218 
E 16 1712 +349/223 

 
 

16.10  Effects of long excitation system response times 

Test with lowered excitation system gains at the generators in Olkiluoto. In other 
respects the system is configured as the base case. 

Table 16-16 shows the transfer limits for different contingencies. Comparison with 
the base case is also shown. The lowered gains give excitation system response times 
corresponding to those at the real plant.  

 

TABLE 16-16 
Effects of Long Excitation System Response Times 

Transfer Limits
Contingency Exc. sys. 

gain change
Transfer level - MW 

Finland->Sweden 
Comparison with base 

case / MW 
A 0.4  1271 -108 
B 0.4  1336 -102 
C 0.4  1110 -105 
D 0.4  1248 -111 
E 0.4  1248 -115 
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16.11  Increasing the degree of fixed series compensation 

The degree of fixed series compensation is increased from 50 % to 70 % for the 
400 kV lines in central Finland. In other respects the system is configured as the base 
case. 

Table 16-17 shows the transfer limits for different contingencies. Comparison with 
the base case is also shown.  

TABLE 16-17 
Increasing the Degree of Fixed Series Compensation in central Finland 

Transfer Limits
Contingency Series comp. 

%
Transfer level - MW 

Finland->Sweden 
Comparison with base 

case / MW 
A 70  1419 +40 
B 70 1474 +36 
C 70 1234 +19 
D 70 1439 +80 
E 70 1439 +76 

 

16.12  Cumulative effects on power transfer capability 

The cumulative effects of the stabilizing methods obtained from the simulations 
are shown in Fig. 16-7.    

 
The stabilizing methods are as follows: 
 
          S1 Transfer level with new stabilizers and slow (present) excitation  

   systems at Olkiluoto,  new stabilizers at Meripori and at two of the  
   Loviisa generators excitations systems. 

  
 S2 Base case; new stabilizers and fast excitation systems at Olkiluoto,  

   new stabilizers at Meripori and at two of the Loviisa generators. 
 
 S3 New stabilizers at Inkoo, Vuosaari, remaining two generators at  

   Loviisa, and the North-West Power Plant. 
 
 S4 +320...-160 Mvar SVC at Huutokoski. 
 
 S5 +320…-160 Mvar Mvar SVC at Alajärvi. 
 
 S6 +320…-160 Mvar Mvar SVC at Pikkarala. 
 
 S7 50  20 % TCSC in the three 400 kV lines at section P1 in Finland. 
 
 S8 Connection of 240 Mvar shunt capacitors at Huutokoski, Alajärvi  

   and Pikkarala. 
 
 S9 Power modulation with Fennoskan.  
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Fig. 16-7. Cumulative effects of the stabilizing methods on the power transfer capability. The transfer 
capabilities in MW are shown for the different contingencies. 

 

16.13   Discussion 

The study in this chapter has been done to find out how the use of static var 
compensation in Finland would affect the transient stability of the power system. The 
stability limits have been searched for with a set of network contingencies, when 
using SVC at different locations in the Finnish network. The limiting factors have 
been the first swing instability, growing oscillations after the disturbances or low bus 
voltage at first swing. Four substations in Finland were chosen as candidate locations 
based on a linear analysis study made by the author together with Sintef Energy 
Research (See section 13). 

An SVC at Kangasala gives the best transient stability improvement for faults both 
in central Finland and close to the Swedish border. SVCs at Alajärvi and Huutokoski 
are both good for faults in central Finland and also give acceptable performance for 
line faults near the Swedish border. An SVC at Pikkarala gives good performance for 
faults in the north, but does not have so good performance for faults in the south. 

To improve the transient stability either a large SVC or two to three smaller SVCs 
at major substations could be used. Because an SVC together with fixed capacitor 
banks at the same substation (called static var system) is an excellent way of 
improving voltage stability problems and controlling the generation or consumption 
of reactive power, the alternative with several SVCs might be a better choice. It is not 
efficient to send reactive power over long distances. 
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The results also show the problems involved with line reclosure after faults. The 
difference on the transient stability between reclosure at high and low power swing 
levels was in some of the simulations as large as 200 MW. The uncontrolled series 
compensation does not improve the situation very much during reclosure.  

