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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 I7-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.
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CHAPTER I 

INTRODUCTION

Often in large power systems lightIy-damped oscilla­
tions, termed electromechanical oscillations, occur due to 
generators exchanging energy through transmission lines. 
Many types of unavoidable system disturbances 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 thesis is 
outlined.

Power System Electromechanical Oscillations

In a power system, turbines are used to 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 generator has not changed. This imbalance of
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power causes the rotor to suddenly 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 
loads 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 variety of "sudden" distur­
bances in 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 
cause system separation. In any case, it is important to 
add significant damping to power-system electromechanical 
oscillations in order to preserve system integrity.
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Electromechanical oscillations are often considered to 

foe of two types: local and interarea. A local mode of
oscillation occurs when a single generator swings against 
the system. These modes tend to foe 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 foe at lower frequencies than local 
modes. The range of frequencies for interarea modes are 
generally between 0.2 Hz and 0.8 Hz. Usually, interarea 
modes occur between groups that are weakly connected and 
are often the most troublesome modes in large systems.

Recent advancement of technology in the power industry 
has caused electromechanical oscillations 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 swing.
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 controllers 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 majority 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 laws of physics is often very difficult because 
of the size and 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 control theory 
that has recently received a great deal of attention. 
Although there is no clear-cut definition of adaptive con­
trol, an adaptive controller may be viewed as a regulator 
that can modify its behavior according to changes in the 
dynamics of the process it is controlling [2]. Conven­
tional adaptive controllers 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 analyzing 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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is often extremely difficult to obtain an accurate mathe­
matical model of a power system. This is because a power 
system is a nonlinear time-varying system of very large 
order; the time-varying properties of the system are both 
stochastic and nonstochastic.

Adaptive controllers are generally broken into two dif­
ferent types: direct and indirect [2]. With the direct
adaptive controller, regulator parameters are directly 
changed as the dynamics of the system change. This is 
demonstrated in Figure I. The closed-loop plant is forced 
to act like a model system; the regulator parameters are 
adjusted until the error e in Figure I is driven to zero. 
Direct adaptive control is often termed model-reference 
adaptive control (MRAC).

Model

Regulator

Regulator
parameters

Figure I. Direct adaptive control.
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With an indirect adaptive controller the regulator 

parameters are indirectly updated; an indirect controller 
is shown in Figure 2. The controller's operation occurs in 
two distinct steps. First, the dynamics of the system are 
identified at a particular instant in time; then the regu­
lator is adjusted according to the identified dynamics.
The plant's input and output are passed to a recursive 
identifier which identifies a linear model of the plant.
The linear model parameters are passed to a regulator 
design block. Here the regulator parameters are calculated 
and passed to the regulator. With a discrete-time adaptive 
controller, the whole process may be updated with each time 
sample. Indirect adaptive controllers are also termed 
self-tuning adaptive controllers.

Plant Parameters

Identification

Regulator

Regulator
design

Figure 2. Indirect adaptive control.

A direct adaptive controller is not well suited for the 
power system problem because a reference model must be cho-
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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 may 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 choice 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 placed in a 
recursive form using Riccati equations; this makes it easy 
to implement such a controller 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 the control of a 
multiple control-station system. For the power system 
problem it is desired that the control 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 communication 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 central objective. The con- . 
troller at a given station is designed to be primarily 
dependent on local measurable variables. Therefore, if 
communication of variables 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 I while ignoring the inputs at other sta­
tions. A controller is designed for station I using 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 objective 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 controller design is to place the 
closed-loop poles in a certain specified region (Fi) . 
Davison and Ozuguner [3] show that after the sequential 
design, all of the closed-loop poles are contained in F,.

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 controller 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 controllers 
are fixed. A sequential method is used to implement multi­
ple fixed damping controllers for a simulated power system 
later 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 state-space dif­
ferential equations describing the system are

Xl = Sxl + (-3x2) + U1 (Lla)

X2 = 6x2 + (-4Xj) + U2 (Lib)
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where U1 is the input and X1 is the output at subsystem I/ U2

is the input and X2 is the output at subsystem 2; and the 
terms in (•) are the subsystem interconnections.

First, let the control functions U1 and U2 be chosen in

a centralized fashion by minimizing the standard LQ cost 
function

/ = (X1 +X 2 + U 1+ u2)dt
Jo

( 1.2)

In this case it is easy to show [5] that the optimal feed­
back functions are

U1 = -IOAPx1 + 7.14x2 (1.3)

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, = Sx1 + (-Ox2) + U1 (IAa)

x2 = 6x2 + (-Ox1) + u2 (IAb)

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
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X 1 = Sx1 + W1 (1.5a)

x2 = 6x2 + w2 ■(1.5ft)
and the cost function is broken into two functions:

Z1 = f (X12 + ul)dt 
Jo

(1.6<z)

Z2 = j" (x2 + ul)dt (1.6ft)

A feedback function is found for subsystem I by obtaining 
the control law that minimizes (1.6a) for (1.5a); the same 
is done for subsystem 2. The resulting control laws are

U1 = -IO1IOx1, U2 = -12.05x2 (1.7)
In order to negate the effects of the subsystem intercon­
nections, the control laws of (1.7) are modified to

W1 =J-IO-IOx1+ 3x, (1.8)
w2 = -12.05x2 + 4x1

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 (1.7) 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 in the closed-loop system satisfy­
ing the design objective. For the above example, 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 nonsequential 
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 Ui in (1.3) is a function of both X1 
and x2. 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 original law. Therefore, 
if communication fails, the controllers 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 designed 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 subsystem.
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 adaptive 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 relevant 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: I) conventional damping methods; 2)
adaptive control in power systems; and 3) adaptive and 
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 
[12]) .

An alternative to obtaining an electrical torque compo­
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 
transfer-function 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 adaptive controllers. Five 
of the self-tuners are based on regulator algorithms that 
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 con­
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 compensator 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 [16] to include a 
secondary proportional-integral (PI) loop in the control-
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Ier. 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 to modulate the SVC suscep- 
tance about the set point to dampen system oscillations.
In both [15] and [16] electrical frequency error is used as 
the input to the adaptive controller, and in [16] the bus 
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 voltage and frequency error. 
Simulation results are shown for a one-machine 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 [17] 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 control to modulate 
a switched capacitor bank to obtain system damping. A form
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of self-tuning generalized predictive control (GPC) with 
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 [15] and [16].
Good results are shown using frequency error, integrated 
frequency error, and bus voltage angle as feedback 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.
Although 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. In [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-tuner 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 are shown 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 presented in [26] by Cheng, et 
al., uses a self-searching pole-shifting control technique 
as the regulator part of the adaptive controller. With the
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pole-shifting algorithm, the feedback function is deter­
mined by shifting 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 variable 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 shifting algorithm; but, 
the feedback function in [27] is also made to minimize a 
variance involving 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 follow 
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. Siljakf 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 plant. 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 identifiers. 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 are 
applied to each station. The MRAC schemes are modified so 
as to guarantee overall system stability assuming the sub­
system interconnections 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 identifier that satis­
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 Chapter 3. The method is 
based on Prony signal analysis. In Chapter 4 a power 
system test bed is described, and also discussed is how 
controllers are implemented in the test system. Two 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 Chapter 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 variations. 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 in 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 subsystems in the presence of 
their interconnections. The communicated control actions 
are also used by the decentralized observers to give accu­
rate estimates of subsystem 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: I) 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 t 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. In 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 the PSS inputs at given generators 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 

_ — _ N -
Xj(t +1) =A1Vt1O) + Z b ^ i t ) ; i = l,2,. .. ,m {21a)/=I

m _ _
yj{t) — Cj1 Xj{t) ;. j  = 1,2,..,,N

where Ar,(f)e is the z'th state vector at discrete-time f,

W1SSR and ^eSR are the scalar input/output pair at control 
station i , and A1GSRv"', 6 SR"', CyiG SR"'. When m > N , (2.1a) 
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 (2.1a) may also be written 
as

x{t + l )=Ax{t)+Bu (t) (2.1b)

y(t) = Cx(t)

w h e r e  F(Zl) = {x\(t), x[(t) ,..XrJt)], uT(t) s  uz(t),..Mjv(Zl)] ,

yT(t) = l>i(f), MOlr
A = block diag(A,), i = 1,2, ...,m

’ *>11 *>12 b lN & Ct L 12 C7 Ic  Im

*>21 *>22 *>2ZV

, C S

4 Ctc 22 Ct ̂2m

K 1 *>m2 • *>i«ZV_ sn4
 •

CtCN2 • c  ZVm_

and A e 91""', B e 91"xjV, C e 9T'" with H=H^n2+. . .+nm.

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 
x e SR" and x e SR" are the state vectors of a contracted and 
expanded representation of a system, respectively, with 
n <n r then they are related through the transformations 
X = Vx and x = Ux where V e SR"*" is a constant matrix with full
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column rank, jj € 9 «̂*» is a constant matrix with full row 
rank, and these transformation matrices satisfy the condi­
tion U V= I".

The plant (2.1) is now expanded into a form that allows 
the application of decentralized indirect adaptive control­
lers . Let V e yt''*'' and U e SR"*" be the smallest transforma­
tion matrices in dimension n (with n <n) that expands 
(2 .1b) through the transformations x = Vx and x = Ux to

x(t +1) =Axit) +Bu{t) (2.2a)

y(t) = Cx(t)

where u and y are the same as in (2 .1b), and 

xT(t) s [xl(t),x l ( t ) , x l ( t ) \ ,

A E= block diag(A;) , i = 1,2, ...,N

^12 • • • 'cf 0 ... 0’
^21 ^22 • • • 00

B s' , C = : : :

ĵvi ••• n̂n 1 O
 • O 
•

and A,- e SR"̂"', b;j e SR"', Ci g  SR"'. Systems (2.2a) and (2.1b) are

related by A = V A U ,  B = V B , and C = C U . Note that’ (2.2a) 
does not allow any 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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N
Xiit + 1) = AiXi(S) + BiiUjit) + S biMXt) (2.2b)

j = hj*i

y;(t) — Ci x̂ t) ; i = 1,2,...,N

where Xi e Slt''. Equations (2.2b) represents the plant as N

interconnected subsystems (one for each control station) 
with the Bij 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) preserves the 
input/output characteristics of (2 .1), any input that sta­
bilizes (2.2) will also stabilize (2,1) (see [37] for a 
proof). That is, if the decentralized stabilizing feedback 
control function

«/(*) =fi(X;(t))-, Z = 1,2,.. .,N (2.3)
is designed for the expanded plant representation (2 .2) and 
the exact same UirS 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); therefore, 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 actual plant (2.1). The 
inclusion principle assures that 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 Ui's. This is not an overly restric­
tive requirement as », 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 to the plant (2 .1), then (2 .1) will be stabilized, 
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



35
identifies the /th expanded subsystem with the interconnec­
tion terms included; that is, identifier i identifies a 
model for

N
x̂ t + 1) = Afrit) + BiiUiQ) + E bijUft) (2.4)

yfc) = cft.-CO

which is taken from (2.2b). Equation (2.4) is termed the 
ith expanded subsystem because this is the transfer func­
tion that involves ŷ t). 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) = A,.x,,(0 + M 1-CO (2.5)

J1CO = cfxAO
which is termed the ith local expanded subsystem because 
this is the transfer function from M1-(0 to yfa) with the 
interconnection terms (the b,/ s) ignored (i. e., it is the 
z’th local transfer function) . The z'th control law is a 
state feedback type that is designed to use Xi(Jt) for feed­
back. In general, X1-Cf) is not measurable; therefore, a lin­
ear observer is used to estimate these local expanded 
states. The observer at each control station incorporates 
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 of the system.

Ignoring the interconnection terms during the design of 
the LQ 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 uncommon for gen­
erators and their controllers to be disconnected from the 
system.

The rest of this section is broken into four parts with 
the following subjects addressed: the identifier; the
decentralized 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

6,(0 = 0,(f -I) + Gj(t - 1)£;(0 (2.6a)

W 0 = # - 1) # - 1) (2.6b)

where



37

E,(0 = y,(0 -  JMiit) (2.7)
G, is the parameter estimate vector and <]>,• is the data vec­

tor with

ef(t) = ĵ- >̂7(0 » • • •> ~&in(t\ tfijiiO’ • • •> (2.8a)

<})f(f-I) = [%(' -I),--Ji(t - Jii), COJicatf (uft -I),..., Uj(t - n;))j (2.8&)

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
lowing properties:

Pl: I E1-(J)I ̂  M O  Il MOII + M O  where Iim M O  = Iim M O  = 0, |l,7
t CO J — > CO

and ]Xi2 are bounded for all t.

P2: Il 0,(011 is bounded for all t.

P 3 : HmIl §,(0 - 0,(f - 1)|| = 0
J — > CO

These properties hold for many identification algorithms as 
shown in [38]. The identified model of (2.4) at time t is

* , NO = M O M O + M O M ) +  E b;j(t)Uj(t) (2.9a)
j = IJ

Juiit-) = Ci Xui( I)

where xui e and
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M o  =

—d ; i ( t ) I 0 ... 0 42-%soI_

OI-HO42-yI

^ i j i i t )
I
0

. III42; ■
III<o'
~  ^  Ini - A t ) 0 0 ... I Sijnl - A t )

• O

- & l n f f ) 0 0 ... 0 W ' )

(2.96)

Observer
In order to use state feedback control, estimates of 

the local model states in (2.9) must be obtained. This is 
done using an observer. At control-station i xM!(t) is esti­
mated by £j(t)r which is obtained from the observer

Xi(t +1)  ̂lV(0«/(0 + Z (Jiit)-Cfi1(O) (2.16)
J=Uj * i

where IcgiG tSCtt and Ait Siit Sij Ci are from the identified model

(2.9) . The observer gain kgi is designed by placing the 
poles of (Arit)-Ciklit)) inside the unit circle. Since (A;(t)r 
<?,.) is in observable canonical form, the pole placement 
only requires «,■ additions. Some adaptive controllers 
which use observers (e.g. see [30], [31], and [35]) force
the observers to be deadbeat, but this is overly restric­
tive. One can use the extra freedom of arbitrarily placing 
observer poles as an advantage. For example, the observer 
can be used to obtain a filtering 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 
SiJr s) in (2.10) is unique compared to other decentralized 
indirect adaptive 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

m;(0 = - k j + a,(f)w,(f - 1) (2.11)

where

Y;(coi7 + <o,2 + b]i(t)Ri(t)bu(t)) (2.12a)

a,(0: <0,7 +<0,2 + bl{t)R;{t)bn(t) (2.126)

(2.12c)

with ,R1-(O) > 0 (i . e ., R 1(O) is positive definite).
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A 1(T) = , Stt(T) =
o I

YXcol7 +coi2) I

(2.13)

Qi

0

Jf(G)il+(Oi2)

and R i r  Q i r  A 1G 91(«/ + 1M»; + I) b;:G SCi+\ r ®i2^0 r (Ô j+COî Ô r

0<yi<l. Ri(T) is positive definite and must be maintained 
symmetric for all t.

An interpretation of the control law is that in the 
nonadaptive case the steady-state solution to (2.12) mini­
mizes the cost function

J i =  E  O i ltIxf(OciCfxi(T) +  (Oiluf(T) +  Wa(w,(f) -  UlJt - 1))2]} (2.14)
t = o

for the local subsystem (2.5). This interpretation is 
obtained by noting (2.12c) 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 COl7 places a penalty on the mag­
nitude of Ui; the smaller col7 the more damping expected at 
the expense of a larger Ui. Weight COi2 penalizes changes in 
Ui which allows one to temper the rate at which Ui changes. 
This has been incorporated by others, e.g. see [39] . Ji is 
an exponential scaling factor that forces the steady-state 
closed-loop eigenvalues to be inside a circle of radius y-.
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Anderson and Moore [5] show this for the standard LQ prob­
lem formulation. The smaller Ji the more damping the con­
troller will add to the system at the expense of larger 
variations in Ui. Choosing y,<l 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: 
y;(t) is sampled and the identifier (2.6) is iterated; the 
observer gain vector koi(t) 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 
Ui(T)r and Ui(T) 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 decen­
tralized control strategies, global stability is dependent 
on the stability of the subsystems and the strength of the 
interconnections. Lemma 2.1 establishes the stabilizing 
properties of LQ control 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 2.1 establishes the global stabil­
ity conditions for the case when communicated controlled 
inputs are not included in the decentralized observers.

Lemma 2.I
Consider the following general time-varying system:

X iit + I) =i,.(0x,(0 + £;;(f)K;(0 (2.15)
j,.(0 = cT;X;{t)

If (Aiit)Zji, bj;(t), <?,) is unif ormly stabilizable and detectable,

and both || £,•;(£) - £;,■(? - 1)|| and || A , - ( f ) - 1)|| —> 0, then the con­
trol law

Ui(t) = - k f x :( t ) + (Xiit)Ui( t  -  I) (2.16)

exponentialIy stabilizes (2.15) , where Zci and Wi are given

by (2.12a) and (2.12b), respectively. Also, the closed- 
loop system is described by

~Xi(t + 1) 
V;(t + 1)

"(4,( O - ^ W rW) (Xi(t)b;i(t) 'SC)":
- # ) (Xi(t) Viity

(2.17)

where V;(t + I) = U;(t).

I
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Proof of Lemma 2.1 
Define

V;(j +  1) =  M,(r)

z2(f+ 1) = z?(f)

= YryXO = CfZ1CO

(2.18)

(2.19)

(2.20) 

(2.21) 

(2.22)

where Mt), ŷ t), and it,-(f) are those in (2.15). Then (2.15) 

can be written as

zi(t + 1) =  ̂  A,.(I)Z1(I) + ^ l7(I)M(I)
I l  Il

(2.23)

and (2.14) can be written as

J i =  Z- /(I) + - J Z 2(I) +  2[zf(l) Z2(I)]
JJ

0 ' 
to,2 
Y/

It(I) + (COl7 + (O72)Ii2(I) (2.24)

Define

M(I): COl7 + (0,2 o "tol2II-Z1(I)-I
Y- _ Zz(I) + iZ(i) (2.25)

Using the results in [40] for performance indices with 
cross-product terms, (2.24) can be written as

/'_ ,?o|A,)+^(ro.ri,,)zj2(')+(<o"+®i2)a2(')} (2-26)

Equations (2.21), (2.23), and (2.25) are written as one
augmented system
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(2.27)

where Ai and Gii 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 [35]). Applying 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 (AiIyir Giir Ci) 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 (Pl)r (P3), given above (2.9), where

Q.E.D.

())[(?-I) = ... Ui(I-I) ... W1-Cf-/*,-)] (2.28)
and identifies the local plant model

xU-M + 1)=Ai(t)xMi(t)+Gii(t)ui(t)

Juiit ) —Ci xUiit )

(2.29)

The observer is
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4(f + 1)=A + £;;<>kO) + ko!(t) (j,.(0 - cfJi(O) (2.30)

and the control law is given by (2.11) and (2.12). The 
resultant closed-loop system is stable if

(i) (Aiit)Iju GniOr <?,•) is observable for all f and uni­

formly stabilizable,

(ii) koi(0 is chosen to place the eigenvalues of
(Ari(O-̂ ikliO) inside the unit circle at each time
t.

Also, the closed-loop system is described by

îit + I) = 4;(0Z;(0 + y)(0 (2.31)
where

zf(0 = [<]>[(?-I) %,(0 v,.(0 ef(0] (2.32)

III+> (2.33)

I III I I i-S (2.34)
~F DuiO D i2(t) ŵCf) '
0 (A,(f) - Giiiokf(0) ctiioGxiO GiiiOkr (0

4/(0 = 0 -kfiO cc,. (0 *f(0
(2.35a)

0 0 o (O-VOff)

0 01
F = I 2® B ; B

0
(235b)
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"  0  " '  0  '
0 0 0

0

-k!(t)

III 0

a,(0
III%Q 0

^ ( 0

0 0 0

0 0 0

Y?(t) = [V?(t) O O - G , ( , ) & % , ) ]

( 2 . 3 5 c )

(2.36a)

^(f) = [E,(f) O ... 0] (2.36b)

with F e ̂ 2""2'', B e 9tv \  Fl7 and F 0G %2"'"\ Di2 e %2"\ FyG 

e %2"' .

Proof of Lemma 2.2
Using (2.7), the observer (2.30) is written as

4 0  + 1) =  ̂  ,(0^/(0 +  b Ii(I)U ;(t) +  &„.(f) (FM,(f) -  cfi,.(r)) +  koi( t )^ ( t ) (2.37)

where is from (2.29). Equations (2.37) and (2.29) are 

combined using (2.34) as

e,(f +1) = (A.-OO - KM)?1-, )ei(t) -  KM)^i(t) (2.38)
Control law (2.11) is rewritten using (2.33) and (2.34) as

Ui(I) =  - f c f  ( 0 % , ( 0  +  kj (t)e.,(t) + CLi(I)Vi(I) (2.39)

Control (2.39) is applied to the local plant model (2.29) 
resulting in
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xMiit + I) = (A;0) - (0c,-(0 + (2.40)

Using (2.7) , (2.28) , and (2.3.9) it is easy to show that the
local subsystem can be written as

W -I)+[#;,(') A 2CO
xMiiO

DisiO] v,-(£)
«,■(0

+ F,.(z) (2.41)

where F, Z)l7, D i2r D i3r and Fj- are from (2.35b, c) and (2.36b). 

The closed-loop system is represented by combining (2.33) 
and (2.38)-(2.41) to form (2.31) . With (Ai(^ci) given to 
be observable, bounded koi(t) are readily available to place 
eigenvalues of (Af(t) — ̂,k̂ (t)) inside the unit circle for all 
Z. Because of identifier properties (P2) and (P3), 
(Afit)-̂ ikai(O) will boundly converge to a stable matrix, 
which implies stability of (AJ(t) — <?;kfi(t)) . Again from (P2) 
and (P3) , stability of (Af(t)-Cikfi(O) implies stability of 
(A,(Z)-k0i6f(t)) (see [35]). Using this assumption and Lemma 
2.1, it is easy to see that Acl-(Z) is a stable matrix because 
the block diagonal terms are stable. If identifier proper­
ties (Pl)-(PS) are satisfied and (AiIyir Siir Si) is uniformly 
stabilizable, then proof 9.1 in [35] can be used to show 
stability of (2.31).

Q.E.D.

Theorem 2.I
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 
(Pl) - (P3)r observer (2.10), and control law (2.11) and 
(2.12). The closed-loop system is stable if

(i) There exists (P1, ..., Pw) e sr(4,,'+1M4''--+1) with PiXJ

(ii)

and positive functions (O1 (t) , . . . , Ow (t) ) such 
that

(vTAl(t) + Yf(OV5iCAc,.(Ov + -V7PiV < -o;(0Il v|| (2.42)
for i=l,2,...,N. Aci and Yi are from (2.35) and
(2.36), and v e 91 ' is an arbitrary nonzero vec­
tor .
There exists positive scalars (P1, . . . , pw) such 
that

I v r P yV - W r F l-Wl <p,.||v - w | |  ; i = l ,2 ,. . . ,N (2.43)
where v and w  e 9t4 1 + 1 are arbitrary nonzero vec­

(iii)
tors .

