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Status Report on Project
POWER SYSTEM STABILISATION

by David J. Hill

Guest Researcher
Department of Automatic Control

Lund Institute of Technology, Sweden

Abstract

This report briefly summarises the work done during 1986, the first year
of the power systems project at Lund, AN effort was concentrated within the
area of power system stabilisation. Descriptions of the background, ideas and
anticipated publications are given irrespective of the current state of the work.

The document is a snapshot of what was going on at the time of writing.



LINTRCDUCTION

After some exploring of the literature, work proceeded at two levels.
Firstly, some fundamental studies on problems with a long-term view were
identified. These were chosen with the needs of the interconnected Scandinavian
{or Nordel) network in mind. The second aim was to develop some techniques
which can be used to improve stability of this network in the short-term.
Published motivation for work in this area is by Johansson et.al. {1982), Walve
(1986).

The point of view taken in the project is to pursue application of theoretical
techniques, The field of power systems engineering has not exploited the benefits
of a mathematical understanding of the models used to the same extent as other
fields in engineering. The early advances were made on the basis of raw intuition
and simple calculation. With larger power networks and computers, more recently
a dependence on numerical analysis techniques has grown. The solution of
nonlinear algebraic equations (load flow), ordinary differential equations
(simulation of responses) and optimisation problems (dispatch and scheduling) are
standard tools. Questions on qualitative behaviour are typically addressed by
repeated application of these methods. Some intuition is very often built up by
looking at a single machine case only. This is inadequate in the study of modern
power networks which are being forced to operate at higher power levels. To be
specific, we aim to apply methods of stability theory and synthesis of stable

control loops which have built up in the field of modern automatic control.

An example of a theoretically based technique which has been "accepted
widely is eigenvalue analysis for small disturbance stability. The result is that if
all eigenvalues are in the left-half complex plane then the power network is small
disturbance stable. Thus methods for stability enhancement can be based on
pushing eigenvalues to good parts of the complex plane rather than running lots
of simulations. {The latter is only needed to check things at the end.) Further
theoretical results can help interpret unusual observations in numerical studies.
An example is multiple solutions to load flows. It is now known that certain types
of network can give more than one stable solution (to the nonlinear power flow
equations). This is a very surprising fact which had been blamed previously on

badly behaved algorithms.




The previous work in our chose direction has used rather diverse (and
sometimes inadequate) models. A substantial part of the project became
consideration of appropriate models on which analytical work can be done in a

unified framework of stability analysis and security control.

The structure of the report is as follows. Section II describes the
subprojects in a natural order {which does not represent the order of priority).

Section HI gives some conclusions and thoughts on the future of the project.

ILRESEARCH TOPICS

2.1 Unified View of Power System Stability and Security
Researcher: D.J.Hill

The author's previous power system research has been mainly in large
disturbance stability. This began with results which suggested how deficiencies in
the usual models for analytical studies could be overcome (Bergen and Hill, 1981).
In the initial stages of the current project, there was cause to review the entire
subject of power system stability. Within the confines of analytical issues, it was
socn found that a peoint of view established in the earlier work could be used to
make clear suggestions for useful furth_er' '. work. The scope of this was
considerably beyond what was reasonable to consider in a one year project.
Nevertheless, some overview of the ideas are presented here, This gives a
context for the subjects worked on. It is also the basis of a novel course which
is being designed and a monograph proposal for the new Springer- Verlag series

on Electric Energy Systems and Engineering.

Power systems are very complex, but fortunately the models are cleanly
defined and can be reasonably simplified with respect to time zones surrounding
the instance of a disturbance. This enables essential phenomena to show up in
models which are analytically tractable. However, we are dealing with coupled
highly nonlinear differential-algebraic equations. A serious study of such systems
requires many more mathematical tools than the approximate 1inearisation
technique which so much power systems work is based on. A commentary of
numerical and theoretical problems in differential-algebraic systems has been

given recently by Mattsson (1986). The stability problem is traditionally split into



small disturbance (or signal) stability (SDS) and large disturbance stability {LDS}
problems. These can be answered using linearised and nonlinear models
respectively. This terminoclogy is preferred to the common terms of dynamic (in
USA) and transient stability which are inconsistent with general stability
terminology (IEEE, 1982). Also these concepts are understood as referring to