The results indicate that the reclosure for three phase faults is not a good thing if 
the timing of the reclosure is not optimal. If the line protections could take the power 
swings into account for determining the time for reclosure, fast three phase reclosure 
could be considered. The effects on the stability limits of fast reclosure with single 
phase fault clearing would be much smaller. Single phase fault clearing is widely 
used in transmission systems. 

With a small static var compensator (320 Mvar), the transfer capability to Sweden 
can be improved with about 200 MW. A combination of three SVCs at Alajärvi, 
Pikkarala, and Huutokoski would improve the transfer capability with about 400 
MW. One large SVC would give something between these two values. With an SVC 
at the best location (Kangasala), improvements in transfer capability of up to 0.95 
MW/Mvar were obtained for the most challenging contingency (see chapter 16.4.3). 

The simulation results show that the proposed excitation system parameter changes 
at Olkiluoto would give about 100 MW increase in transfer capability, and if the 
stabilizers were modified at four other major plants in southern Finland, about 200 
MW more would be obtained without the SVC installations.  

Installation of TCSCs in three 400 kV lines at Section P1 in Finland would 
improve the transfer capability about 64…110 MW depending of contingency. 

The increase of the series compensation degree from 50 % to 70 % would have 
only a smaller effect on the transfer capability. It might be worth saving this extra 20 
% so that SSR-damping devices can if necessary be installed at a later stage.  

The calculation of the cumulative effects show that speeding up the excitation 
system with parameter changes in Olkiluoto, installation of new power system 
stabilizers on additional generators and installation of one small SVC (320 Mvar) at 
an optimal location, would improve the transfer capability about 400 MW. These 
effects on transfer capability are in addition to the transfer capability improvements 
obtained by new stabilizers in Olkiluoto, Meripori and two of the generators in 
Loviisa. The addition of shunt capacitors also improved the transfer capability. 
Finally, the last improvement of transfer capability was achieved by HVDC power 
modulation (see Fig. 16-7). 

The simulations showed that the response time of the excitation systems on 
generators have a big influence on the transfer capability of the AC network.  
Generators with fast excitation systems that were equipped with new power system 
stabilizers gave a significant increase in transfer capability at AC system 
contingencies. 

A thing that we also learned with the simulations in this section is that with heavy 
usage of power system stabilizers on generators, the transfer limit will eventually be 
determined by the minimum voltage at the first swing at contingencies. We had in 
our simulations chosen a value of 0.75 p.u. for minimum voltage at the first swing. In 
order to improve the power transfer capability when reaching this point, the use of 
SVCs operating in normal bus voltage control is a good option when exporting power 
over the AC system to Sweden.  
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17  Conclusions 
The motivation for this thesis has been to obtain a better understanding of the 

mechanisms affecting the damping of inter-area oscillations.  A challenge has been to 
find and develop methodologies for studying these phenomena with a full scale 
model of the Nordic power system. The research topic is important, because low-
frequency inter-area oscillations set limits on the transfer capability when power is 
transferred from Finland to the other Nordic countries over AC transmission lines.  

Two software packages have been used that can handle large power system 
models. For non-linear simulations the PSS/E software has been used, and for linear-
analysis the software package PacDyn.  

A simple two area system is initially used to familiarize the reader with the 
mathematics and terminology related to damping of power system oscillations and 
linear analysis. After the short introduction with the two area system the focus of the 
research is shifted to the large Nordic network model. 

The research problem can initially be divided into two major parts. The first one is 
to determine in what physical units the inter-area oscillations can be observed in 
different locations in the power system. The second one is to determine how the 
damping of the inter-area oscillations can be controlled. The first can – using control 
system terminology – be called mode observability and the second one mode 
controllability.  