(afr) + 2||fc;(f)||2)1/2 £  P M X O I K a,- ( f) ;  /  =  1,2,...,# (2.44)j-ij

Proof of Theorem 2.I
In this proof Euclidean norm properties (NPl) -(NP4) are 

used. Let A e 9T*" be an arbitrary matrix, and let x and 
ye 91" be arbitrary vectors. The properties are

NPl: I I * + j l l  ^11*11 + I I j II

NP 2': II Ax-Il <11A  Il Ilx ll

NP 3 : \\A\\2 = trace(ATA)
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NP 4 : H x Il2 = trace (xxT)

The identifier at station i identifies a model for the 
expanded subsystem (2.4) which is given by (2.9). Define

<?,■(*) = xUi(t)-*i(t); i = 1,2,.. .,iV (2.45)

V;(t + 1)5 M1-(f); z = 1,2,.. (2.46)

where xm  is from (2.9a) and i,- is from the observer (2.10) . 

Using (2.7) it is easy to show that

e.(f + 1) = (A ,.(f) - ̂,(f)cf)e;(f) - t„(f)e,(f); z = 1,2, ...,Af (2.47)

Control law (2.11) can be written using (2.45) and (2.46) 
as

w,(f) = (f)%,-(f) + (f)e,(f) + a,.(f)v,.(f); z = 1,2...N (2.48)

and (2.9a) is

%,(f + 1) =(A,(f) “ (0X,(f) + *a(0*f (fK(f) + Ct;(f)̂,;(f)v|.(f)

+ E (-kl(t)xMj(t) + (f)e/f) + Uj(S)Vjit)); z = 1,2,...,JV (2.49) 
J=IJ*1

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

expanded subsystem is

t(f) =  F & ( (  -  I) +  IAiCO A 2CO D ;5(f)]
XMi(0

V;(f)
2,(0

+% (0 ; 1,2,...,Af (2.50)

where F f Dl7, D i2r D i3r and y; are from (2.35b r c) and (2.36 b), 

and

(?-1) = [y,.(f- 1) ... %.(f-zz,) zz,(f- 1) ... zz,(f-zz,)]; z = 1,2,...,N(2.51)

/
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The closed-loop system is described by combining (2.46) 
through (2.50) as

N
zi(t +  l )  =  A ci(t)zi(t) +  Yl( t ) +  I  A cij(S)Z^t)- i =  1,2, ...,TV (2.52)

j = Uj*>

where Aci and Yi are defined in Lemma 2.2, z,(f) = [$f(f-1) X î(I) 

v,(0 e7(f)]> and

'0
0
0
0

0 0 0
-6 i j ( t )kJ(t)  Uj i ttf ij it)  6ij(t)kJ(t) 

0 0 0
0 0 0

(2.53)

with Acj7e9t(4n'+1M4',i+,) To investigate the stability of (2.52)

we form the positive-definite Liapunov candidate function

m ^ l z f i O P ^ i t ) (2.54); = i
where each Pi>0 and of appropriate dimension. Now

AL(t)=L(t + l ) - L ( t ) (2:55)

= Z{[(z?(t)Al + Y?+ £ z J m l X L ^  + Y,+ £ Ac,yzy.(o)
> = 1 v y = i.y>‘ y V j  = J

-(zfml+Yfyr^zM+Y;)]

+[(zJ(t)A* + Yf )Pi(Acizi(t) + F1) - zf(f)p,.z,.(f)]} (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

AL(0< Ejp1 E Acl/(?)z;.(f) I -a,.(f)Ilz,.(Oil (2.57)
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< X {-OX?) Il zM\ + P1 I Il (Oil Il Zj(t)\\ I (2.58)
' = H  j = hj*i J

=  X 1̂ - O 1-CO PyII A c--COIlj Il Z1-(OIl) (2.59)

Equation (2.59) is guaranteed to be negative definite if
N
I  P7-Il A c--COII < 0,(0; i  =  l , 2 , . . . , N  (2.60)

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

is taken from (2.53) ,  (2.44) directly 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). This 
last point is discussed in detail in the first section of 
this chapter.

Q.E.D.

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 (Pl) - (P3), an observer, and 
control law (2.11) and (2.12) . The observer at station i  

in this case is

*i(t + 1)=Ai(Wiit)+ (Ow1-CO+K M  W O  - A(O) (2.61)
The overall closed-loop system is stable if the following 

are satisfied:
(i) Condition (i) of Theorem 2.1 is satisfied.
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(ii) Condition (ii) of Theorem 2.1 is satisfied.

(11:L) V2(afo)+2||̂ 0II2),/2 E PMXOII <<y,.(f); z = 1,2,...,at (2.62)
j = l,j*l

Proof of Corollary 2.I
The proof follows the same lines as that of Theorem 2.I 

except the observer of (2.61) is used at each control sta­
tion.

Q.E.D.

Remarks on Theorem 2.I and Corollary 2.I
Condition (i) of Theorem 2.1 and Corollary 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 
leave (iii) as the most important condition.

Condition (iii) of Theorem 2.1 and Corollary 2.1 give 
global stability conditions in terms of the expanded system 
interconnection terms estimated by the identifiers (the 
S1Jr s) . As is typical of most decentralized control prob-* 
Iems, 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 air the 
more likely condition (iii) will be satisfied. But, this
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may not be true because the JV s and <y,-' s are dependent on

the local stability of the subsystems with interconnections 
ignored.

The observer (2.61) in Corollary 2.1 differs from that 
in (2.10) only by the exclusion of the Sij terms. By com­
paring condition (iii) of Theorem 2.1 and Corollary 2.Ir 
one can see that global stability is more likely if the 
6ijr s are included in the decentralized observers (by a fac­
tor of V2). The V2 factor in Corollary 2.I implies that 
the Liapunov function will decrease faster for the case 
where communicated information is included in the 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 identification scheme. In 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 §i(t) in (2.6b) such that properties (Pl)-(PS) are

I t I



54
satisfied. Many recursive identifications algorithms are 
contained in the literature that satisfy these properties 
under weak assumptions (such as persistent excitation).
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

§;(0 = @,(f - I) + Piit ~ !)<]>,•(? ~ 1)6,'PO
X-+$(? — i)f i(t - - 1)

f,(f) i L  (t_ l)_ Pti-im-mjjt-wjt-i) 
X; X + — l)f ,(f — I )<|>/(£ — I)

(2.63a)

(2.63b)

which can easily be placed in the form of (2.6b). Vectors 
6; and are defined in (2.8); Pi is termed the covariance 
matrix; £; is defined in (2.7); and X is an exponential 
forgetting factor [38]. The forgetting factor is used to 
enhance the time-varying identification properties of the 
RLS algorithm. Using X is (2.63) is equivalent to weight­
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ing past errors in the cost function exponentially. By 
having X/ < I, past errors are weighted less than more recent 
ones. Typical values, of Av 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 
UDUt 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. The 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 IVAv (this 
is termed covariance blowup). When the ratio test detects 
this blowup, the CLS Subroutine stops iterating the RLS 
equations until the 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 identifica­
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 adaptive 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] that 
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 one taken from 
[40]:

$](!) = [ i M ( 0  XtfO)] (2.64a)

^(O = JiO) (2.646)

Xmd) = W  + KiJid) (2.64c)
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(

a i3{t)
fr ««(*)' \

C,.(f + 1)=<,^) + h i+ d i}(t)koi Ji(C) + -Kf iuAt) U;(t)

(0
\

N
+ E -KfiijAO
J=tUj*!

\ y

M,(0

where ^  s [Ku Ka ••• ,

y

(2.64rf)

-fc0l7 I 0 ... 0
— koi2 0 I ... 0

K 0 = K = K oiK i (2.65)

Ki(Ki-I) o o ••• i 
-Ki(Ki-I) o o ... o

and i; e SR"', £;a e K oiG ĉ i 1M"'' and i®, 1̂-, Lv h: e \

The elements of the reduced-order observer gain vector 
L  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 w/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 uj(t) after y;(f) has been sampled. Using the control 
law of (2.11) and (2.12) requires (2.63a), (2.12a), and
(2.12b) to all be iterated. after ŷ t) is sampled and before 
Uj(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

H,(0 = -k f  (f -  l)A(f) + OI1-O - 1)H,0 - I) (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: I) output y;(t) 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;{t) is communicated to 
other control stations; 4) the RLS identifier in (2.63) is 
iterated using the sampled ŷ t); 5) observer equation 
(2.64d) is iterated to obtain ^(t+l); and 6) the Riccati 
and gain equations (2.12a,b, c) are iterated to obtain k,{t) 
and Cti (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 only involves two vector multiplications 
of order Hi-Ir 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 algorithms 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-order observer equation 
(2.64d) once per call is used. Observer equation (2.64c) 
and control calculation (2.66) are contained in one subrou­
tine so that W1(V) can be calculated immediately after y;(f) is 
sampled. A fourth subroutine is used to iterate control 
law equations (2.12a,b,c).

59
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Riccati equations 
Eqns. 2 .12a,b,c

Ui calculation 
Eqns. 2.64c, 2.66

Identifier 
Eqns. 2.63

Reduced-order observer 
Eqn. 2.64d

Plant

Figure 3. Adaptive controller at control station i.

Properties of the Control Scheme

The decentralized indirect adaptive control scheme has 
a number of unique properties when compared to similar 
schemes proposed in the literature (such as [30] and [31]). 
In this section these properties are demonstrated and dis­
cussed using several examples.

Example I
An advantage of the control scheme is that it guaran­

tees certain stability limits (see Theorem 2.1). If inde­
pendent adaptive controllers are applied to the plant at 
each control station with no communication between
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controllers, the stability limits become weaker. The 
stability limits are theoretical analysis results. Do they 
imply the proposed control scheme will perform much better 
over the case where independent adaptive controllers are 
used? Obviously, the answer to this question depends on 
the plant. This example demonstrates that the proposed 
scheme can result in much better performance.

Consider the unstable three-oscillator overlapping 
interconnected plant with 2 control stations:

X2 =

" 0 I'
_ - 4 tc2 0

X 1 +

I I r
■0.647T2 0.1

0"
8

X2 + U1 + " 8"

0

0 I' 
-Stc2 0

X3 +

(2.67)

y{ = [5 Ojx1 + [6 0]x2

J2 =  E7 0]x 2 +  [9 0]x 3

which is in a continuous-time form corresponding to (2.1a) 
with N=Zr m=3r and H1=H2=H3=Z. Subsystems I and 3 are 
undamped oscillators that are only connected to control 
stations I and 3 respectively. Subsystem 2 is a slightly 
negatively damped oscillator that is connected to both con­
trol stations. In order to apply the proposed decentral­
ized adaptive controllers, H1 and H2 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 ^=4 and
n2=4 •

Indirect adaptive controllers are applied at each con­
trol station, with the objective of adding damping to the 
system. The discrete-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 m / s ) in the observer equation (2.64c) are 
not included, and the communicated terms are also not 
included in the identifiers. The identifiers, observers, 
and LQ control laws for both cases have the following set­
tings: LQ control laws -- CO21=CO12=I, <021=CG22=2, Y1=Y2=O .98;
both local observers are designed to have poles at 0.5 and 
O-Sejy30 ,* identifiers -- X1=X2=O . 97 . The absolute magnitudes 
of M1 and M2 are required to be less than 5.

To demonstrate the differences between the two control
t

cases, a delta-function type disturbance hits all state 
variables in the system at 20 seconds. Figures 4 and 5
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show the open-loop response of V| and y2. System variables 

and M1 are shown in Figures 6 and 7 for the two control 
cases; J2 and M2 are shown in Figures 8 and 9. As can be 
seen from the figures, the proposed control scheme dampens 
the system while the independent controllers have no stabi­
lizing effect (in fact they have a negative effect on the 
system).

Under the conditions used in this example, communica­
tion between controllers is required for stability. Commu­
nicated information is critical to both the identifiers and 
observers. One expects these results because subsystem 
interconnections in (2.67) are relatively strong.

Time (seconds)

Figure 4.
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Figure

Figure

Time (seconds)

5. Example I, open-loop response of y2.

Communication

No communication

Time (seconds)

closed
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No communication 

Communication

Time (seconds)

Figure 7. Example I, closed-loop response of U1.

Communication

No communication

Time (seconds)

Figure 8. Example I, closed-loop response of y2 .
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Communication

No communication

Time (seconds)

Figure 9. Example I, closed-loop response of W2- 

Example 2
Other decentralized adaptive control schemes in the 

literature (such as [30] and [31]) have used communicated 
information in the identifiers but not in the observers.
The use of the communicated information in the observer is 
unique to the control scheme proposed in this thesis. From 
Theorem 2.1 and Corollary 2.1 it is seen that the use of 
communicated inputs in the observer design improve global 
stability limits. This example further demonstrates this.

Again consider the plant described by (2.67). The 
decentralized adaptive control scheme is applied to the 
plant with two cases compared. In one case the communica­
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tion terms are included in the observers while in the other 
these terms are excluded. The same adaptive controller 
settings as in Example I are used here.

The same disturbance as used in Example I is applied to 
the system. Figure 10 shows y, for the two control cases, 
and corresponding u/s are shown in Figure 11. Figures 12 
and 13 show y2 and U2.

Note that in the case where communicated information is 
included in the observer, much better damping results. By 
studying Theorem 2.1 and Corollary 2.1, one expects this 
result because the subsystem interconnections in (2.67) are 
relatively strong. This demontrates the advantage of using 
communicated information in the decentralized observers.

Communication used in observer
No communication used in observer

Time (seconds)

Figure 10. Example 2, closed-loop response of y,.
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Communication used in observer

No communication used in observer

Time (seconds)

Figure 11. Example 2, closed-loop response of M1.

Communication used in observer 

No communication used in observer

A  A  /\ A  A  A

Time (seconds)

Figure 12. Example 2, closed-loop response of y2.
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Communication used in observer 

No communication used in observer

TVTTrT A  A A A /'

Time (seconds)

Figure 13. Example 2, closed-loop response of U2.

Example 3
Many of the adaptive control schemes in the literature 

(both decentralized and centralized) require the observer 
to be deadbeat. The observer used with the adaptive con­
trol scheme proposed in this thesis allows the observer to 
have its poles arbitrarily placed inside the unit circle. 
This freedom can be used in a number of ways. This example 
demonstrates how the observer poles can be placed to obtain 
a filtering action on the controlled input and reduce the 
magnitude of initial swings while preserving the system 
damping.

The system described by (2.67) is again considered.
The decentralized adaptive control scheme is applied to the 
plant. For one case the observer poles are placed at 0.5



70

and OSeij3or' and for the other the observers are deadbeat. 
The LQ control laws and identifiers settings are: LQ con­
trol laws -- (O11=CD12=IO, (O21=O)22=IO, Yi=Yr=O. 99; identifiers -- 
X1=X2=O . 97.

The same disturbance used in previous examples is 
applied to the plant. Figures 14 and 15 show yt and M1 for 
both observer cases, and the y2 and M2 are shown in Figures 
16 and 17.

The nondeadbeat observer results in a better initial 
system response. The response is better because the ini­
tial system overshoot is significantly decreased. Also, 
the controlled inputs are much "smoother," and do not 
saturate.

Nondcadbcat observer

Deadbeat observer

Time (seconds)

Figure 14. Example 3, closed-loop response of y t.
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Nondeadbeat observer

Deadbeat observer

Time (seconds)

Figure 15. Example 3, closed-loop response of M1.

Nondeadbeat observer

Deadbeat observer

Time (seconds)

Figure 16. Example 3, closed-loop response of y 2 .
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______Nondcadbcat observer

______Deadbeat observer

Time (seconds)

Figure 17. Example 3, closed-loop response of u2.

Example 4
By studying Theorem 2.1 and Corollary 2.1, one can see 

that the larger the subsystem interconnections and the 
larger the feedback gains the more critical communication 
is between control stations. In this example it is demon­
strated that when subsystem interconnections are weak, less 
is gained from the use of communication.

Consider the system

O I'
■4k 2 O .V1 +

O I 
■ 0.64ft2 0.1 X2 + 0 ‘ 

-0.7 U1 + 0.8'
0

0 I' 
-Stc2 0 * 3  +

'0'

9

(2.68)
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Ji = [5 OJx1 + [0.6 0]x2 

J2=IO.? Ojx2+ [9 0]x3
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 I, 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: LQ control laws --

G>2J=ro22=200, Yi=Y2=O. 99; both local observers are 
designed to have poles at 0.5 and OJedy30 ; identifiers -- 
Xi=X2=O. 97. Because the toil's and COi2fS are much larger for 
this example than in Example I, it is expected the magni-* 
tude of the feedback gains will be smaller.

The disturbance used in Example I 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; In 
contrast to the results in Example I, there is little 
difference between the communicated and the no communicated 
controller cases. This example along with Example I demon-" 
strate that use of communications between control stations 
may only be needed when the subsystem interconnections are 
large.
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Time (seconds)

Figure 18. Example 4, open-loop response of J1.

Time (seconds)

Figure 19. Example 4, open-loop response of yz .
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Communication

No communication

Time (seconds)

Figure 20. Example 4, closed-loop response of y,.

Communication

No communication

Time (seconds)

Figure 21. Example 4, closed-loop response of y2.
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Example 5

In this example the effect of the 7} term in the Riccati

and gain equations (2.12) is demonstrated. It was dis­
cussed earlier that the LQ control law is one that will 
minimize the cost function (2.14). The constant 7, forces 
the local closed-loop system to have all its poles inside a 
circle of radius Ji. If the ob jective is to dampen an 
oscillatory system, as with the power system problem, then 
a 7) < I may be required.

Consider the discrete-time system

y(z) (z-0.9454 ±/0,3259)______
Jf(z) (z - 0.8092 ± /0.5876) (z - 0.9509 ±/0.3096) { )

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: 
COl7 =COa=IO; for one case, ^=1.0; for the other case, y— 0.9.

In the y=l case the steady-state solution to the Ric-

cati and gain equations (2.12) are [0.4852 0.2677 0.1133
0.0453] and (X,=0.0339. The closed-loop transfer function 
is .

y(z)__________z(z-0.9454+/0.3259)_________
u(z) ~ ( z -0.23)(z -0.1004±/0.3711)(z -0.9443 ±/0.3254) (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 pair is very 
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 only 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 choice of weights as it occurs 
for many oscillatory systems and for a wide range of COlirS 
and 00,2' s .

With the Yi=O. 9 case the steady-state gains are

kj= [3.9986 5.6159 6.7802 7.3355] and a;=0.0153, and the 
closed-loop system is

y(z)___________z(z-0.9454+/0.3259) ________
-K (z) (z - 0.2067) (z - 0.0796 + /0.3267) (z - 0.7649 + /0.2641) V ’

All the poles of (2.70) are inside a circle of radius 0.9. 
Having Yi=O. 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 extremely 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. Because of the complexity and 
size of many systems, it is often very difficult to obtain 
an accurate model based on the laws of physics; An 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 known input of a 
given class is applied to the system and the output 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 components 
in the form

Kt) = I B / ’ (3.1)
i = I

to a given signal y(t)r where B1 e C is the signal or output 

residue associated with the z'th eigenvalue X1- e C , and the 
X/s are distinct. Both y(t) and f(t) are real valued func­
tions of t. The X/s arid B1' s are obtained by fitting f(t) to 
y(t) in a least-squared-error sense. Prony analysis is well 
suited for 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 simulated 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: I) 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]-[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(t) that is to be modeled by 
${t) which is described by (3.1) . The signal y(f) is sampled 
at a sample period (Ts) smaller than the Nyquist period, 
resulting in the sequence yk = y(kTs) r & = 0 , . With 
t = kTsf the discrete form of y(t) is f k = $(kTs) r and from (3.1) ,

\
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Sk=ILBiZ- ; & = 0,1,...,TV-I (3.2)

where B1 is the output residue in (3.1) and

% = 2 (3.3)
The Z1rS are termed the discrete-time eigenvalues. The

ideal objective is to find the B1rSr X,' s, and n that pro­
duce ^k-Jkr £ = 0,1, ...,TV — I. To satisfy this ideal objective 
requires that n be related to N r but in most cases this is 
unrealistic (especially since n is assumed to be unknown).
A more realistic objective is to find the B1rSr X1rSr and n 
that result in fk being the best fit to yk in a least- 
squares sense. This is the objective that Prony analysis 
satisfies.

Assume that N >2n; also assume, for the time being,

that n is known. Equations (3.2) are expanded and equated 
to yk resulting in

Zl0 4  • »N
=

__
__

I

' b ; " J o  "

z\ 4  • • Zn1 B2

=

J i

N- I
Zl

i

=
%

. 
I A _ j # T l _

or in a compact form

ZB =Y (3.4I>)
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where Z e CNxn, B e C nr and Y e SiN. System (3.4) is an over­

determined set of equations. If the Zi' s were known, then a 
least-squares solution of (3.4) could be solved to obtain 
the optimal BirS.

It is well known that the discrete-time eigenvalues are 
the roots of the characteristic equation. Let a,- e 91, 
i = l,2,...,n be coefficients of the characteristic polynomial 
where

z- — (CilZn '+Ci2Zn 2 +... + a„) = 0; / = 1,2,...,« (3.5)

and define Cii e 91̂  as

Ui = Ki OtS) —cin -an_i ... -U1 I (N — n — i — 1 0’s)]r (3.6)

for / =0,1,...,AT-M-I. Multiply both sides of (3.4) by aj to 

obtain

a^Y = U^ZB ; i = 0,1, ...,N-n - I (3.7)

From (3.5), ajz = 0; therefore,

afy = 0; i =0,1, ...,IV-«-I (3.8)

Equations (3.8) can also be written as

-a„yi-an-Jt+i- aiy„+i-1 + Jn +; = 0 (3.9)

for i = 0,1, ...,N — n — I, or in matrix form as
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X,
J2

Jn-I

Jn

T  an " ' J„ "
J,, + l

. [  aI _ _ Jn-i_

(3.10)

_ Jw-n-l Jn -n ••• Jn -2 

which is also a set of over-determined equations.
Prony analysis involves four steps. The first step is 

to solve (3.10) for the a/ 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 Bi's (in a least-squares sense). Lastly,
(3.3) is solved for the XirS.

System Identification using Prony Analysis

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(t) and output y(t). 

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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ure 22. U (s )r the Laplace transform of u(t)r is the input 
applied to both the system and the model, and Y(s) is the 
output of the model. Wz(.r) represents a model for any non­
zero initial conditions present in the system. The objec­
tive is to find both the G (s ) and the Wz(s) that result in 
j'(f) being a least-squares fit to y ( t ) , where $ ( t ) is the 
inverse Laplace transform of Y(s).

