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identification method and a root-locus technique are used to design the conventional PSS units. Both
the adaptive and the conventional strategies are applied to a 17-machine computer-simulated power
system. PSS units are applied to four generators in the system. Detailed simulation results are presented
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ABSTRACT

This thesis addresses the problem of damping electrome-
chanical oscillations in power systems using advanced con-
trol theory. Two control strategies are developed.
Controllers are then applied to a power system as power
system stabilizer (PSS) units. The primary strategy is a
decentralized indirect adaptive control scheme where multi-=
ple self-tuning adaptive controllers are coordinated. This
adaptive scheme is developed in a general format and the
stabilizing properties are shown using a vector Lyapunov
analysis. The second strategy is a new method of designing
conventional nonadaptive PSS units. An off-line system
identification method based on Prony signal analysis is
developed. This Prony identification method and a root-
locus technique are used to design the conventional PSS
units. Both the adaptive and the conventional strategies
are applied to a l17-machine computer-simulated power sys-
tem. PSS units are applied to four generators in the sys-
tem. Detailed simulation results are presented that show
the feasibility and properties of both control schemes.




CHAPTER 1
INTRODUCTION

Often-in large power systéms lightly-damped oscilla-
tions, termed electromechanical oscillations, occur due to
generators exchanging energy through transmission lines.
Many types of unavoidable system distqrbances can cause
electromechanical oscillations, and severe oscillations can
decrease the life of generators and limit the amount of
transferable power over transmission lines. Because a
power system is a large nonlinear time-varying system, it
is often difficult to dampen these oscillations. Conven-
tional methods of damping electromechanical oscillations
have proven to be effective in many cases. But, as smaller
localized systems. are interconnected over large distances,
conventional methods of controller design often fail to add
adequate damping. In this thesis modern control techniques
are applied to this power system problem. The control
techniques include adaptive and decentralized control which
are very attractive solution methods to this problem. Spe-
cial attention is paid to the implementation of multiple
controllers located throughout the system.

The size and complexity of a power system makes it a

candidate for decentralized control methods, while the non-
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linear and time-varying properties make the system a candi-
date for adaptive control. The main objective of this
thesis is to present a decentralized adaptive control
strategy that may be applied to power systems to dampen
electromechanical oscillations. With the strategy, multi-
ple adaptive controllers are coordinated using a decentral-
ized technique. A second objective is to present a
nonadaptive design technique for power-system damping
controllers. This nonadaptive technique is based on a new.
system identification method presented in this thesis.

In developing the'damping controllers in this thesis,
emphasis is placed on the practicality of being able to
apply them to an actual system. ‘The,control schemes are
designed so that the control action at a given control sta-
tion has minimal dependence on variables which cannot be
measured locally. In this way the control scheme will not
be highly dependent on communication between different
locations in the network. Nondependence on communication
is important as the same factors that cause electromechani-
cal oscillations can also cause communication failures.

Because power systems are often difficult to accurately
model, it is desired that the design of the controllers
have minimal dependence on computer simulation of the sys-
tem. Although the control schemes in this thesis are dem-

onstrated on a computer-simulated system, the controllers
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are developed with the idea of being able to apply them to
an actual -system without dependence on computer models or
simulations.

The remaining material of this chapter is organized
into five sections. A description of the problem being
addressed is given in the - first section. Adaptive and
decentralized control concepts are introduced in the second
and third sections. A literature review of recent pub-
lished work is contained in section four. In the last
section the organization of the remaining thesislis

outlined.

Power System Electromechanical Oscillations

In a power system, turbines are used toO rotate the
rotors of large synchronous generators. The generators
then convert this rotational energy into electrical energy.
In order to connect several generators together to form a
power system, the machines must rotate on average at the
same constant speed. In modern systems this synchronous
speed relates to the electrical frequency of 50 or 60 Hz.
Because the rotor of a synchronous generator is a large
rotating mass, it must obey the laws of nature. When a
sudden disturbance occurs in the system, the circuit laws
of Kirchhoff force the electrical power from a synchronous
generator to suddenly change, while the mechanical power

into the gene#ator has not changed. This imbalance of
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power causes the rotor tOISuddenly accelerate or decelerate
away from synchronous speed initiating the electromechani-
cal oscillations. If the generator cannot return to syn-
chronous speed, it is said to have separated from the
system. As generator rotors accelerate and decelerate
energy is oscillated through the system. Because of the
laws of conservation of energy, this energy is absorbed by
ioads and by other generators which causes various genera-
tors to "swing against one another." Generators that swing
against one another oscillate 180° out of phase.

Most often electromechanical oscillations occur in the
0.2 to 3.0 Hz range with these frequencies being a function
of many variables including rotor inertias. These oscilla-
tions can be initiated by a wvariety of "sudden" distur-
bances iﬁ the system, such as a transmission line fault.

An electromechanical oscillation in a power system is often
termed a system swing. Significant system swings can be
detrimental to the power system. If the oscillations are
negatively damped, then the system will separate during a
swing which can cause significant damage to utility and
customer equipment. If system swings are only lightly
damped, then a combination of disturbances may cause the
system to swing past its steady-state limits which can also
causé system separation. In any case, it is important to
add significant damping to power-system electromechanical

oscillations in order to preserve system integrity.




5

Electromechanical oscillations are often considered to
be of two types: local and interarea. A local mode of
oscillation occurs when a single generator swings against
the system. These modes tend to be localized near the
given generator and are generally in the 0.8 to 3.0 Hz
range. Interarea modes occur when a group of generators
swing together against other groups of machines. Because
interarea modes involve multiple machines {(which implies
more mass), they tend to be at lower frequencies than local
modes. The range of frequencies for interarea'modes are
generally-between 0.2 Hz and 0.8 Hz. Uéually, interarea
modes occur between groups that .are weakly connected and
are often the moét troublesome modes in large systems.

Recent advancement of technology in the power industry
has caused electromechanical oscillétions to become more
prevalent in many systems (especially interarea modes) [1].
With smaller faster-reacting generators being developed, it
takes less energy to force a given generator to sﬁing.
Also, many systems are being operated near their steady-
state limits with larger amounts of power being transferred
greater distances which tends to increase the
electromechanical oscillation problem. In many cases, con-
ventional controllefs are unable to adequately dampen these
oscillations, especially interarea modes. Therefore, there
is a need for more effective solutions for adding damping

to power systems.
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Various devices have been proposed to dampen electrome-
chanical oscillations including power system stabilizer
(PSS) units, static volt-amp-reactive compensators (SVC’s),
and modulation of high-voltage DC (HVDC) converter systems.
Of these, PSS units have received the méjority of attention
and have proven to be successful in some cases. PSS units
are feedback circuits applied to the excitation system of a
synchronous generator. SVC’s are variable reactive devices
that are primarily used for voltage support; although, they
have proven to be effective as a damping device as well.
Modulation of HVDC systems involves varying the converter
firing angle about a nominal point in order to modulate the
power flow on the DC line.

The control schemes in this thesis are presented in a
general format so that they may be applied to many differ-
ent types of systems. When applied to the power system for
simulation results, the schemes are implemented using PSS
units. PSS units are used because this is the most widely
used damping device in the power industry. It is believed
that if a new control technique (such as those proposed in
this thesis) is used by the industry, it will first be
tried on a PSS unit.

The operating point of a power system changes both sea-
sonally and hourly as loads change. With each different
operating point the dynamics of the system change. This

time-varying nature of the system makes it difficult and
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sometimes impossible to design a conventional controller
that will satisfactorily dampen oscillations at each oper-
ating point. Obtaining system models for controller design
using the lawé of physics is ofteﬁ very difficult because
‘of the size anq complexity of power systems. Both the
adaptive and the nonadaptive control methods presented in
this thesis are based on system identification methods that
result in system models by analyzing signals from the

actual system.

Adaptive Control

Adaptive control is an area of feedback qontrol theory
+that has recently received a great deal of attention.
Although there is no cle#r—cut definition of adaptive con-
trol, an‘adaptive controller may be viewed as a regulaﬁor
that can modify its behavior acéording to changes in the
dynamics of the process it is cbntroliing {2]1. Conven-
tional adaptive coﬁfrollers have a self-learning ability in
that the designer does not have to know a great. deal about
the plant that is to be controlled. The adaptive control-
ler "learns" about the plant by analyéing its'input/output
relationship. The controller adjusts its feedback
parameters as it learns about the plant or as the plant
changes.

The learning ability of adaptive control makes it very

attractive for application to the power .system problem. It
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sen for the closed-loop system. Since a power system is a
time-varying plant, a reference model adequate at one point
in time ma& not be adequate at other times. Also, it is
difficult to obtain direct criteria for choosing a refer-
ence model. 'Therefore, the adaptive controller strategy
presented in this thesis is an indirect type.

An important issue concerning an indirect adaptive con-
troller is the choice of the regulator design algorithm.
The objective of the controller is to dampen electromechan-
ical oscillations as well as possible, given an allowable
range of input. A pole-placement algorithm is ruled out as
this requires a choiceé of closed-loop poles which can be
difficult for a time-varying plant. A regulator based on a
linear-quadratic (LQ) control law is a good candidate
because it can be used to directly penalize swings in the
system while at the same time limiting action in the con-
trolled input. An LQ controller is easily placea in a
recursive form using Riccati equafions; this makes it easy
to implement such a contrbller in an adaptive format. For
these reasons the adaptive control strategy in this thesis

is based on an LQ control law.

Decentralized Control

Many systems exist with multiple locations in the plant
where input signals can be applied; these plants are often

.referred to as multiple control-station systems. Various .
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options are available when considering tﬁe control of a
multiple control-station system. For the power system
problem it is desired that the‘c;ntrol action at a given
station have minimal dependence on variables which cannot
be measured locally. In this way the control scheme will
not be dependent on communication between different loca-
tions in the network. Nondependence on communiéation is
important as the same factors that cause electromechanical
oscillations can also cause communication failures. If
communication is used, it is desired that the controllers
still effectively operate when communication fails. This
requirement points to a decentralized control solution.

With a'decentralized scheme, controllers are applied at
each control station with a ceﬁtral objective. The con-
troller at a given station is designed to be primarily
dependent on local measurable variables. _Therefore, if
communication of wvariables from outside sources fails, the
controller can still properly operate. A second advantage
of decentralized control strategies is that the failure of
one controller has no detrimental effect on the performance
of other controllers. There are two basic classes of
decentralized control. The first class is often termed
sequential control. For lack of a better term, the second
class is referred to in this thesis as the nonsequential

class.
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With a sequential scheme the controller designs at the
control stations are carried out sequentially one-by-one.
Consider a plant consisting of m control stations; First
a model of the system is obtained from the input to the
output at station 1 while ignoring the inputs at other sta-
tions. A controller is designed for station 1 usihg this
model, and the controller is applied to the plant. Then a
model of the system is obtained from the input to the out-
put at station 2, and the controller is designed and
applied. The sequential process continues for all m
control stations. If the objective of the controller at
each station is the same, then this objecti?e will be ful-
filled in the end if certain observability and controlla-
bility conditions are satisfied. As an example, in [3] the
objective for each éontroller design is to place the
closed-loop poles in a certain specified region (I)).
Davison and Ozuguner [3] show that after the sequential
design, all of the closed-loop poles are contained in T.

The sequential technique is not easily applicable to
the case where the controller at each station is an adap-
tive one. This is because the sequential technique
requires that when a given controller is designed, all
previously designed controllers be fixed and applied to the
system. An adaptive controlier is constantly changing as
the system changes; therefore, it would not be fixed when

designing other controllers. Although the sequential
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method does not apply well to the adaptive case, it does
apply well to the nonadaptive case where the confrollers
are fixed. A sequéntial method is used to implement multi-
ple fixed damping controllers for a simulated power system
léter in this thesis.

Nonsequential decentralized controller design tech-
niques assume the system is broken into a number of inter-
connected subsystems. With most designs, a local
controller is designed for each subsystem while ignoring
the subsystem interconnections. Then modifications are made
to the designs to help negate any detrimental effect of the
subsystem interconnections. Because the subsystem inter-
connections are ignored during the initial designs, the
performance of the controllers are very robust to changes
in subsystem interconnections. Also, since the designs of
the controllers are independent, failure of one controller
will have no detrimental effect on the performance of other
controllers.

Characteristics of a nonsequential design are easily
shown using the following example from [4]. Consider a
system consisting of two subsystems. The stafe-space dif-

ferential equations describing the system are

X, = 5%, +(=3x,) + u, (1.1a)

K, = 6x,+(~4x,) +u, (1.1)
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where u; is the input and x; is the output at subsystem 1; u,

is the input and x, is the output at subsystem 2; and the

terms in (°) are the subsystem interconnections.