synchronism behaviour in the literature,

Now the standard model for analytical studies (and often used in numerical
ones) assumes impedance loads and then an equivalent impedance network
coupling the generator internal voltages {Anderson and Fouad, 1977). This has
the advantage of reducing the model to a set of nonlinear differential equations. It
has the severe disadvantage of not allowing any questions to be addressed which
deal with transmission network issues like tie-line limits, nonlinear loads and
network voltages behaviour., It is totally generator oriented. We will argue that
one consequence of this has been to limit the study of voltage stability largely to
a steady-state phenomenon. A key part of the abovementioned earlier research is

the use of models of the {simplified to ignore AVRs and governors) form

(2a) p (8 V) =P
(2b) 9. (8, V) = Q
{2¢) 4, (6, V) = Q

where 5 etc. denote vectors of load angles in the usual notation. Mathematically,
the load constraints {2) define a manifold on which the generator state evolves.
The subscripts refer to generator and load buses respectively. The steady-state
version of these equations is just the normal load flow. The voltages V contains
the generator internmal and network voltages, The system structure has been
preserved in this model; consequently, in the LDS context it was introduced with
the term of structure preserving model, The aim there was to rigorously allow
for nonlinear loads in the so-called energy function techniques. It is clear
however that this is a good basis for studying stability problems associated with
static VAR compensators and HVDC links. Alsc it leaves the option of studying

voltage stability as a dynamic phenomena.



In fact a model such as (1)-(2) can be used to study the whole range of
stability issues. At this point, we also introduce the issue of security as a major
consideration. The standard terminology for operating states will be used (Elgerd,
1082). So we are not just concerned with stability analysis in the normal state.
Most serious stability problems in practice come from contingencies cccuring in
the alert or emergency states. Methods are needed to analyse in these states,
schedule operating points which have adequate security margin (preventive
security control) and steer a system between states as occurs in emergency state
control. Let us look briefly at a classification and status of topics in power

system stability and security according to the above view,
A, Equilibria

The equilibria of (1)-(2) are just solutions of the usual load flow equations
which are determined by the generationfloading schedule on the network. Typical
practical situations demand consideration of one solution (obtained by initiating an
algebraic equation solver at the so-called flat start). But these equations have
numerous solutions most of which are small disturbance unstable. Stable and
unstable solutions are denoted SEPs and UEPs respectively. The distribution of
these is crucial to understanding LDS in any analytical way. Recently there has
been studies of properties of these solutions using deeper mathematics for
nonlinear equations. In particular Baillieul and Byrnes (1983) give a study based
on algebraic geometry and differential topology which is limited to lossless PV bus
networks. This falls considerably short of dealing with the general situation

implied by {1)-{2), but is a substantial start to an important topic.
B. SD3 Analysis

A striking example of the use of simple linear analytical methods is given in
the classic paper of deMello and Concordia (1969). Observations of self-excited
oscillations were explained using a model previously proposed by Heffron and
Phiilips for a single machine and AVR connected to an infinite bus via an external
impedance. This is only third order and is defined by parameters denocted Ki. For
Nordel readers, the model used by Lysfjord et.al. (1982) is just a transformed
version of the Heffron-Phillips model with K 4=0 and and Re=0.{'1‘he last
assumption is dubious since it rules out local load.} It is of interest to extend the

analysis to multimachine networks in order to expose instability mechanisms




which reflect system structure. A multimachine version of the Heffron Phillips
model has been given by Vournas and Fleming (1978), but again this is limited to
impedance coupling. Some attention has been given in this project to revising this
mode! to be structure preserving, This can then be subjected to analysis of
conditions for negative damping and the effect of stabilisers. One outcome should

be a generalisation of theoretical results by Wu and Liu (1986).
C. LDS Analysis

The main analytical work here is on energy function techniques which is
covered in Section 2.4. Other work is on bringing geometric methods in to study
more exotic behaviour. Salam et.al. (1984) have shown that the impedance

coupling model can exhibit "chaotic motion" with zero damping.