W(S)

Figure 22. System model with initial conditions.

Assume G (s ) is of the form

G(S) = C-s dI-I ■ I iS (3.11)

where Z) ’ e 91 is a known pure system time delay, Ri ^ C  is the 
transfer-function residue associated with the ith eigenva­
lue X1, and the X,'s are assumed to be distinct.

The input is restricted to a series of time delayed 
signals all with the same eigenvalue. The Laplace trans­
form of the input signal is

U (s )  = i ci

- S D :
- e ; + i

 ̂“ X*, + , (3.12)
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where A,n +1 i — 1,2, ...,zif and Z)o = 0 without loss of general­
ity. A typical plot of «(/) for the case that Xn + I=0 and 
<7=3 is given in Figure 23. The system initial-condition 
model is

W ( S ) = I - ^ r -  (3.13)
i ■  I .S' —  Atj

where A1 e C  is the initial-condition residue associated 
with /th eigenvalue.

u(t) for the case when X,Figure 23. 0 and <7=3.

22
The transform Y(s) of the system model output in Figure 

is

?(s) = CZ(S)G(J)+ W(s) (3.14)
or from (3.11), (3.12), and (3.13),

i (s -  X1) (s -  Xn +,)

M + l
+ I -

i — 1 S
(3.15)

Using partial fraction expansion, (3.15) is
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where

and

+'£ A-I = I iS — ?i;

Q1'
Ri

Xi — X ; / = 1,2, ...,w71 +1

(3.16)

(3.17a)

Q„+1 = - X  Q1
i = I

Equation (3.16) can also be written as

(3.17b)

Y(s)= E Cj ;=0 1=1 (.S' — X) i=l (iS — X)
+ E1-A-/ = IkS" — A; (3.18)

The inverse Laplace transform of (3.18) is

m  = I c i e,(/-<,"Z’r C 'W< - D 1 - D  • ) - e V - D' " - D’,V. ( t - D h i - D ' ) )

+ T V/=1 (3.19)

where fi(’) denotes the unit step function. Equation (3.19) 

can also be written as
" I t f  -XiD/(f) = E A; +<2 f̂ oCĵe ‘ 1̂ t ~ D  ^~e ' + ~X)j + \~X> ’)) eV (3.20)

Two cases are of interest when obtaining a system 
model. With the first case, it is assumed that A1 = O,
/ = 1,2,...,« + 1. For the second case, Ai is not necessarily 
zero. When A1=O 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 different 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 I: Zero Initial Conditions

With A,- = 0 and t >Z>9 + 1 + D ’, output (3.20) can be written

M + l
f i t )  = X1 = 1

- X jD

/=0
(3.21)

Let x = t —Dq+l—D \  and define 

which can also be written as
71 + 1v(t)= Z B,eX'\ t>01=1

(3.22)

(323)

where

B1 = Qi £ c L Xi(P̂ '~Di)- e Xi{D̂ ~ Di+i)) ; z = 1,2,...,« +1
i = o  ^  y

(3.24)

which is solved for Qi :

Qi
B:

. C^'+'-C,+ £(C;-Cy_,)g^"-^; = 1
; z = l,2,...,«+l (3.25)

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

Bi&i - +1)

;' = i

; z = 1,2,...,« (3.26)
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The Bi and Xi terms in (3.26) are obtained by perform­

ing a Prony analysis on (3.23) . The Cjr Dj and X„+1 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: I)
applying an input of the form of (3.12) to the system; 2) 
forming a delayed version of the corresponding output 
(V(1T)) ; 3) performing a Prony analysis on V(1T) 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 ’ +Dm<t < D ’ +Dm + lr (3.20) may be written as

n + i
y(t)= E 1 = 1

V (3.27)

Similar to case I, we define X = I-Dm-D'' and

Vm(T) ̂ ( T + D ’+DJ
n + l X,.TZ ', 0<x<Dm+1-D„
i S= I

(3.28)

(3.29)

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

(3.30)
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for i = 1 , 2 , + 1. Note that one application of Prony analy^ 

sis can be used to obtain the B?r s r but that the unknowns 
in (3.30) are then A; and Qi . In order to solve for these 
unknowns, a second Prony analysis is conducted over a later 
time interval, say from t = D ’ +Dp to t = D ’ +Dp + lr in the same 
manner as before, to obtain a second set of Bir S, in this 
case,

Equations (3.30) and (3.31) are solved by multiplying
X.(D -D )(3.30) by e ' p m, subtracting it from (3.31), and soli 

for Qi :

where it is assumed that p > m . With Qi available from
(3.32), the transfer-function residue Ri follows from 
(3.17a) as

(3.31)

(3.32)

(3.33)

and Ai follows from (3.30) as

] (3.34)
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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 <q+l. This is not a necessary requirement. It can eas­
ily be shown that if p=q + l with c? + 1 = 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: I) 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 on both delayed 
signals and the system eigenvalues and output residues are 
obtained; 4) (3.33) and (3.34) are solved for the transfer-
function and initial-condition residues. In 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

--------------------------------------------  ' ------------------------1--------i--- >----L_ - N l r r i t I __________________ I I 'i I

/
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model for a system including the order of the model (n).
Up to this point r 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 (W11) for the system order 

n r where w„ > w .

2. Perform a Prony based analysis on the data using w„

as the order of the model in (3.11). This results 
in W11 residue/eigenvalue terms (i.e. (RhXi) ,  

i = 1,2, . . . , W 11) which are candidates for the system 
model components.

3. Use a search technique based on that of Hocking 
and Leslie [51] to obtain the smallest subset of 
the W11 residue/eigenvalue terms that accurately fit 
the data. This subset is the system model, and 
the order of the subset is the estimated w .

Deciding on an upper bound W11 is not done arbitrarily.

It is recommended in [50] that when singular-value decompo­
sition is used to solve the over-determined systems, W11
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should be between ///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(t) to the nu transfer functions

e-sD R1
S — X;’

resulting in nu outputs (i.e.

z = 1,2, (3.35)

nu f ' s ) .  The one (R^Xi) pair
from (3.35) resulting in the ^ that minimizes the error

E- — 20 Iog10

N-I  1 1/2

Ziyk-Skf
k = 0_ _

it = 0
(3.36)

is termed (RjifXji) and the corresponding error E1.

After (RjfXj ) and E1 have been determined, u(t) is applied

to the nu — I transfer functions
R ;

—sD’ VA ^ Ri
S —  Xj S — X; ; i = 1,2, ...,nu; i ^ j 1 (3.37)

resulting in nu — l y's. The one (RifXi) from (3.37) result­

ing in the $ that minimizes (3.36) is termed (Rj2fXj2) and the 
corresponding error E2.

Now the nu—2 transfer functions

-sD'
- +  - ^  . + „ R‘

S —  Xji S —  Xj2 s —  X; ; / = 1,2, / ̂ j 1, i ^ j 2 (3.38)
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are tested to determine the one (RhXi) that results in
(3.36) being minimized. This pair is termed (Rj3fXj3) and the 
corresponding error is E3. The process is continued until 
the n„ residue/eigenvalue pairs have been reordered as 
(Rjr’\) ' r = 1,2, .

The model order n is determined by studying the errors 
Ef., r = l ,2,. . . ,nu. With the addition of each (Rj f X j ) r Er 

decreases from Er_l . The model order n is taken to be the 
point where Er no longer significantly decreases (i.e., n 

equals the r where Er stops decreasing). The system model 
is then

-sD'

=IS — X%
(3.39)

Determining the point where Er stops decreasing is in many

cases obvious (as will be shown in an example later in this 
chapter). But this may not always be the situation. In 
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.
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It is important that Xn + 1 i = l,2,...,n. In some cases

these criteria may be difficult to satisfy since the system 
eigenvalues are unknown. Filtering the system output can 
be used to remove.any possible Xn+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 
X,+i = 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 the amplitude 
of the input signal. The amplitude must be large enough to 
excite the system but small enough so as not to force the 
system too far away from its equilibrium. Choosing 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
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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-order 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 numerically robust method for solving an 
over-determined system. Let A e Slmm denote an arbitrary 
matrix; it is known that A can be written as

A = U [diag (W1)Wt (3.40)

where U e and V e tSinxn are unitary matrices; i . e.,
UtU = VtV = I". Wi G cSir i = l,2,’--,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 Il Ax-6 [I (3.41a)

x* = V[diag(llwl) \U Tb (3.416)

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 !/ViA = O for the small w.' s in (3.41b). This, in 
effect, ignores any information associated with that singu­
lar value.

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 
diagonalization 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-y : + 2+y
s +0.05 — y 1.5 s + 0.05 +y 1.5 s +2 (3.42a)

with initial conditions
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y.w- .+ " 2 U " - _ +- 1 (3.426)i? +0.05 —/1.5 .s'+ 0.05 + j 1.5 j+2 
The input 0.5(g(f)-|l(f - l))+0.25(|l(f 6) -|Ll(f -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-/0.9995 [ 2.000+/0.9995 | 2.999
s +0.05000- /1.500 s+0.05000+/1.500 J+2.000 

and the initial-condition model is
, 0.2998-/0.1999 0.2998+/0.1999 0.9998

Vr (S ')  = ------ „ _____------------- ____________ _______ H-------------------

(3.43ft)

s + 0.05000-/1.500 s +  0.05000+/1.500 s +  2.000 
As can be seen the model (G (s),W X,y)) is very close to the 
actual system (Ga(S), W a(S))..

(3.436)
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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 possible. 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 using 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 
adaptive 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



100

is contained in [54]. A one line diagram of the test 
system is shown in Figure 26. The operating condition for 
this system is denoted as operating point A. The system 
consists of nine main areas; the names of these areas are: 
A, Cf Mf NWlf NW2, Pf SClf SC2 f U . Each area consists of a 
load and a number of machines connected to a main bus. All 
the transmission lines connecting areas are 500 kV lines 
except those between areas C-Mf M-Uf A-Uf and U-NW2 which 
are 230 kV lines (Note: "C-M" denotes the transmission
line between areas C and M). All short lines within the 
areas are at 20 kV as are the generators. Table I shows 
the generation and load in each area.

12 MW

W 3 4 5  MW
1 2 2  MW

7  MW
2 7 6 7  MW

3 8 9  MW
2 7 8 8  MW3 2 8 8  MW

N W l N W 2

H V D C

2 7 0 0  MW

1 8 4 5  MW

3 2 4 4  MW

9 8 5 5  MW

S C 2

Test system (operating point A).Figure 26.
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Area ■ Generation 
(MW)

Load
(MW)

A 19,000 15,600C 11,900 11,750
M 1,250 900

NWl 9,169 11/100
NW2 : 17,700 9, 000
P 11,300 12,600
SCI 14,200 9, 800
SC2 : 0 11,700
U 3,200 3, 800

Table I. Generation and load of each area (operating point 
A) .

Two types of generators are modeled in the system. 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 machines in 
Figure 26, and they are connected to the main bus in each 
area by a transformer. The other type of generator is a 
smaller more-realistic one. Generators of this 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 smaller 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 fourth and fifth order. 
Table 2 shows the generation of each machine in the system.
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Table 2.

Generator Generation
(MW)

I 12f500
2 4r 500
3 2f 000
4 If 600
5 IOf300
6 If 250
7 6f 700
8 If 200
9 2f 500
10 14f 000
11 700
12 IOf 600
13 2,469
14 12,500
15 I, 000
16 700
17 3,200

Output of each generator (operating point A).

The system in Figure 26 also contains a 500 kV HVDC 
transmission line between areas NW2 and SCI. 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 SCI.

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 Af Pf and SCI 
swinging against the remaining machines. A lightly-damped 
mode near 0.65 Hz has generators in area C swinging against 
the rest of the system, especially area A. The third 
interarea mode is at 0.72 Hz and has generators in areas Cf 
Pf and SCI swinging together against the other areas. The
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remaining two interarea modes are at 0.80 and 0.90 Hz. 
Machines in areas Af NWl, and NW2 swing together at the 
0.80 Hz mode, and generators in area SCI 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 I 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 called 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 condition A to B, the power outputs of gen­
erators 4 and 10 are decreased by 20% and 3%, respectively, 
and the generation of machines I, 2, 3, 12, 14, 15, and 16 
are increased by 10%, 10%, 20%, 13%, 27%, 50%, and 42%, 
respectively. The loads at areas A, C, M, SCI, 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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15 to the system are increased by 100%f 43%, 50%, and 50%. 
Also, the impedances of the lines between areas C-NWl and 
P-NWl are doubled.

V  2 5 0  MW
9 2 5  MW

5 0 0  MW
1 7 3 9  MW

3 6 4  MW
1 7 7 2  MW

6 5 0  MW N W l N W 2

H V D C  

1 5 0 0  MW

7 5 6  MW

' 4 0 8 0  MW

1 2 5 0 0  MW

S C 2

Test system (operating point B).

Both operating points of the test system are simulated 
using version I of the Extended Transient Midterm Stability 
Package (ETMSP). This standard simulation package was 
developed through the Electric Power Research Institute. 
Load-flow and the swing data files used to simulate the 
system using ETMSP are contained in Appendix C . These 
files contain all information about the test system, and 
the data files follow the format described in [57].



105
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. Typically, the PSS feedback signal is added to 
the generator's terminal reference voltage.
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Figure 28 shows how a general PSS unit is applied to a 
generator. A PSS feedback signal is measured from the sys­
tem. The signal is then band-pass filtered to remove any 
very low or high frequency components; the filter is termed 
a low-pass washout filter. The signal is filtered because 
the objective of the PSS unit is to dampen electromechani­
cal oscillations which are in the 0.2 to 3.0 Hz range. It 
is desired that the controller have little effect on 
frequencies outside this range. The control action from 
the PSS unit is limited between ±0.1 per unit before it is 
added to the terminal reference voltage.

vref
per unit

terminal voltage

PSS feedback

PSSUnLt

FilterController

Exciter Generator

Figure 28. Implementation of a general PSS unit.

Limiting the PSS control signal to ±0.1 per unit pre­
vents the stabilizer from interfering with the exciter dur­
ing fast transients. When a fault occurs in the network
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near a machiner 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 electromechanical oscillations; there­
fore, the PSS signal is limited so that it does not 
interfere with the exciter operation during fast 
transients. The. filter also helps prevent the PSS from 
interacting with the fast transients. Limiting the PSS 
signal also helps prevent the stabilizer 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 /
system eigenvalues cannot be moved [59]. The eigenvalues 
that cannot be moved 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 as 
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 accelerating 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 accelerating 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 feedback 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 not directly 
measurable in ETMSP. Therefore, it is obtained by inte­
grating accelerating power (accelerating power is directly 
measurable in ETMSP).
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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 placed on the machine associated with that 
local mode. To dampen interarea modes, a machine that 
strongly participates in that mode should be equipped with 
a PSS. The amount a generator participates in a given 
.interarea mode is proportional to the magnitude of the 
transfer-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 equipped 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 large 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 
frequencies 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:

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

(4.1)
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Figure 29. An adaptive PSS used in the test system.

must not be so fast as to cause numerical errors in the 
discrete-time controller. As the sampling rate increases, 
the discrete-time eigenvalues move closer together which is 
known to cause sensitivities in the discrete-time differ­
ence equations. With the simulation results in Chapter 5 
sampling rates of 10 Hz and 16.67 Hz are used.

The choice of the high-end corner of the low-pass wash­
out filter (i. e . , /2 in (4.1) ) is also important. In many 
cases f 2 would have to be chosen to help prevent aliasing, 
but with the feedback configuration in Figure 29 aliasing 
is not a likely problem. This is because of the integrator 
block before the filter. The integrator acts as a low-pass 
filter. For the simulation cases in Chapter 5 where the 
sample rate is 10 Hz, the high-end corner is chosen to be 
20 Hz (i . e ., /2 = 20(2tc) rad/sec.).
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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 f2 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., Z2 = S(In) 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 I of Chapter 
2 demonstrated that communication can mean the difference 
between stability and instability when the interconnections 
between subsystems are strong. Butf 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 input 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:

kW (4.2)

where Rn is the magnitude of the largest transfer-function

residue at generator i, Rij is the magnitude of the largest 
residue from generator i to generator j, and Rjj and Rji 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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Output
at

Residue Magnitudes 
for given modes

Interarea
0.37 0.65 0.71 0.80 0.90 
Hz Hz Hz Hz Hz

Gen 3's 
local 
1.62 
Hz

Gen 2's 
local 
1.68 
Hz

Gen 2 
Gen 3 5.6 0.94 0.63 0.25 1.1 3.6 43.0

2.0 0.44 0.20 0.20 0.50 9.1 0.0
Table 3. Residue magnitudes with input at generator 2.

Output Residue Magnitudes 
for given modes

at Interarea Gen 3's 
local

Gen 2's 
local0.37 0.65 0.71 0.80 0.90 1.62 1.67Hz Hz Hz Hz Hz Hz Hz

Gen 2 1.8 0.33 0.20 0.30 0.41 8.3 0.0Gen 3 0.90 0.14 0.11 0.0 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 only needed 
between generators 2 and 3. The others 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 is 
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-error. The 
integration is done using a large time-constant transfer 
function to avoid integration windup. The speed-error 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 frequency 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

FILTER * )r A  i
v +/i/V +Ay

(A 3a)

where

/i > 0.2k  , /2 <407t (43b)

Conditions (4.3b) assures the feedback is limited to an 
allowable maximum bandwidth, but at the same time, (4.3b)
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allows the designer to choose the filter coefficients to 
help enhance system damping. The feedback gain and lead- 
lag coefficients (i.e., the K r a’s and b's in Figure 30) are 
chosen to enhance damping of electromechanical modes.

terminal voltage

speed-erroracc.
per unit power

Exciter Generator
s + 0.0628

(s+a1 )(s+a2)

Figure 30. A conventional PSS used in the test system.

The design of a stabilizer at a given generator 
involves three steps. First, a reduced-order model of the 
system is identified at the generator using the Prony iden­
tification method. The model is obtained by probing the 
exciter where the PSS is to be connected and recording the 
signal that is proportional to the generator's rotor speed- 
error as the output. Second, a root-locus design method 
based on the identified model is used to choose the PSS 
coefficients and gain. The coefficients are chosen to make 
the loci move to the left as they depart their open-loop 
poles (departure angles of 180°). The gain is increased
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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 technique is used to imple­
ment more than one PSS unit. With this technique the PSS 
units are designed and applied to their generators one 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 identified 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 so as not to force the 
system to significantly swing into nonlinear regions. The 
frequency content of the probing 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
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limiting the amplitude of the signal to 0.01 per unit, it 
is expected the system will stay in a linear region about 
its operating point. This probing signal will excite sys­
tem modes in the 0.25 to 3.0 Hz range. This is the range 
of interest because electromechanical modes fall in this 
range.

Time (seconds)

Frequency (Hz)

Figure 31. Probing signal and the magnitude of its Fourier 
transform.

The probing signal's frequency content shown in Figure 
31 was obtained by performing a discrete Fourier transform 
(DFT) on the signal. 2500 samples are used with a sample 
rate of 0.02 seconds.

The reduced-order model from a Prony identification fit 
of the system at generator 4 is
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_ -6.4+79.9 -l.O+y'O.61 -0.61 ±yO.43 19.0
4 -?+0.062+y8.0 j + 0.080 ± y4.1 + J + 0.073 + j4 .5+ s+6.0 ^

where the + and + terms denote appropriate complex conju­

gate pairs. This seventh-order model results in a very 
accurate fit to the system. The first eigenvalue pair is 
associated with generator 4's local mode. The second pair 
is associated with the 0.65 Hz interarea mode, and the 
third pair is associated with the 0.72 Hz mode. The last 
eigenvalue on the real axis is more than likely associated 
with the effects of generator 4's exciter.

The PSS unit parameters are chosen using a root-locus 
technique. The transfer function (4.4) is rewritten in the 
form of zeros over poles. It is used in place of the 
forward transfer function from the output of the PSS to the 
speed-error signal in Figure 30. Various controller coef­
ficients are tried in the feedback part of Figure 30, and 
the loci as K  varies are investigated. The root-locus is 
investigated while ignoring, the saturation block. Obtain­
ing coefficients that result in improved damping is some­
what of a trial-and-error process that requires a detailed 
understanding of root-locus design techniques. The 
resulting PSS unit parameters for generator 4 are: Z1 = 3,

125, — 25, @2 — 0, by = Sf 2̂ — 0, and K = 0.4. Figure 32 shows
the loci of the electromechanical poles for. K  ranging from 
0 to 0.4. Note that the PSS parameters force all of the 
electromechanical loci to move left resulting in better
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damping for these modes. Generator 4's local mode moves 
the most, but the real part of the other electromechanical 
poles also significantly decrease.

I

I

Figure 32.

Because a power system is a time-varying nonlinear sys­
tem, it is desired that the PSS unit have some kind of 
measurable robustness properties. The classical way of 
measuring robustness is to force the closed-loop system to 
have reasonable gain and phase margins. These margins are 
measured by studying the frequency response of the closed- 
loop system. The gain margin of the model (4.4) with the 
feedback function described above is infinite, and the 
minimum absolute phase margin is 82°. This means that, in 
the linearized case, the feedback gain can be increased 
without bound, and the closed-loop system will remain sta­

IOr

9
8

7 - 

6 
5 - 
4-

3 -

root locus

local mode

0.72 Hz mode

0.65i Hz mode

-1.5 -I -0.5 
real axis

Root-locus plot for generator 4.
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ble. Also, the phase of the feedback can vary up to 82° 
with stability being guaranteed. It should be emphasized, 
that these margins are for the linearized reduced-order 
system model at generator 4. More than likely, these mar­
gins would not apply to the actual nonlinear system; but, 
they do indicate the designed PSS unit does have a certain 
amount of robustness.

The system model at generator 2 is obtained after the 
PSS at generator 4 has been applied. The identified 
reduced-order model at generator 2 is

-21.0 ±/37.2 [ 1.2 3.4 -0.85 ±/0.70 -5.2±;2.1
A ̂  J +0.37+/10.5 s+0.21+/10.15 s-0.0038+ /5.6+0.38+/2.3

| -0.92+/0.20 -0.31+/0.55 4.8 47.0
s+0.19+/4.1 +s +0.16+/4.5+ s -0.035+s +9.7 (4'5)

The first pair of eigenvalues are associated with the local 
mode of generator 2; the second pair are associated with 
generator 3's local mode. The remaining four complex con­
jugate pairs of eigenvalues are associated with the 0.90, 
0.37, 0.65, and 0.72 Hz interarea modes, respectively.
Note the damping coefficients associated with the 0.65 and 
0.72 Hz eigenvalues are more than double those of the cor­
responding modes identified at generator 4 in equation
(4.4). This is due to the PSS unit applied at generator 4. 
Also note that the eigenvalues associated with 0.90 Hz mode 
are unstable. The eigenvalue at -9.7 is more than likely 
associated with the exciter. It is difficult to say what 
the unstable eigenvalue at 0.035 represents.