First, let the control functions u;, and u, be chosen in

a centralized fashion by minimizing the standard LQ cost

function
J= f (7 +x7 4+ ul +u)de (1.2)
0

In this case it is easy to show [5] that the optimal feed-

back functions are
u, =—10.49x,+7.14x, 1.3)
u,=7.14x, —11.18x,

and the closed-loop eigenvalues are -8.9, -1.7. Now what

happens if the subsystem interconnections are lost so that
the plant becomes
X=5x,+(-0x)+u, - (14a)
X, =6x,+(-0x,) +u, (1.4b)
The closed-loop system of the perturbed plant (1.4) and
control law (1.3) is an unstable system with eigenvalues at
-12.5 and 1.8. Therefore, the centralized control law of
(1.3) is not robust to these changes in the subsystem
interconnections.
Now, consider a nonsequential decentralized design for
the system (1.1). The subsystem interconnections are

ignored resulting in the two subsystems




15
X, =5x,+u, (1.5a)
X, =6x,+u, (1.56)

and the cost function is broken into two functions:

J, = fo O +ul)dt (1.6a)

J,= f 2 +ud)dr _ (1.6b)
(V]

A feedback function is found for subsystem 1 by obtaining
the control law that minimizes (l.6a) for (1.5a); the same
is done for subsystem 2. The resulting control laws are
u,=-10.10x,, u,=-12.05x, (L.7)
In order to negate the effects of the subsystem intercon-
nections, the control laws of (1.7) are modified to
u, =—-10.10x, +3x, (1.8)

u, =—12.05x, +4x,

The closed-loop eigenvalues of the plant (1.1) and the con-

trol law (1.8) are -5.10 and -6.05. Again, consider the
perturb plant (1.4), but now use the control law of (1.8).
In this case the closed-loop eigenvalues are -2.1 and -9.1;
therefore, the system is stable.

One does not have to modify the control law ﬁ1.7) to
(1.8). The law (1.7) applied to the plants (1.1) and (1.4)
also results in stable systems, and in this case the con-
trol functions at each subsystem are only a function of

local variables. So why modify the feedback functions?
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Modifying (1.7) to (1.8) negates any effect of the subsys-
tem interconnections in the nominal plant case. The con-
trollers were designed by ignoring the interconnections;
therefore, modifying the control law to negate the
interconnections results ip the closed-loop system satisfy-
ing the design objective. For the above exaﬁple, the
design objective is to obtain the closed-loop system where
the cost functions (1.6) are minimized for systems (1.5).
Since the systems in (1.5) do not incorporate the.intercon-
nections, the control laws are modified to negate the
effects of the interconnections.

The above example demonstrates that a nopsequential
decentralized design can improve system robustness to per-
turbations in the interconnections. Decentralized control-
lers have other advantages. With a centralized controller,
the control laws require communication between subsystems.
For the above example u; in (1.3) is a function of both x
and x,. If communication fails between subsystems, then
- the control law is not valid and the results can be cata-
strophic. Any communication used with a decentralized con-
trol law is a modification to the orxiginal law; Therefore,
if communication fails, the controllexrs still strives to
fulfill the control objective. Another advantage of a
decentralized design involves the failure of a given con-
troller. If the control law at a subsystem fails for some

reason, the remaining control actions at other subsystems
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still apply the proper input to the system. This is
because the control law at each subsystem is designed sepa-
rately from other controllers. In the centralized case all
control laws are désigned together; therefore, if one
control law fails, all laws may fail.

It is possible to use a nonsequential design method
when the controllers used at each subsystem are adaptive.
With an indirect adaptive controller at a given subsystem
the identifier has to obtain a model for that subsystemn.
The regulator design is based on that identified subsystem
model. Modification could be done to account for the
effects of the subsystem interconnections. This is the
strategy used to develop the decentralized aaéptive con-
troller presented in Chapter 2. Adaptive controllers are
applied at each station of a multistation system. The
controllers are designed to control the subsystems con-
nected to that station. Information that enhances the per-
formance of the controllers is communicated between
stations. The performance of the control scheme is
improved using communication, but in many cases the con-
trollers still properly operate if communication is lost

because the design is based on a decentralized technique.

Literature Review

The purpose of this section is to review some of the

literature relevént to issues addressed in this thesis.
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Thousands of papers have been published in the areas of
power system stability, adaptive control, and decentralized
control. It would be very cumbersome to review all litera-
ture in these areas. Therefore, an attempt is made here to
only review recent work that has direct relevance to the
subjects contained in this thesis. The remainder of this
section is organized into three parts with the following
subjects reviewed: 1) conventional damping methods; 2)
adaptive control in power sysﬁems; and 3) adaptive ana

decentralized control.

Conventional Damping Methods using PSS Units

The most widely used electromechanical damping device
is the PSS unit. The heart of the conventional PSS unit
consists of a low-pass wash-out filter and a series of
lead-~lag blocks. Filtering is used to remove any DC and
high~frequency components from the feedback signal, and the
lead-lag is used for the control compensation. Choosing
the parameters for the PSS unit is termed "tuning." A
classical set of papers on tuning PSS units by Larson and
Swann is contained in [6]. Many of the concepts used in
[6] were first introduced by de Mello and Concordia in [7].
The basic concept involves producing an electrical torque
on the machine being controlled that is in phase with the
speed error of the machine. Therefore, when the machine is

speeding up, the electrical torque tends to slow the
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machine, and vice versa. Frequency response methods are
used to obtain the PSS parameters that give the proper
phase correction.

This classical design method has proven to work very
well in many cases, and there have been many extensions of
this method, e.g. see [8]-[12]. Detailed computer modeling
and system eigenvalue analysis have been used in conjunc-
tion with frequency response methods (see [8]-[10] and
[121).

An alternative to obtaining an electrical torque éompo—
nent is to consider the machine as a general system with
the input added to the exciter and the output being the
chosen feedback signal. This is the approach taken by Bol-
linger and Chapin in [13]. In [13] a pseudo random signal
is applied to the exciter in the open-loop case. A
frequency response of the machine is obtained, and a linear
'transferffuﬁction model is derived from the frequency
response. It is not mentioned how the transfer function is
‘derived. A root-locus design method is used to select the
PSS parameters. This is done by making the eigenvalues
associated with the electromechanical modes move farther

into the left-hand plane.

Adaptive Control in Power Systems

Because adaptive control is an attractive solution for
damping electromechanical oscillations, it has received a

significant amount of attention in the literature. In [14]
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Pierre gives a perspective on the status of adaptive con-
trol in power systems as of 1987. A number of papers pub-
lished before 1987 are reviewed. Eight of the nine papers
reviewed for the electromechanical problem use self-tuning
adaptive control as opposed to model-reference adaptive
control. In each of these nine papers the adaptive con-
troller is implemented as a PSS unit on a single generator;
none of them include multiple adaétiﬁe controllexrs. Five
of the self-tuners are based on regulator algorithms tha£
do not guarantee stability in the nonminimum-phase case.
This can be a problem in a power system as the linearized
plant is often nonminimum phase. All of these papers c¢on-
clude that their adaptive controller is superior to a fixed
controller. But, the test systems in many of these papers
are overly simplified.

Since 1987 research has continued on applying adaptive
control to power systems. Smith, et al., apply an LQ self-
tuning adaptive controller to an SVC to control the suscep-
tance of the comﬁensator in [15]. The LQ cost function
includes a penalty on the rate-of-change of the adaptive
output signal (the susceptance). This allows the designer
to temper the rate-of-change of the control action. Simu-
lation results that demonstrate the damping ability of the
controller are shown on a three-machine system. The
authors of [15] expand their work in [1l6] to include a

secondary proportional-integral (PI) loop in the control-
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ler. The conventional PI controller is used to force the
steady-state voltage at the SVC bus to the set point. The
LQ adaptive controller is used £o modulate the SVC suscep-
tance about the set point'to dampen system oscillations.
In both [15] and [16] electriéal frequency error is used as
the input to the adaptive controller, and in [16] the bqs
voltage is also used as an input to the controller. Also,
recursive least-squares (RLS) identification~is used to
obtain a model of the system in the self tuner. Model
orders are assumed to be third or fifth.

A self-tuning LQ controller is also used by Mao, et
al., in [17]. The controller is used as a PSS unit. No
penalty is included on the rate-of-change of the control
action as in [15] and [16]. The feedback signal is a lin-
ear combination of terminal wvoltage and fregquency error.
Simulation results are shown for a one—ﬁachine and a
three-machine system. In the three-machine case, all
machines are equipped with adaptive controllers, but no
coordination is used between controllers. The simulations
demonstrate that the controllers add damping to the system.
The authors of [1l7] apply their adaptive PSS unit to a
laboratory machine in [18]. The machine is a 3 kVA, 210 V,
three—phase micro-alternator. Simulations show that the
adaptive PSS unit adds significant damping to the system.

In [19] Short, et al., use adaptive céntrol'to modulate

a switched capacitor bank to obtain system damping. A form
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of self-tuning generalized predictive control (GPC)Fwith
discrete constraints placed on the control signal is used.
An RLS identifier is used to obtain a model of the power
system. GPC is a generalization of LQ control. With GPC
system outputs are predicted over a specified horizon for
- each possible control action. The chosen control action is
the one that minimizes a weighted¥squares cost function of
terms that include local system outputs and rate-of-change
of control over the horizon. Simulation results are shown
on the same three-machine system used in [L5] and [16].
Good results are shown using frequency error, inﬁegrated
frequency error, and bus voltage angle as feédback signals.

Pahalawaththa, et al., in [20], Gu and Bollinger in
[21], and Wu and Hogg in [22] use a generalized minimum
variance (GMV) control law as the regulator in a self-
tuner. In these three papers the controller is implemented
as a PSS unit on a one-machine infinite-bus system.
Althéugh minimum-variance algorithms are known to have
trouble stabilizing nonminimum-phase plants, the authors in
[20] claim that a GMV controller can stabilize such plants.
RLS identification is used in these papers, and it is
assumed that the plant is third order. The RLS algorithms
in [20] and [21] use a variable forgetting factor. 1In [22]
an extensive supervision scheme is outlined. The sampling
period used in [20] is 100 ms, 50 ms in [21], and 20 ms in

[22]. The results shown in these papers demonstrate that a
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GMV self tuner can dampen system oscillations for various
operating conditions. In [21] comparisons are made with a
standard PSS unit. Bollinger and Gu extend their work in
[23].by comparing the GMV self—tunei to a standard PSS
design for a single machine in a nine-machine system. They
conclude that the adaptive controller adds more damping to
the system. Dash, et al., also use a minimum-variance reg-
ulator as a basis for a self-tuner used to control an SVC
unit in [24].

In [25] Fan, et al., develop a multi-input self—tuning
adaptive PSS unit. The controller is based on a GMV con-
trol law as in [20]—[23], and an RLS identifier with a
.variable forgetting factor is used as the identifier. A
unique contribution of the technique in [25] is that a
multi-input identification model is used. The extra inputs
to the identifier are represented as system exogenous
inputs. Terminal voltage magnitudes are used as these
inputs. A multi-rate sampling scheme is used with the
identifier model being updated every other sample. Simu-
lation results arelshown on a ten-machine system with vari-
ous machines equipped with adaptive PSS units. These
results indicate that the control scheme provides very good
damping to the system.

The self-tuning PSS unit-presen?ed in [26] by Cheng, et
al., uses a self-searching pole-shifting control technique

as the regulator part of the adaptive controllér. With the
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pole-shifting algorithm, the feedback function is deter-
mined by shifﬁing the open-loop poles inward toward the
origin by a specified factor (in the Z domain). The
shifting factor is adjusted so that the poles are moved as
much as possible for a given amount of allowable control
action. With each time sample, the factor is updated. An
RLS identifier with a variablé forgetting factor is used to
obtain the system model. Extensive simulation results are
presented for a one-machine infinite-bus system. In [27]
Chandra, et al., also use a pole shiftihg algorithm;.but,
the feedback function in [27] is also made to minimize a
variance involﬁing past inputs and outputs.‘ That is, the
control law minimizes a variance cost function constrained
by having the poles shifted radially inward. The authors
apply the controller to‘all machines in a three-machine
system. With the results shown the control algorithm per-
forms very well.

A MRAC scheme is used by Ghandakly and Idowu in [28].
The controller is used to generate a modulating signal to
both the exciter and the governor of a generating unit.
The generating unit’s output variables are forced to foilow
those of a reference model. This reference model consists
of two submodels; one corresponding to the machine and
exciter; and one corresponding to the governor. The con-
troller is applied to a one-machine infinite-bus system

with good damping results.
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Adaptive and Decentralized Control

There are numerous books and papers on adaptive and
decentralized control techniques. Astrom and Wittenmark’s
book [2] is a good source of up-to-date adaptive control
methods. Siljak’s book [4] on large-scale systems contains
a good introduction to decentralized control while a more
complete and rigorous presentation is done by Michel and
Miller in [29]. Both of these books address nonsequential
decentralized control techniques. Less literature is
available on the combination of adaptive and decentralized
control. Although there is a significant number of papers
on decentralized MRAC techniques, there are only a few
papers available on decentralized self-tuning control. All
these papers use nonsequential decentralized control meth-
ods to incorporate multiple adaptive controllers.

In [30] Ossman uses self-tuning adaptive controllers at’
each control station of a multistation piant. The control-
lers are based on an LQ control law and a gradient identi-
fication algorithm. A dead zone is used in the system
identification algorithm at each station. By incorporating
this dead zone, accurate system identification is possible
and global stability can be achieved. Control actions and
measured plant outputs must be communicated between sta-
tions in order to implement the control strategy.

A decentralized self-tuning control scheme is also

presented in [31] by Datta and Ioannou. The control scheme
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is different from many others in the literature as it is a
continuous-time one. Two different control laws on which
to base the self-tuner are proposed, one is pole-placement,
and the other is an LQ law. The measured outputs . at the
control stations are communicated between stations and are
used by the continuous-time ideﬁtifiers. By using this
information, global stability limits are obtained.

A small sample of recent papers addressing the decen-
tralized direct adaptive control problem is contained in
[32]-[34]. With these methods MRAC type controllers afe
applied to each station. The MRAC schemes are modified so
as to guarantee overall system stability assuming the sub-
system intercoanections satisfy given conditions. Often
global stability limits are obtained without the use of
communication between control stations.