An untouched area is analytical investigation of the effect of SDS stabilisers
on LDS. Some practical observations indicate the importance of this problem
(Anderson and Fouad, 1977), {Dineley and Mikhail, 1976).

D. Voltage Stability

This concept is associated with the observation that under certain operating
conditions voltages can slowly reduce and finally collapse. An industry
perspective on this problem has recently been given in by Falk Christensen et.al.
{1986) where some explanations and guidelines for prevention are given. These
are based on the usual single line static reasoning. Incidentally it uses the
Swedish December 1983 contingency as a "good example of how a voltage collapse
develops". The discussion mentions that this phenomenon could cause large
disturbance instability in the obvious way, but seems to reject the idea that the
reverse could also apply. The arguement is not convincing though because their
model does not include the generator swing equation. The model (1)-(2) has the
voltage as dependent variables in equations which include the static behaviour.
Thus it should be a reliable forum to settle issues such as this. Also the above
report indicates that wvoltage collapse is heavilly related to loading and
transmission network structure- the precise strengths of our model. Most
commentary on this problem is analytically naive. One interesting study is given
by Liu and Wu (1985) where the dynamics of on-load tap changers is included in
a linearised structure preserving model, Bounds_ on operating conditions are

given to avoid small disturbance voltage instability.



E. SDS Enhancement

Cur work on this topic is covered by Sections 2.2, 2.3. This aims to

improve SDS by decentralised controilers.

Of course analytical results on acceptable operating conditions can help
devise principles to keep secure operation in this form of stability (Sastry and
Varaiya, 1080). However, these have not yet given a procedure which would be

considered by industiry.
F. LDS Enhancement

A strong potential use of energy function methods is in devising schemes
for security control. Besides fast stability assessment, a measure of stability
margin in terms of operating conditions and parameters is given. For instance
rescheduling to improve this margin becomes a way of increasing security. An ad
hoc implementation of this idea in the Tokyo power system was reported by Saito
et.al. (1985). An analytically based technique was given by Chandrashekhar and
Hill (1983} using a simple structure preserving model and Narasimhamurthi
{1984) using the impedance coupled model. Using our recent improvements to

modelling these results can be improved.

The subject of emergency state control has been made prominent in the
conirol field by Zaborszky. One of the recent papers which includes HVDC links
is (Zaborszky et.al., 1984). These results aim to give large disturbance stabilisers
which require only local information provided control means such as damping
resistors or load shedding are available. This work again uses impedance coupled
models which only allows the links with poor treatment of loads. Our model
would straighten this out and also allow means like switched capacitor banks and

give the whole scheme in terms of actual (not reduced) network quantities.

A recent tend in more practical stabiliser development has been to include
nonlinear controls to give a coordinated improvement of SDS and LDS (Musaazi
et.al., 1986), (Lee and Kundur, 1986), {Ishiguro et.al., 1986). The possibilities here
for coordinated tuning are obvious but somewhat intimidating for analytical

treatment at this stage.




G. Voltage Stability Enhancement

This topic is receiving more attention following incidences of voltage collapse
in Western Europe (besides the Swedish one). A techniqué that has emerged is
secondary voltage-VAR control whereby operators modify the input reference on
AVRs to achieve a satisfactory voltage profile in the face of large disturbances.
Thorp et.al. (1986) give an optimal solution for the control strategy based on
linearised Q-V equations (i.e. eqns.ic,d). The fact that this control action can be
used to improve LDS reinforces the abovementioned inclination to treat the two
concepts within the same model. Perhaps we can hope for an automatic large

disturbance stabiliser for synchronism and voltage.

We anticipate that the field of expert systems will play a role in future
implementation of these more sophisticated control schemes. Wehenkel et.al.

(1986) reports an investigation in this direction for energy function methods.

2.2 Coordinated Tuning of Power System Stabilisers{PSS)

Researchers: B.Eliasson, D.J.Hill.