 

17.1  Non-linear approach 
To be able to assess the observability (mode shapes) of the inter-area modes with a 

non-linear system model, we have to excite the modes by some means. A disturbance 
approach has been used to excite the inter-area modes. Thereafter, the response has 
been studied with the PSS/E modal analysis software. The mode shapes of generator 
active power, power system loads, power system losses, generator mechanical power, 
and power flow have been plotted on maps of the Nordel system. The Matlab 
software was used for graphical display of the results. By displaying the mode shape 
vectors (eigenvector components) on maps, we obtain another dimension into the 
presentation of the results. We can for example determine directly from the maps 
where the nodes and maxima of the inter-area oscillation modes are geographically 
located. It further makes it easier to relate mode shapes of different variables to each 
other. 

To study the controllability of inter-area oscillations with the non-linear system 
model (PSS/E) a method was developed that is referred to as ‘Long-distance 
frequency response method’. With this method the controllability of inter-area 
oscillations with reactive power and active power modulation was determined at 
different locations around the whole Nordel system. The results are presented as 
controllability vectors on maps for the two low damped inter-area modes. The same 
method was also used for studying the controllability of inter-area oscillations with 
generators. 

Another new method for controllability assessment that was developed and is 
presented in the thesis is based on feedback over long distances. The principle is that 
we activate the system oscillations for an inter-area mode, and from the measured 
system response in the power flow in a remote AC tie line create a synthesized 
feedback signal, which follows the magnitude, frequency and phase angle of the 
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power flow variation in the tie line and has a controllable phase shift in relation to the 
power flow variation. The system behavior was studied when the synthesized 
feedback signal was applied to the voltage reference of the generators at different 
locations in the system. The damping effects with optimal phase shifts have been 
plotted as vectors on maps for the two low damped inter-area modes. The responses 
in the generator measurement variables have also been studied with this method, and 
the results are as well plotted as vectors on maps for the two inter-area modes. 

Good candidates for stabilizers are generators in areas showing high controllability 
and high observability of a certain mode. The results indicate that generators in 
Finland are very good for candidates for damping of the 0.36 Hz mode with power 
system stabilizers on generators. Generators in southern Norway and in the middle 
parts of Sweden would be the best candidates for stabilizer on generators for 
damping the 0.58 Hz mode. Moderate damping improvements could also be achieved 
for the 0.58 Hz mode with generator stabilizers in the southern parts of Finland. 
Moderate damping improvements could be achieved for the 0.36 Hz mode with 
generator stabilizers in southern Sweden, southern Norway and Denmark. Therefore 
the power system stabilizers placed on generators in the above mentioned areas 
should be designed to damp both the 0.36 Hz mode and the 0.58 Hz mode. 

 

17.2 Power system stabilizers on generators 
The developed techniques for non-linear system models have been used to find 

settings that make the power system stabilizers on the five largest generators in 
Finland effective on damping inter-area oscillations (Olkiluoto, Loviisa, Meri-Pori). 
At Olkiluoto the modifications of the power system stabilizers initially caused 
interaction problems with the generator reactive power controllers. A set of on-site 
tests and simulations were done to find the cause of the interactions. When the 
solutions to these problems had been found system tests were done which included 
activation of the lowest inter-area oscillation mode in the Nordic power system. The 
system test showed that a solution to the problem had been found and that the 
damping of the lowest inter-area oscillation mode was much better with the new 
control system settings than with the original ones. The new control system settings 
were left in service after these tests which made it possible to increase the power 
transfer level from Finland to Sweden.  

Modal analysis was done on generator measurement variables from the plant such 
as generator active power, reactive power, terminal voltage, frequency, and excitation 
voltage (pilot exciter current). The results were compared with similar analysis of 
data from time domain simulations. There are some differences between the results 
from the plant and the simulations, which are believed to be caused by the slower 
than expected response time of the excitation system at the plant. The behavior of the 
new stabilizer is acceptable. The results further stresses the importance of realistic on-
site tests to validate the generator and excitation system models used in stability 
assessments of power systems. 