122

The stabilizer parameters for generator 2 are: /, = 2,

A = 125, Cil — 45r Ci2rzOr = 4r b2 = 0r and jRT = 0.4. Figure 33 shows 
the upper half of the root-locus plot with K  ranging from 
0 to 0.4 for generator 2. The damping on generator 2's 
local mode eigenvalue significantly increases. As the 
feedback gain is increased, an eigenvalue pair break away 
from the real axis at approximately -22 and move slightly 
towards the /CO axis. This pole pair is often called the 
exciter mode. Good damping is maintained on the exciter 
mode as long as the feedback gain is not significantly 
increased. An exciter mode did not enter into the design 
of the PSS unit at generator 4.

Figure 34 contains that portion of generator 2's root 
locus that shows the interarea-mode eigenvalues in the 
upper-half of the plot. Damping is added to all four 
interarea modes especially the 0.37 Hz mode, and the 0.90 
Hz mode is stabilized by the PSS unit. The gain and phase 
margins for generator 2 are «*> and 78°, respectively.

Similar designs are carried out at generators 15 and 3. 
The resulting PSS unit parameters at generator 15 are:
/i = I, A=  125, Cz1 = 45, tir2 = 6, Zz1 = 4, 2̂= 10, and K  = 0.36. The 
parameters at generator 3 are: Z1 = 0.75, Zi= 125, CZ1 = 50, cz2 = 0,
bi = 4, b2 = 0, and K  = 0.4.
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root locus

local modeexciter mode

real axis
Figure 33. Root-locus plot for generator 2.
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Figure 34. Root-locus plot for generator 2 (interarea 
modes).
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Embedding Controllers in the Simulation Program

Both the adaptive and the conventional PSS units must 
be imbedded into the ETMSP program in order to conduct sim­
ulations . ETMSP provides no standard method of including 
these controllers in a simulated power system. Therefore, 
the controllers are embedded using a FORTRAN 77 subroutine. 
The subroutine is called by ETMSP every integration step of 
the simulation. A numerical integration routine is used to 
implement the PSS units and filters.

Appendix D contains listings and descriptions of two 
subroutines and one function. The first subroutine imple­
ments the adaptive PSS units. It calls the adaptive con­
troller subroutines in Appendix A. The second subroutine 
implements the conventional PSS units developed in this 
chapter. The FORTRAN function contains a numerical inte­
gration routine and is called by the two subroutines.
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CHAPTER 5 

SIMULATION RESULTS

Various computer simulation results for the test system 
introduced in Chapter 4 and shown in Figures 26 and 27 are 
presented in this chapter. The controllers designed in 
Chapter 4 are applied to generators 2, 3, 4, and 15 in 
various configurations in order to demonstrate the proper­
ties of the control strategies. Many different system dis­
turbances are simulated, and the effects of the controllers 
are investigated.

Six sets of simulations are presented (termed Simu­
lations I through 6). With each simulation set a distur­
bance is placed into the system, and the operating point of 
the system is either A or B as described in Chapter 4. 
Various controller configurations are used in each simu­
lation set. The controller effects on generators 2 and 3's 
local modes are investigated in Simulations I and 2. 
Simulations 3, 4, and 6 examine the effects of the control­
lers on interarea modes, and in Simulations 5 the control­
ler effect on generator 4's local mode is investigated.

Each simulation is run 10 seconds before a disturbance 
is placed on the system. The initial 10 seconds are used 
to initialize the adaptive controllers. For the first 7
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secondsA a randomly-switched probing signal of amplitude 
±0.004 per unit is added to the controlled input with the 
control loop opened. After 7 seconds the loop is closed 
and the probing signal is reduced to ±0.001 per unit. As 
discussed in Chapter 2, the probing signal is used to pro­
vided numerical stability to the adaptive controller iden­
tifier. Because the probing signal is relatively very 
smallr it causes no significant swings in the system.

Simulations I

For this set of simulations the system response to a 
disturbance near generators 2 and 3 is studied for system 
operating point A. The disturbance consists of the follow­
ing: first the line connecting generator 2 to the system
is opened for 0.1 seconds and then reconnected; 0.2 seconds 
later the line connecting generator 3 is opened for 0.I 
seconds and then reconnected. This disturbance causes gen­
erators 2 and 3 to significantly swing at their local 
modes; their accelerating power signals show significant 
swings.

Figures 35 and 36 show the accelerating power (denoted 
as Pacc) for generators 2 and 3 for two PSS control cases.
In the first case adaptive PSS units are applied to the 
system, and communication is used between the controllers 
at generators 2 and 3. This case is denoted by a solid 
line. With the second case adaptive controllers are also
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C o n tro l sam p le  ra te  =  0 . 1 sec.

A d ap tiv e  (w ith  c o m m u n ica tio n )
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Figure 35. Paco at generator 2 with adaptive control for 
Simulations I.
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A d a p tiv e  (w ith  n o  co m m u n ica tio n )

11 W l  A  a

-1000

-2000
N o  con tro lle rs

-3 0 0 0

T im e  (seco n d s)

Figure 36. Paco at generator 3 with adaptive control for
Simulations I .
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used but with no communication between generators. A 
dashed line is used to denote this case. The no-controller 
case is shown with a dotted line. Note that better damping 
results at both generators when communication is used 
between generators 2 and 3. As the residue analysis in 
Chapter 4 indicates, the improved damping is expected with 
communication.

The adaptive controller settings at generators 2 and 3 
for Figures 35 and 36 are COl7=S, COl2=IO, and 'y— 0.99; the 
weights at generators 4 and 15 are COl7=S, COl2=I6, and 
Y,=0.99. The sample period for the adaptive controllers is 
0.1 seconds, and the high-end corner of each low-pass wash­
out filter is at 20 Hz. Second-order models are used for 
each adaptive controller. The selection process for these 
parameters is discussed in Chapter 4.

The feedback signal for the controllers in this chapter 
is the integral of a generator's accelerating power. This 
signal is proportional to the generator's speed error. It 
is discussed in Chapter 4 that if a speed signal is 
directly measured (as opposed to integrating accelerating 
power), then aliasing can occur. To help avoid aliasing in 
this case, one can sample at a faster rate and lower the 
high-end corner of the low-pass washout filters for the 
adaptive controllers. This is done for the results shown 
in Figures 37 and 38.
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C o n tro lle r  sam p le  p e rio d  =  0 .0 6  sec.
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Figure 37. Paco at generator 2 with adaptive control for 
Simulations I (second controller settings).
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Figure 38. Pacc at generator 3 with adaptive control for
Simulations I (second controller settings).



130
Figures 37 and 38 show the system response for differ­

ent adaptive controller settings. Specifically, the sample 
period is decreased to 0.06 seconds, and the high-end 
corner of each low-pass washout filter is decreased to 8 
Hz. The controller Weights at generators 2 and 3 are 
®,7=10, (0,2=30, and J1=O .99; the weights at generators 4 and 
15 are (0,7=16, (Oy2=50, and Y=O. 99. All adaptive controllers 
use second-order identifiers. Note that the difference 
between communicating controlled inputs and not communicat­
ing is not as significant with these settings.

Figures 39 and 40 show generators 2 and 3's accelerat­
ing power for the conventional PSS units designed in Chap­
ter 4. Excellent system damping is obtained with these 
conventional controllers. This is not so surprising as the 
conventional PSS units were designed for operating A.

Figures 41 and 42 show the controlled inputs for the 
controller results shown in Figures 35, 36, 39, and 40.
All controllers cause their respective input to saturate 
during the initial swings. This is because the disturbance 
is a severe fault on both generators 2 and 3.

In Chapter 4 it was mentioned that second-order identi­
fiers are used for the adaptive controllers. Second-order 
identifiers are used as extensive simulation showed that 
this order of identifier consistently resulted in good sys­
tem damping. Figure 43 compares the difference between
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Conventional control

No controllers

I! H  I
-1000

-2000

-3 0 0 0

-4 0 0 0

-5 0 0 0

Figure 39. Paoc at generator 2 with conventional control 
for Simulations I.

Conventional control

-1000

-2000

-3 0 0 0

Time (seconds)

Figure 40. Paoo at generator 3 with conventional control
for Simulations I.
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Adaptive (with communication) 

Adaptive (with no communication)

Conventional

Time (seconds)

Figure 41. Generators 2's controlled input for control 
cases in Simulations I.

Adaptive (with communication) 

Adaptive (with no communication)

Conventional

Time (seconds)

Figure 42. Generators 3's controlled input for control 
cases in Simulations I.
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using second-order and third-order identifiers. The 
remaining controller settings are the second settings used 
for Figures 37 and 38. Note that the second-order identi­
fier provides much better system damping. This is consis­
tently seen throughout the system.

2nd order identifier

3rd order identifier

-1000
-2000

-3000

-4000

-5000

Time (seconds)

Figure 43. Paoa at generator 2 for adaptive controllers in 
Simulations I.

Simulations 2

In this set of simulations the same system disturbance 
is used as in Simulations I, but these simulations are con­
ducted at system operating point B . Investigating the con­
troller performances at a different operating point helps
demonstrate the controller's robustness.
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Figures 44 and 45 shows generators 2 and 3's accelerat­

ing power for a case where adaptive controllers are used. 
The controllers have the same settings as the first 
adaptive Controllers used in Simulations I. The controller 
weights at generators 2 and 3 are to)7=5, co;2=l0, and y;=0.99; 
the weights at generators 4 and 15 are COl7=S, COl2=IG, and 
Y;=0.99. The sample period for the adaptive controllers is 
0.1 seconds, and the high-end corner of the low-pass wash­
out filters is at 20 Hz. Second-order models are used for 
each adaptive controller.

Note that the advantage of communication is very rele­
vant in Figure 45. This is similar to the results obtained 
at operating point A.

The second adaptive controllers settings are used to 
obtain the results in Figures 46 and 47. The controllers 
have the same settings as the second adaptive controllers 
used in Simulations I. The sample period is decreased to 
0.06 seconds, and the high-end corner of the low-pass wash­
out filters is at 8 Hz. The controller weights at genera­
tors 2 and 3 are COl7=IO , col2=30, and y— 0.99/ the weights at 
generators 4 and 15 are COl7= I 6, COl2=SO, and y=0.99.
Second-order models are used for each adaptive controller.

Note that when communication is used between adaptive 
controllers for the second controller settings in Figures 
46 and 47, the system damping becomes much worse than with­
out communication. This is in contrast to the simulation
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Figure 44. Paco at generator 2 with adaptive control for 
Simulations 2.
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Figure 45. Paco at generator 3 with adaptive control for
Simulations 2.
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Controller sample period = 0.06 sec.
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Figure 46. Paco at generator 2 with adaptive control for 
Simulations 2 (second controller settings).
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Figure 47. Pacc at generator 3 with adaptive control for
Simulations 2 (second controller settings).
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results with the first controller settings. It is also in 
contrast with the theoretical results developed in Chapter 
2 for the control strategy. This unexpected degraded per­
formance occasionly occurs with other simulations.

The conventional controller results shown in Figures 48 
and 49 are somewhat surprising because the conventional 
controllers are designed for operating point A. Appar­
ently, the conventional controllers have enough robustness 
to perform well at operating point B as well. The damping 
provided by the conventional controllers in Figures 48 and 
49 is better than that of the best adaptive results in 
Figures 44 through 47.

Conventional control

-1000
-2000

-3000

No controllers-4000

-5000

Time (seconds)

Figure 48. Paoo at generator 2 with conventional control
for Simulations 2.
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-2000
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Figure 49. Paoo at generator 3 with conventional control 
for Simulations 2.

Simulations 3

The previous two sets of simulations used a disturbance 
that excited generators 2 and 3's local modes. The distur­
bance used in this set of simulations excites the interarea 
modes of the system. Operating point A is used for 
Simulations 3. The disturbance consists of a fault at the 
500 kV bus in area C for 0.05 seconds before being cleared, 
then the line connecting areas NWl and P is opened for 0.I 
seconds (see Figure 26 for the location of these areas). 
This disturbance significantly excites all interarea modes 
except the 0.90 Hz mode. Figure 50 shows the frequency 
error (denoted as ferr) at the 500 kV bus in area P for the
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case where no controllers are applied to the system. Sigr- 
nificant swings occur at this bus because it is relatively 
close to the fault area. Almost all of the generators in 
the system participate in these interarea swings.

Figure 51 shows the system response to the same distur­
bance except with adaptive controllers applied to the four 
generators. The adaptive controllers used in this 
simulation have the same settings as first adaptive con­
trollers used with Simulations I. The settings are: sam­
ple period of 0.1 seconds; 20 Hz high-end on the low-pass 
washout filter; second-order identifiers; controller 
weights of COl7=Sr COl2=IOr and %=0.99 at generators 2 and 3; 
and weights of COl7=Sr COl2=IGr and Ti=O. 99 at generators 4 and 
15.

Three cases are shown in Figure 51. In the first case, 
no communication is used between Controllers. Communica­
tion is used between generators 2 and 3 in the second case. 
With the last case, communication is used between all 
adaptive controllers (denoted as "full communication"). 
There is little difference between the no communication and 
the communication between generators 2 and 3 results. When 
the controlled inputs are communicated between all control­
lers, system damping decreases. With all these cases, sys­
tem damping is increased significantly over the no-control 
case shown in Figure 50.
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No controllers

Time (seconds)

Figure 50. farr at area P with no controllers in Simu­
lations 3.

Controller sample period = 0.1 sec.

No communication 
Conmiunication between 2 and 3 
Full communication

Time (seconds)

Figure 51. f.rr at area P for adaptive control cases in 
Simulation 3.
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Figure 52 shows the system response with different 

adaptive controller settings. With these settings the con­
troller sample period is decreased to 0.06 seconds. The 
remaining settings are: 8 Hz high-end on the low-pass
washout filter; second-order identifiers; controller 
weights of (Oy=IOf (Ol2=SOf and y=0.99 at generators 2 and 
3; and weights of (Oy=I6f (0,-2=50f and %=0.99 at generators 4 
and 15. These are the same settings used for the second 
adaptive controller in Simulations I.

The results in Figure 52 are similar to those in Figure 
51f except the full communication case here has improved 
damping. All three cases in Figure 52 give similar 
results, and all add significant damping to the interarea 
modes. This is the result expected from the theoretical 
development because no one generator with a controller has 
a relatively large transfer-function residue for the inter­
area modes. That isf no one generator dominates the energy 
contributed to a given interarea mode.

Conventional controller results are shown in Figure 53. 
Note that the damping provided by the conventional control­
ler is no better than that provided by the adaptive con­
trollers in Figures 51 and 52.

Figures 54 and 55 show the controlled inputs at genera­
tors 2 and 4 for two cases. One case is adaptive control­
lers with communication between generators 2 and 3 and with 
a sample rate of 0.1 seconds; the other is the inputs for
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Controller sample period = 0.06 sec.

No communication 
Communication between 2 and 3 
Full communication

Time (seconds)

Figure 52. ferr at area P for adaptive control cases in 
Simulation 3 (second controller settings).

Conventional control

Time (seconds)

Figure 53. ferr at area P for the conventional control 
in Simulations 3. case
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Conventional control

Adaptive control

-0.05

Time (seconds)

Figure 54. Generator 2's controlled input for Simulations

Conventional control

Adaptive control

Time (seconds)
Figure 55. Generator 3's controlled input for Simulations
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the conventional control case. The area P frequency error 
for the adaptive case is shown in Figure 51, while the 
frequency error for the conventional case is in Figure 53. 
Note that the controlled input is much "smoother" in the 
conventional case; This often occurs because the adaptive 
controller input often "hunts" for the proper value.

Simulations 4

This set of simulations helps demonstrate the robust­
ness of the control schemes for the interarea modes. A 
disturbance is placed into the system which initially is at 
operating point B . The disturbance consists of disconnect­
ing the 500 kV transmission line between areas NWl and P . 
This transient disturbance causes the system to ring at its 
interarea modes and causes the steady-state frequency of 
the system to decrease by 0.035 Hz. The decrease occurs 
because the power flow must take a higher impedance path to 
the lower half of the system.

Figure 56 shows the frequency error at the 500 kV bus 
at area P for three cases. In one case no controllers are 
applied to the system. The conventional controllers are 
used for the second case, and adaptive controllers are used 
for the third. The adaptive controllers have the following, 
settings: communication between generators 2 and 3; a sam­
ple period of 0.1 seconds; 20 Hz high-end on the low-pass 
washout filter; second-order identifiers; controller
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weights of o)i7 =5, coi2= 1 0 , and y.=0.99 at generators 2 and 3; 
and weights of ODl7=S, 0Dl2=16, and y— 0.99 at generators 4 and 
15. Both the adaptive and conventional control schemes 
provide damping to the interarea modes, but the adaptive 
results in better damping.

Adaptive controllers

Conventional controllers

No controllers

Time (seconds)

Figure 56. ferr at area P in Simulations 4.

Simulations 5

With these simulations the effect of the adaptive con­
troller weights are demonstrated. A transient fault is 
created at generator 4 for operating point A. The fault 
consists of opening the line connecting generator 4 for 0.1 
seconds, and then reconnecting the line with double the
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impedance of the original transmission line. The fault 
excites the local mode of generator 4, which is an undamped 
mode for this case.

Figure 57 shows the accelerating power at generator 4 

for this disturbance. The controlled inputs at generator 4 

are shown in Figure 58. The solid line denotes "weight set 
I," while the dotted line denotes "weight set 2." Weight 
set I has the following settings at generator 4: (Oil=Q and 
tol2= 1 6 . Weight set 2 has the settings: COl7= 4 0  and co,2= 6 4 0 .

The remaining settings are the same as used with the first 
set of adaptive controllers in Simulations I; also, commu­
nication is used between generators 2 and 3.

_ Weight set I 
Weight set 2

-1000

-1500

Time (seconds)
Figure 57. Paoo at generator 4 for Simulations 5.
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Weight set I 
Weight set 2

Time (seconds)

Figure 58. Controlled inputs at generator 4 for Simu­
lations 5.

The damping for weight set I is better than that for 
set 2. This is expected because the weights for set 2 
place more penalty on the controlled input. Note that the 
input for 2 does not have as large of swings as that for I. 
The weights for set 2 are much larger than those of I, but 
the effect on the damping is not as significant. This 
demonstrates that a large range of weights are allowable 
when attempting to obtain a given amount of damping.

Simulations 6

For this last set of simulations a fault is created in 
the lower half of the system at operating point A. The 
disturbance excites the unstable 0.90 Hz interarea mode.
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The fault is created by opening the 500 kV transmission 
line between areas A and SCI for 0.1 seconds, and then 
reconnecting the line.

Figure 59 shows the frequency error at the 500 kV bus 
in area SCI for three cases. In one case no controllers 
are used; note that the oscillations are slightly growing. 
The second case uses the conventional controllers, and the 
third case uses adaptive controllers. The adaptive con­
troller settings are the same as used with the first set of 
adaptive controllers in Simulations I; also, communication 
is used between generators 2 and 3. Note that both the 
adaptive and the conventional controllers stabilize the 
0.90 Hz mode.

Adaptive control

Conventional control

-0 .05

No controllers

Time (seconds)
Figure 59. ferr in area SCI for Simulations 6.
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The previous simulations as well as many other simu­
lations are used to investigate the properties of the PSS 
control schemes proposed in this thesis. Some of the more 
significant properties are discussed in this section.

Results in Simulations I and 2 demonstrate that damping 
can be significantly improved by using communication 
between adaptive controllers. This is the result expected 
from the theoretical development in Chapter 2. The 
improved damping occurs for the modes at which generators 2 
and 3 interact (i.e., 2 and 3's local modes).

Although communication improves the adaptive controller 
performance in many situations, this is not always the 
case. Consider the results shown in Figures 46 and 47. In 
this case communication between adaptive controllers 
degrades the performance of the controllers. This result 
is in contrast to the theoretical development in Chapter 2. 
This degraded performance occasionally occurs for other 
simulations (in roughly I out of 5 cases). It is difficult 
to determine why the controller performance sometimes 
becomes worse, but a possible reason is that the numerical 
process becomes too cumbersome. When communication is 
used, the dimension of the RLS identifier must be increased 
as more parameters are identified. In the power system 
case this additional requirement on the identifier can

Summary of Controller Properfc.!ag



150
cause the controller's performance to degrade. This is 
because a power system is nonlinear and of very large order 
while the identifier creates a low—order linear model.

Results in Simulations 3, 4r and 6 demonstrate that the 
adaptive controllers can significantIy improve damping of 
interarea modes. Communication did not improve the con­
trollers' ability to dampen interarea modes. This is 
expected because the generators do not strongly interact at 
these modes.

The adaptive controllers seem to be robust to changes 
in system operating conditions. This is demonstrated in 
Simulations I through 4 and in many other simulations. 
Robustness is expected from an adaptive control scheme 
because each new operating point, is identified.

Simulations 5 show that the adaptive controller is not 
overly sensitive to the LQ design weights. This is an 
advantage because it allows an engineer to have a large 
range of effective weights to choose from when implementing 
a controller.

The conventional controllers perform very well. They 
are robust in that they perform well at two different sys­
tem operating points. In many cases the conventional con­
trollers provide better damping than the adaptive ones.
Also, the conventional controller's input to the system is 
consistently smoother than in the adaptive case (e.g., see 
Figures 54 and 55).
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

In this chapter a number of conclusions are made con­
cerning the work presented-in this thesis. Also, direc­
tions for future research are discussed. This chapter is 
organized into two sections. In the first section, the 
decentralized adaptive control strategy is discussed. The 
conventional design of power system stabilizer units (PSS 
units) and the Prony system identification method are dis­
cussed in the second section.

The Decentralized Adaptive Control Strategy

The primary objective of this thesis is to present a 
decentralized adaptive control strategy that may be used to 
dampen power system electromechanical oscillations. The 
control strategy is presented in a very general format in 
Chapter 2. It is then applied to the specific power system 
problem in Chapter 4. Simulation results presented in 
Chapter 5 demonstrate that the adaptive control strategy 
can be successfully embedded in PSS units in a multi­
machine system.

A significant contribution of this thesis is the decen­
tralized adaptive control strategy presented in Chapter 2.
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The strategy is designed to be implemented on systems that 
consist of a number of subsystems and control stations. 
Controlled inputs are communicated between control stations 
to improve the stability of the closed-loop system.
Previous to this work, no decentralized adaptive strategy 
has been presented in the literature that uses communicated 
information to improve both the identification of subsystem 
parameters and the estimation of subsystem state variables. 
It is shown in Chapter 2 that the presented strategy can 
significantly improve the stabilizing properties of the 
adaptive controllers for a general multi-input system. 
Because the decentralized adaptive control strategy is 
presented in a general format, it can be used in many 
situations where multiple adaptive controllers are to be 
applied to a multi-input system.