The aim is to consider ways to coordinate the tuning of all sources of
damping in the network including generator PSS, HVDC links and SVCs. Further
this tuning should be robust to changes in operating conditions Currentlythe
Nordel stabilisers are tuned according to local responses if at all. Thus they can
be at most useful on local modes. If broadband tuning is possible, system modes
get positive but an unreliable level of damping. We claim that a secure tuning to
damp system modes is virtually impossible without coordination. The work is
more ambitious than previous attempts in other countries by including all sources
of damping and the effect of nonlinear leads. This has required some considerable

attention to modelling using a linearised form of eqns. {1}-(2) as a starting point.

This project is in two parts consisting of the study of sensitivity of system
modes to stabiliser parameters and the development of an algorithm for
coordinated tuning of these parameters. We start with the sensitivity study. This
follows the spirit established by deMello et.al.(1980) of using simplified models, but
their work did not make use of sophisticated formulas for eigenvalue sensitivity
(and used generator network models). We have developed a (simplified) model of

the form




(3) Mw+Dw+Kb=0
where
(4a)} M= ﬂg + 15292
t
(4b) D = Qg +1 (_:‘32 + 1.52‘31

The diagonal matrices G contain the gains in the PSS (Kse and Kse d in ASEA
version) and HVDC link stabilisers. The addition of SVCs and PSS based on
network quantities should be straightforward. Using model (3)-{4) and some
matrix theory tools, the main product is a sensitivity matrix showing the
sensitivity of damping on each mode to all stabiliser parameters. This can be
presented for different loading conditions. It shows immediately which damping
sources have no effect and which are crucial for any given mode. (Modes with
no parameter effecting them are related to the concept of fixed modes in system
theory.) Obviously, the crucial ones should be emphasised in tuning. The
techniques are applied to a reduced order model of the Nordel network. This has
been developed within Southern Sweden Power Supply (Sydkraft} by B.Eliasson
and S.Lindahl and the latest version consists of 16 coherant groups. A report on
this work is in preparation. As a theoretical sideline to this activity, some
generalisations of recent results on small disturbance stability by Wu and Liu
(1986) have been studied.

There has been quite a lot of previous research on coordinated tuning. This
can be classified into sequential or simultaneous tuning methods. Sequential
methods are provided by Fleming et.al. (1981) and Abdalla et.al. (1984). These
attend to each stabiliser in turn on the basis of sensitivity and can allow for the
network interactions. But there is an obvious problem of eigenvalue drift which
requires iteration. The general style of simultaneous tuning is to use optimisation
to find parameter setiings which ensure the closed loop eigenvalues are close to
desired locations. The problem is sometimes posed as one of decentralised pole
assignment (where for tuning we assume a given controller structure). Lim and
Elangovan (1985) have given a very simple technique for solving this problem,
but like other work (Lefebvre, 1983) this goes too far in giving exact pole
placement. We have preferred to aim at just ensuring the eigenvalues are in

acceptable regions. This leaves flexibility to achieve other things. The choice of
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the eigenvalue regions is of course not a minor matter. For instance, one
relevant issue which gets ignored in the literature is the compromise needed to
ensure the voltage mode is not excited (see Section 2.3). Pai et.al (1980) and
Sivakumar et.al. (1984/85) have used this approach to tuning in more limited
situations. We are investigating many formulations and further testing is being
done in a Master's thesis. Of particular concern is to ensure that the tuning is
robust with respect to variable operating conditions. This is wvirtually ignored in
the literature; however, a lot of oscillation problems in practice arise after some
removal of equipment or contingency. Of course, the final tuning is done with a
more complete model than (3)-(4). A further problem which has not been
addressed in the literature is how to tune large numbers of stabilisers. We have
devised a scheme for this which makes use of the fact that the most troublesome
system modes are presented within reduced coherent groups models. This
structures the problem considerably. These modes are sensitive to stabilisers in

certain areas. This scheme remains to be tested.