After introduction of the new stabilizers on the generators at Olkiluoto, the power 
plant owner (TVO) paid attention to an increased variation in reactive power output 
of the generators during power ramps with the turbines. The owner provided 
recordings from generator and turbine measurement variables during power ramps, 
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steam valve testing and network disturbances to study. The results from the studies of 
these recordings are presented in the thesis. There is also a proposal for a new power-
steam input stabilizer that would handle power ramps and steam valve operations 
better than the present stabilizer, and would have as good performance as the power 
input stabilizer for damping inter-area oscillations and handling network induced 
disturbances. 

17.3  Linear analysis 
The linear analysis research with the linear analysis software package PacDyn has 

been in close cooperation with Sintef Energy research in Norway for the Finnish 
transmission system operator. Throughout this work the analysis and design have 
been based on a fully complete dynamic simulation model of the Nordic power 
system. Two load flow configurations have been studied. The two cases are denoted 
winter load and summer load, respectively. With both load cases the power transfer 
direction on the AC lines is from Finland to Sweden.  

First the linear analysis results from the winter load case were presented, i.e., 
calculation of eigenvalues, mode shapes and transfer function residues. The transfer 
function residues were computed for transfer functions from generator voltage 
reference as input, to generator speed and generator terminal power as outputs. A 
high residue with these transfer functions for an inter-area mode generally indicates 
that the generator is a good candidate for power system stabilizer placement. 

The thesis also describes modeling design and tuning of damping controllers for 
the Fennoskan HVDC link between Finland and Sweden. The application of linear 
analysis is demonstrated and compared with non-linear dynamic simulations.  A main 
conclusion of the work is that linear techniques can be of great benefit when 
designing damping controllers for large power systems. It is also illustrated, with the 
use of validated models, how linear analysis tools can be used in operation planning 
for determination of transfer limits. 

A study based on linear analysis has been performed with the full scale model of 
the Nordic power system to find and rank candidate locations for controlled shunt 
compensation (SVC) for damping purposes. The long distance frequency responses of 
the transfer functions with the bus shunt susceptance of the 400 kV buses as input 
variable and the line power flow response in a remote line as output variables were 
computed for controllability assessment (i.e to identify the most effective locations 
for controlled shunt compensation). Linear feedback over long distances was used to 
verify the effects on damping and to show the correlation to results from 
computations with long-distance frequency responses. Further the mode 
controllability factors were calculated using the bus shunt susceptance as control 
variable. The results are presented as bar graphs for easy comparison between the 
different methods.  Verification was also done with non-linear simulations. 

The frequency responses of the transfer functions from the shunt susceptance of 
the 400 kV buses to the bus voltage magnitudes were also calculated. Information 
from the amplitudes, phase angles, and rate of change of phase angles of the bus 
voltage frequency response was used to determine whether shunt compensator 



194    17. Conclusions 

 

candidates are good for damping purposes. The damping with controlled shunt 
compensation at different locations using normal bus voltage control was also 
verified.  

Some of the frequency response computations turned out to be very useful from a 
practical point of view. In particular, the interpretation related to the rate of change of 
phase angles of the frequency response for the transfer function for bus voltage 
control is a new contribution to understanding basic phenomena related to damping 
with controlled shunt compensation. An analytical derivation is included, which 
shows that we can expect a strong correlation between the rate of change of phase 
angles in the frequency response of the transfer function for bus voltage control and 
damping behavior with bus voltage control. Verification of the correlation was finally 
done with non-linear simulations and the results plotted on maps of the Nordel system 
for both inter-area modes. 