A very attractive adaptive controller is presented by
Samson and Fuchs in [35]. The controller is a self tuner
based on an LQ control law and any identifiexr that satié-
fies some general properties (such as RLS). State feedback
is used to form the controlled input; an adaptive observer
is used to estimate the states. Samson and Fuchs show that
the adaptive controller stabilizes both minimum and
nonminimum-phase systems. No work is done in [35] to

include more than one controller in a decentralized format.
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Organization of Thesis

The remainder of this thesis consists of five chapters.
In Chapter 2 a decentralized adaptive indirect control
scheme is developed. The stabilizing properties of the
scheme are given, and examples are used to demonstrate
properties of the controller. An off-line system identifi-
cation method is presented in Chapﬁer 3. The method is
based on Prony signal analysisa In Chapter 4 a power
system test bed is described, and also discussed is how
controllers are implemented in the test system. Tﬁo dif-
ferent control schemes are implemented, one.uses the decen-
tralized adaptive controller described in Chapter 2, and
the other is a conventional scheme based on the system
identification method of Chaptér 3. Simulation results are

given in Chapter 5, and conclusions are made in Chapter 6.
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CHAPTER 2
THE DECENTRALIZED ADAPTIVE CONTROL SCHEME

In this chapter the discrete-time decentralized indi-
rect adaptive control scheme that is applied to the power
system problem in later chapters is presented. The control
scheme is first introduced in a general format that allows
a number of wvariations. Stabilizing properties and proofs
of these properties are presented in a concise mathematical
format. Then the specific decentralized adaptive scheme
that is applied to a power system ih later chapters is
given. This specific scheme is a special case of the gen-
eral one. The decentralized adaptive control scheme is
presented assuming the plant is a general linear dynamic
interconnected system. Examples are used to demonstrate
the properties of the control scheme.

The decentralized indirect adaptive control scheme
presented here is a discrete-time scheme in which indirect
adaptive controllers are applied to each control station of
a multi-control-station plant. The adaptive controller
applied at a given control station consists of an identi-
fier, a control law, and an observer. A recursive identi-
fication algorithm is used to obtain a model of the sub-

systems "seen" by that control station, and a state-space
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linear-quadratic (LQ) control strategy based on the "seen”
subsystems is used to form the controlled input. A decen-
tralized observer is used at each station to estimate sub-
system states for the LQ feedback gains. When needed,
control actions are communicated so that the identifiers
can accurately model the subsyétems in the presence of
their interconnections. The communicated control actions
are also used by the decentralized observers to give accu-
rate estimates of subsyétem states in the presence of sub-
system interconnections. . It is shown in this chapter'that
using the communicated control actions in the observer
design at each control station significantly improves sys-
tem global stability limits.

This chapter contains five main sections with the fol-
lowing items addressed: 1) a description of the plant; 2)
the general decentralized adaptive control scheme; 3)
stabilizing properties of the control scheme; 4) the spe-
cific control scheme to be implemented; and 5) properties
of the control scheme (including illustrative examples).
Throughout this chapter the variable ¢ represents discrete-

time.

Plant Description

Many dynamic plants consist of a number of intercon-
nected subsystems that can be controlled from control sta-

tions located in the plant. These plants are often
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referred to as interconnected systems. In a general
setting, given subsystems can be shared between different
control stations with the number of subsystems greater than
the number of control stations. 1In this case the system is
referred to as an overlapping interconnected system ([36]
and [37]).

A power system, for example, can be viewed as an over-
lapping interconnected system. A single generator will
typically oscillate at both local and interarea modes.
Consider thé PSS inputs at given generato;s as the control
stations, and let the electromechanical modes be the sub-
systems. Because an interarea mode involves many genera-
tors, it may be viewed as being shared among.the PSS inputs
at these generators. This motivates the use of an
overlapping plant description for derivation of the decen-
tralized adaptive control scheme.

Consider the general linear time-invariant intercon-

nected plant with m subsystems and N control stations

X+ =Ax @)+ ng,.juj(t) s i=12,..,m (2.1a)
P
yi)=

where x;(t)e R’ is the ith state vector at discrete-time ¢,

ueR and y,eR are the scalar input/output pair at control

"ix"i

station i, and Ae R " ', E,-je R, cj€ RY. When m>N, (2.la)

is termed an overlapping interconnected system as some of
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the subsystems are shared among different control stations
(see [36] and [37]). Equations (2.la) may also be written
as “
x(t+1)=Ax(t) +Bu(r) (2.1b)
y(#)=Cx(r)
where ¥ O =E1@, X320 .o X0 (O], w7 () = [uy(2), us2), .., un(®)],

YO = [9i0)s a(0)s oo O],

A = block diag(4), i=1,2,...,m

- = = = A F—r =T —T
by by by €y Cn2 Cim
T T T —r =T —r
‘ by by by Cayy Cxp Com
B = 1, C=
N N N -7 =T ~r
_bml bmz s me_ _CN1 Cyay  vee CN,,,_'-

and Ae R*, BeR™, Ce R with n=n,+n,+...+n,.

It is shown in [36] that a system can be expanded
through a set of linear transformations to a larger dimen-
sion using the inclusion principle. The expanded system
can be made to have the same input/output characteristics
as the original system (termed the contracted system). If
Ye R and x e R" are the state vectors of a contracted and
expanded représentation of a system, respectively, with
n<n, then they are related through the transformations

x=Vx and x=Ux where Ve R* is a constant matrix with full
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column rank, p7e ®R* is a constant matrix with full row
rank, and these transformation matrices satisfy the condi-
tion UV =I".

The plant (2.1) is now expanded into a form that allows
the application of decentralized indirect adaptive control-
lers. Let Ve R™ and Ue R™ be the smallest transf’c;rma—
tion matrices in dimension n (with n<n) that expands
(2.1b) through the transformations x=Vx and x=Ux to

x(t+1)=Ax(@)+Bu(r) (2.2a)
y(@)=Cx(t)
where ¥ and y are the same as in (2.1lb), and

X0 =05 0,50, .. (@],

A = block diag(4,)), i=12,...,N
[by bo o by [ei 0 |
by by . by 0 CzT
B = , C=
| byy bya oo by 0 0 .. c;_,

and A,-e'iR"‘Jm", b;; € R, C; € ER" Systems (2.2a) and (2.1b) are

related by A=VAU, B=VB, and C=CU. Note that (2.2a)
does not allow ény subsystems to overlap between control
stations; that is, U and V are a pair of matrices that
transform an overlapping system into a non-overlapping sys-

tem. Equations (2.2a) can also be written as
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x(t+1) = Ax () + b (t) + .%’; b,u,() @2b)

U
j=1,j#i s

y@®=cx@) ; i=12,..,N
where x; e R’. Equations (2.2b) represents the plant as N

interconnected subsysteﬁs (one for each control station)
with the b; terms being the interconnection terms. The
above transformation alters the plant representation so
that the interconnection terms only involve the plant
inputs and not the outputs. Because (2.2) is an expansion
of (2.1), the inclusion principle asserts that (2.2) con-
tains all necessary information about (2.1) (see [37]).

Since the expanded system.(2.2).preserve§ the
input/output characteristics of (2:1), any input that sta-
bilizes (2.2) wi;i élso stabilize (2.1) (see [37] for a
proof). That is, if the decentralized stabilizing feecback
controi function |

u(t)=fix@);, i=12..,N (2.3)

is designed for the’expanded plant rcpresentction (2.2) and
the exact same E’s of (2.3) are applied to (2.1), then
(2.1) will also be stabilized. Also, the closed-~loop sys-
tem of (2.2) and (2.3) will be an expansion of the system -
with (2.3) applied to (2.1); thereforc, the two will have
the-same closed-loop input/output characteristics.

This is the basis for the decentralized indirect adap-

tive controller presented in this thesis. The plant is
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identified in the expanded form of (2.2b) using an
identification scheme, and a decentralized adaptive control
law is designed using the expanded form. Then the con-
trolled input is\applied to the actuai plant (2.1). The
inclusion principle assures ﬁhat the application of this
control law will result in the desired stability and
input/output closed-loop characteristics.

In order to implement the decentralized adaptive con-
trol strategy in this paper, the U and V transformation
matrices need not be known. All that must be known about
the system is the dimension of the expanded subsystems in
(2.2b); that is, the m’s. This is not an overly restric-
tive requirement as n, is the order of the transfer func-
tion involving y; in both the contracted and expanded plant

representations.

The General Control Scheme

From the previous section we know that if a stabilizing
controller is designed for the expanded system (2.2) and/
applied £o the plant (2.1), then (2.1) will be staﬁilized,
and the closed-loop (2.1) will have the same input/output
characteristics as the closed-loop (2.2). This is the
basis for the'decentralized adaptive control scheme pres-
ented here. An indirect adaptive controller is applied at

each control station. The identifier at control station i
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identifies the jth expanded subsystem with the interconnec-
tion terms included; that is, identifier i identifies a
model for

N

x, (¢t +1)=Ax;(£) + bu(e) + 12 byui(r) 24)
j=ljwi

Yie) = ¢/ x(0)
which is taken from (2.2b)., Equation (2.4) is termed the
ith expande& subsystem because this is the transfer func-
tion that involves y(). A decentralized LQ control law is
designed by ignoring the interconnection terms of (2.4);
that is, the control law is designed for the local expanded
plant

x(t +1) = Ax,(t) + bu(t) 2.5)

yit) = ¢/ x(2)
which is termed the ith local expan&ed subsystem because
this is the transfer function from u(f) to y(f) with the
interconnection terms (the bu’s) ignored (i.e., it is the
ith local transfer function). The ith control law is a
state feedback type that is designed to use x;(t) for feed-
back. 1In general, x(f) is not measurable; therefore, a lin-
ear observer is usgd to estimate these local expanded
states. The observer a£ each control station incorporatés
controlled inputs from other stations in order to reduce

the detrimental effect of ignoring the interconnection
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terms when designing the LQ control law for (2.5). As
shown in the next section, this significantly improves the
overall global stability 6f the system.

Ignoring the interconnection terms during the design of
the ILQ control law is a standard decentralized technique,
This allows the controllers not to be interdependent on one
another. Therefore, if one controller fails, other con-
trollers will still properly perform. The control scheme’s
success is not solely dependent on any one controller,
which makes the scheme very reliable.. This is advantageous
to the power system problem as it is not uncommoﬁ for gen-
erators and their controllers to be disconnected from the
system.

The rest of this section is broken into foﬁr parts with
the following subjects addressed: the identifier; the
decentraliied observer; the decentralized LQ control law;
and the integration of the identifier, controller, and

observer into an adaptive controller.

Identifier

A recursive multi-input identifier is used at control

station i to obtain a model for (2.4). The identifier has
the form
@,.(t)‘ = é,-(t ~1D)+G(t —1)g,() (2.6a)
Yikt) = AV (RN (2.6b)

where
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E(1) =3:(t) — y:() 2.7)
Q is the parameter estimate vector and ¢, is the data vec-
tor with

§(0) =[4u®) =i 0), concat G, bijn(®)] (2.8a)

§ = 1)=[ 2t =D, il =), comear e =1y st =n)]  (2.86)

where concat denotes the appropriate concatenation of the
vector entries. This is the usual form for prediction
error algorithms (such as projection and recursive-least-
squares algorithms), e.g. see [38]. '
It is assumed the identification algorithm has the fol-
lowinguproperties: |
mzl%ﬂ#mﬁwww+%®vmﬂeﬁmw@=ﬁy¢@=&lm
and [; are bounded for all .

P2: Hé(ﬂ"_is bounded for all t.

p3: lim]8,()-8¢ -1l =0

These properties hold for many identification algorithms as

shown in [38]. The identified model of (2.4) at time ¢ is

N

gt +1) = A On(0) + 6, Oty + T B(Ou ) (2.9a)

j=Lj#i

Va6 = €133 (0)

n.xn.
where x;e€ R™' and
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[ —d,(t) 1 0 07 RGN
—d,() 0 1 0 b5(t) 11
. . . . . O
A)=| . - s b= . ; é,-s‘:' (2.9b)
[ =gy 0 0 .. I b0 |
| _d,-"i(f) 0 O : bAijni(t)J | V)

Observer

In order to use state feedback control,‘estiﬁates of
the local model states in (2.9) must be obtained. This is
done using an observer. At control-station i x,(t) is esti-
mated by f£,(f), which is obtained from the observer

£(+1)= Ai(t)fi(t) + Bii(t)ui(t) + g‘: , Bij(t)uj.(‘t)"" k() (yi.(t)'- &) (2.10)

Jj=1j=i
where hﬁeiﬁm, and A;, b;, Bﬁtﬂ are from the identified model

(2.9). The observer gain k, is designed by placing the
poles of (AX(t) - ¢,k5()) inside the uni£ circle. Since (A,(t),
é;) is in observable canonical form, the pole placement
only requires n; additions. Some adaptive controllers
which use observers (e.g. see t30], [31], and [35]) force
the obsgervers to be deadbeat, but this is overly restric-
tive. One can use the extra freedom of arbitrarily plading
observer poles as an advantage. For example, the observer
can be used to obtain a fiitering action on measured vari-
ables or to lower the magnitude of the controlled input.

This is demonstrated in an example later in this chapter.
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A general rule for placing observer poles is that they
should be closer to the origin of the unit circle than the
closed-loop system poles.

The inclusion of the interconnection terms (i.e., the
Bﬁ’s) in (2.10) is unique compared to other deéentralized
indirect adaptivé control schemes, such as those in [30]
and [31]. As will be shown in the Global Stability section
that follows, inclusion of these terms increases the sta-

bility margin of the overall system.