2.3 New Generator PSS Synthesis
Researchers: D.J Hili, B.Wittenmark and M.Akke

In this section the aim is to look at techniques for deriving new controller
structures. This subject begs attention. The pioneering paper of deMello and
Concordia (1969) revealed that the wvoltage control loop can inject negative
damping into the rotor oscillations of a single machine connected to an infinite
bus. This could be fixed by feedback from the angular frequency to the voltage
summing junction. A lot of work followed which studied different signals to drive
the stabiliser (Larsen and Swann, 1981). A large number of stabilisers in the
Nordel network are the ASEA type based on electrical power as an approximation
to accelerating power (change). This has the problem that it must be disabled for
sudden changes in mechanical power. Substantial advances were made by deMello
et.al. (1978, 1982} where an "observer" for accelerating power is devised and
used in a digital controller. However all this seems limited by the basic structure,.
It is derived from single machine reasoning as a modification to an
unsophisticated AVR design. (which inter alia ignores the interaction with inertial
part). This has several disadvantages:
1.There is no accounting in the structure for the machines participation in

system modes. Surely, this is why tuning for that situation is difficult,
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2.The problem is attacked somewhat indirectly. Starting from first principles it is
clear that the AVR-PSS should be designed in a coordinated fashion. Rather than
patch up the AVR , design it including specifications on damping of the inertial

ioop.

The control ideas brought to bear on the problem in the above work are
elementary classical. The full range of modern conirol ideas should be
considered. Computer control enables us to use more complicated controllers
than those designed with analog implementation in mind. DeMello et.al. (1982) have
not exploited this possibility. The problem of tuning for wvariable operating

conditions suggests consideration of adaptive or nonlinear control.

We started this project with visions of applying state variable feedback/
observer, linear quadratic, polynomial and coprime factorisation methods to
synthesise an AVR which robustly {with respect to variable operating point)
tracks a voltage reference while rejecting disturbances, and damping a local and
system mode. Actually some work in the modern vein has been done. The most
popular approach has been LQ methods. We do not favour these here because of
the aim to guarantee a level of damping. Mohan et.al. (1978) provided an
alternative state feedback excitation controller based on pole placement for single
machines, A brief study of observer design is by Lim and Choi (1980). Another
(somewhat dubious} option provided by Padiyar et.al. (1980} is to approximate the
state law by one based on ocutput variables. These authors and Seoliman and
Fleming (1983) also give a procedure to derive dynamic output feedback
controllers (in multimachine case) for pole placement. These methods are closely
related to the tuning procedure given by Lefebvre (1983). Abe and Doi (1983)
give a pole assignment technigque based on simple transfer function methods
which allows for multimachine coupling and nonlinear loads. This is a bit more in
the spirit we are after. Groups at the University of Calgary and Electricité de
France have been working on adaptive control of voltage for some time. The
papers by Kanniah et.al.(1983) and Irving (1980) are representative of this work.
They take the self-tuning regulater apprcach developed at Lund (Astrém and

Wittenmark, 1973) and model-reference approach respectively.

All this work using modern control methods has not come up with a
universal controller structure to compete with those following deMello and

Concordia (1968). This is a more realistic aim. So we will endeavour in this
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project long-term to produce a parameter tunable structure which in principle
could be translated to a commercial unit. Although the design may be based on
exact pole placement, the tuning would be according to principles given in Section
2.2. The point is that the structure will have more freedom to accomodate system

modes.

The control department at Lund has a number of useful software tools for
modern synthesis techniques. As a starting point for work in this area a
state-space version of the Heffron-Phillips model with computation of the Ki
parameters from external conditions (Anderson and Fouad, 1977} for a single
machine on an infinite bus was implemented in CTRL-C.(This is the model made
famous by deMello.) A state variable feedback synthesis was developed including
reset action and anti-reset windup facility. This was tested using data from
Harspranget power station in North Sweden. Robustness of the design can be
simply studied by wvarying the external conditions. Allowing for saturation
nonlinearities in the system cannot be done in CTRL-C for response testing. Thus
SIMNON became a useful tool. This simulation program has been developed at
Lund. A report on this work is nearly complete. The project took lower priority
than the one on coordinated tuning, but is an ideal one for this department to
follow up on. Scftware facilities for polynomial design which have recently

become available should be useful.