Linear analysis techniques were also used to rank and find candidate locations for 
controlled series compensation (TCSC) for damping purposes. Computation of mode 
shapes (observability) for the active power in the 400 kV branches was done. 
Computation of the frequency responses of the transfer functions with the series 
reactance of the 400 kV lines as input variable and the tie line power flow in a remote 
area as output variable was done for the lines that had showed high observability. 
These long distance frequency responses were computed for controllability 
assessment. Linear feedback over long distances was used to verify the effects on 
damping and to show the correlation to results from computations with long-distance 
frequency responses. Computation of mode controllability factors was done using the 
line series reactance as control variable.  Verifications were also done with non-linear 
simulations. The results were plotted as bar graphs.  

 

17.4  Transient simulations 
Finally transient simulations with the PSS/E have been used to study the effects of 

static var compensation (SVC) on the power transfer capability with the winter load 
case. The stability limits have been searched for with a set of network disturbances 
(contingencies) when using SVCs at different locations in the Finnish network. The 
limiting factors have been the first swing stability, growing oscillations after the 
disturbances or low bus voltage at first swing. Four substations in Finland were 
chosen as candidate locations for SVC based on the results from the linear analysis 
study. 

Comparisons have been made with power system stabilizers on generators, 
controlled series compensation, and increasing the degree of fixed series 
compensation. In addition the cumulative effects on the transfer capability from 
power system stabilizers on generators, SVC, TCSC, and modulation with HVDC 
have been studied.  

The transient simulations showed that new stabilizers on generators, in addition to 
what has already been installed in the Finnish part of the grid, would be a good 
option. SVC installations that are set to operate in voltage control would also be a 
good choice for improving the transfer capability from Finland to Sweden. With an 
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SVC of 320 Mvar at the best location (Kangasala), improvements in transfer 
capability of 0.95 MW/Mvar were obtained for the most challenging contingency. 

The studies further showed that the response time of the excitation systems on 
generators have a big influence on the transfer capability of the AC network.  
Generators with fast excitation systems that were equipped with new power system 
stabilizers gave a significant increase in transfer capability at AC system 
contingencies. 

A thing that we also learned with the transient simulations is that with heavy usage 
of power system stabilizers on generators, the transfer limit will eventually be 
determined by the minimum voltage at the first swing at contingencies. In order to 
improve the power transfer capability when reaching this point, the use of SVCs 
operating in normal bus voltage control is a good option when exporting power over 
the AC lines to Sweden.  

 

17.5  Major contributions 
 A new method based on long-distance frequency responses has been introduced 

for controllability assessment. With this method an approximation of the relative 
variation in controllability factor magnitudes can be obtained by comparing the 
frequency responses of transfer functions over long distances. The inputs of the 
long-distance transfer functions could for example be reactive or active power 
injections, or bus shunt susceptance at major AC buses around the system, or the 
voltage reference of the excitation systems of selected generators around the 
system. The output should be the active power response of an AC tie line 
preferably far away from the location where the modulation input is located, and 
should be the same one for all computations. The method is applicable to both 
non-linear and linear system models.  

 

 A new method based on linear feedback over long distances has been introduced 
to verify the effects on damping and to show the correlation to results from 
computations with long-distance frequency responses. The phase angle 
compensation to be used in the feedback loops is calculated with information from 
the long-distance frequency response computations. The method is applicable to 
both non-linear and linear system models. 

 

 With the non-linear system model a synthesized feedback control from the AC tie 
line power response has been used. The output of the synthesizer has been 
programmed to follow the magnitude and phase angle of the inter-area oscillation 
mode in the AC tie line power response with a programmable gain and phase shift. 
By applying a constant gain in the feedback loop and varying the phase shift in 
steps for a set of simulations it is possible to find the angle for the control signal 
that gives the best damping.  

 

 Computation of mode controllability factors with the linearized system model for 
controllability assessment. Long-distance frequency response computations, 
combined with computations of damping using feedback over long distances, has 
proven to be a methodology that gives the same information about controllability 
as computation of controllability factors with linear analysis software. For 
practical purposes, the long-distance frequency response computations alone may 
give sufficient information about the controllability of the inter-area modes. 
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 Computation of the frequency responses of the transfer functions from the bus 
shunt susceptance of the 400 kV buses to the bus voltage magnitude for the 
candidate locations for SVC. Information from the amplitudes, phase angles, and 
rate of change of phase angles of the frequency response were used to determine 
whether shunt compensators operating in normal bus voltage control are good for 
damping purposes. It was found that there is a strong correlation between the rate 
of change of frequency response angles and damping contribution obtained with 
normal bus voltage control.  