Control Law
The control law at control station i is designed for
the local expanded subsystem (2.5). The law is

u(t) =—k; ()£) + o ()u,(t — 1) (2.11)

where

Eﬁ(t)R,'(t)v[’(;i]ﬁ,-(t)

— = . (2.12a)
V(0 + 0 + bi(H)R()b ;(t))

k@)=

;2

_T _ (@.12b)
@y + 0, +b()R(£)D(2)

o(t)=

AT(OROD;(OBT(OR(DA ()
0; + 0, + 55(’ JR(¢ ')5 #(t)

R(t+1)=0,+AT(OR(OA () - (2120)

with R(0)>0 (i.e., R;0) is positive definite),
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1. 2
~A,) ""““‘"’"“'Z;ﬁ(f) |1
A =| Yi 'Y:?(wljz + ;) , b= Egﬁ(f)
0 Wy 1
Yi(®; + ;)
(2.13)
é,é7 0
Q= 0);; ®;;
V(o + ;)

~

- {n; + Dx(ny +1) i+
and R;, Q;, AeR r bie R, @20, >0, ®;;+0,;,>0,

0<y;<1. R{(t) is positive definite and must be maintained
symmetric for all ¢.

An interpretation of the control law is that in the
nonadaptive case the steady-state solution to (2.12) mihi—

mizes the cost function
Ji=2 {Yi_zr[x;T (£)e;¢ :'I'xi(t )+, ui2(t )+ @, (i (t) —u(t — 1))2]} ' (2.14)
t=0 .

for the local subsystem (2.5). This interpretation is
obtained by noting (2.12&) is the forward Riccati LQ equa-
tion for the cost (2.14), and (2.12a,b) are the LQ gain
equations (this is shown in the proof of Lemma 2.1 in the.
next section). The weight ®; places a pehalty on the mag-
nitude of u;; the smaller m; the more damping expected at
the expense of a larger u;. Weight ®,; penalizes changes in
u; which allows one to temper the rate at which u; changes.
This has been incorporated by others, e.g. see [39]. ¥ is
an exponential scaling factor that forces the steady-state

closed-loop eigenvalues to be inside a circle of radius 7.
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Anderson and Moore [5] show this for the standard LQ prob-
lem formulation. The smaller Y, the more damping the con-
troller will add to the system at the expense of larger
variations in u;. Choosing y<1 is important when
controlling an oscillatory system (such as a power system).
This is discussed and demonstrated in an example later in

this chapter.

Adaptive Controllers

An identifier, observer, and control law are incorpo-
rated at each control station to form an indirect adaptive
controller. At each time step the following takes place:
yit) is sampled and the identifier (2.6) is iterated; the
observer gain vector k,(f) is calculated, and the observer
(2.10) is updated; Riccati and gain equations (2.12a,b,c)
are updated; and the input equation (2.11) is solved for

u(t), and u(r) is applied to the plant.

Global Stability

In this section conditions of‘guaranteed overall system
stability for the proposed general adaptive controller
applied to the plant (2.1) are given. As with most décen—
tralized control strategies, global étability is dependent
on the stability of the subsystems and the strength of the
interconnections. Iemma 2.1 establishes the stabilizing‘
properties of LQ cohtrol law (2.12). The stabilizing of -

the local expanded subsystem (2.5) using an adaptive con-
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troller is established in Lemma 2.2. Global stability con-
ditions for the overall closed-loop system with the
proposed decentralized adaptive controller are given in
Theorem 2.1. Corollary 2.i establishes the global stabil-
ity conditions for the case when communicated controlled

inputs are not included in the decentralized observers.

Lemma 2.1

Consider the following general time-varying system:
x(t+1) = A,(0(0) + 5 (), (0) (2.15)
yi(£) =€ x,t)
If @4(0@%5HGL60 igs uniformly stabilizable and detectable,
and both |6,()~b,(—1)| and JA,(t)-A,(t-1)] -0, then the con-
trol law
u () =~k %,(t) + 0, (Ot — 1) 2.16)
exponenfially stabilizes (2.15), where k; and o; are given
by (2.12a) and (2.12b), respectivély. Also, the closed-
loop system is described by

[x,-(t + 1)] _[(Ai(r) =B,k (¢) oc,-(r)é,-,-(t)} [x,-a)]

= 2.17
vi(t+1) - k,.T(t) o, (1) vi(t) ( )

where v,t+1)=ut).
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Proof of Lemma 2.1

' Define
viE +1) = u,(t) | | (2.18)
#(t) = u,(t) | _ | (2.19)
zl(?) = fo,-(t) | (2.20)
Z(t+1)= ,zz@ | o 2.21)
YO=FYO=En0 (2:22)

where x,(f), y/{t), and u(t) are those in (2.15). Then (2.15)

can be written as
1, 1.
zl(t.+1)=¥A,.(r)zl(t)+¥19,.,(t)u(t)_ (2.23)

and (2.14) can be writteﬁ as

0 .
(t)+—-£zz2(t)+2[21 O 2Ol _ 0 10 +(©, o)) 224)

1 =0 Zl(t) )
s o) O =

Using the results in [40] for performance indices with

Define

ui) =

cross-product terms, (2.24) can be written as

11 12

Py + )

Equations (2.21), (2.23), and (2.25) are written as one

J;= Z{A%O (0+( f+Q»u(0} (2.26)-

augmented system
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z,(t+1) o z®)] .
[ z,(t + 1)] =40 [ zz(t)] +bu(O)E() (2.27)

where A& and Eﬁ are from (2.13).

If the system consisting of (2.27) and cost function
(2.26) is uniformly stabilizable and detectable, then one
update per iteration of the Riccati equation corresponding
to (2.26) and application of. the corresponding feedback
gains guarantees that the closed-loop system is stabilized
(this is shown in [35j). Appifing this result while using
(2.18)-(2.22) and (2.25) results in the feedback function
(2.16) with (2.12a,b,c) providing guaranteed stability to
(2.15) if (A/fy, b;, &) is uniformly stabilizable and
detectable. The closed-loop system (2.17) is obtained by

directly applying (2.16) to (2.15).

Lemma 2.2
Consider the local expanded subsystem (2.5) with an
indirect adaptive controller consisting of an identifier, -
an observer and a control law. The identifier is assumed
to have properties (P1l)-(P3), given above (2.9), where
Ge-D=D-1 ... yt-n) ue-1 .. we-n)] (229
and identifies the local plant model
Xt +1) = A, 0) + B, (1) (2.29)
it )=.é\:?xMi(t)

The observer is
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£, +1) =A,()2() + B (Oult) +E,(t) (,) ~ E1£,(2)) (2.30)
and the control law is given by (2.11) and (2.12). The
resultan£ closed-loop system is stable if
(i) u&ay%, Eﬂﬂ,véﬂ is observable for all ¢t and uni-
formly stabilizable,
(ii) k,(t) is chosen to place the eigenvalues of
(AT(t)—¢;k%(f)) inside the unit circle at each time
t.

Also, the closed-loop system is described by

z(t+1)=A,()z;()+Y (1) (2.31)
where |
Z@O=i=1) x0) v € @] (2.32)
| vt +1) = ur) (2.33)
e(t) =x,(t) - £,(t) (2.34)
[ F D, (t) ] D, () D,.3(tT) ]
0 0 0 EO-k O

, 0 0
F=I’®B; B=| ,_, (2.35b)
"0
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[ & ] 0 ] [0 ]
0 0 - 0
D,(t)= 0 ; Dy = 0 ; D(t)—" 0 2.35
i\b) = —-.k,-T(t) ’ 2\t = o) |’ i3 —‘kir(t) (2.35¢)
0 | 0
[ 0] U U
YO=Vi@) 0 0 —el)ki)] (2.36a)
V‘.T(t)_=:[8,-(t)‘ 0 ... 0 _ (2.36b)
with Fe 9t2n‘.x2n,.’ Be ERn,xn,.’ Du and Dije SR2n,.xni’ D,-Z c ngn,., YI c 4"1'”’
‘/'- c 9t2n,..

Proof of Lemma 2.2

Using (2.7), the observer (2.30) is written as
£+ 1) =A,02,00) + b ,(O)ut)+ ko,.(tj ) = E )+, (De®) (237
where y,; is from (2.29). Equatiéns (2.37) and (2.29) are
combined using (2.34) as
et +1)= (A1) = k() Det) -k, (£)e(r) (2.38)
Control law (2.11) is rewritten using (2.33) and (2.34) as
w(t)= —k,.T(t)xM,.(t) + k,.T(t)e,.(t) +o,(t)vi(t) (2.39)

Control (2.39) is appliéd to the local plant model (2.29)

resulting in
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Tt +1) = (A,(6) = BtV (O3 () + B0, (e (O) +B,(NoIvi(r)  (2.40)
Using (2.7), (2.28), and (2.39) it is easy to show that the
local subsystem can be written as

Xi()
0,y =F(t — 1) +[Dy(t) Dyp(t) D]} ve) | +V(e) (241)
e(t)

where F, D,, D,, D3, and V; are from (2.35b,c) and (2.36b).
The closed-loop .system is represented by ¢oﬁbining (2.33)
and (2.38)-(2.41) to form (2.31). With (A(Oﬂﬁ) given to
be observable, bounded k,(f) are readily available to place
eigenvalues of (AT(t) - ¢,k%5(¢)) inside the unit circle for all
t. Because of identifier properties (P2) and (P3),
(AT(H)- ¢ k%)) will boundly converge to a stable matrix,
which implies stability of (AT(Y)—¢k%L(t)) . BAgain from (P2)
and (P3), stability of (AT(r)-¢k5(t)) implies stability of
(A,0)—k,;¢7(t)) (see [35]). Using this assumption and Lemma
2.1, it is easy to see that A, (f) is a stable matrix because
the block diagonal terms are stable. If identifier proper-
ties (Pl)-(P3) are satisfied and (A,y, b; ¢;) is uniformly
stabilizable, then proof 9.1 in [35] can be used to shoﬁ

stability of (2.31).

Theorem 2.1
Consider the multi-control-station plant (2.1) with

adaptive controllers applied at each station. Each adap-
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tive controller consists of an identifier having properties
(P1) - (P3) , observer (2.10), and control law (2.11) and
(2.12). The closed-loop system is stable if

i ‘ 1 An, + 1x(4n, +1
(1) There exists (P,, ..., Py) eSfm Ye(dn, +1)

with P;>0
\
and positive functions (6;(t),...,0x(t)) such
that

VAL + Y] OPALE + () =v Py <—o0) V] (242)
for i=1,2,...,N. A_ and Y; are from (2.35) and

4n.+1
(2.36), and veEK‘+ is an arbitrary nonzero vec-
tor.
(ii) There exists positive scalars (B, ...,By) such

that
|[v'Py —wPw| <Bllv-w|; i=1,2,..,N (2.43)

4n, +1 .
where v and we R’ are arbitrary nonzero vec-

tors.

(iii) 12

@O+ALON” T BISOE<oO; i=12..N 244

Proof of Theorem 2.1

In this proof Euclidean norm properties (NP1l)~-(NP4) are

used. Let Ae R"™ be an arbitrary matrix, and let x and

ye R" be arbitrary vectors. The properties are
NPL: x4yl <|xl +yl
NP2:  [Ax] <[A] lx]

NP3: ||A|*=trace(ATA)
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NP4: | x|*=trace(xx")
The identifier at station i identifies a model for the
expanded subsystem (2.4) which is given by (2.9). Define

e)=x,0)—-%(); i=12,..,N (2.45)
we+D)=u@);, i=L12,..,N (2.46)
where Xx;; is from (2.9%a) and £, is from the observer (2.10).

Using (2.7) it is easy to show that

et +1)=A,0) =k, ()Det) -k, )e); i=1,2,...,N (247)
Control law (2.11l) can be written using (2.45) and (2.46)
as | |

u(t) = ~kF (%, () + K Oei(e) + o) ; i=1,2,..,N (2.48)
and (2.9%a) is

Xt + 1) =(A,() = b,V 8) + b (K )e(t) + 0D (E)vi(e)

+ % b, (K (Ox () + K (De,(8) + oy () ; i=1,2,..,N (249)

j=1,j=i

Using (2.7) and (2.48) the input/output relation at the ith

5\

expanded subsystem is

Xoi(t) | ‘
O =Fd(t —1)+[Dy() Dy() Du®]| vie) [+Vi(r); i=1,2,..,N (2.50)
e()

where F, D,, D,, D;, and V; are from (2.35b,c) and (2.36b),
and

J’.T(t —~D=e-1) ... y@-n) u@- 1). e UE-m)); i=1,2, ---,N(Z-Sl)',
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The closed-loop system is described by combining (2.46)
through (2.50) as

"N

Z(t+1)=A4,0)z()+Y )+ X A0z, i=1,2,..,N (2.52)
- j=1,j#i

where A; and Y, are defined in Lemma 2.2, z(f)=[¢/(t—1) x5(r)

vi(t) ef(1)], and

ro 0 0 0

A= 0 —bki(t) a)by () bk ®| 2.53)
0 0 0 0
0 0 0 0

(@n;+1)x(@n, +1)

with A;e R To investigate the stability of (2.52)

we form the positive-definite Liapunov candidate function
¥ r
L(t)= X z; (1)P;z,(¢) (2.54)
i=1

where each P,>0 and of appropriate dimension. Now

AL(t) =Lt + 1)~ L(¢) (2.55)

N N N
= E{I(zf OAL+Y+ 3 zf(t>A3,?,-)P,-(Ac,-z,-(t)+Y,-+ ) Ac,-,-z,-<r))
i=1 j=1Lj#i j=Lj#i

~(z (DAL +YP(A,z/() +T)]

+H(z/ (A5 + Y1P(Az(0) +Y) — 7 ()P ()]} | (2.56)

where the dependence on t has been dropped in (2.56) for

simplicity of writing the equation. Assume conditions (i)

and (ii) are satisfied in the theorem; then

nwsEp] 3 a,0n0]|-cool @57
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N N
s .Zl{—c.-(t) izl +B; 12 TAO zj(t)ll} (2.58)
j= J=1,j#i
N N ‘ _
= El{(—o,-(t) + 2 Blaol )u z,-(t)u} 2.59)
Equation (2.59) is guaranteed to be negative definite if
N ,
J=LJ#F

Using norm properties (NP3), (NP4), and the fact that Aji

is taken from (2.53), (2.44) diréctly follows from (2.60).
Because (2.2) is an expansion of (2.1), stabilization of
(2.2) implies stabilization of (2:1); therefore, any condi-
tions for stabilization of (2.2) also apply to (2.1). Thié
last point is discussed in detail in the first section of

this chapter.