It is shown using Theorem 2.1, Corollary 2.1, and a 
number of examples that the decentralized adaptive control 
strategy only needs to communicate information between con­
trol stations that strongly interact. This characteristic 
is exploited when applying the strategy to a power system. 
Adaptive controllers are applied to four generators as PSS 
units in a 17 generator test system. Communication is used 
between two of the controllers because their respective 
generators strongly interact.

The power system simulations demonstrate that communi­
cating controlled inputs between adaptive controllers can



I

153
improve the damping for modes at which the generators 
strongly interact. Butf in some cases, communication 
degrades the performance of the adaptive controllers. It 
is difficult to determine why the controller performance 
sometimes becomes worse, but one possible reason is that
the numerical process becomes too cumbersome. When commu-

I
nication is used, the dimension of the RLS identifier must 
be increased as more parameters are identified. In the 
power system case this additional requirement on the iden­
tifier can cause the controller's performance to degrade. 
This is because a power system is nonlinear and of very 
large order while the identifier creates a low-order linear 
model (2nd order for the simulations). Despite this occa­
sional degraded performance, the adaptive controllers are 
able to improve System damping over the open-loop case for 
every simulation in Chapter 5.

One important conclusion that can be made from the work 
in this thesis is that in general generators do not inter­
act enough to make their adaptive PSS units force the sys­
tem to go unstable (at least for the test system used 
here). The controllers can be coordinated through commun­
ication to improve their performance, but communication is 
not required for stability.

The work in this thesis and other papers in the litera­
ture demonstrate that adaptive control used for damping 
electromechanical oscillations is definitely feasible. The
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next logical step is to conduct field tests on actual sys­
tems . A great deal could be learned from applying adaptive 
PSS units to actual generators and conducting a variety of 
tests.

Another area that merits more research concerns the
control algorithm part of the adaptive controller. If the

i
control algorithm is more robust to perturbations in the 
plant model from the identifier, then one could expect bet­
ter and more consistent performance from the adaptive con­
troller. Emerging robust control theory (such as 
theory) could significantly contribute to this area.

Conventional PSS Design and Prony Identification

A second objective of this thesis is to present a new 
design technique for tuning conventional PSS units. The 
basis of the design technique is a new off-line system 
identification method that is presented in Chapter 3. The 
simulation results of Chapter 5 indicate that the new con­
ventional design technique performs very well and defi­
nitely merits more research.

The Prony based system identification method presented 
in Chapter 3 is a significant contribution. The method 
identifies a linear system model in parallel form and is 
very well suited for large order systems. It is advanta­
geous over other off-line system identification methods 
because it can result in a reduced-order model of a large
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system and gives an estimate of the system order.

Using the Prony identification method to design conven­
tional PSS units resulted in controllers that performed 
very well. Simulation results indicate that the conven­
tional controllers are robust and provide good damping to 
system electromechanical modes.

The success of the conventional PSS units in this the­
sis indicates that more work should be done to investigate 
the possibility of using the method on actual generators. 
Much could be learned from a detailed comparison between 
the design method used in this thesis and conventional 
frequency-response design methods.

Another area that merits more work is that of expanding 
the allowable model that can be identified by the Prony 
identification method. The method could easily be expanded 
to include a system model that is not necessarily strictly 
proper and that may have an eigenvalue the same as the 
input. Also, work could be done to make the method more 
numerically robust.
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Listings for the FORTRAN 77 subroutines that implement 

the decentralized adaptive control scheme of Chapter 2 are 
contained in this appendix. These subroutines can be used 
on a system consisting of four or less control stations. 
First, the calling statement for the CLS subroutine and a 
description of the argument is given. Then listings of 18 
subroutines are given. The first four subroutines imple­
ment adaptive controllers at four different control sta­
tions. The fifth subroutine iterates the Riccati and gain 
equations given by (2.12a,b,c). Reduced-order observer 
equation (2.64d) is iterated by the sixth subroutine (which 
calls the seventh subroutine). The fifth and sixth subrou­
tines are called by the first four. Observer equation 
(2.64c) and input equation (2.66) are iterated by the 
eighth subroutine. The last ten subroutines are matrix 
manipulation routines that are called by the Riccati and 
gain subroutine.

The calling statement for the CLS subroutine is shown 
in Figure 60 where:

T = Time variable (used for plotting only).
Y = Plant output at sample time t.
Ul-U4 = Plant inputs at sample time t.

. START = Initialization variable (0 initializes).
IDIAP = Initial value of covariance matrix diagonal.
NA = Number of "a" Coefficients.
NBl-NB4 = Number of "b" coefficients for U1-U4 (for
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simulations in this thesis it is assumed 
that the NB's = NA)’

NC = Number of "c" coefficients (0 for simulations 
in this thesis).

PTRACE, UP_TRACE, LOW__TRACE = Covariance matrix reset 
variables (not used for the simulations in 
this thesis).

NORMAL = Flag for normalizing the data vector (normal­
ization is not used for the simulation in 
this thesis).

THETA = Parameter vector that is updated.
WTOL = Tolerance for ratio test.
WLENGTH = Length of the window for the ratio test. 
RATIO, RATI02 = Error checks on the identifier (not 

used for the simulations in this thesis). 
DEADMAX = Deadzone variable (not used in this the­

sis) .
TRACE = Trace of covariance matrix.
LIMIT, MAXLIMIT = Limiting variables for the THETA 

vector (not used in this thesis).

CALL CLSl(T,Y,U1,U2,U3,U4,START,LAMBDA,IDIAGP,
& NA,NBl,NB2,NB3,NB4,NC,
& PTRACEfNORMAL,THETA,WTOL,
& WLENGTH,UP_TRACE,L0W_TRACE,RATI0,
& RAT102,DEADMAX,TRACE,
& LIMITfMAXLIMIT)

Figure 60. FORTRAN call statement for the CLS subroutine.
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c***********************************************************************c
C Subroutines C0NTRL1, CONTRL2, C0NTRL3, CONTRL4 (The reduced-order 
C observer versions)C
C Written by Dan Trudnowski, 1990 
C
C Reference: D . Trudriowski, "Decentralized Adaptive Control and
C System Identification, with Applications to Power
C Systems," Ph.D. Thesis, Chap. 2, MSU, 1991.C
C These subroutines are the supervisors for the adaptive controllers 
C applied at each control station. CONTRLl corresponds to the controller 
C at station I, C0NTRL2 corresponds to the controller at station 2,
C etc. Within each CONTRL# subroutine are calls to an identifier 
C subroutine, a reduced-order observer subroutine, and a Riccati 
C and gain equations subroutine. Initialization of control variables 
C is also done here.
C
C Figure 2.1 of Chapter 2 shows a block diagram of a given controller.
C In each of, the CONTRL# subroutines, first the identifier is updated 
C by calling an identifier subroutine. Then reduced-order observer 
C equation (2.64d) is updated. Riccati and gain equations (12.12a,b,c)
C are updated to obtain LQ gains. All observer and LQ gain variables 
C are passed to the subroutine CALINPUT via COMMON statements.
C The controlled inputs are calculated in CALINPUT using equations 
C (2.64c) and (2.66).
CC******************************************************,*****************
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

Parameter values in CONTRLI:
NAM = maximum order of denominator for the identifier,

(the order of the LQ system is NA);
MINPUTS = number of control stations (4).

Inputs to subroutine CONTRLI:
YC - The plant output at control-station I at time sample t. 

This is y-sub-1-(t) in Chap. 2.
UC - Vector of controlled inputs at time t. U (i) is 

u-sub-i-(t) in Chap. 2.
UMAX - Absolute limit of UC(I)..
Wl - Weight on the input at station I. This is omega-sub-II 

in eqn. (2.14).
W2 - Weight on the change-in-input at station I.

This is omega-sub-12 in eqn. (2.14).
NCOMM - 4x4 matrix. If NCOMM(i,I)=1, then communication is used 

from station i to I . If NC0MM(i,I)=0, then communicaiton 
is not used.

NCOU - Initialized at -I for the first call, 
after that the subroutine uses it to 
count the number of calls

T - Continuous time. This variable is only used for plotting.
NA - Order of the model at station I in eqn. (2.9) .
NB - Vector of the order of the numerator coefficients 

in the model of (2.9). In Chapter 2 it is assumed 
that NB(i)=NA.

GAMMA - The exponential weight in (2.14) at station I.
This is gamma-sub-1.in (2.14).

QC - NA x NA cost matrix. This is the matrix
(c-hat-sub-1)* (c-hat-sub-1)' in equation (2.13) .
For the controller derived in Chapter 
2, QC (I,I) = I, and all other terms are 0.

Figure 61 FORTRAN adaptive controller subroutines.
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Outputs from CONTRLI (to subroutine CM,INPUT via COMMON statements) : 

NA
ETAOBS - Reduced-order oberver variable at station I. This is 

zeta-sub-1-(t+1) in eqn. (2.64d).
G - Vector of LQ feedback gains at control-station I.

This is. k-sub-1-(t) in eqn. (2.12a).
M P H A  - Feedback gain on past input at station I.

This is alpha-sub-1-(t) in eqn. (2.12a).
HOBS - (NA-I) vector containing coef. for the desired 

observer char. eqn. at station I.
This the k-sub-ol vector in (2.64d).

UMAX

On the first call, the following is read from data file CONTI.DAT 
NA, NB(I), ..., NB(MINPUTS)
M l ,  M2
UMAX
QC
GAMMA

CONTRLl calls the following subroutines:
RIC (which calls varies subroutines in MATSUB) 
REDOBSERV (a multi-input reduced-order observer) 
CLSl (rls identifier in MULTIRLS)

SUBROUTINE CONTRLl(YC,UC,NCOMM,NCOU,T)
IMPLICIT R E M * 8 (A-H7O-Z)
INTEGER*4 START
PARAMETER (NAM=I2, MINPUTS =4)

NOTE: PARAMETER MINPUTS MUST BE E Q U M  IN M L  CONT SUBS AND IN
THE CALLING PROGRAM

DIMENSION UC(MINPUTS); NCOMM(MINPUTS,MINPUTS)
DIMENSION PARNEMl(500), PAROLDI ((MINPUTS+2)*NAM)
DIMENSION G (NAM), P (NAM,NAM),
£ AMAT(NAM,NAM), BMATl(NAM,NAM),
£ BVEC(NAM), N B (NAM), NBTEMP(NAM)
DIMENSION ETAOBS(NAM),HOBS(NAM)
DIMENSION QC(NAM7NAM)
DIMENSION NCOMMOLD(MINPUTS), UTEMP(MINPUTS)
COMMON/STATIONI/ NA, ETAOBS, G, ALPHA, HOBS, UMAX

INCREMENT COUNTER:
NCOU = NCOU + I.

--------------------,-INITIALIZATION SECTION-- ----------
IF (NCOU .EQ. 0) THEN

READ IN IDENTIFIER ORDER, LQ WEIGHTS, AND UCl LIMITS: 
OPEN (92, FILE='C0NT1.DAT', STATUS='OLD')
READ(92,*) NA, (NB(I),I=IrMINPUTS)
READ (92., *) Wl, W2 
READ(92,*) UMAX 
DO I=I,NA

READ(92,*) (QC(I7J),J=I7NA)
ENDDO
READ(92,*) GAMMA 
CLOSE(92)
DO I=I,MINPUTS

IF (NA .LT. NB(I)). THEN
WRITE(*,*)' NA MUST BE >= ALL NB IN CONTI.DAT' 
STOP

Figure 61 Continued
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ENDIF
ENDDO
IF (2*NAM .LT. 2*NA+1) THEN 

WRITE(*,4)NA 
STOP 

ENDIF
4 FORMAT(/,' Increase Parameter NAM in CONTRLI.FOR above ',12)

C
C PLACE OBSERVER POLES, (THE OBSERVER CHAR. EQN. IS):c
C -I -2 -NA+I
C I + HOBS(I)Z + HOBS(2)Z + . . . + HOBS (NA-I)ZC

CALL OBSERVPOLY(NA-I,HOBS)
IDENTIFIER INITIALIZATION:

START = O 
STARTCOUNT = O

INITIALIZE COMMUNICATION:
DO I=IrMINPUTS

NCOMMOLD(I) =NCOMM(IrI)
En d d o

RICCATI-ITTERATION AND OBSERVER INITIALIZATION: 
Wl 2 = Wl+W2 
DO I=Ir (MINPUTS+1)*NA 

PARNEWl(I) = O .ODO 
PAROLDl(I) = O.ODO 

END DO 
DO I=IrNA

ETAOBS(I) = O.ODO 
DO J=IrNA

AMAT(IrJ) = O.ODO 
ENDDO 

ENDDO
DO I=IrNA-I

AMAT(I,1+1) = I.ODO 
ENDDO
DO I=IrNA+!
DO J=IrNA+!

P(IrJ) = O.ODO 
ENDDO
P (I,I) = 10000.ODO 

ENDDO 
END IF

END OF INITIALIZATION

----- ------------TEST FOR COMMUNICATION LOSS
DO 1=2,MINPUTS

IF (NCOMM(IrI) .NE. NCOMMOLD(I)) THEN 
START = O 
STARTCOUNT = O 

ENDIF
NCOMMOLD(I) = NCOMM(IrI)

ENDDO
UTEMP(I) = UC(I)
UTEMP(2) = DBLE(NC0MM(2, I))*UC(2)
UTEMP(3) = DBLE(NC0MM(3rl))*UC(3)
UTEMP(4) = DBLE(NC0MM(4,I))*UC(4)
NBTEMP(I) = NB(I)
NBTEMP(2) 
NBTEMP(3) 
NBTEMP(4)

NCOMM(2,I)*NB(2) 
NCOMM(3,I)*NB(3) 
NCOMM(4,I)*NB(4)

Figure 61. Continued
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END OF COMMUNICATION CHECK

------------------------ SYSTEM IDENTIFICATION ---------CALL CLSl(T,YCrUC(I),UTEMP(2),UTEMP(3),UTEMP(4),
& START,0.97,I.D9,
& NArNB(I),NBTEMP(2),NBTEMP(3),NBTEMP(4),0,
& I, I,PARNEWlr O.001,200,1.2D8,200.d0,l.D6,
& I.d6,0.0D0,trace,
& I , I . DO)
IF (START .EQ. 0) STARTCOUNT = 0 
STARTCOUNT = STARTCOUNT + I

------------------------ END OF SYSTEM I.D. ----------— -

--------- IF THE I.D. WAS STARTED OVER, GIVE IT TIME TO SETTLE
NN = NA + NB(I) + NBTEMP(2) + NBTEMP(3) + NBTEMP(4)
IF (STARTCOUNT .GT. NN) THEN 

DO I=IrNN
PAROLDI(I) = PARNEWl(I)

ENDDO
ENDIF
---------------------  END OF SETTLING TIME --------------------

- FORM AMAT, BMAT, AND BVEC FOR THE ■ OBSERVER AND CONTROLLER 
DO I=IrNA

AMAT(IrI) = -PAROLDI(I)
DO J=IrMINPUTS

INDEX = I + NA 
IF (J .GT. .1) THEN 

DO K=I,J-I
INDEX = .INDEX + NBTEMP(K)

ENDDO
ENDIF
IF (I .LE. NBTEMP(J)) THEN

BMATl (I, J) = PAROLD!'(INDEX)
I) THEN 
= BMATl(I,I)

IF (J .EQ.
BVEC(I)

ENDIF 
ELSE

BMATl(I, J)
IF (J .EQ.

BVEC(I)
ENDIF

ENDIF
ENDDO

ENDDO
------------ END OF AMAT, BMAT, AND BVEC FORMATION

= O.ODO 
I) THEN 
= O.ODO

---------------------- RICCATI a nd o b s e r v e r c a l c u l a t i o n s -----------
ONE CALL TO THE RICCATTI SUBROUTINE ITERATES THE RICCATI EQUATION 
ONCE.

IF (NCOU .GE. (MINPUTS+lj *NA) THEN
CALL RIC(AMAT,BVEC,QCrWl,W2,GAMMA,P,G,ALPHA,NA,NAM)
CALL REDOBSERV(PAROLDlrBMATl,YC,UTEMP,MINPUTSrNArHOBS,

& ETAOBSrNAM)
END IF

--------------- -------END OF RICCATI AND OBSERVER----------- .-------

RETURN
END

Figure 61. Continued.
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Q***********************************************************************
C
C Subroutine C0NTRL2 
C
C Control station 2.
CQ***********************************************************************
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
CCC
CC
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

Parameter values in C0NTRL2:
NAM = maximum order of denominator for the identifier,

(the order of the LO system is NA);
MINPUTS = number of control stations (4).

Inputs to subroutine CONTRL2:
YC - The plant output at control-station 2 at time sample t. 

This is y-sub-2-(t) in Chap. 2.
UC - Vector of controlled inputs at time t. U (i) is 

u-sub-i-(t) in Chap. 2.
UMAX - Absolute limit of UC(2).
Wl - Weight on the input at station 2. This is omega-sub-21 

in eqn. (2.14).
W2 - Weight on the change-in-input at station 2.

This is omega-sub-22 in eqn. (2.14).
NCOMM - 4x4 matrix. If NCOMM(i,2)=1, then communication is used 

from station i to 2. If NC0MM(i,2)=0, then communicaiton 
is not used.

NCOU - Initialized at -I for the first call, 
after that the subroutine uses it to 
count the number of calls

T - Continuous time. This variable is only used for plotting
NA - Order of the model at station 2 in eqn. (2.9).
NB - Vector of the order of the numerator coefficients 

in the model of (2.9). In Chapter 2 it is assumed 
that NB(i)=NA.

GAMMA - The exponential weight in (2.14) at station 2.
This is gamma-sub-2 in (2.14) .

QC - NA x NA cost matrix. This is the matrix
(c-hat-sub-2), * (c-hat-sub-2) ' in equation (2.13).
For the controller derived in Chapter 
2, QC(I,I) = I, and all other terms are 0.

Outputs from CONTRL2 (to subroutine CALINPUT via COMMON statements): 
NA
ETAOBS - Reduced-order oberver variable at station 2. This is 

zeta-sub-2-(t+1) in eqn. (2.64d).
G - Vector of LQ feedback gains at control-station 2.

This is k-sub-2-(t) in eqn. (2.12a).
ALPHA - Feedback gain on past input at station 2.

This is alpha-sub-2-(t) in eqn. (2.12a).
HOBS - (NA-I) vector containing coef. for the desired 

observer char. eqn. at station 2.
This the k-sub-o2 vector in (2.64d).

UMAX

On the first call, the following is read from data file C0NT2.DAT 
NA, NB(I), ..., N B (MINPUTS)
Wl, W2
UMAX
QC
GAMMA

Figure 61. Continued.
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C
C CONTRL2 calls the following subroutines:C
C RIC (which calls varies subroutines in MATSUB)
C REDOBSERV (a multi-input reduced-order observer)
C CLS2 (rls identifier in MULTIRLS)CC************************************************************************* 

SUBROUTINE C0NTRL2(YC,UCfNCOMM,NCOU,T)
IMPLICIT REAL*8 (A-HfO-Z)
INTEGER*4 START 
PARAMETER (NAM=12f MINPUTS=4)

NOTE: PARAMETER MINPUTS MUST BE EQUAL IN ALL CONT SUBS AND IN
THE CALLING PROGRAM

DIMENSION UC(MINPUTS)f NCOMM(MINPUTS,MINPUTS)
DIMENSION PARNEWl(500), PAROLDI ((MINPUTS+2)*NAM)
DIMENSION G(NAM)f P (NAM,NAM),

& AMAT(NAMfNAM), BMATl(NAM,NAM),
& BVEC (NAM) ,, NB (NAM) , NBTEMP (NAM)
DIMENSION ETAOBS(NAM),HOBS(NAM)
DIMENSION QC(NAM,NAM)
DIMENSION NCOMMOLD(MINPUTS), UTEMP(MINPUTS)
COMMON/STATI0N2/ NA, ETAOBSf Gf ALPHA, HOBS, UMAX

INCREMENT COUNTER:
NCOU = NCOU + I

--------------— ------  INITIALIZATION SECTION ------------------------
IP (NCOU .EQ. 0) THEN

— READ IN IDENTIFIER ORDER, LQ WEIGHTS, AND UCl LIMITS:
OPEN(93, FILE='C0NT2.DAT', STATUS='OLD')
READ(93,*) NA, (NB(I),I=I,MINPUTS)
READ(93,*) Wl, W2 
READ(93,*) UMAX 
DO I=IfNA

READ(93,*) (QC(IfJ)fJ=IfNA)
ENDDO
READ(93,*) GAMMA 
CLOSE(93)
DO I=IfMINPUTS

IF (NA .LT. NB(I)) THEN
WRITE(*,*)' NA MUST BE >= ALL NB IN C0NT2.DAT'
STOP

ENDIF
ENDDO
IF (NAM .LT. NA+l) THEN 

WRITE(*,4)NA 
STOP 

ENDIF
FORMAT(/,' Increase Parameter NAM in CONTRLl.FOR above ',12)

■— PLACE OBSERVER POLES, (THE OBSERVER CHAR. EQN. IS) :
-I -2 -NA+l

I + HOBS(I)Z + HOBS(2)Z + . . . + HOBS (NA-I)Z
CALL OBSERVPOLY(NA-IfHOBS)

■— IDENTIFIER INITIALIZATION:
START = O 
STARTCOUNT = O

— INITIALIZE COMMUNICATION:
Figure 61. Continued
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DO 1=1,MiNPUTS

NCOMMOLD(I) = NCOMM(1,2)ENDDO
C
C---RICCATI ITTERATION AND OBSERVER INITIALIZATION:W12 = WI+W2 

DO 1=1,(MINPUTS+1)*NA 
PARNEWl(I) = O.ODO 
PAROLDl(I) = O.ODO 

ENDDO 
DO 1=1,NA

ETAOBS(I) = O.ODO 
DO J=I,NA -

AMAT(I,J) = O.ODO 
ENDDO 

ENDDO
DO 1=1,NA-I

AMAT(I,1+1) = I.ODO ENDDO
DO 1=1,NA+I

DO J=I,NA+I
P (I,J) = O.ODO ENDDO

P(IfIl) = 10000. ODO 
ENDDO 

ENDIF
C-------------------------- END OF INITIALIZATION -C
C
C
C----------------------TEST FOR COMMUNICATION LOSSDO I=IfMINPUTS

IF (I .NE. 2) THEN
IF (NCOMM(I,2) .NE. NCOMMOLD(I)) THEN 

START = O 
STARTCOUNT = O 

ENDIF
NCOMMOLD(I) = NCOMM(I,2)

ENDIF
ENDDO
UTEMP (2) = UC (2)
UTEMP(I) = DBLE(NC0MM(1,2))*UC(1)
UTEMP(3) = DBLE(NC0MM(3,2))*UC(3)
UTEMP(4) = DBLE(NCOMM(4,2))*UC(4)
NBTEMP(I) = NC0MM(1,2)*NB(1)
NBTEMP(2) = NB(2)
NBTEMP(3) = NCOMM(3,2)*NB(3)
NBTEMP(4) = NCOMM(4,2)*NB(4)

C--------------------- ----END OF COMMUNICATION CHECK------------
C
C
C
C------------------------- SYSTEM IDENTIFICATION-----------------

CALL CLS2(TfYCfUC(2),UTEMP(I),UTEMP(3),UTEMP(4) ,
& START,0.97D0,1.D13,
& NA,NB(2),NBTEMP(I),NBTEMP(3),NBTEMP(4) ,0,
& I,IfPARNEWl,O.OOldO,200,1.2D8,200.d0,1.D6,
& I.d6,O .ODO,trace,
& I,I.DO)
IF (START .EQ. 0) STARTCOUNT = O 
STARTCOUNT = STARTCOUNT + I

C---------------------------- END OF SYSTEM I.D. -----------------C
C
C
C--------- IF THE I.D. WAS STARTED OVER, GIVE IT TIME TO SETTLE

NN = NA'+ N B(2) + NBTEMP(I) + NBTEMP(3) + NBTEMP(4)
Figure 61. Continued.
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c-c
C
C
C-

C-
C
C
C
C-
C
C
C

C-
C
C

IF (STARTCOUNT .GT. NN) THEN 
DO 1=1,NN

PAROLDI(I) =PARNEW1(I)
ENDDO

ENDIF
-------------------- END OF SETTLING TIME

FORM AMAT, BMAT, BVEC FOR THE OBSERVER AND CONTROLLERDO 1=1,NA 
AMAT(I,I) 

ENDDO
DO U=I,MINPUTS 

DO 1=1,NA
IF (J .EQ. 
IF (J .EQ. 
IF (J .EQ. 
IF (J 
IF (I

-PAROLDI(I)

1) INDEX
2) INDEX
3) INDEX

+ NA + NB(2)
NA

+ NA + N B(2) + NBTEMP(I)
• EQ. 4). INDEX=I+NA+NB (2) +NBTEMP (I) +NBTEMP (3) 
-LE. NBTEMP(J)) THEN

= PAROLDI(INDEX)
2) THEN 
= BMATl(I, 2)

BMATl(I, J)
IF (J .EQ.