 

 Analytical derivation shows that we can expect a strong correlation between the 
rate of change of phase angles in the frequency response of the transfer functions 
for bus voltage control and damping contribution from SVC operating in bus 
voltage control. 

 
In addition to the above mentioned general results, also some practical engineering 
findings concerning the Nordic power system were obtained: 
 

 Modeling, design and tuning of damping controllers for the Fennoskan HVDC link 
between Finland and Sweden. The application of linear analysis is demonstrated 
and compared with non-linear dynamic simulations. 

 

 Linear analysis was used to find and rank candidate locations for static var 
compensation (SVC) and controlled series compensation (TCSC) for damping 
purposes. The methods of long-distance frequency responses, damping with long-
distance feedback, and computation of controllability factors were used.  

 

 The studies showed that an SVC operating in voltage control in an area exporting 
power over AC lines will improve damping of the two inter-area modes. On the 
other hand an SVC operating in voltage control located in and area importing a lot 
of power over AC lines will lower the damping of at least one of the inter-area 
modes. This was proven with both the linear and the non-linear system model.  

 

 The situation with the large series compensations in Sweden is interesting with the 
power direction north to south (summer load case). A controlled shunt 
compensator operating in voltage control improved the damping when connected 
to the southern terminal of the series capacitor and lowered the damping when 
connected to the northern terminal of the series capacitor. This phenomenon was 
seen with both the linear and the non-linear system model. 

 

 The developed techniques for the non-linear system model have also been used to 
find settings that make the power system stabilizers on the five largest generators 
in Finland effective on damping inter-area oscillations (Olkiluoto, Loviisa, and 
Meri-Pori). The new stabilizer settings have made it possible for the transmission 
system operator to raise the power transfer limits from Finland to Sweden. 

 

 An interaction problem with new power system stabilizers and the reactive power 
controllers of the Olkiluoto generators was found and resolved. System tests were 
done with new stabilizers that included activation of the lowest inter-area mode in 
the Nordic power system. The system test measurement data from the plant have 
been analyzed with modal analysis software, and the results compared to results 
from simulations.  
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 The behavior of the stabilizers on the generator reactive power output during 

power ramps with the turbines and network disturbances has been studied both 
from site measurements and simulations. This has given the basis for a proposal of 
a new power-steam input stabilizer, which would have smaller impact on the 
generator reactive power fluctuations during power ramps than the present power 
input stabilizers has. At network induced disturbances it would work identically to 
the present stabilizer. 

 

 The effects of static var compensators (SVC) on the power transfer capability have 
been studied using the PSS/E model of the Nordic power system with transient 
simulations. The cumulative effects of the transfer capability from power system 
stabilizers on generators, SVC, TCSC, and modulation with HVDC have also been 
studied. 

 

17.6  Future work 
 The load cases studied in this thesis were in export situations with power from 

Finland to the other Nordic countries. This is nowadays a rare situation, because 
Finland is most of the time importing power from the other Nordic countries. 
Because the Finnish grid is the smaller grid synchronously connected to a larger 
network, studies of inter-area oscillations are always as important as in the larger 
parts of the grid. The situation changes drastically with the reversed power 
direction. The damping performance with generators and other compensation 
devices would need to be assessed in this situation.   

 

 In this thesis two types of generator stabilizers were studied, namely power input 
and power-steam input stabilizers. The stabilizers that were installed at the plants 
were power input stabilizers. The power input stabilizers work fine at steady 
power output on the generators. Multi-input stabilizers can be designed to handle 
power changes better than the single input stabilizer. Therefore it would be 
interesting to do more research on multi-input stabilizers. 