Corollary 2.1

Consider the multi-control-station plant described by
(2.1) . Adaptive indirect controllers are again applied to
each control station. Each adaptive controller consists of
an identifier having properties (P1l)-(P3), an observer, énd
control law .(2.11) and (2.12). The observer at station i

in this case is
£t + 1) = A (0)£,0) + by (O)u(0) + k(1) (9,() = € £:(2)) (2.61)
The overall closed-loop system is stable if the following

are satisfied:

(1) Condition (i) of Theorem 2.1 is satisfied.
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(ii) Condition (ii) of Theorem 2.1 is satisfied.

(iii) N .
POY BBl <o®; i=1,2,..,N (262

J#1

V22 () + 20 k)1

j=1

Proof of Corollary 2.1
The proof follows the same lines as that of Theorem 2.1
except the observer of (2.61l) is used at each control sta-

tion.

Remarks on Theorem 2.1 and Corollary 2.1

Condition (i) of Theorem 2.1 and CGorollary 2.1 can only
be satisfied if the local stability condition of Lemma 2.2
is satisfied. If the local stability condition is satis-
fied, then in most cases condition (i) can be satisfied.
Also, in most cases condition (ii) can be satisfied. This
leaQe (iii, as the most important condition.

Condition (iii) of Theorem 2.1 and Corollary 2.1 give
global stability conditions in terms of the eipanded system
interconnection terms estimated by the identifiers (the
Eﬁ’s). As is typical of most decentralized control prob-
lems, the weaker the subsystem interconnections the more
likely the system will be globally stable (this is easily
seen from condition (iii)). It appears from condition
(iii) that the smaller the feedback gains k; and o;, the

more likely condition (iii) will be satisfied. But, this
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may not be true because the ;s and 0,’s are dependent on .

the local stability of the subsyétems with interconnections
ignored.

The observer (2.61) in Corollary 2.1 differs from that
in (2.10) only by the exclqsion of the 55 terms. By com-
paring condition (iii) of Theorem 2.1 and Corollary 2.1,
one can see that global stability is more likely if the
Eﬁ’s are included in the decentrélized observers (by a fac-
tor of VE). The Vi-factqr in Corollary 2.1 iﬁplies that
the Liapunov function will decrease faster for the case
where communicated information is included in thé observer
(i.e., the use of observer (2.10)). This in turn implies
that better damping can result from using the communicated

information in the observers for the power system problem.

The Specific Control Scheme to be Implemented

In the second section of this chapter, a general decen-
tralized adaptive control strategy was presented. The gen-
eral presentation of the controller left many options for
choosing a specific identificatién scheme. 1In this section
a specific identification algorithm is proposed. Also,
modifications are made to the observer and control law in
order to make the adaptive controller more robust and more.
easily implemented.

The purpose of the identifier is to identify a parame-

ter vector 6(0 in (2.6b) such that properties (P1l)-(P3) are
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satisfied. Many recursive identifications algorithms are
contained in the literature that satisfy these properties
under weak assumptions (such as persistent excitationm).
Two well known algorithms are the projection and least-
squares algorithms [38], with recursive-least-squares (RLS)
being the most popular [41]. RLS is popular because it has
good convergence properties in the presence of Gaussian
measurement noise; it is the method used for the adaptive
controllers applied in this thesis. The RLS method is
derived by minimizing a cost function that is the sum of
squared errors over time, where the errors are the differ-
ence between the actual system output and the identifier
output.

The standard RLS equations applied to the expanded sub-

system (2.4) are given in [38] and are

Pi(z — 1), — Dei(e)

HO=0 =D O — 1Pt~ 1o - 1) (263)

1 Pt = )¢t = D)o (t — 1)Pi(e = 1)
P"(’)"h-[P"(‘—l)— A+ 97t = DP( = 1)(r — 1) ] 2630)
which can easily be placed in the form of (2.6b). Vectors

Q and ¢; are defined in (2.8); P; is termed the covariance
matrix; € is defined in (2.7); and A, is an exponential

forgetting factor [38]. The forgetting factor is used to
enhance the time-varying identification properties of the

RLS algorithm. Using A; is (2.63) is equivalent to weight-
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ing past errors in the cost function- exponentially. By
having Xq<i, past errors are weighted less than more recent
ones. Typical values of A, are in the 0.97 to 1.0 range.

The RLS identifier FORTRAN subroutine used for system
simulations in this thesis is taken from [41] with slight
modifications, It is termed the Corrector-Least-Squares
(CLS) subroutine. The RLS equations are solved using a
UDU" covariance factorization which enhances the numerical
robustness of the algorithm. Many options are available
with the CLS subroutine; most of these options are special
variations of the standard RLS algorithm and are not used
in the simulation results in this thesis. Thé calling
statement for the CLS subroutine along with a description
of the variables and of the modifications are contained in
Appendix A. |

One important option of the CLS subroutine that is used
with the simulations in this thesis is the "ratio test."
The ratio test is described in detail in [41] and to a
lesser extent in [42]. It is a novel richness test used to
help prevent the problem of covariance blowup. When the
input to a system does not sufficiently excite the system,
the RLS algorithm will often blowup at a rate of 1/A; (this
is termed covariance blowup). When the ratio test detects
this blowup, the CLS subroutine stops iterating the RLS
equations until tﬁe blowup is no longer detected. The

blowup is detected by monitoring the growth of the trace of
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the covariance matrix for a given number of time steps.

Not only is covariance blowup a problem when the plant
input is not sufficiently rich, improper model ideﬁtifica-
tion can also occur. Therefore, it is important to always
make an attempt to keep the system excited when the
identifier is updating parameters. For the adéptive con-
trol simulations conducted in this thesis, the system is
kept excited by adding a low-level probing signal to the
plant input. For the first seven seconds of all simu-
lations the plant input is a probing signal of +0.004 with
random switches made every three samples (with the control
loop open). After seven seconds the control loop is
closed, and the probing signal is reduced to +0.001 and is
added to the plant input from the adaptive controller.

It is well known that LQ control with a full-order
observer has poor robustness properties, e.g. see [5]. To
help alleviate this problem, it is suggested in [5] thaf
when possible a reduced-order observer should be used to
estimate system states. To incorporate this into the adap-
tive control scheme used here, the observer of (2.10) is
replaced-with the following reduced-order oneAtaken from
[40] :

AOEIEMOIEAG) (2.64a)
£:4() = y,() (2.64b)

£5(0) =G(6) + K, y,t) (2.64c¢)




{79 R ") (] I S|

57
( [ d,(t)] T6:®]
a;s () | 6:5()
G +1) =K 5 +| b+ 4,y (), — b ZG) + L= RG ) Jue)
\ _dini(t)_‘ :_ Eiini(t)_‘ }
(— b it )]
l;ya(t)
N | ) ,
+ X | =Ky (8) [y (0) (2.64d)
j=1,j#i .
| 55, (®)]
where kis[kiu kuz - Koin],
[ -k, 1 0 ... O]
-k, 01 ... 0
R, = . h=R,k, (2.65)
- koi(ni—z)
~kyigy-y 0 0 ... O

n—1

and .f,— € ER"", f,'A € ER, K’"o; € Cﬁ(ni—l)x(ni—l)r and i"iBr C.‘ir koil hi eR

The elements of the reduced—ordef observer gain vector
k, are the coefficients of the desired observer character-
istic polynomial. The reduced-order observer of (2.64)
differs from its full-order counterpart (2.10) by taking
advantage of the fact that y(f) is one of the states to be
estimated. Other control station inputs (the u;'s) are
incorporated into (2.64) in a similar way as they were into

(2.10) . Although the stability properties of the control
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scheme given in Theorem 2.1 and Corollary 2.1 were devel-
oped using full-order observers, it is very reasonable to
expect similar properties when reduced-order observers are
used. This is because both types of observers are designed
to give state estimates and to be stable.

When a discrete-time adaptive controller is implem-
ented, every attempt should be made to decrease delay
times. Delay times occur when calculations must be made to
obtain ut) after y(t) has been sampled. Using the control
law of (2.11) and (2.12) reqgquires (2.63a), (2.1l2a), and
(2.12b) to all be iterated after y(f) is sampled and before
u;(t) is applied to the system. In most adaptive control
cases, it is expected that the plant is not highly time
varying; therefore, very small changes are expected in the
control law feedback gains from one sample to the next.
Using this reasoning, one would not expect the properties
of the adaptive controller to change if control calculation
equation (2.11) is replaced with

u(t) = -k,.T(r - D£,@) + ot = Du,(r — 1) (2.66)
Using (2.66) in place of (2.11) significantly reduces the
delay time of the adaptive controller. Now (2.63a),‘
(2.12a), and (2.12b) are allowed a full sample period for
evaluation.

Figure 3 shows the adaptive controller at control sta-
tion i. The controller is implemented using the following

steps: 1) output y(f) is sampled at time f; 2) equations
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(2.64c) and (2.66) are immediately solved to obtain u;(t)r
and u,(t) is applied to the plant; 3) u(f) is communicated to
other control stations; 4) the RLS identifier in (2.63f is
iterated using the sampled y(f); 5) observer equation
{(2.64d) is iterated to obtain Ci(t+1); and 6) the Riccati

and gain equations (2.12a,b,c) are iterated to obtain k(f)

and o;(t). Step 3 is allowed one full sample period. Step-

4 must be completed before 5 and 6 which may be executed
simultaneously. Step 2 must be computed as fast as possi-
ble; but, since it onlj involves two vector multiplications
of order m-1, use of a modern computer makes delay time
insignificant for sample periods on the order of 10 milli-
seconds or greater. Conventional computer computation
times for algorithms similar to those described here are
discussed in [43].

To perform the adaptive controller simulations in this
thesis, the adaptive control a;gorithms were coded using
FORTRAN subroutines. These subroutines are contained in
the Appendix A. The subroutine that implements the identi-
fier is taken from [41] and was discussed earlier. A sub-
routine that iterates the'reduced-ordef observer equation
(2.64d) once per call is used. Observe; equation (2.64c¢c)
and control calculation (2.66) .are contained in one subrou-
tine so that u(f) can be calculated immediately after y(t) is
sampled. A fourtﬁ subroutine is used to iterate control

law equations (2.12a,b,c).
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controllers, the stability limits become weaker. The
stability limits are theoretical analysié results. Do they
imply the proposed control scheme will perform much better
ovér the case where independent adaptive controllers are
used? Obviously, the answer to this question depends on
the plant. This example demonstrates that the proﬁosed
scheme can result in much better performance.

Consider the unstable three-oscillator overlapping

interconnected plant with 2 control stations:

. 0 1 0
x1=’—47l'.2 0.x1+ 8]”1
) 0 1 0 8
x2:[—06®€ OJ}E+[—7}h+[¢P2 4 (2.67)

[0 1] g0
x3"[—5n2 0]x3 [9]”2

vy =[5 Olx,+[6 Olx,
v,=[7 O0lx,+[9 O0lx,

which is in a continuous-time form corresponding to (2.1la)
with N=2, m=3, and 7n,=n,=n,=2. Subsystems 1 and 3 are
undamped oscillators that are only‘connected to control
stations 1 and 3 respecfively. Subsystem 2 is a slightly
negatively damped ogcillator that is connected to both con-
trol stations. In order to apply the proposed decentfal-
ized adaptive coﬁtrollers, n, and n, corresponding to the

expanded system representation must be known. As stated in
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the first section of this chapter, n, is the order of the
transfer function involving y;. For this system »n,=4 and
n,=4.

Indirect adaptive controllers are applied at each con-
trol station, with the objective of adding damping to the
system. The discreté-time controllers are implemented by
using a 0.1 second sample period. Two different control
cases are compared. For the first case, termed the "com-
munication" case, the proposed specific control scheme
presented in the third section of this chapter is used.
With the second case, termed the "no communication" case,
independent adaptive controllers are used at each control
station. This is the same as used in the first case, but
no communication is used.between controllers. To implement
the second case, the communication terms (i.e. the terms
multiplying the u;"s) in the observer equation (2.64c) are
not included, and the communicated terms are also not
included in the idéntifiers. The ideﬁtifiers, observers,
and LQ control laws for both cases have the following set-
tings: LQ control laws -- ®;;=0;,=1, 0,;=0,,~2, Y,=Y,=0.98;
both local Qbservers are designed to have poles at (0.5 and
OSe#”ﬁ identifiers -~ A=A=0.97. The absolute magnitudes
of u, and u, are required to be less than 5.