BVEC(I)
ENDIF 

ELSE
BMATl(I, J)
IF (J .EQ.

BVEC(I)
ENDIF

ENDIF
ENDDO

ENDDO
-------------- END OF AMAT, BMAT, BVEC FORMATION

= O.ODO 
2) THEN 
= O.ODO

----------------  RICCATI AND- OBSERVER CALCULATIONS ----------------
ONE CALL TO THE RICCATTI SUBROUTINE ITERATES THE RICCATI EQUATION ONCE.

IF (NCOU -GE. (MINPUTS+1)*NA) THEN
CALL RIC(AMAT,BVEC,QC,Wl,W2, GAMMA,P,G,ALPHA,NA,NAM)
CALL REDOBSERV(PAROLDI,BMATl,YC,UTEMP,MINPUTS,NA,HOBS,

& ETAOBS,NAM)END IF
— --------------------END OF RICCATI AND OBSERVER------:------------

RETURN
END

C
Cc* ************************************** *-* ********* *.* *******************
C
C Subroutine C0NTRL3 
C
C Control station 3.QQ***********************************************************************
C
C Parameter values in C0NTRL3:
C 
C 
C 
C 
C

NAM = maximum , order of denominator for the identifier,
(the order of the LQ system is NA);

MINPUTS = number of control stations (4).
Figure 61. Continued.
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cc
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
.C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

Inputs to subroutine G0NTRL3:
YC - The plant output at control^-station 3 at time sample t. 

This is y-sub-3-(t) in Chap. 2.
UC - Vector of controlled inputs at time t . U (i) is 

u-sub-i-(t) in Chap. 2.
UMAX - Absolute limit of UC(3).
Wl - Weight on the input at station 3. This is omega-sub-31 in eqn. (2.14).
W2 - Weight on the change-in-input at station 3.

This is omega-sub-32 in eqn. (2.14).
NCOMM — 4x4 matrix. If NCOMM(i,3)=1, then communication is used 

from station i to 3. If NCOMM(i, 3)=0, then communicaiton is not used.
NCOU - Initialized at -I for the first call, 

after that the subroutine uses it to 
count the number of calls

T - Continuous time. This variable is only used for plotting.
NA - Order of the model at station 3 in eqn. (2.9).
NB - Vector of the order of the numerator coefficients 

in the model of (2.9) . In Chapter 2 it is assumed 
that NB(i)=NA.

GAMMA - The exponential weight in (2.14) at station 3.
This is gamma-sub-3 in (2.14).

QC - NA x NA cost matrix. This is the matrix
(c-hat-sub-3)* (c-hat-sub-3)’ in equation (2.13).
For the controller derived in Chapter 
2, QC(IrI) = I, and all other terms are 0.

Outputs from C0NTRL3 (to subroutine CALINPUT via COMMON statements):
NA
ETAOBS
G
ALPHA
HOBS

UMAX
On the first call, the following is read from data file C0NT2.DAT 

NA, NB(I), ..., NB(MINPUTS)
W l, W2
UMAX
QC
GAMMA

- Reduced-order oberver variable at station 3. This is 
zeta-sub-3-(t+1) in eqn. (2.64d).

- Vector of LQ feedback gains at control-station 3.
This is k-sub-3-(t) in eqn. (2.12a).

- Feedback gain on past input at station 3.
This is alpha-sub-3-(t) in eqn. (2.12a).

- (NA-I) vector containing coef. for the desired 
observer char. eqn. at station 3.
This the k-sub-o3 vector in (2.64d).

C0NTRL3 calls the following subroutines:
RIC (which calls varies subroutines in MATSUB) 
REDOBSERV (a multi-input reduced-order observer) 
CLS3 (rls identifier in MULTIRLS)

Q*******************************************************.*****************'*
SUBROUTINE C0NTRL3(YC,UCrNCOMM,NCOU,T)
IMPLICIT REAL*8 (A-HrO-Z)
INTEGER*4 START
PARAMETER (NAM=12, MINPUTS=4)

C
C NOTE: PARAMETER MINPUTS MUST BE EQUAL IN ALL CONT SUBS AND IN
Figure 61. Continued.
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C THE CALLING PROGRAMC

DIMENSION UC(MINPUTS), NCOMM(MINPUTS,MINPUTS)
DIMENSION PARNEWl(500), PAROLD1((MINPUTS+2)*NAM)
DIMENSION G (NAM), P (NAM,NAM),
& AMAT(NAM,NAM), BMATl(NAM,NAM),
& BVEC(NAM), N B (NAM), NBTEMP(NAM)
DIMENSION ETAOBS(NAM),HOBS(NAM)
DIMENSION QC(NAM,NAM)
DIMENSION NCOMMOLD(MINPUTS) , ■UTEMP(MINPUTS)
COMMON/STATIONS/ NA, ETAOBS, G, ALPHA, HOBS, UMAX C

C INCREMENT COUNTER:
NCOU = NCOU + I 

C
C------------------------- INITIALIZATION SECTION-------------------------IF (NCOU .EQ. 0) THEN 
C
C---READ IN IDENTIFIER ORDER, LQ WEIGHTS, AND UCl LIMITS:

OPEN(94, FILE='CONT3.DAT', STATUS='OLD')
READ(94,*) NA, (NB(I),1=1,MINPUTS)
READ(94,*) Wl, W2 
READ(94,*) UMAX 
DO 1=1,NA

READ (94, *) (QC (I, J) , J=I, NA)
ENDDO
READ(94,*) GAMMA 
CLOSE (94)
DO 1=1,MINPUTS

IF (NA .LT. NB(I)) THEN
WRITE(*,*)' NA MUST BE >= ALL NB IN CONT3.DAT'
STOP

ENDIF
ENDDO
IF (NAM .LT. NA+1) THEN 

WRITE(*,4)NA 
STOP 

ENDIF
4 FORMAT(/,' Increase Parameter NAM in CONTRLl.FOR above ',12)

C
C---PLACE OBSERVER POLES, (THE OBSERVER CHAR. EQN. IS):
C
C -I -2 -NA+1
C I + HOBS (I)Z + HOBS(2)Z + . . . + HOBS (NA-I)Z
C

CALL OBSERVPOLY(NA-1, HOBS)
C
C-- IDENTIFIER INITIALIZATION:

START = O 
STARTCOUNT = O 

C
C-- INITIALIZE COMMUNICATION:

DO 1=1,MINPUTS
NCOMMOLD(I) = NCOMM(1,3)

ENDDO
C
C--RICCATI !ITERATION AND OBSERVER INITIALIZATION:

W12 = W1+W2 '
DO 1=1,(MINPUTS+1)*NA 

PARNEWl(I) = O.ODO 
PAROLDI(I) = O .ODO 

ENDDO 
DO 1=1,NA

ETAOBS(I) = O.ODO 
DO J=I,NA

AMAT(I,J) = 0.0D0 
ENDDO
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ENDDO
DO 1=1,NA-I

AMAT(1,1+1) = I.ODO 
ENDDO
DO 1=1,NA+I 

DO 0=1,NA+I
P (1,0) = 0.0D0 

ENDDO
P (I,I) = 10000.ODO 

ENDDO 
ENDIF

C-------------------------- END OF INITIALIZATION -C
C
C
C----------------------TEST FOR COMMUNICATION LOSSDO 1=1,MINPUTS

IF (I .NE. 3) THEN
IF (NCOMM(I,.3) .NE. NCOMMOLD (I) ) THEN 

START = 0 
STARTCOUNT = O 

ENDIF
NCOMMOLD(I) = NCOMM(1,3)

ENDIF
ENDDO
UTEMP(I) = DBLE(NC0MM(1,3))*UC(1)
UTEMP(2) = DBLE(NCOMM(2,3))*UC(2)
UTEMP (3) = UC (3)
UTEMP(4) = DBLE(NCOMM(4,3))*UC(4)
NBTEMP(I) = NC0MM(1,3)*NB(1)
NBTEMP(2) = NC0MM(2,3)*NB(2)
NBTEMP(3) = NB(3)
NBTEMP(4) = NC0MM(4,3)*NB(4)

C------------------------- END OF COMMUNICATION CHECK--------------C
C
C
C------------ --------------  SYSTEM IDENTIFICATION ----------------

CALL CLS3(T,YC,UC(3),UTEMP(I),UTEMP(2),UTEMP(4) ,
& START,O.97D0,I.D13,
& NA,NB(3),NBTEMP(I),NBTEMP(2),NBTEMP(4),0,
& I,!,PARNEWl,0.001,200,I.2D8,200.dO,'I.D6,
& I.d6,0.ODO,trace,
& I,I.DO)
IF (START .EQ. 0) STARTCOUNT = 0 
STARTCOUNT = STARTCOUNT + I

C:---------------------------- END OF SYSTEM I.D. --------------- :---
C
C
C
C----------- IF THE I.D. WAS STARTED OVER, GIVE IT TIME TO SETTLE

NN = NA+NB(3)+NBTEMP(I)+NBTEMP(2)+NBTEMP(4) 
IF (STARTCOUNT .GT. NN) THEN 

DO 1=1,NN
PAROLDI(I) = PARNEWl(I)

ENDDO
ENDIF

C-----------------— :-------- END OF SETTLING T I M E ---------------
C
C
C--------- FORM AMAT, BMAT, BVEC FOR THE OBSERVER AND CONTROLLER

DO 1=1,NA
AMAT(I,I) = -PAROLDl(I)

ENDDQDO J=IfMINPUTS 
DO I=IfNA

IF (J .EQ. I) INDEX = I + NA + NB(3)
Figure 61. Continued.
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IF (J .EQ. 2) INDEX = I + NA + N B (3) + NBTEMP(I)IF (J •EQ. 3) INDEX = I + NAIF (J .EQ. 4) INDEX = I+NA+NB(3)+NBTEMP(I)+NBTEMP(2)IF (I .LE. NBTEMP(J)) THENBMATl(I,J) = PAROLDl(INDEX)IF (J .EQ. 3) THEN
BVEC(I)

ENDIF
ELSE

BMATl(I,J) 
IF (J .EQ.

BVEC(I) 
ENDIF 

ENDIF 
ENDDO 

ENDDO---- ----------- END

BMATl(I, 3)

= O.ODO 
3) THEN 
= O.ODO

OF AMAT, BMAT, BVEC FORMATION

---------------------- - RICCATI AND OBSERVER CALCULATIONS-------—
ONE CALL TO THE RICCATTI SUBROUTINE ITERATES THE RICCATI EQUATION ONCE.

IF (NCOU .GE. (MINPUTS+1)*NA) THEN
CALL RIC(AMATfBVEC,QC,Wl,W2,GAMMA,P,G,ALPHA, NA,NAM)
CALL REDOBSERV(PAR0LD1,BMATI,YC,,UTEMP,MINPUTS,NA,HOBS,

& ETAOBS, NAM)
END IF

---------------------  END OF RICCATI AND OBSERVER -----------------

RETURN
END

Subroutine C0NTRL4
Control station 4.

Q*******************************************'****************************c
C
C
C
C
CC
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

Parameter values in C0NTRL4:
NAM = maximum order of denominator for the identifier,

(the order of the LQ system is NA);
MINPUTS = number of control stations (4).

Inputs to subroutine C0NTRL4:
YC - The plant output at control-station 4 at time sample t.

This is y-sub-4-(t) in Chap. 2.
UC - Vector of controlled inputs at time t. U (i) is 

u-sub-i-(t) in Chap. 2.
UMAX - Absolute limit of UC (4) .
Wl - Weight on the input at station 4. This is omega-sub-41 

in eqn. (2.14).
W2 - Weight on the change-in-input at station 4.

This is omega-sub-42 in eqn. (2.14).
NCOMM - 4x4 matrix. If NCOMM(i,4)=1, then communication is used 

from station i to 4. If NCOMM(i,4)=O, then communicaiton 
is not used.

Figure 61 Continued.
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C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

NCOU - Initialized at -I for the first call, 
after that the subroutine uses it to 
count the number of calls

T - Continuous time. This variable is only used for plotting.
NA - Order of the model at station 4 in eqn. (2.9).
NB - Vector of the order of the numerator coefficients

in the model of (2.9) . In Chapter 2 it is assumed
that NB(i)=NA-

GAMMA - The exponential weight in (2.14) at station 4.
This is gamma-sub-4 in (2.14) .

QC - NA x NA cost matrix. This is the matrix
(c-hat-sub-4)* (c-hat-sub-4)' in equation (2.13).
For the controller derived in Chapter 
2, QC(1,1) = I, and all other terms are 0.

Outputs from C0NTRL4 (to subroutine CALINPUT via COMMON statements): 
NA
ETAOBS - Reduced-order oberver variable at station 4. This is 

zeta-sub-4-(t+1) in eqn. (2.64d).
G - Vector of LQ feedback gains at control-station 4.

This is k-sub-4-(t) in eqn. (2.12a).
ALPHA - Feedback gain on past input at station 4.

This is alpha-sub-4-(t) in eqn. (2.12a).
HOBS - (NA-I) vector containing coef. for the desired 

observer char. eqn. at station 4.
This the k-sub-o4 vector in (2.64'd) .

UMAX
On the first call, the following is read from data file C0NT2.DAT 

NA, NB(I), ..., NB(MINPUTS)
Ml, M2
UMAX
QC
GAMMA

C0NTRL4 calls the following subroutines:
RIC (which calls varies subroutines in MATSUB) 
REDOBSERV (a multi-input reduced-order observer) 
CLS4 (rls identifier in MULTIRLS)

c************************************************************************* 
SUBROUTINE C0NTRL4-(YC, UCrNCOMM, NCOU, T)
IMPLICIT REAL*8 (A-HrO-Z)
INTEGER*4 START
PARAMETER (NAM=12, MINPUTS=4)

NOTE: PARAMETER MINPUTS MUST BE EQUAL IN ALL CONT SUBS.AND IN
■ THE CALLING PROGRAM

DIMENSION UC(MINPUTS), NCOMM(MINPUTS,MINPUTS) 
DIMENSION PARNEMl(500), PAROLDI ((MINPUTS+2)*NAM) 
DIMENSION G(NAM), P(NAMrNAM),
& AMAT(NAM,NAM), BMATl(NAM,NAM),
& BVEC(NAM) , N B (NAM), NBTEMP(NAM) .
DIMENSION ETAOBS(NAM),HOBS(NAM)
DIMENSION QC(NAMrNAM)
DIMENSION NCOMMOLD(MINPUTS), UTEMP(MINPUTS)
COMMON/STATION4/ NA, ETAOBS, G, ALPHA, HOBS, UMAX

INCREMENT COUNTER:
NCOU = NCOU + I

INITIALIZATION SECTION
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IF (NCOU .EQ. 0) THEN 

C
C---READ IN IDENTIFIER ORDER, LQ WEIGHTS, AND UCl LIMITS:

OPEN(94, FILE='CONT4.DAT', STATUS=fOLD')
READ(94,*) NA, (NB(I),1=1,MINPUTS)
READ(94,*) Wl, W2 
READ(94,*) UMAX 
DO 1=1,NA

READ (94, *) (QC (I, J) , J=I, NA)
ENDDO
READ(94,*) GAMMA 
CLOSE (94)
DO 1=1,MINPUTS

IF (NA .LT. NB(I)) THEN
WRITE (*.,*)' NA MUST BE >= ALL NB IN CONT4.DAT'
STOP

ENDIF
ENDDO
IF (NAM .LT. NA+1) THEN 

WRITE(*,4)NA 
STOP 

ENDIF
4 FORMAT(/,' Increase Parameter NAM in C0NTRL4.FOR above ',12)

C
C-- PLACE OBSERVER POLES, (THE OBSERVER CHAR. EQN. IS):C
C -I -2 -NA+1
C I + HOBS(I)Z + HOBS(2)Z + . . . + HOBS (NA-I)Z
C

CALL OBSERVPOLY(NA-I,HOBS)
C
C---IDENTIFIER INITIALIZATION:

START = O 
STARTCOUNT = O 

C
C---INITIALIZE COMMUNICATION:

DO 1=1,MINPUTS
NCOMMOLD(I) = NCOMM(1,4)

ENDDO
C
C-- RICCATI !ITERATION AND OBSERVER INITIALIZATION:

W12 = W1+W2 
DO 1=1,(MINPUTS+2)*NA 

PARNEWl(I)•= O.ODO 
PAROLDI(I) = O.ODO 

ENDDO 
DO 1=1,NA

ETAOBS(I) = O.ODO 
DO J=I,NA

AMAT(IrJ) = 0.0D0 
ENDDO 

ENDDO
DO I=IfNA-I

AMAT(1,1+1) = I.ODO 
ENDDO
DO 1=1,NA+1

DO J=I-, NA+1
P(IfJ) = O . ODO 

ENDDO
P (I,I) = 10000.ODO 

ENDDO 
ENDIF

C—  -----------------------END OF INITIALIZATION-------------------------
C
C
C
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C--------------------- TEST FOR COMMUNICATION LOSS

DO 1=1,MINPUTS
IF (I .NE. 4) THEN

IF (NCOMM(I,4) .NE. NCOMMOLD(I)) THEN 
START = O 
STARTCOUNT = O 

ENDIF
NCOMMOLD(I) = NCOMM(1,4)

ENDIF
ENDDO
UTEMP(I) = DBLE(NC0MM(1,4))*UC(1)
UTEMP(2) = DBLE(NCOMM(2,4))*UC(2)
UTEMP(3) = DBLE(NCOMM(3,4))*UC(3)
UTEMP(4) = UC(4)
NBTEMP(I) = NC0MM(1,4)*NB(1)
NBTEMP(2) = NC0MM(2,4)*NB(2)
NBTEMP(3) = NC0MM(3,4)*NB(3)
NBTEMP(4) = NB(4)

C-------------------------  END OF COMMUNICATION CHECK ------------
C
C
C--------------------------- SYSTEM IDENTIFICATION-----------------

CALL CLS4 (T,YC,UC(4),UTEMP(I),UTEMP(2),UTEMP(3),
& START,0.97D0,1.D13,
& NA,NB (4) ,NBTEMP (I) ,NBTEMP (2) ,NBTEMP (3) ,0,
& I,I,PARNEW1,0.001,200,I.2D8,200.d0,l.D6,
& I. d.6, O . ODO, trace,
& I,I.DO)
IF (START .EQ. 0) STARTCOUNT = O 
STARTCOUNT = STARTCOUNT + I

C------------- --------------- END OF SYSTEM I.D. -------------------
C
C .
C
C----------- IF THE I.D. WAS STARTED OVER, GIVE IT TIME TO SETTLE

NN = NA+NB(4)+NBTEMP(I)+NBTEMP(2)+NBTEMP(3)
IF ,(STARTCOUNT . GT. NN) THEN 

DO 1=1,NN
PAROLDI(I) = PARNEWl(I)

ENDDO
ENDIF

C------------------------END OF SETTLING T I M E --------------------
C
C
C---------  FORM AMAT, BMAT, BVEC FOR THE OBSERVER AND CONTROLLER

DO 1=1,NA
AMAT(I,I) = -PAROLDl(I)

ENDDO
DO J=I,MINPUTS 

DO 1=1,NA
IF (J .EQ. I) INDEX = I + NA + N B (4)
IF (J .EQ. 2) INDEX = I + NA + N B (4) + NBTEMP(I)
IF (J .EQ. 3) INDEX = I+NA+NB(4)+NBTEMP(I)+NBTEMP(2) 
IF (J .EQ. 4) INDEX = !+NA­
IF (I .LE.. NBTEMP (J) ) THEN

BMATl(I,J) = PAROLDI (INDEX)
IF (J .EQ. 4) THEN

BVEC(I) = BMATl(I, 4)
ENDIF

ELSE
BMATl(I,J) = O.ODO 
IF (J .EQ. 4) THEN 

BVEC(I) = O.ODO 
ENDIF 

ENDIF 
ENDDO 

ENDDO
Figure 61. Continued.
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C---------------------END OF AMRT, BMAT, BVEC FORMATIONC
C
C---------------------RICCATI a nd o b s e r v e r c al cu l at i on s
C ONE CALL TO THE RICCATTI SUBROUTINE ITERATES THE RICCATI EQUATION C ONCE.
C

IF (NCOU .GE. (MINPUTS+1)*NA) THEN
CALL RIC-(AMAT, BVEC, QC, Wl, W2, GAMMA, P, G, ALPHA, NA, NAM)
CALL REDOBSERV(PAR0LD1,BMATl,YC,UTEMP,MINPUTS,NA,HOBS,& ETAOBS,NAM)

END IF
END OF RICCATI AND OBSERVER -----------------

RETURN
END

Subroutine RIC
Written by Dan Trudnowski, 3-90
Reference: D . Trudnowski, "Decentralized Adaptive Control and

System Identification, with Applications to Power 
Systems," Ph.D. Thesis, Chap. 2, MSU, 1991.