It is well-known that the inertial and voltage modes can be badly damped and
are influenced by the stabiliser (Anderson and Fouad, 1977). Our coordinated
design approach has clarified a fundamental compromise here. It is worthwhile to

elaborate. A transfer function model of the generator plus exciter takes the form

5(s)

1| Kygls * Byy) Ki2 Tn(s)
P(s)

2 2
K21(s + 621) Kop [s® + 25,5 + mi) ﬂe(s)
where

P(s) = (s + o) (s + @) (s” + 25005 + 0 )

The inputs are mechanical torque and exciter voltage. The outputs are rotor
angle and terminal voltage (magnitude). P(s) contains open-loop exciter, field and

inertial modes. The wvoltage loop transfer function dependence on the inertial
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effects is now clear. The zeros are very close to the poles. Shifting these poles
to improve damping on & will expose this mode in the vcltage. This becomes an
interesting synthesis exercise. Actually, to incorporate the effect of system
modes, we should study a simple system which captures that behaviour. This
suggests looking at a two generator system where each generator represents the
areas swinging against each other. DeMello and Laskowski (1975) effectively
recognise the need for this extension. A multimachine Heffron-Phillips model
would be useful here. The version given by Vournas and Fleming (1978} is
limited by assumption of impedance coupling and so, like its predecessor, cannot

account for nonlinear loads.

A very promising idea suggested by Bollinger et.al. (1979) is to include
tie-line power in the signals available to a generator PSS. With the approach of

studying structure preserving models it becomes natural to follow this up.

We did not get to the point of considering adaptive or nonlinear control
seriously for new PSS, The robustness properties observed in the pole
assignment design compelled us to first address the question of whether a fixed
gain controller is adequate. Some basic ideas on this issue in control are being

developed at Lund {Astrém et.al., 1986).

2.4 Eneregy Function Methods (EFMs) for Large Disturbance Stability
Researcher: D.J.Hill

As mentioned above this was the main subject of previous power systems
research by the author. A recent summary of basic concepts of EFMs and recent
research is given by Hill and Hiskens {1985}. This also describes the beginnings
of a project with the Queensland Electricity Commission on using these methods
to assist operation of the power network. The subject has a long history which
can be studied in various surveys including those of Pai (1981) and
Ribbens-Pavella and Evans (1985)., The most active promotion of EFMs is led by
Fouad at lowa State University. Recently, they have teamed up with Ontario
Hydro in projects for EPRI, USA, Several papers are coming through the IEEE

PWRS Transactions on this work.

The standard model for EFMs work has been the impedance coupled
generators one. The paper (Bergen and Hill, 1981) started a line of work on using

models of the type (1)-(2). Initially, this was done to overcome certain analytical
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difficulties. However, the main virtues of this line are that nonlinear loads and
transmission network structure can be accounted for in the stability assessment.

We believe this model is a better basis for many practical problems.

Early in 1986, an improved stability analysis of the model (1)-(2) was
carried out. This is reported in (Hill and Chong, 1986). Later in the year strong
interest was expressed in EFMs by the Sydkraft group and researchers in the
Swedish Institute of Applied Mathematics (ITM) who are doing a pilot study for
ASEA in this area. From these discussions, two aspects of our approach seem
particularly pertinent to the Nordel system:

A.Concept of Vulnerable Cutsets

From the early paper (Hill and Bergen, 1981), we have formulated stability
assessment in terms of so-called wvulnerability indices which give network
strength in terms of conditions on cutsets of the transmission network. This idea
has emerged recently {and more vaguely) in an industry study (Lotfalian et.al.,
1986). We believe that this concept can be exploited much further. It was the
basis of a preliminary dynamic dispatch technique (Chandrashekhar and Hill,
1983).

B.Allows HVDC, SVC

Pai (1981) suggested that our structure preserving models were very promising
for analysis of networks with HVDC links. These cannot be cleanly included in
the usual models because all the transmission network buses are eliminated. This
aspect has not been pursued until this year. (There are no HVDC links in
Australia.}] The addition of HVDC links and SVCs to medel (1)-(2) is

straightforward and studies have begun.

[I.CONCLUSIONS

This report has summarised the range of activities begun in the power
systems project. Included in this has been an overview of large parts of
analytical methods in power systems stability and security. This is seen to be a
field where a lot of fundamental research remains. Most of it seems to address

problems of current concern in the Swedish power industry.

At this stage, three other reports are in preparation, a course/monograph
initiated and Lund students have one Ph.D, one Licentiate and one Masters

projects to finish. These documents will give a complete reporting of the work.
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