To demonstrate the differences between the two control
cases, a defta—function type disturbance hits all state

variables in the system at 20 seconds. Figures 4 and 5
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y,=[5 Ol +[0.6 Ol
¥, =10.7 O0lx,+19 Olx,

which is the same as (2.67) except the subsystem intercon- -
nection terms have been reduced by one-tenth.

Two control cases are considered for this example. As
with Example 1, one case is the control scheme that uses
communicated information while the other uses independent
adaptive controllers with no communication between control-
lers. The identifiers, observers, and LQ control laws for
both cases have the following settings: ILQ control laws --
®,;;=0,;,=100, mﬂ=mg=200, Y:=Y-~0.99; both local observers are
designed to have poles at 0.5 and 0.5¢*°”; identifiers --
AM=A,=0.97. Because the ;s and ®,;,s are much larger for
this example than in Example 1, it is expected the magni-
tude of the feedback gains will be smaller.

The disturbance used in Example 1 is used here. Fig-
ures 18 and 19 show open-loop system response. The closed-
loop system response is shown in Figures 20 and 21: 1In
contrast to the results in Example 1, there is little
difference between the communicated and the no communicated
controller cases. This example along with Example 1 demon-
strate that ‘use of communications between control stations

may only be needed when the subsystem interconnections are

large.
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Example 5

In this example the effect of the ¥, term in the Riccati

and gain equations (2.12) is demonstrated. It was dis-
cussed earlier that the LQ cont?olnlaw is one that-will
minimize the cost function (2.14). The constant Y, forces
the local closed-loop system to have all its poles inside a
circle of radius Y;. If the objective is to dampen an
oscillatory system, as with the power system problem, then
a ¥,<1 may be required.

Consider the discrete-time system

¥@) . (z—0.9454+70.3259)
u(z)  (z~0.80920.5876) (z — 0.9509% j0.3096)

(2.69)

where the "+" denotes two complex conjugate pairs multi-
plied together. System (2.69) is a two oscillator system
with two sets of poles on the unit circle, and it is both
controllable and observable. The system is placed in
observable canonical form and a nonadaptive LQ controller
is designed for two cases. The LQ controller settings are:

wW;=0,;=10; for one case, Y=1.0; for the other case, Y¥=0.9.

In the Y=1 case the steady-state solution to the Ric-
cati and gain equations (2.12) are kf=[0.4852 0.2677 0.1133
0.0453] and o4=0.0339. The closed-loop transfer function
is .

»z) _ z(z —0.9454 + j0.3259)
u(z) (z—0.23)(z —0.1004 % j0.3711) (z — 0.9443 £ j0.3254)

(2.70)
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The closed-loop (2.70) has a pole pair very close to the
unit circle (a magnitude of 0.999). This pole paif is wvery
nearly cancelled by a pair of system zeros. Instead of the
LQ controller moving the poles well inside'the unit circle
as one might expect, it moved one pair of poles very close
to system zeros. This is acceptable to the LQ controller
as the oﬁly guarantees the controller gives is that the
closed-loop poles are inside the unit circle and the cost
(2.14) is minimized. This near pole/zero cancellation is
not unique to this system or éhoice of weights as it occurs
for many oscillatory systems and for a wide range of ®;’'s
and ®;’s.

With the y=0.9 case the steady-state gains are
k'=[3.9986 5.6159 6.7802 7.3355] and o=0.0153, and the

closed-loop system is

y@) 2(z — 0.9454 + j0.3259) |
u(z)  (z—0.2067)(z —0.0796 % j0.3267) (z — 0.7649 * j0.2641)

@2.71)

All the poles of (2.70) are inside a circle of radius 0.9.
Having ¥=0.9 did not allow the LQ controller to use a
pole/zero cancellation near the unit circle to minimize the

cost function.
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CHAPTER 3
SYSTEM IDENTIFICATION USING PRONY ANALYSIS

The majority of feedback design techniques developed
from modern control theory are based on a linear time-—
invariant mathematical model of the plant. Many plants
(such as large power systems) are actually nonlinear, time
varying, and of an e#tremely large order. In order to
design controllers for such systems, reduced- order linear
models are often used to represent the plant operating near
a given equilibrium point. Becéuse of the complexity aﬁd
size of many systems, it is often very difficult to obtain
an accurate model based on the laws of physics. 2An alter-
native to using the laws of physics is to use a system
identification method based on system input/output data.
Presented in this chapter is a method of obtaining accurate
reduced-order models of large plants.

The method is an off-line technique in that a number of
data points are analyzed together as opposed to a recursive
technique where the model is updated with each new data
sample. The system identification method is based on Prony
signal analysis. With the technique, a knowh input of a
given class is‘applied to the system and the outbut is

analyzed using Prony signal analysis. An optimal linear
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model of the system is obtained by combining the Prony
analysis results and the knowledge of the input. The lin-
ear model is optimal in the least-squares sense.
Prony analysis is an off-line signal analysis technique
that fits a weighted summation of damped modal compohents

in the form
n d At
y(t) = g,l‘B,-e 3.1

to a given signal y(f), where B;e C is the signal or output
residue associated with the ith eigenvalue A; e C, and the
A;’s are distinct. Both y(f) and y(f) are real valued func-
tions of ¢t. The A’s and B;’s are obtained by fitting ¥(f) to
y(#) in a least-squared-error sense. Prony analysis is well
suited fér identifying signals of large order, and it can
be modified to give an estimate of the signal order.
Recently, work has been presented by Hauer,; et al., in
[44] and [45], which uses Prony analysis to analyze power
system electromechanical oscillations. The results of
Hauer’s work indicate that Prony analysis is well suited
for the type of signals present in a power system. In
Chapter 4 the Prony based system identification method
presented here, which is an extension of that presented in
[60], is used to design PSS units for a simuléted power
system. It is important to note that conventional Prony
analysis identifies a model of a signal; it does not iden-

tify a system model.
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The six main sections of this chapter that follow

include: 1) a discussion of the Prony signal analysis
technique; 2) a presentation of the system identification
method; 3) a procedure for obtaining an estimate of the
system order; 4) criteria for choosing the input signal
with the system identification method; 5) a discussion of
the numerical problems that must be solved when programing

the system identification method; and 6) an example.

Prony Signal Analysis

Prony signal analysis is a method of analyzing signals
to determine modal, damping, phase, and magnitude informa-
tion contained in the signal. It originated nearly 200
years ago [46], but only with the advancement of the
digital computer has it been extensively used. A sample of
recent work is contained in [44], [45], and [47]1-[50]. One
well established use of Prony analysis is in the design of
digital filters as described in [47]. In this section the
standard Prony signal analysis method is described. A sim-
ilar presentations is contained in [48].

Consider a general signal y(f) that  is to be modeled by
¥(t) which is described by (3.1). The signal y(f) is sampled
at a sample period (T;) smaller than the Nyquist period,
resulting in the sequence y,=ykT.), k=0,1,...N—-1. With

t=kT,, the discrete form of y(¢) is y.=y(kT,), and from (3.1),
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$o= X Bz'; k=0,1,..,N—1 (3.2)
i=1
where B; is the output residue in (3.1) and

z.=¢ ' ° (3.3)
The z;'s are termed the discrete-time eigenvalues. The

ideal objective is to find the B;'s, A’s, and n that pro-
duce ¥.,=y, k=0,1,..,N—1. To satisfy this ideal objective
requires that n be related to N, but in most cases this is
unrealistic (especially since n is assumed to be unknown).
A more realistic objective is to find the B/s, A's, and n
that result in ¥, being the best fit to y, in a least-
squares sense. This is the objective that Prony analysis

satisfies.

Assume that N >2n; also assume, for the time being,
that 7 is known. Equations (3.2) are expanded and equated

to y, resulting in

or in a compact form

0 0 ‘ ,
Z Zy z, B, Yo
1 1 1
z, Zy z, || Bz 341
’ (3.4a)
-1 _N-1 N-1 1
-Zl 22 - Bn yN—.l

ZB =Y (3.4b)
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where Ze CM™", BeC", and Ye R". System (3.4) is an over-

determined set of equations. If the z’s were known, then a
least-squares‘solution of (3.4) could be solved to obtain
the optimal B;'s.

It is well known that the discrete-time eigenvalues are
the roots of the characteristic equation. Let'a;egh
i=12,..,n be coefficients of the characteristic polynomial

where

7' —(az  taz P +a)=0; i=1,2,...n (3.5)
and define g4;e R" as

a, =[G 0s) —a, -a —a, 1 N-n-i-1 09 (3.6

n n—1
for i=0,1,....N-n—1. Multiply both sides of (3.4) by 4’ to
obtain

a¥Y=a'ZB; i=0,1,...N-n—1 (3.7

From (3.5), E,-TZ=0,' therefore,

E,-Y=0; i=0,1,...,N—Iz—1 - (3.8
Equations (3.8) can also be written as
_anyi_an—lyi-l:l—"'—alyn+i-—l+yn+i=0 (3.9

for i=0,1,...,.N-n—-1, or in matrix form as




83

yO yl e yn—ln“r an 7 i yn ]

yl J’z yn an—-l yn+1
= - ' (3.10)

| INen—t om0 YN G | | IN-o]

which is also a set of over-determined equations.

Prony analysis involves four steps. The firét step is
to solve (3.10) for the ¢;”s that give the optimal least-
squares solution to this set of over-determined equations.
Second, (3.5) is factored to obtain the discrete-time
eigenvalues (the z’s). The third step involves solving
(3.4) for the B,s (in a least-squares sense). Lastly,

(3.3) is solved for the A’s.

Svstem Identification using Prony Analvsis

Prony analysis is a signal identification technique,
not a system identification method. Because standard Prony
signal analysis does not use knowledge of the system input,
it cannot identify a model for a system. But, as shown in
this section, if the input is restricted to be of a certain
class and knowledge of the input is used in the analysis,
then a system model can be obtained using Prony. analysis.

Consider a general system with input u(f) and output y(f).

It is desired to obtain a linear system model. The Laplace
domain of the linear model of the system is denoted by

G(s); a block diagram of the linear model is shown in Fig-
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Pis)= (,éo e _e_su,.“)) (e-og‘&%}r:s ilix,- (3.16)
where
R,
=gy il (3.17a)
and
Q.41 E—;le 0; : (3.17b)

Equation (3.16) can also be written as

—s(D,+D") =D, ,+D") )
A 9 n+leg 4 Q;, nxtle M Q; n+l A,
Y(5)= X c; - L+ X 3.18
j=0 J(E’l s=A) i§1 s=A) ) =18 —A; (3.18)
The inverse Laplace transform of (3.18) is
. a, "l At -D;~D") , Me=D;,,-D") ,
90 =% ¢; % 0™ ut-D,~ D)= Py -p,,,-07)
n+1 Mt
+Y Ae" (3.19)

i=1
where M(*) denotes the unit step function. Equation (3.19)

can also be written as
¥y = g[A TP éo\cj(e‘”’ ‘Wt -D;-D’y- et -D i1~ D ’))]ex"t (3.20)
Two cases are of interest when obtaining a system
model. With the first case, it is assumed that A4,=0,
i=],Zi”J1+1. For the second case, A; is not necessarily
zero. When A;=0 only one Prony analysis needs to be done

on the data to obtain a model. With the second case, two

analyses are performed over two differemnt sets of data.
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The following two subsections show why this is true and
develop the equations that can be solved to obtain the sys-

tem model.

Case 1: Zero Initial Conditions

With A;=0 and t2D,.+D’, output (3.20) can be written

as
nd i p Z - - ” | &
3’)‘(t)='zl[e" 0, _zocj(e i _ e ”z”m)]e ', t2D,, +D’. (3.21)
1= ]= .

Let t=¢t-D,,,—D’, and define

V@ =J@+D,,,+D’) (3.22)

which can also be written as

R n+1 T
Y@= % Be", 120 (3.23)
i=1
where
B=0 iocj(ex,-(vq+,—p,.>_ex.-(DqH— ,-H)); i=1,2,..,n+1 (3.24)
i=
which is solved for Q;:
B.
0, = : s i=1,2,...,n+1 (3.25)

9
MDg 1 g My s1=D))
, Co€ i _Cé+,zl(cj_cj—l)e I
j=

and the transfer-function residues are obtained by combin-
ing (3.17a) and (3.25) to obtain

Bi(\—X, ,
R = e hov) ; i=1,2,..,n (3.26)

9
M0y 1=Do) 3 MOy ,1=D))
et —cq.+j§‘,l(cj—cj_l)e ‘

Co
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The B; and A; terms in (3.26) are obtained by perform-

ing a Prony analysis on (3.23). The ¢;, D; and A,,, terms
are known from the input, and D’ is known. Therefore,
assuming the system initial conditions are zero, a least-
squared-error model of the system is obtained by: 1)
applying an input of the form of (3.12) to the system; 2)
forming a delayed version of the corresponding output
(v(7)) ; 3) performing a Prony analysis on V(1) to obtain
eigenvalues and output residues; and 4) solving (3.26) for

the transfer-function residues.

Case 2: Nonzero Initial Conditions

In this case the objective is not only to obtain a
model of the system but to acquire a model of the system
initial conditions. That is, the objective is obtain esti-
mates for G(s) and W(s) in (3.11) and (3.13),'respectively.