This subroutine iterates Riccati and gain equations (2.12a,b,c) 
once per call. No variable values are saved in this program; 
therefore, it may be called by a number of different "systems" 
in the same execution.
Inputs to this subroutine:

N
NM
A
B
QC
RC
S
GAMMA
P

System order. This is n in equation (2.12a).
Dimension of all incoming matices and vectors.
NxN system matrix. This is the A-hat-sub -i-(t) in 
(2.12a).
Nxl input vector. This is the b-hat-sub-ii-(t) vector 
in equation (2.13).
NxN cost matrix. This is the matrix 
(c-hat-sub-i)* (c-hat-sub-i)' in equation (2.13).
Scalar cost on u(k). This is omega-sub-il in (2.12). 
Scalar cost on change in u(k). omega-sub-i2 in (2.12). 
Exponential weight. gamma-sub-i in (2.12) arid (2.13). 
(N+l)x(N+l) old Riccati matrix. R-sub-i-(t) in (2.12c).

Outputs from this subroutine:
P - (N+l)x(N+l) updated Riccati matrix. R-sub-i(t+1)

in (2.12c).
K - Nxl feedback gain vector. k-sub-i-(t) in (2.12a)
ALPHA - Feedback gain for u. alpha-sub-i-(t) in (2.12b).

Note; In Chap. 2 it is implicitly assumed thru equation (2.9b) 
that QC is a mafirix that has element (1,1) equal to I 
and all other elements equal to 0. But, this subroutine 
allows QC to be any positve semidefinite matrix.

This subroutine calls subroutines in MATSUB
Q***********************************************************************

SUBROUTINE RIC(A,B ,QC,RC,S,GAMMA,P,K,ALPHA,N,NM)
IMPLICIT REAL*8 (A-HrO-Z)
REAL*8 K
PARAMETER (ND = 12)
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c

c

DIMENSION
DIMENSION
DIMENSION
DIMENSION

A(NMrNM) , B(NM) , QC(NMrNM)r P(NMrNM) , K(NM)
G(NDrND), GT(NDrND)r H(ND)r Q(NDrND)
TEMPI (NDrND) r TEMPP(NDrND)r TEMPS (NDrND)r TEMPA(ND) 
TEMPB (ND)TEMPO (ND) , TEMPO (ND)

NORDER = N + I 
IF (NORDER .GT. NM) THEN

WRITE(*,*)' ERROR IN SUB. RIC —  NM TOO SMALL' STOP 
ENDIF
IF (ND .NE. NM) THEN

WRITEC*,*,)' ND MUST EQUAL NM IN RIC.'
STOP

ENDIF
C— ZERO ALL MATRICES:- 

DO I=IrNORDER 
H (I) = O. ODO 
TEMPA(I) = 0.0D0 
DO J=IrNORDER

G(IrJ) = 0.0D0 
GT(JrI) = G(IrJ)
Q (IrJ) = O .ODO 
TEMPl(IrJ) = 0.0D0 
TEMPP(IrJ) = 0.0D0 
TEMPS (IrJ) = 0.0D0 

ENDDO 
ENDDO 

C
C— FORM Gr GTr H r Q:

DO I=IrN
H(I) = B(I)/GAMMA
G(IrNORDER) = B(I)*S/(GAMMA**P*(RC + S)) 
GT(NORDERrI) = G(IrNORDER)
DO J=IrN

G(IrJ) = A(IrJ)/GAMMA 
GT(JrI) = G(IrJ)
Q(IrJ) = QC(IrJ)ENDDO

ENDDO
H(NORDER) = I.ODO
G(NORDERrNORDER) = S/(GAMMA*(RC+S) )
GT(NORDER,NORDER) = G(NORDERrNORDER)
Q (NORDER,NORDER) = S/GAMMA**P - S**P/(GAMMA**P*(RC+S)) 

C
C— ITERATE RICCATI:

CALL MULTVM(HrPr TEMPAr NORDER,NM)
DO I=IrNORDER

TEMPO(I) = TEMPA(I)
ENDDO

CALL DOTPRO(TEMPArHr BETA,NORDER,NM)
BETA = BETA + R C + S  

C
CALL MULTMM(GTrP,TEMPI,NORDER,NORDERrNORDERrNM)
CALL MULTMM(TEMPI,Gr TEMP P,NORDER r NORDER,NORDER,NM)
CALL ADDMM(Qr TEMPP,TEMPS,NORDER, NORDER,NM)
CALL MULTMV(TEMPI,HrTEMPArNORDER, NM)
CALL MULTVM(H,P r TEMPBrNORDERrNM)
CALL MULTVM(TEMPB,Gr TEMPCr NORDERrNM)
CALL OUTPRO(TEMPArTEMPCrTEMPPrNORDERrNM)
DO I=I,NORDER 

DO J=IrNORDER
P(IrJ) = TEMPS (Ir J) - TEMPP(IrJ) /BETA 

ENDDO 
ENDDO

C
C— FIND GAIN NEW GAIN:
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DO I=IfNORDER

G(IfNORDER) = O.ODO■
G(NORDERfI) = O .ODO 

ENDDO
CALL MULTVM(TEMPO,Gf TEMPAf NORDERf NM) 
DO I=IfN

K(I) = TEMPA(I)/BETA 
ENDDO
ALPHA = S/BETA 

C 
C

RETURN
END

C***********************************************************************
C
C Subroutine REDOBSERV 
C
C Written by Dan Trudnowskif 3-90 
C
C Reference: D . Trudnowski, "Decentralized Adaptive Control and
C ‘ System Identification, with Applications to Power
C Systems, " Ph:D. Thesis, Chap. 2, MSUf 1991.C
C This subroutine iterates reduced-order observer equation (2.64d)
C once per call. No variables are saved; therefore, this subroutine 
C can be called by a number of different "systems" in a single fun.C0*************************************■* *********************************

The plant is 
Y(Z) EQUALS

-N
+ B (N,I)*Z

-N

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C
c*********************************************************************

NUMERATOR I: — 1
B(IfI) *Z + 

NUMERATOR 2: -I
B (I, 2)*Z +

NUMERATOR M:
B(IfM)*Z

DIVIDED BY DENOMINATOR: 
—1

1.0 + A(I)*Z +

+ B (N,2)*Z

+ B(NfM) *Z

+ A(N)*Z

U(I)

U (2)

U(M)

C
C
C
C
C
C
C
C
C
C
C
C
C

Inputs to this subroutine:
N - Order of system. This is n in equations (2.64) .
M - Number of plant inputs. This is N in (2.64d).
A - N  vector of denominator plant coef. A( j.) is

a-hat-sub-ij-(t) in (2.64d).
B - NxM matrix of numerator plant coef. B (m,j) is 

b-hat-sub-ijm-(t) in (2.64d).
NDIM - Dimension of matrix B in calling program.
Y - Plant output at time sample t. This is y-sub-i-(t) 

in (2.64d).
U - M  vector of plant inputs at sample t. U (j) is

X
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C u-sub-j-(t) in (2.64d).
C HCiBS - (N-I) vector containing coef. for the desired
C observer char. eqn. This the k-sub-oi vector in (2.64d).
C ETA - Observer output at time t. This is zeta-sub-i-(t) in
C (2.64d).
C
C
C Outputs from subroutine:
C
C ETA = Observer output at time t+1. This is zeta-sub-i-(t+1)
Q in (2.64d).
CQ*******************,* ***************************************************

SUBROUTINE REDOBSERV(A,B,Y,U,M,N,HOBS,ETA,NDIM)
IMPLICIT REAL*8 (A-HfO-Z)
DIMENSION A(I),B(NDIM, NDIM),U(I) ,ETA(I) , HOBS(I)

C
C FIND ETA FOR TIME k+1:

Xl = ETA(I)
DO 1=1,N-2 

X2 = 0.0D0 
DO J=I,M

X2 = X2 + (B(1+1,J) - HOBS(I)*B(I,J)) * U(J)
ENDDO
ETA(I) = -HOBS(I)*X1 + ETA(Iil) + (-HOBS(I)*H0BS(I)

& + HOBS(Iil) - A(Iil) i A(I)*H0BS(I))*Y i X2
ENDDO 
X2 = 0 .ODO 
DO J=I,M

X2 = X2 i (B(N,J) - HOBS (N-I)*B(I,J)) * U(J)
ENDDO
ETA(N-I) = -HOBS (N-I)*X1 i (-HOBS(I)*H0BS(N-I)
& - A(N) i A(I)*H0BS(N-I))*Y i X2

C 
C

RETURN
END

C
C
CC***********************************************************************
C
C Subroutine OBSERVPOLY 
C
C Written by Dan Trudnowski, 4-90 
C
C This subroutine assigns the char. poly, coefficients for a 
C polynomial with order N so that the roots are placed on an 
C arc in the complex plane with a radius of 0.5 and evenly spaced 
C between i-60 degrees. N is input, A(i), i=l...N is output. Where 
C
C —1 —2 —N
C I i  A(I)Z i A(2) z i ... i A(N)Z 
CC is the char. poly. N must be less than 10.
CQ************************************************************************

SUBROUTINE OBSERVPOLY(NfA)
IMPLICIT REAL*8 (AvHfO-Z)
DIMENSION A(I)

C
IF (N -EQ. I) THEN 

A(I) = 0.5D0 
ELSEIF (N .EQ. 2) THEN 

A(I) = -0.9397 
A (2) = 0.25

ELSETF (N .EQ. 3) THEN
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A(I) = -1.366 
A(2) = 0.6830 
A(3) = -0.125 

ELSEXF (N .EQ. 4) THEN 
A(I) = -1.7872 
A(2) = 1.2913 
A (3) = -0.4468 
A (4) = 0.0625 

ELSEIF (N .EQ. 5) THEN 
A(I) = -2.2057 
A (2) = 2.0727 
A (3) = -1.0364 
A (4) = 0.2757 
A (5) = -0.0313 

ELSEIF (N .EQ. 6) THEN 
A(I) = -2.6178 
A (2) = 3.0174 
A (3) = -1.9582 
A (4) = 0.7544 
A(5) = -0.1636 
A (6) = 0.0156 

ELSEIF (N .EQ. 7) THEN 
A(I) = -3.0391 
A (2) = 4.1514 
A (3) = -3.3020 
A (4) = 1.6510 
A (5) = -0.5189 
A (6) = 0.095 
A(7) = -0.0078 

ELSEIF (N .EQ. 8) THEN 
A(I) = -3.4013 
A (2) = 5.3055 
A (3) = -4.9531 
A (4) = 3.0257 
A (5) = -1.2383 
A(6) = 0.3316 
A (7) = -0.0531 
A (8) = 0.0039 

ELSEIF (N .EQ. 9) THEN 
A(I) = -3.8698 
A (2) = 6.9160 
A (3) = -7.4878 
A (4) = 5.4104 
A (5) = -2.7052 
A (6) = 0.9360 
A (7) = -0.2161 
.A (8) = 0.0302 
A (9) = -0.002 

ELSE
WRITE(*,*)' NO OBSERV. COEF. FOR NA =',N 
STOP 

ENDIF 
C

RETURN
END

C***********************************************************************
C
C Subroutine CALINPUT 
C
C Written by Dan Trudnowski, 3-90 
C
C Reference: D . Trudnowski,■"Decentralized Adaptive Control and
C System Identification, with Applications to Power
C Systems," Ph.D. Thesis, Chap. 2, MSU, 1991.
Figure 61. Continued.
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C This subroutine iterates equations (2.64c) and (2.66) for each of 
C four possible control stations. The controlled input u(t) is 
C calculated given the sampled output y(t) at each station:
CQ***********************************************************************
cC
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

Inputs to this subroutine:
Y
0
NAi' s 
ETAi's

Gi's

ALPHAi's 

HOBSi's

UMAXi's

Vector of sampled outputs at sample t. Y (i) is 
the output at station i .
Vector of sampled controlled inputs at t—I. U (i) 
is the input at station i .
Order of the subsystem model at station i 
(identifier order). There are four (NA1, , NA4). 
Vector of order NAi-I. This is the zeta-sub-i-(t) 
vector in (2.64c) at station i. There are four 
of these (ETA1,...,ETA4).
Vector of order NAi. This is the feedback gain 
vector k-sub-i-(t-1) in equation (2.66) at station i. 
There are four of these (Gl,...,G4).
Feedback gain the past input. This is 
alpha-sub-i-(t-1) in equation (2.66) at station i . 
There are four of these (ALPHAl,...ALPHA4). 
Reduced-order observer gain vector (order NAi-I).
This is the k-sub-oi vector in equation (2.64c) at 
station i. There are four (H0BS1, , H0BS4). 
Absolute limit of the controlled input. Each U (i) 
must be between H— UMAXi. There are four of these 
(UMAX1,...,UMAX4).

The NAi's, ETAi's, Gi's, ALPHAi's, HOBSi's and UMAXi's are passed 
to this subroutine thru COMMON statements from the CONTRLi's 
subroutines.
Outputs from this subroutine:

U - Vector of controlled inputs at sample t. U (i) is the input 
at station i„

Q*************'* ************************** *,******************************
SUBROUTINE CALINPUT(Y,U)
IMPLICIT REAL*8 (A-HfO-Z)

■ PARAMETER (NAM=12)
C
C
C

NOTE: PARAMETER NAM MUST BE THE
DIMENSION U(I), Y(I)
DIMENSION ETAl(NAM)f Gl(NAM) 
DIMENSION ETA2(NAM)f G2(NAM) 
DIMENSION ETA3(NAM), G3(NAM) 
DIMENSION ETA4(NAM)f G4(NAM) 
COMMON/S TATIONI/ NAlf ETAlf 
COMMON/S TATION2/ NA2f ETA2, 
COMMON/STATIONS/ NA3, ETA3, 
COMMON/STATION4/ NA4> ETA4,

SAME AS IN THE CONTRL SUBROUTINES

HOBSl (NAM) 
H0BS2(NAM) 
H0BS3(NAM) 
HOBS4 (NAM)

Glf ALPHAlf HOBSlf UMAXl
G2, ALPHA2, H0BS2, UMAX2
63, ALPHAS, HOBS3, UMAX3
64, ALPHA4, HOBS4, UMAX4

C
C— INPUT AT STATION I:

U(I) = ALPHA1*U(I) - Gl(I)*Y(I)
DO 1=2fNAl

U(I) = U(I) - Gl(I)METAl(I-I) + Y(I) *H0BS1 (I-I) ) 
ENDDO
IF (0(1) .LT. -UMAXl) U(I) = -UMAXl
IF (U(l) .GT. UMAXl) U(I) = UMAXl

C
C— INPUT AT STATION 2:

U (2) = ALPHA2*U(2) - G2(1)*Y(2) 
DO I=2fNA2

Figure 61. Continued.
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U (2) = U (2) - G2 (I) ■* (ETA2 (I-I) + Y(2) *H0BS2 (I-I) ) 

ENDDO
IF (U(2) -LT. -UMAX2) U(2) = -UMAX2 
IF (U (2) . GT. UMAX2) U (2) = UMAX2

— INPUT AT STATION 3:
U (3) = ALPHA3*U(3) - G3(I)*Y(3)
DO 1=2,NA3

U (3) = U (3) - G3 (I) * (ETA3 (I-I) + Y(3) *HOBS3 (I-I) ) 
ENDDO
IF (U (3) .AT. -UMRX3) 0(3.) = -UMAX3 
IF (0(3) .GT. UMAX3) 0(3) = 0MAX3

— INPUT AT STATION 4:
0(4) = ALPHA4*U(4) - G4(I)*Y(4)
DO 1=2,NA4

0(4) = 0(4) - G4(I)* (ETA4(I-I) + Y(4)*H0BS4(I-I)) 
ENDDO
IF (0(4) .LT. -0MAX4) 0(4) = -UMAX4 
IF (0(4) .GT. 0MAX4) 0(4) = UMAX4

RETURN
END

* * * * * * * * * * * * * * * * * * * * * * * * * * * * *

SUBROUTINE MULTMV (P,X,V,N,NM) 
IMPLICIT REAL*8 (A-HfO-Z) 
DIMENSION P(NMfNM)fX(NM)fV(NM) 
DO 5 I=IfN

V(I) = O.ODO 
5 CONTINUE 

DO 20 I=IfN 
DO 10 J=IfN

V(I) = V(I) + P(IfJ) *X(J) 
10 ■ CONTINUE 
20 CONTINUE "

RETURN
END

* * * * * * * * * * * * * * * * * * * * * * * * * * * *

SUBROUTINE DOTPRO (XfV fVALfN fNM) 
IMPLICIT REAL*8 (A-HfO-Z) 
DIMENSION X(NM) ,V(NM)
VAL = O .ODO 
DO 10 I=IfN

VAL = VAL + X(I)*V(I)
10 CONTINUE 

RETURN 
END

* * * * * * * * * * * * * * * * * * * * * * * * * * * *

SUBROUTINE MULTSV (SfV fSVfNfNM) 
IMPLICIT REAL*8 (A-HfO-Z) 
DIMENSION V(NM),SV(NM)
DO 10 I=IfN

SV(I) = S*V(I)
10 CONTINUE

Figure 61. Continued
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RETURN
END

* * * * * * * * * * * * * * * * * * * * * * * * * * * *

SUBROUTINE A D D W  (X, V, XPV, N, NM)
IMPLICIT REAL*8 (A-HrO-Z) '
DIMENSION X(NM)rV(NM)rXPV(NM)DO IO I=IrN

XPV(I) = X(I) + V(I)
10 CONTINUE 

RETURN 
END 

C 
CC * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C
C

SUBROUTINE OUTPRO (XrV rXVrNrNM)
IMPLICIT REAL*8 (A-HrO-Z)
DIMENSION X (NM) , V (NM)XV (NMr NM)
DO 20 J=IrN 

DO 10 I=IrN
XV(IrJ) = X(I) *V(J)

10 • CONTINUE
20 CONTINUE 

RETURN 
END 

C 
CC * * * * * * * * * * * * * * ,  * * * * * * * * * * * * *
C
C

SUBROUTINE MULTMM (Al,A2rA3,NI,N2rNS,NM)
IMPLICIT REAL*8 (A-HrO-Z)
DIMENSION Al(NM,NM),A2(NM,NM),A3(NM,NM)
DO 10 J=IrN3 

DO 5 I=IrNl
A3 (IrJ) = O.ODO 

5 CONTINUE
10 CONTINUE

DO 25 J=IrN3 
DO 20 I=IrNl 

DO 15 K=IrN2
AS(IrJ) = A3 (IrJ) + Al(IrK) *A2 (KrJ)

15 CONTINUE
20 CONTINUE
25 CONTINUE 

RETURN 
END 

C 
CC * * * * * * * * * * * * * * * * * * * * * * * * * * *
C
C

SUBROUTINE EQUIMM (Al,A2rNlrN2,NM)
IMPLICIT REAL*8 (A-HrO-Z)
DIMENSION Al (NMrNM)rA 2 (NMrNM)
DO 10 J=IrN2 

DO 5 I=IrNl
A2 (IrJ) =,Al (IrJ)

5 CONTINUE 
10 CONTINUE 

RETURN 
END

Figure 61. Continued
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* * * * * * * * * * * * * * * * * * * * * * * * * * *

SUBROUTINE MULTSM (S,A,NI,N2,NM) 
IMPLICIT REAL*8 (A-H,0-Z) 
DIMENSION A(NMfNM)
DO 10 J=1,N2 

DO 5 I=IfNlA(IfJ) = A(IfJ) *S 
5 CONTINUE 

10 CONTINUE 
RETURN 
END

* * * * * * * * * * * * * * * * * * * * * * * * * * *

SUBROUTINE MULTVM(VfPfVPfN fNM)
IMPLICIT REAL*8 (A-HfO-Z)
DIMENSION V(NM),P (NM;NM),VP(NM)
DO 10 I=IfN

VP(I) = O . ODO 
10 CONTINUE 

DO 20. I=IlfN 
DO 15 J=IfN

VP(I) = VP(I) + V(J) *P (JfI)
15 CONTINUE 
20 CONTINUE 

RETURN 
END 

C 
CQ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C
C

SUBROUTINE ADDMM(Al,A2fA3fNfMfNM)
IMPLICIT REAL*8 (A-HfO-Z)
DIMENSION Al (NMfNM),A 2 (NMfNM),A3 (NMfNM)
DO 20 I=IfN 

DO 10 J=IfM
A3 (IfJ) = Al(IfJ) + AZ(IfJ)

10 CONTINUE 
20 CONTINUE 

RETURN 
END

Figure 61. Continued
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In this appendix a FORTRAN 77 computer package that 

implements the Prony based system identification method 
described in Chapter 3 is presented. The package consists 
of two primary programs: PRONYID and ORDER. Instructions
on how to use the package and listings of the programs are 
included.

The system sampled output {ykr & = 0,1 , 1 )  and the

system input are analyzed by PRONYID resulting in the model 
eigenvalues and residues. Only inputs of the form (3.12) 
where A,„ + 1 = 0 are allowed; that is, the input is only 
allowed to be a number of "step pulses" as in Figure 23.
Two options are available with the program. With one 
option initial-conditions are known to be zero, i.e., Ai =Or 

1 = 1,2,...,«. The second option assumes that Ai is not neces­
sarily 0 and identifies the initial-condition residues.
For both options it is assumed that the initial-condition 
of the input is zero (i.e., A„+1 = 0) .

With the second option two sets of output residues must 
be obtained by analyzing two different parts of the data. 
These data parts correspond to Dm<t  <D m+1 and Dp<t  <Dp+l in 
Chapter 3. In PRONYID the eigenvalues are obtained by ana­
lyzing just one of the data parts. The user must specify 
which part of the data is to be used when calculating the 
eigenvalues. With the program presented here, the second
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analysis is always conducted after the input has been 
removed; that is, it is assumed that p=q + l  with cq+l = 0 
where these terms are defined in Chapter 3.

Inputs to PRONYID are:
1. Title of the run.

2. Name of the TEKPLOT file containing ykr

k = 0, ! , . . . , N - I.
3. The dependent variable column in the above TEKPLOT 

file containing yk.

4. The sampling period Ts.

5. The number of pulses in the input, i.e ., #+l in

(3.12) .

6. The pulse amplitudes, i. e., the c/s, j = 0,l,...,qr in

(3.12) .