 

 With the Olkiluoto power plant we performed modal analysis of the generator 
measurement quantities that were obtained with activations of the 0.3 Hz inter-area 
mode in the system. The results were presented graphically as compass roses of the 
0.3 Hz content in the measurement signals. From these graphs we could determine 
the performance of the stabilizers and generators for damping inter-area 
oscillations. The same type of performance check could be done on other 
generators in the system, either with permanent or portable recorders.  

 
    -------------- 
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                  Appendix A

 

Olkiluoto generator recordings from system tests on February 14th, 2003.
        

 
Fig. A-1.  Old stabilizer settings used at OLG1 and OLG2. Opening the PR4-KI4 400 
kV line. (February 14th, 2003). 
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Fig. A-2.  Old stabilizer settings used at OLG1 and OLG2. Closing the PR4-KI4 400 
kV line. (February 14th, 2003). 
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Fig. A-3.  New stabilizer settings used at OLG1 and OLG2. Opening the PR4-KI4 
400 kV line. (February 14th, 2003). 
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Fig. A-4.  New stabilizer settings used at OLG1 and OLG2. Closing the PR4-KI4 400 
kV line. (February 14th, 2003). 
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  Appendix B 

 

Modal decomposition of measurements from Olkiluoto, February 14th, 2003.

 

 
 
 

Fig. B-1.  Generator power OLG1 - New stabilizers. Opening the PR4-KI4 400 kV 
line. (February 14th, 2003). 
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Fig. B-2.  Reactive power OLG1 - New stabilizers. Opening the PR4-KI4 400 kV 
line. (February 14th, 2003). 
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Fig. B-3.  Generator voltage OLG1 - New stabilizers. Opening the PR4-KI4 400 kV 
line. (February 14th, 2003). 
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Fig. B-4.  Frequency OLG1 - New stabilizers. Opening the PR4-KI4 400 kV line. 
(February 14th, 2003). 
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Fig. B-5.  Excitation current OLG1 - New stabilizers. Opening the PR4-KI4 400 kV 
line. (February 14th, 2003).
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  Appendix C   

 

Vector presentation of the 0.36 Hz inter-area mode in Olkiluoto generator 
measurement variables. (Simulation) 
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Fig. C-1. Vectors of the 0.36 Hz inter-area frequency mode in the 
OLG1 generator measurement variables when opening the PR4-KI4 
400 kV line. Old stabilizer settings. (Simulation) 
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Fig. C-2. Vectors of the 0.36 Hz inter-area frequency mode in the 
OLG1 generator variables when switching in the PR4-KI4 400 kV 
line. Old stabilizer settings. (Simulation) 
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Fig. C-3. Vectors of the 0.36 Hz inter-area frequency mode in the 
OLG1 generator measurement variables when opening the PR4-KI4 
400 kV line. New stabilizer settings. (Simulation) 
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Fig. C-4. Vectors of the 0.36 Hz inter-area frequency mode in the 
OLG1 generator variables when switching in the PR4-KI4 400 kV 
line. New stabilizer settings. (Simulation) 
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Power ramp of  20 MW/10 s with Unit 2 at Olkiluoto. 
 

  
 
 

Fig. D-1. Power ramp of  20 MW/10 s with Unit 2 at Olkiluoto. The power system 
stabilizers and reactive power controllers have settings according to the changes of 
February 14, 2003. 
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P/U2  - Q/U2 – diagram for the Olkiluoto minimum excitation limiters used 
in the simulations. 
 

 
 
 
 

 

Fig. E-1.  P/U2 - Q/U2 – diagram for the minimum excitation limiters used in the 
simulations for Olkiluoto. 
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Steam valve testing at Olkiluoto OLG1 in May 2003. The first two tests are 
with new stabilizer, the following seven with the old, and the last three 
without stabilizer.  
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     System disturbance in September 2003, Olkiluoto OLG2. 
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