For D’+D, <t<D’+D,,.,, (3.20) may be written as

n+1

OLPY

=1

M@’ +D,)

ap m~1
[A,. e 0c, +e 0.3 c,.(e“*‘”f—e“”’f“)]e”" (3.27)
j=0

Similar to case 1, we define t=¢t-D,—D’ and

v,(t)=F(t+D’+D,) | (3.28)

n+l1

= % Ble", 0<t<D,.,,-D, (3.29)

in which the B coefficients are identified from (3.27) as

MO’ +D m ! -D, o -
B'=Ae D+ M)+Qi{cm+ 3 Cj[ex,.(Dm DJ)_ex,(D,,, Dj+l)]} (3.30)
j=0
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for i=1,2,...,n+1. Note that one application of Prony analy-
sis can be used to obtain the B/"’s, but that the unknowns
in (3.30) are then A; and @;. In order to solve for these
unknownsg, a second Prony analysis is conducted over a later
time interval, say from ¢t=D’+D, to t=D’+D,,,, in the same
manner as before, to obtain a second set of B;s, in this

case,

$

. MDD PV r o @D, 5]
BF =Ae’ ”+Qi{cp+ Y ¢ P _ M m’]} (3.31)
j=o

Equations (3.30) and (3.31) are solved by multiplying-

D, — .
(3.30) by e'w”DH, subtracting it from (3.31), and solving
for Q;:
B? —B-’”ex"(D”—D"’)
Qi=—; DDy (3.32)
Z (cj=c; e
J=ma1

where it is assumed that p>m. With @, available from
(3.32), the transfer—fuhction residue R; follows from

(3.17a) as

A -D
o Ou=os)(Br - Bre" )

i P
'2 (cj—cj-ye
j=m+1

(3.33)

MO, ~D))
and A, follows from (3.30) as

] ]

A= g _ 7P ,Q'i|: Co+ 2 (C;—¢;_p)e _xibj]' (3.34)
i=1
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Thus, two applications of the Prony method, applied to the
same transient but over distinct time intervals, are used
to estimate both the'transfer—function residues and the
initial conditions associated with the transient.

In the above derivation it is implicitly assumed that
p<g+1. This is not a necessary requirement. It can eas-
ily be shown that if p=q¢+1 with ¢,,;=0, the same solution
{i.e., equations (3.33) and (3.34)) results.

The method of obtaining a system model is summarized in
the following steps: 1) an input of the form of (3.12) is
applied to the.system; 2) two delayed signals are obtained
from the output corresponding to (3.28), one for m and one
for p; 3) a Prony analysis is conducted onnboth delayed
signals and the system eigenvalues and output residues are
obtained; 4) (3.33) and (3.34) are solved for the transfef-
function and initial-condition residues. 1In step 3 it is
assumed that each Prony analysis results in the same
eigenvalues; in some cases this may not occur. Therefore,
when the two analysis are carried out, one must make sure
that each Prony analysis results in the same eigenvalues.
It is possible to use the eigenvalues from one analysis in

the other, or a combination of eigenvalues could be used.

Estimating the System Order

It was previously.mentioned that the objective of the

Prony based system identification method is to estimate a
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model for a system including the order of the model (n) .

Up to this point, it has been assumed that n is known. In

this section a method of estimating n is given. The method

is based on that given by Kumaresan, et al., in [49]. The

method outlined in [49] is used to find the order of a

signal model but is easily applicable to the problem of

finding a system order.

The method used here to find the system order n is out-

lined by the following steps:

1.

Estimate an upper bound (n,) for the system order

n, where n,2n.

Perform a Prony based analysis on the data using n,

as the order of the model in (3.11). This results
in n, residue/eigenvalue terms (i.e. (R,A),
i=12,..,n,) which are candidates for the system‘
model components.

Use a search technique based on that of Hoc¢king
and Leslie [51] to obtain the smallest subset of
the n, residue/eigenvalue terms that accurétely fit
the data. This subset is the system model, and

the order of the subset is the estimated n.

Deciding on an upper bound n, is not done arbitrarily.

It is recommended in [50] that when singular-value decompo-

sition is used to solve the over-determined systems, n,
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should be between JN/3 and /2. This results in the most
accurate solution to the least-squares~error problem in the
presence of Gaussian noise.
The Hocking and Leslie search technique starts by

applying the input u(f) to the n, transfer functions

e—sD'

) -
; i=12,...,n

pu—y (3.35)

n

resulting in n, outputs (i.e., n, ¥'s). The one (R,\,) pair

from (3.35) resulting in the ¥ that minimizes the error
N1 12
PSS A

E;,=20log,y —— (3.36)

N-1

2 i
k=0
is termed (Rm%%) and the corresponding error E,.
After U@RMJ and E, have been determined, u@)is applied

to the n,—1 transfer functions

el ——+—1|; i=1,2,..,n,; i#j (3.37)
S—'A; S—A;,- .9 y &~y L AASTI] 1

N1
resulting in n,—1 y’s. The one (R,A;) from (3.37) result-
ing in the ¥ that minimizes (3.36) is termed (R;,};) and the
corresponding error E,.

Now the n,—2 transfer functions

—D’ | Rjn Rjz R; ; | ; 27 | # ],
e “S +S_M:}_%i;l=lﬂpmm5 LE ], L#E], (3.38)
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are tested to determine the one (R,A;) that results in
(3.36) being minimized. This pair is termed (REA%) and the
corresponding error is E;. The process is continued until
the n, residue/eigenvalue pairs have been reordered as
(Ri,N), r=1,2,..,n,.

The model order n is determined by studying the errors
E., r=12,...,n,. With the addition of each (Rjr,hjr), E,
decreases from E,_;. The model order n is taken to be the

point where E, no longer significantly decreases (i.e., n

equals the r where E, stops decreasing). The system model
is then
D’i R, |
> - 3.39
r=1S—?\¢- : ( )

ir
Determining the point where E, stops decréasing is in many

cases obvious (as will be shown in an example later in this
chapter). But this may not always be the situation. 1In
any case, determining this point is an engineering judge-

ment that depends on the particular problem being studied.

Choosing the Input

Equation (3.12) allows a considerable amount of flexi-
bility when choosing the system input. In order to obtain
an accurate system model, the input should satisfy certain

criteria. These criteria are discussed in this section.




94

It is important that A,,;#A;, i=12,...,n. In some cases

thesé criteria may be difficult to satisfy since the system
eigenvalues are unknown. Filtering the system output can
be used to remove.any possible A,.1 components from the sys-
tem. This is what is done when applying the system identi-
fication method to a power system in Chapter 4. DC
components are filtered from the output, and an input with
A+1=0 is used.

In order to obtain an accurate model of the system, the
input must sufficiently excite the system eigenvalues.

This is done by making the input signal have relatively
large frequency content in the bandwidth of the system. In
the power system case, electromechanical modes to be mod-
eled are in the 0.2 to 3.0 Hz range; therefore, the input
should have frequency content in this range.

Another factor that must be considered is thé amplitude
of the input signal. The amplitﬁde must be large enough to
excite the system but small enough so as not to force the
system too far away from its equilibrium. Chooéing the

amplitude often boils down to engineering judgement.

Programming the Prony Analysis Method

A FORTRAN computer package that implements the Prony
based identification method was developed. A description
and listing of the package is contained in Appendix B. Two

numerically intensive techniques had to be included in the




95
package in order to solve the Prony analysis method. These
techniques are the solution of over-determined systems of
equations and the factorization of a high-o?der polynomial;'
The methods used to solve these two problems in the soft-
ware package in Appendix B are discussed in this section.
Singular=-value decomposition (SVD) is used to solve the

two over-determined systems of equations. SVD is a well
established and numericaily robust method for solving an
over-determined system. Let A e R™ denote an arbitrary

matrix; it is known that A can be written as

A =Uldiagw)V" ‘ | (3.40)"

where U e R™ and Ve R™ are unitary matrices; i.e.,

U'v=v'v=I". we®R, i=12,...n, are the singular values of
A. Equation (3.40) is referred to as the singular-value
decomposition of A (see [52] for more details). The opti-

/

mal solution to the over-determined system Ax=b is

x" = min| Ax - b (3.41a)
xe R
x"=V[diag(1iw)IU™b (3.41b)
This is discussed in [53]. If A is ill-conditioned, then

some of the singular values are small or zero. A way of
interpreting this is that the information associated with a
small singular value is strongly affected by noise and

round-off error [53]. The standard way of handling this is
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to let 1py,=0 for the small w,s in (3.41b). This, in
effect, ignores any information agssociated with that singu-
lar wvalue.

Factoring ‘a matrix into the form of (3.40) is an inten-
sive algorithm that requires a number of advanced numerical
techniques (such as Householder reduction and
diagonélization by the QR procedure). Although the algo-
rithm is complicated, it is numerically robust and works
for almost all matrices [53]. The SVD subroutine used in
the package contained in Appendix B is a double-precision
LINPACK routine.

The second numerically intensive routine that is used
in solving the Prony identification problem is factoring a
large~order polynomial. A FORTRAN 77 subroutine called
QPOLYRT is used to factor the polynomial with the package.
in Appendix B. QPOLYRT is a quad-precision root-finding
routine obtained through the Bonneville Power Administra-
tion (BPA), Portland, Oregon. The subroutine has been

thoroughly tested by BPA and performs very well.

An Example

Consider the system transfer function

2—j 2+ 3
= + +
CulS) = 1005715 540054715 542

(3.42a)

with initial conditions
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0.3—-j0.2 0.3+j0.2 '+ 1
§+0.05-j1.5 s+0.05+j1.5 s+2

W.(s) = (3.42b)

The input 0.5(u(t)— p(t — 1))+0.25((¢ — 6) — it — 6.5)) which‘can easily
be described by (3.12) is applied to (3.42); the resulting
output is shown in Figure 24. The output is sampled at a
period of 0.25 seconds, and the input/output data is ana-
lyzed using the Prony system identification software pack-
age described in Appendix B.

The method of estimating the system order described in
the third section of this chapter is incorporated into the
identification package in Appendix B. The residue/eigenva-
lue pairs from the identification package are organized in
the order of decreasing errors, where the errors correspond
to (3.36). Figure‘25‘shows the error between the system
output and the model output for various system orders.

Note that the error does not decrease any further after
n=3. This indicates the system is third order, and the
first three residue-eigenvalue pairs are included in the

model. The resulting model is

2.000 — j0.9995 2.000 + j0.9995 2.999
= + . ER e 3.43
Gl)=5 0.05000— j1.500 " s +0.05000 +,1.500 " s +2.000 (3.43a)

and the initial-condition model is

0.2998 — j0.1999 + 0.2998 +0.1999 + 0.9998

W)= 0:05000—1.500 | 5 +0.05000+,1.500 " 5 +2.000

(3.43b)

As can be seen the model (G(s),W(s)) is very close to the

actual system (G,(s),W,(s))..
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CHAPTER 4
IMPLEMENTATION OF CONTROLLERS IN A TEST SYSTEM

This chapter is organized into three main sections. In
the first section a 17 machine computer-simulated test sys-
tem is described. This relatively large system (compared
to others in the literature) is used in order to make the
system behavior as realistic as possiﬁle. In the second
section both adaptive and conventional PSS units are
designed for four generators in the test system. Implemen-
tation of the adaptive PSS units is done usiﬁg the decen-
tralized scheme in Chapter 2. Conventional PSS units are
designed.using the identification method of Chapter 3. The
conventional design technique is similar to that described
in [61]. A discussion of how the controllers are embedded
in a power-system simulation program is contained in the
third section. The properties of the conventional and

adaptivé control schemes are compared in Chapter 5.

A 17 Machine Test System

To demonstrate the control schemes proposed in this
thesis a 17 machine test system is used. This system was
derived to be a low-order model of the western North Ameri-

can power system. A detailed description of the derivation
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Area || Generation Load

(MW) ) (MW)

A 19,000 15,600
C 11,900 11,750
M 1,250 200
NW1- 9,169 - 11,100
NW2 17,700 9,000
P 11,300 12,600
scl 14,200 9,800
scz2 0 11,700
U . 3,200 3,800

g?ble I. Genération and_load of each area (operating point
Two types of generators are modeled in the systeﬁ. One
type of generator has large power generation and inertia.
It is meant to represent an aggregate of smaller machines
that swing together during a transient. These generators
.are modeled using classical second-order machine represen-
tation with a constant voltage behind a reactance [55].
Heavy circles are used to represent these méchines in
Figure 26, and they are connected to the main bus in each
area by a transformer. The othef type of generator is a
smaller more-realistic one. Generators of thig type are
simulated using a two-axis fourth-order nonlinear model,
and they have exciters that are modeled as high-gain IEEE
type AC4 excitation systems [56]. Each smallér machine is
connected to a main bus by a transformer and a short trans-
mission line. Only the smaller machines can be equipped
with PSS units. All generators are equipped with a
governor. The governor models are foqrth and fifth order.

Table 2 shows the generation‘of each machine in the system.
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'Generator || Generation
(MW)
1 12,500
2 4,500
3 2,000
4 1,600
5 10,300
6 1,250
7 6,700
8 1,200
9 2,500
10 14,000
11 700
12 10,600
13 2,469
14 12,500
15 1,000
16 700
17 3,200

Table 2. Output of each generator (operating point A).-

. The system in Figure 26 also contains a 500 kV HVDC
transmission line between areas NW2 and SCl. The dynamics
of this line are not modeled for the simulations shown in
this thesis. The DC line is modeled as a positive load at
NW2 and as a negative load at SCl.

Five interarea modes in the 0.3 to 0.9 Hz range are
present in the test system. These modes have machines in
given areas swinging against those in other areas. One
mode is at 0.37 Hz and has.machines in areas A, P, and SCl
swinging against the remaining machines. A lightly-damped
mode near 0.65 Hz has generators in area C swinging against
the rest of the éystem, especially area A. The third
interarea mode is at 0.72 Hz and has generators in areas C,

P, and SCl swinging together against the other areas. The
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remaining two interarea modes aré at 0.80 and 0.90 Hz.
Machines in areas A, NWl, and NW2 swing together at the
0.80 Hz mode, and generators‘in area SCl swing against
those in areas A and P at the 0.90 Hz mode. The 0.80 Hz
mode is difficult to excite and is relatively well damped.
The 0.90 Hz mode is an unstable mode as it is slightly
negatively damped. In addition to the five interarea
modes, each smaller generator in the test system has its
own local mode. These local modes are in the 1 to 2 Hz
range.

| In order to investigate the effectiveness of the pro-
posed control schemes under different operating conditions,
a second operating point is used. This operating point is
shown in Figure 27, and is c¢alled operating point B. . Oper-

ating points A and B differ in structure, line impedances,

loading conditions, and generator operating conditions. As

can be seen from Figures 26 and 27, the lines between areas
C-M and A-U are removed at operating point B. When going
from operating copdition A to B, the power outputs of gen-
erators 4 and 10 are decreased by 20% and 3%, respectively,
and the generation of machines 1, 2, 3, 12, 14, 15, and 16
are increased by 10%, 10%, 20%, 13%, 27%, 50%, and 42%,
respectively. Thg'lﬁads at areas A, C, M, SCl, and SC2 are
increased by 9%, 4%, 66%, 9%, and 11%, respectively. The

impedances of the lines connecting generators 2, 3, 4, and
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Implementation of PSS Units in the Test System

In this section a description of how PSS units are
implemented in’ the test system is given. The design pro-
cess for the application of PSS units on four machines in
the system is described in detail. Both adaptive and
conventional PSS units are designed. The adaptive ones use
the decentralized scheme developed in Chapter 2. The con-=
ventional units are used as a comparison for the adaptive
ones.

Before the design and implementation of the two differ-
ent control schemes are discussed, general issues concern-
ing PSS units are addressed. These include how a unit'is
applied to a generator, why the control action from a PSS
is limited, criteria for choosing an effective feedback
signal, and criterion for choosing which machines should
have a PSS unit.

On all synchronous generators an excitation voltage
must be applied to the rotor circuit so that a rotating
magnetic field is provided to the stator. On standard gen-
erators the excitation voltage source is termed the
exciter. An exciter typically has a feedback loop around
it used to maintain the terminal voltage of the generator
at a reference point. ‘The PSS unit is a second feedback
loop on the generator that is added to the input of the
exciter. .Typicallf, the PSS feedback signal is added to

the generator’s terminal reference voltage.
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near a machine, often the exciter voltage must be
immediately changed by a large factor so that the machine
is not unnecessarily tripped off line. These fast transi-
ents are not due to electroﬁechanical oscillations; there-
fore, the PSS signal is limited so that it does not
interfere with the exciter opeiatibn duringhfast
transients. The'fiiter also helps prevent the PSS from
interacting with the fast transients. Limiting the PSS
signal also helps prevent the staﬁiliéer from driving the
exciter into saturation.

The ability of.a PSS unit to add damping to a given
electromechanical mode is dependent on the magnitude of the
transfer-function residue for that mode at a given operat-
ing'point. The larger a residue, the more the associated
eigenvalue can be moved with a given feedback gain (see
[58]). It is well known that a transfer-function residue
is made up of controllability and observability factors.
From state-space control theory, it is known that if a sys-
tem is either uncontrollable or unobservable, then certain
syétem eigenvélues cannot be mo&ed [59]. The eigenvalues
that cannot be méved are the ones that have residues of
zero. This phenomena can also be viewed as a pole-zero
cancellation. Looking at the transfer-function residues és
controllability and observability factors is the basis for
choosing a-feedback signal. It is also used to determine

which generators in the test system are to be equipped with
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PSS units.

Any number of signals can be used for feedback with a
PSS unit. Two common signals that have proven to be effec-
tive are rotor speed-error and acceleratiﬁg power. Speed-
error is the rotational speed of the rotor minus its
synchronous speed, while accelerating power is the
difference between the mechanical power turning the rotor
and the electrical power‘out of the generator.

The objective of the PSS unit is to dampen both local
and interarea modes. It is well known that the accelerat-
ing power of a generator has a relatively large residue for
the local mode of that machine compared to interarea-mode
residues. Since speed-error is proportional to the inte-
gral of accelérating power, it has larger interarea-mode
residues. This is because the interarea modes are at lower
frequencies then the local modes, and the integration oper-
ation tends to increase the residues of terms with smaller
eigenvalues. Therefore, better damping of the interarea
modes can be expected using a signal proportional to speed-
error. The feédback signal used for all the PSS units in
the test system is a signal proportional to speed-error.
Speed-error is not directly used because it is nof directly
measurable in ETMSP. Therefore, it is obtained by inte-
grating accelerating power (accelerating power is directly

measurable in ETMSP) .




109

Figure 28 shows how a general PSS unit is implemented
on a generator. Now the question is which machines should
be equipped with PSS units. To dampen a local mode, a PSS
unit should be plaéed on the machine assoéiated with that
local mode. To démpen interarea modes, a machine that
strongly participates in that mode should be equipped with
a PSS. The amount a generator participates in a given
Ainterarea mode is proportional to the magnitude of the
transfgr-function residue for that mode. Therefore, gener-
ators that have large transfer-function residues for inter-
area modes are equipped with PSS units.

To determine which machines in the 17 machine test sys-
tem are to have PSS units, the Prony identification method
of Chapter 3 is used. An identification analysis is
carried out for each of the smaller detailed machines in
. the system to determine which ones have large residues for
interarea modes. The analysis is done at operating point
A. Based on this analysis, the generators that are chosen
to be equipped with stabilizers are 2, 3, 4, and 15. Gen-
erator 4 is équipped with a PSS because it has a relatively
large residue for the 0.65 Hz and 0.72 Hz modes. Machines
2 and 3 are chosen as these have large residues for the
0.37, 0.65, 0.72, and the 0.90 Hz modes. Generator 15 is
equipped with a stabilizer because it has a 1arge.residue
for the 0.90 Hz mode. The 0.80 Hz mode is so widely spread

over the system, none of the machines have relatively large
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residues at this mode.

Decentralized Adaptive Controllers

The adaptive PSS units are implemented on the four gen-
erators using the decentralized adaptive scheme developed
in Chapter 2. Figure 29 shows how an adaptive stabilizer
is applied to a given generator in the test system. The
accelerating power is measured and integrated to obtain a
signal proportional to speed-error. Instead of actually
integrating accelerating power, it is operated on by a very
large time-constant block. This is done to avoid any inte-
gration "windup" which can cause numerical problems. With
frequenciés above 0.1 Hz, the large time-constant transfer
function behaves like an integrator. The speed-error sig-’
nal is low-pass washout filtered with the following

Laplace-domain transfer function:

n—— b .
FILTER *(s +0.2n)(s +f2) ‘1)

After the speed-error signal is filtered, it is sampled by -

the adaptive controller. The adaptive controller calcu-
lates the control signal which is limited between +0.1 per
unit before it is added to the reference voltage.

Two considerations must be taken into account when
choosing a sampling rate for the discrete-time adaptive PSS
unit. First, the rate must be greater than the Nyquist
rate. Since electromechanical modes are below 3 Hz, the

sampling rate must be greater than 6 Hz. Second, the rate
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In many situations it is possible that a speed signal
could be directly measured. This would allow the integra-
tion block in Figure 29 to be removed. Then f, must be
chosen to be at least half the sampling rate to help
prevent aliasing. This situation is simulated in Chapter 5
by choosing an 8 Hz corner when the sampling rate is 16.67
Hz (i.e., £,=8(2r) rad/sec.).

Criterion for Controller Communication. In theory the

decentralized adaptive control scheme of Chapter 2 requires
that all controllers communicate their control actions in
order to guarantee global stability. Example 1 of Chapter
2 demonstrated that communication can mean the difference
between stability and instability when the interconnections
between subsystemé are strong. But, example 4 showed that
if subsystem interconnections are weak, little is actually
gained from using communication. The magnitude of subsys-
tem interconnections is the criterion used to determine the
interconnection setup between the four adaptive PSS units
in the test system. One way of measuring subsystem inter-
connections is the magnitude of transfer-function residues
between the iﬁput of one generator and the output of other
generators.

The criterion used to judge if communication is needed
between two generators is the following: if the largest
transfer-function residue between the two generators is of

the same order of magnitude as the largest residue at one
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of the generators, then communication is used between the
controllers of the two generators. This test can be stated
in a mathematical form: communication is not required
between generators i and j if the following conditions are

satisfied:

R--<&, R--<ﬂ 42)
7710 Y710

where R; is the magnitude of the largest transfer-function

residue at generator i, R;; is the magnitude of the largesﬁu
residue from generator i to generator j, and R;; and R; are
the similar for generator j. Only electromechanical mode
residues are considered. As before, the residues are
obtained using the Prony identification method for system
operating point A,

Consider generators 2 and 3. Table 3 shows the magni-
tude of the transfer-function residues for the input at the
exciter of generator 2 and the output being'the speed-error
at generator.2 in one case and at generator 3 in a second
case. Table 4 shows the same for generator 3. As
expected, the largest residue magnitude at generator 3 is
for that machine’s local mode and is 21. The largest resi-
due from generator 2 to 3 is 9.1 and is also for machine
3’s local mode. These residues do not satisfy the test of
(4.2); also, the largest residue from machine 3 to 2 does
not satisfy the test. Therefore, communication is required

between generators 2 and 3.
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Residue Magnitudes
Output for given‘modes
at Interarea Gen 3's|{Gen 2's
local local
0.37 0.65 0.71 0.80 0.90 1.62 1.68
Hz Hz Hz Hz Hz Hz Hz
Gen 2 | 5.6 0.94 0.63 0.25 1.1 3.6 43.0
Gen 3 2.0 0.44 0.20 0.20 0.50 9.1 0.0
Table 3. Residue magnitudes with inpﬁt at generator 2.
Residue Magnitudes
Output for given modes
at Interarea Gen 3’s“Gen 2's
local local
0.37 0.65 0.71 0.80 0.90 1.62 1.67
Hz Hz Hz Hz Hz Hz Hz
Gen 2 f| 1.8 0.33 0.20 0.30 0.41 8.3 0.0
Gen 3 [(0.90 0.14 0.11 O.Q 0.20 21.0 0.0
Table 4.

Residue magnitudes with input at generator 3.

Note that the residues for all of the interarea modes
satisfy the communication test for generators 2 and 3.
This occurs because in most cases a given generator has a
much larger residue for its own local mode than any of the
interarea modes. Similar tests between all combinations of
the four machines reveals that communication is 6nly needed
between generators 2'and 3. The ofhers are spaced far
enough apart in the network so that they do not interact at
the local modes. As expected, the residue magnitudes
between generators at the interarea modes are much less

than the residue magnitude of the local-mode at a given

generator.
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Conventional Controllers

In order to judge the performance of the adaptive PSS
units, conventional units are used as a comparison. The
design method for the conventional stabilizers used here ié
unique in that it is based on a linear system obtained
using the Prony identification technique of Chapter 3.
Although the design method is unique, the resulting con-
troller is in the form of a standard PSS unit.

Figure 30 shows how the conventional PSS units are
applied to generators in the test system. As in the adap-
tive case, the accelerating power is integrated to obtain a
signal proportional to the rotor’s speed-erfor. The
integration is done using a large time-constant transfer
function to avoid integration windup. The speed-efror sig-
nal is then low-pass washout filtered. With most conven-
tional designs‘the filter coefficients are pre-chosen based
on restricting the feedback to a specified ffequency band.
With the design method described here, the filter coeffi-
cients are chosen as part of the design. This allows addi-

tional freedom in the design. The filter is

s f ,
FILTER = (S 7 )( s—+—f2) | 43a)
where
£>02m, f,<40m (4.3b)

Conditions (4.3b) assures the feedback is limited to an

allowable maximum bandwidth, but at the same time, (4.3b)
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until the damping ratio of the closed-loop poles no longer
increases. Third, the gain and phase margins of the linear
model with the stabilizer as a feedback is checked to make
sure the design is reasonably robust.

A sequential decentralized techniéue is used to imple-
ment more than one PSS unit. With this technique the PSS
units are designed and applied to their generators oﬁe at a
time. The stabilizer at the first generator is designed
and applied to the generator while the other PSS units are
not applied. Then a model is.idenfified for the second PSS
unit and that unit is designed and_applied to the system.
The model for the third PSS unit is then obtained, and it
is designed and applied to its generator. The process is
continued until all PSS units are applied to the system.
The conventional PSS units are designed for the test system
in the following order: generators 4, 2, 15, and 3.

It is important that the design of a PSS unit is based
on an accurate reduced-order model of the system. As dis-
cussed in Chapter 3, the choice of the probing signal is
critical to obtaining as accurate model. The amplitude of
the signal must be small enough sé as not to force the |
system to significantly swing into nonlinear regions. The
frequency content of the ﬁrobing signal must contain the
frequency range of the system. The probing signal and its
frequency content used in the design of the conventional

PSS units in the test system are shown in Figure 31. By












































































































































































































































































































































