7. The delay integers (Mj r Sr j = 1,2, ...,q+ 1) of the input 

pulses where Dj = TsMj and Dj is from (3.12) .
8. System delay M ’ in samples where D f = TsM f and D f is 

the system delay in seconds.
9. The input pulse after which the first Prony analy­

sis is done, i.e., m in (3.28). This is input 
only with the nonzero initial-condition option.

A TEKPLOT file is a format free data file that contains 
the following: I) the first two lines are "text" lines
that contain any characters; 2) the third line contains the
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number of dependent variables in the file; and 3) the 
remaining of the file contains the data with the 
independent-variable data in the first column, the first 
dependent-variable data in the second column, the second 
dependent-variable data in the third column, and so on.

PRONYID must be linked with subroutines DPINV, QPOLYRT, 
and the double precision LINPACK package. DPINV is a 
double-precision subroutine that solves an over-determined 
set of equations using singular^yalue decomposition (SVD). 
The SVD subroutine called by DPINV is contained in LINPACK. 
QPOLYRT is a quad-precision polynomial root-finding subrou­
tine .

Two output data files are created by PRONYID. The 
first of these is called ORDER.IN because it is the input 
file to the program ORDER. ORDER.IN contains all the 
eigenvalues and residues obtained by the Prony fit as well 
as all input data to PRONYID. The eigenvalue/residue pairs 
are ordered according to the amount they reduce the error 
between the actual system output data and the model output. 
The method for doing this is described in Chapter 3. The 
second output file from PRONYID is a called ERROR.TEK. 
ERROR.TEK contains the errors between the actual system 
output and the model output for each model order.

The program ORDER is run after PRONYID. After studying 
the ERROR.TEK file, the user chooses a model order as 
described in Chapter 3. ORDER prompts the user for the
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desired model order and creates two output files. The 
first output file is PRONYID.OUT. It contains the title of 
the run, the error between the actual system output data 
and the model output for the specified input, the system 
delay input by the user, and the residue/eigenvalue pairs 
of the model. The second output data file is a TEKPLOT 
file and is called YHAT.TEK. It contains the actual system 
output data and the model output data so that they can be 
plotted. ORDER can be ran more than once so that the user 
can try many different model orders.

To demonstrate the package further, the steps taken to 
run the example in Chapter 3 are presented. The system 
output is shown in Figure 24 and is contained in the TEK- 
PLOT file Y .TEK. PRONYID is run interactively; the run for 
this case is contained in Figure 62. From ERROR.TEK (shown 
graphically in Figure 25), it is known that the model order 
is third. The program ORDER is interactively run with the 
desired order being third. The resulting PRONYID.OUT file 
is contained in Figure 63.
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$ RUN PRONYID

Title Of run — > CHAPTER 3 EXAMPLE
Name of TEKPLOT file containing output y(k) — > Y .TEK
TEKPLOT variable to be analyzed — > I
Sampling period — > 0.25D0
Number of pulses in the input — > 3

Amplitude of 3 pulses — > 0.5d0, 0.OdOr 0.25d0
3 delay integers of pulses t— > 4, 24, 26

System delay in samples ■— > 0
Zero initial conditions? (Y/N) — > N

First Prony analysis done after which pulse — > I
Which Prony analysis will be used, to 
calculate the signal eigenvalues' ■—  I or 2 (be 
careful to choose the one that contains 
ALL possible eigenvalues including DC.) 2

Delete modes above 1.00 hz? (Y/N) — > N

********************** *,* ***********************

ERROR.TEK contains the errors associated 
model orders. Run ORDER to obtain the fit 
for a given model.

************ * * *********************************

FORTRAN STOP 
$

Figure 62. Running PRONYID.
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CHAPTER 3 EXAMPLE
ERROR BETWEEN YHAT AND Y (in db) = -0.8377D+02
SYSTEM DELAY IN SAMPLES = 0
THE REAL-TIME EIGENVALUES AND THEIR ASSOCIATED 
RESIDUES ARE:

EIGENVALUE( I) = - 0 . SOOOD-Ol + j 0.1500D+01TRANSFER-FUNCTION RESIDUE( D 0.2000D+01 + j -0.9995D+00
INITIAL-CONDITION RESIDUE( D = 0 .2998D+00 + j -0.1999D+00
EIGENVALUE( 2) = - 0 . SOOOp-Ol + j -0.1500D+01
TRANSFER-FUNCTION RESIDUE( 2) = 0.2000D+01 + j 0.9995D+00
INITIAL-CONDITION RESIDUE( 2) = 0.2998D+00 + j 0.1999D+00
EIGENVALUE( 3) = -0.2000D+01 + j 0.0000D+00
TRANSFER-FUNCTION RESIDUE( 3) 0.2999D+01 + j O.OOOOD+OO
INITIAL-CONDITION RESIDUE( 3) = -0.9998D+00 + j 0.0000D+00

Figure 63. PRONYID.OUT for the Chapter 3 example.
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c**************************************************************************c**
C** Program: PRONYID
C**
C** by: Dan Trudnowski, Montana State Univ;, Sept. 1989, Oct. 1990.C**
C** This program uses the PRONY identification method to obtain a 
C** model for a system. The method of analysis is described in Chap. 3 
C** of "Decentralized Control Strategies for Damping Power-System 
C** Electromechanical Oscillations," Ph.D. Thesis, BE Dept., Montana 
C** State Univ., 1990, by D . Trudnowski. Two system cases are 
C** considered: I) the nonzero initial condition case; and 
C** 2) the zero initial condition case. With the case I, a model is 
C** obtained for both the system and the initial conditions. In the 
C** second case, a model is found for the system.
C** The model is 
C**
C**
C** W(s)
C** IC** -------- —  \|/
C** e U(s) ---- :>I G(s) I—  + -- >sampled at T----->C** ----------  Y(s)
C**
C** A system model (G(s)) and initial-condition model- are identified
C** by this program where
C**
C** n RE S (i) n RESINIL(i)
C** G (s) = exp(-sD) sum — :---------- W(s) = s u m -----------
C** i=l s - EIGEN(i) i=l s - EIGEN(i)C**
C** where the eigenvalues (EIGENrs) are assumed distinct. D is a pure 
C** system delay known by the user. U (s) is a known input of the form 
C**
C** ■ NUMINEUTS—I exp(-s*T*MDELAY(j)) - exp<-s*T*MDELAY(j+1))
C** U (s) = sum AMP (j) ----------------------------- ----------- ----
C** j=0 s
C**
C** This program analyzes the sequence y(0) thru y (N-I) to find a yhat(k)
C** that fits y(k) is a least-squares sense. For the case where the initial 
C** conditions of G (s) are nonzero, two Prony analysis must be done.
C** One Prony analysis is conducted from k=MDELAY(MSECDELAY) to 
C** k=MDELAY(MSECDEIiAY+l); the second analysis is conducted after 
C** k=MDELAY(NUMINPUTS). Note that MSECDELAY must be less than 
C** NUMINPUTS.
C * *
C** This program gives least-squared model fits for n = 1,2,...,nmax,
C** where nmax is calculated by the program.
C** How well the nth model fits the data is measured with 
C** Err:
C**
C** Err = 20*log{2norm(yhat-y)/2norm(y)} .
C**
C** The smaller Err, the better the fit. Output from this program is the 
C** nmax models, and their associated errors. The program ORDER may be run 
C** to see how well each model fits the data.
C**
C** Must be LINKED with: QPOLYRT, DPINV (DLINPAK).
C**Q****************************************** *********.*************** **********c**
C** Inputs to PRONYID:
C**
C** Y = vector of output sequence, Y(I), Y (2); ..., Y(NSAM);
C** TSAM = sampling rate;
C** NUMINPUTS = total number of delayed inputs (see above eqn.);
C** SYSDELAY = System delay in samples (D—SYSDELAY*TSAM above);
Figure 64. Prony identification programs.
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c**c**c**
C**
C**
C**

AMP = vector of input amplitude inputs, AMP(0), AMP(I),
AMP(NUMINPUTS-1) ;

MDELAY = vector of integer delays, MDELAY(O), MDELAY(I),..., 
MDELAY(NUMINPUTS);

MSECDELAY = start of second prony analysis (see description above).
C** Y is input from a TEKPLOT file, other inputs are input iteractively. C**
C**
C** Outputs are contained in ORDER.IN, and ERROR.TEK. ORDER.IN is read 
C** by the program ORDER.
C** ORDER.IN:
C**
C** Title
C**
C** ISAM, NUMINPUTS, N (final order), MSECDELAY, SYSDELAY
C**
C** MDELAY(I), ..., MDELAY(NUMINPUTS)
C**
C** AMP(0), ..., AMP (NUMINPUTS-I)
C**
C** Name of TEKPLOT file containing YC**
C** INPUTTEK (The dependent variable column containing Y in the
C** TEKPLOT file)
C**
C** REAL AND DISCRETE -TIME EIGENVALUESC**
C** TRANSFER-FUNCTION RESIDUES
C**
C** INITIAL-CONDITION RESIDUES
C**
C** ERROR.TEK;
C** Contains the Err(i), i=l,2,...,nmax; it is set up as a TEKPLOT file.
C**
C**Q* ******************************************************** *•* ***************c
C MAX IS THE MAXIMUM LENGTH OF Y, NMAX IS THE MAXIMUM SYSTEM ORDER, 
C AND INMAX IS THE MAXIMUM NUMBER OF PULSES IN THE INPUT.
C

PARAMETER(MAX=500, MAX2=2*MAX, NMAX=IINT(MAX/3.0)+1, INMAX=IO) 
C 
C

IMPLICIT REAL*8 (A-HrO-Z)
INTEGER SYSDELAY 
REAL*8 MATRIX
COMPLEX*I6 BRES, RES, ZEIGEN, EIGEN, RESINIL, DET 
CHARACTER NAME*20, TITLE*60, INICOND*!, NYQANS*!
DIMENSION-Y(MAX2), YHAT(MAX2) , ISAVE(NMAX), ERR(NMAX),
& MATRIX(MAX2,NMAX*2)
DIMENSION AMP (OrINMAX), MDELAY(0:INMAX+1)
DIMENSION BRES(NMAX,2), RES(NMAX), ZEIGEN(NMAX) , EIGEN(NMAX),
& RESINIL(NMAX)
DIMENSION TEMPI(NMAX), TEMP2(NMAX), TEMP3(2*NMAX)
DATA PIE/3.141592654/MDELAY(0)/0/IEIGEN/2/
DATA (Y(I),1=1,MAX2)/MAX2*0.0D0/

C
C OPEN OUTPUT DATA FILES:

OPEN(ISrFILE='ORDER.IN',STATUS='NEW')
OPEN(17,FILE='ERROR.TEK',STATUS='NEW')

CC-------------------------------- INPUT D A T A --------------------------
WRITE(*, 5)
READ(*,20) TITLE 
WRITE(*,10)
READ (*,1000) NAME

Figure 64. Continued
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200

510
15
17
20
30
33
40
45
46
47 
50 
55

WRITE(*,15)
READ(*,*) INPUTTEK 
WRITE(*,30)
READ (.*,*) TSAM 
WRITE(*,33)
READ(*,*) NUMINPUTS
WRITE(*,40) NUMINPUTS
READ(*,*) (AMP (I), 1=0,NUMINPUTS-I)
WRITE(*,45) NUMINPUTS
READ (*,*) (MDELAY(I),1=1,NUMINPUTS)
WRITE(*,46)
READ'(*.,*) S YSDELAY 
WRITE(*,47)
READ(*,17) INICOND
IF ( (INICOND .EQ. 'N') .OR. (INICOND .EQ. 'n')) THEN.

WRITE(*,50)
READ(*,*) MSECDELAY 
IF (MSECDELAY .GE. NUMINPUTS) THEN 

WRITE(*,*)WRITE (*f *) ' A******************.**********************'
WRITE(*,*)' ERROR: This value must be less '
WRITE(*,*)' than the number of input'
WRITE(*,*)' pulses.'WRITE(*,*)'** ***************************************'
STOP

ENDIF
WRITE(*,55)
READ(*,*) TEIGEN 

ENDIFWRITE(*,60) I.ODO/(4.0D0*TSAM)
READ (*,17) NYQANS

Title of run — > ',$)
Name of TEKPLOT file containing output y(k) — > ',$) 
TEKPLOT variable to be analyzed — > ' ,$)

FORMAT(/, ' 
FORMAT (/, ' 
FORMAT(/,' 
FORMAT(Al) 
FORMAT(A60) 
FORMAT(/,' 
FORMAT(/,' 
FORMAT(/,' 
FORMAT(/,' 
FORMAT(/,' 
FORMAT(/,' 
FORMAT(/,' 
FORMAT(/,'

Sampling period --> ',$)
Number of pulses .in the input — > ',$)

Amplitude of ',12,' pulses — > ',$)
',12,' delay integers of pulses — > ',$)

System delay in samples — > ',$)
Zero initial conditions? (Y/N) — > '.,■$)

First Prony analysis done after pulse — > ',$) 
Which Prony analysis will be used to ',/,

& ' calculate the signal eigenvalues —  I or 2 (be ',/,
& ' careful to choose the one that contains',/,
& ' ALL possible eigenvalues including DC.) — > ',$)
FORMAT(/,' Delete modes above',F5.2,' hz? (Y/N) — > ',$)

READ IN SYSTEM OUPUT (Y) FROM TEKPLOT FILE: 
OPEN (11, FILE=NAME, STATUS=' OLD' ■)
READ(11,*)
READ (11,*)
READ (11,*) MM I = I100 READ(11,*,END=200) T, (TEMPI (J),J=l,MM) 
Y(I) = TEMPI (INPUTTEK)
1 = 1 + 1 
GOTO 100

200 NSAM = I - IC---------------------------- END OF INPUT------------ ---------------
C
C
CC------- CHECK TO MAKE SURE VARIABLES ARE DIMENSIONED LARGE ENOUGH

IF (NSAM .GT. MAX) THEN 
WRITE (*,*).
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WRITE(*,*)' Increase parameter MAX in PRONYID.FOR' 
WRITE(*,*)
STOP

ENDIF
C--------------------------- END OF CHECK--------------------------C
C
C
C----------  DETERMINE THE NUMBER OF COLUMNS NEEDED FOR ROBUST SVD

IF ((INICOND .EQ. 'N').OR.(INICOND .EQ. 'n')) THEN 
IF ((NSAM-MDELAY(NUMINPUTS)-SYSDELAY) .LT.

& (MDELAY(MSECDELAY+1)-MDELAY(MSECDELAY))) THEN
NDATAPTS = NSAM - MDELAY (NUMINPUTS). - SYSDELAY

ELSE
NDATAPTS = MDELAY(MSECDELAY+1)-MDELAY(MSECDELAY) 

ENDIF 
ELSE

NDATAPTS = NSAM - MDELAY(NUMINPUTS) - SYSDELAY 
ENDIF
NCOL = IINT(NDATAPTS/3.0) - I
---- T------- END OF DETERMINATION OF NUMBER OF COLUMNS

DETERMINE DISCRETE-TIME EIGENVALUES
FORM YMATRIX:

IF (IEIGEN .EQ. I) THENM = MDELAY(MSECDELAY) + SYSDELAY 
ELSE

M = MDELAY(NUMINPUTS) + SYSDELAY 
ENDIF
DO I = !,NDATAPTS-NCOL 

DO J = !,NCOL
MATRIX(I,J) = Y (NCOL+I-J+M)

ENDDO
ENDDO

SOLVE OVERDETERMINED SYSTEM FOR CHARACTERISTIC EQUATION 
COEFFICIENTS (TEMP!(I) THRU TEMP!(NCOL)):

MM = NDATAPTS-NCOL
CALL DPINV(MATRIX,MM,NCOL,MAX2,TEMP!,Y (NCOL+M+1))

FIND DISCRETE-TIME EIGENVALUES FROM TEMPI:DO 1=1,NCOL
TEMPB(I) = -TEMP!(NCOL-I+1)

ENDDO
CALL QPOLYRT(TEMP3,NCOL,TEMPI,TEMP2, !ROOT)
IF (IROOT .NE. 0) THEN 

WRITE(*,*)
WRITE(*,*)' WARNING! THE EIGENVALUES MAY BE WRONG' 
WRITE(*,*)' DUE TO ILLCONDITIONING!'

ENDIF
------------- END OF DISCRETE-TIME EIGENVALUE FINDING --

---------  FIND OUTPUT RESIDUES AND CONTINUOUS-TIME EIGENVALUES ■
FIRST SET UP Z MATRIX WITH REAL AND IMAGINARY PARTS SEPARATED: 

JCOLUMN = 2
M = MDELAY(NUMINPUTS) + SYSDELAY 

210 DO J=IrNCOL
ZMAG = (TEMP!(J)**2 + TEMP2(J)**2)**0.500 
PHI = DATAN(TEMP2(J)/TEMP!(J))
IF ((TEMPl(J) .LT. O.ODO).AND.(TEMP2(J) .NE. O.ODO)) THEN 

IF (TEMP 2 (J) . LT. O.ODO) THEN
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PHI = PHI - PIE 

ELSE
PHI = PHI + PIE 

ENDIF 
ENDIF
IF (' (TEMPI (J) . LT. 0 . OD 0) .AND . (TEMP 2 (J) .EQ. 0.0D0) ) PHI=PIEDO I=I,NDATAPTS
MATRIX(I, J) = ZMAG**(I-I)*DCOS(PHI*(DBLE(I-I) ) )MATRIX(I,J+NCOL) = -ZMAG**(I-I)*DSIN(PHI*(DBLE(I-I))) 
MATRIX(I+NDATAPTS,J) = -MATRIX(I,J+NCOL)
MATRIX(I+NDATAPTS,J+NCOL) = MATRIX(IrJ)ENDDO

IF (JCOLOMN .EQ. 2) THEN
ZEIGEN(J) = DCMPLX(TEMPI (J),TEMP2(J))
Xl = DLOG(ZMAG)/TSAM 
X2 = PHI/TSAM 
EIGEN(J) = DCMPLX(XI,X2)

ENDIF
ENDDO

NOW SOLVE THE OVER-DETERMINED SYSTEMS FOR OUTPUT RESIDUE:
DO I=I,NDATAPTS

YHAT(I) = Y (M+I)
YHAT(NDATAPTS+I) = O.ODO 

ENDDO
CALL DPINV(MATRIX,2*NDATAPTS,2*NCOL,MAX2,TEMP3(I),YHAT)
DO 1=1,NCOL

BRES(I,JCOLUMN) = DCMPLX(TEMPS(I),TEMPS(I+NCOL))ENDDO
IF ((INICOND .EQ. 'N').OR.(INICOND .EQ. 'n')) THEN 

M = MDELAY(MSECDELAY) + SYSDELAY 
JCOLUMN = JCOLUMN - I 
IF (JCOLUMN .EQ. I) GOTO 210 

ENDIF
---------------- END OF OUTPUT RES. AND EIGEN. -----------------------

---------  GET RID OF EIGENVALUE ON THE NEG. REAL AXIS -
KCOL = NCOL I = I
DO WHILE (I .LE. KCOL)

IF ((DREAL(ZEIGEN(I)) .LT. 0.DO).AND.
& (DIMAG(ZEIGEN(I)) .EQ. O.ODO)) THEN 

KCOL = KCOL - I 
IF (I .EQ. (KCOL+1)) GOTO 220 
DO J=I,KCOL

EIGEN(J) = EIGEN(J+l)
ZEIGEN(J) = ZEIGEN(J+l)
BRES(JfI) = BRES(J+l,I)
BRES(J, 2) = BRES(J+l, 2)

ENDDO
ELSE

1 = 1 + 1 
ENDIF 

ENDDO
NCOL = KCOL

---------  END OF DELETING EIGENVALUES ON NEG. REAL AXIS

----- GET RID OF ALL MODES ABOVE NYQUIST/2 IF USER DESIRESIF ((NYQANS .EQ. 'Y').OR.(NYQANS .EQ. 'y')) THEN I = IDO WHILE (I .LE. KCOL)
IF (DREAL(ZEIGEN(I)) .LT. O.DO) THEN KCOL = KCOL - I
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IF (I .EQ. (KCOL+1)) GOTO 230 
DO J=I,KCOL

EIGEN(J) = EIGEN(Jfl) 
ZEIGEN(J) = ZEIGEN(Jfl) 
BRES(J,I) = BRES(JflrI) 
BRES(J,2) = BRES(JfI,2) ENDDO 

ELSE
I = I f l  

ENDIF 
ENDDO 

ENDIF
230 NCOL = KCOL

C-------------  END OF DELETING MODES ABOVE THE NYQUIST/2 RATE ---C
C
C
C---------  CALCULATE TRANSFER-FUNCTION INITIAL-CONDITION RESIDUESAMP (NUMINPUTS) = O.ODO

IF THE USER SPECIFIES THE INITIAL-CONDITION RESIDUES ARE ZERO: 
IF ((INICOND .EQ. 'Y').OR.(INICOND .EQ. 'y')) THEN DO I=IrNCOL

RESINIL(I) = DCMPLX(O.ODO,O.ODO)
DET = AMP (O)*ZEIGEN(I)**MDELAY(NUMINPUTS)

& - AMP (NUMINPUTS-I)
DO J=IrNUMINPUTS-I

DET = DET f (AMP (J)-AMP (J-I))*
& ZEIGEN(I)**(MDELAY(NUMINPUTS)-MDELAY(J))ENDDO

RES(I) = BRES(I,2)*EIGEN(I)/DET ENDDO
IF THE USER SPECIFIES NONZERO INITIAL-CONDITION RESIDUES:ELSE

DO I=IrNCOL
DET = DCMPLX(0.ODOr O .ODO)
DO J=MSECDELAYfl,NUMINPUTS

DET = DET f (AMP (J) - AMP (J-I))*ZEIGEN(I)**
& (MDELAY(NUMINPUTS)-MDELAY(J))ENDDO

M = MDELAY(NUMINPUTS)-MDELAY(MSECDELAY)
RES(I) = EIGEN (I) * (BRES(I, 2)-BRES(I, I)*

& ZEIGEN(I)**M) / DET
RESINIL(I) = BRES(I,2) - (AMP (O) ARES(I)/EIGEN(I)) *

& ZEIGEN(I)**MDELAY(NUMINPUTS)
DO J=IrNUMINPUTS

RESINIL(I) = RESINIL(I)-(RES(I)/EIGEN(I))*
& (AMP (J)-AMP (J-I))*
& ZEIGEN(I)**(MDELAY(NUMINPUTS)-MDELAY(J))ENDDO

RESINIL(I) = RESINIL(I)*
& ZEIGEN(I)**(-SYSDELAY-MDELAY(NUMINPUTS))ENDDO 
ENDIF

C-------------------.---END OF RESIDUE CALCULATION-------------------C
C
C
C-------------  REORDER EIGNEVALUES AND RESIDUES -------------
C-------------  ACCORDING TO CONTIBUTION TO SIGNAL -------------
C-------------  (IN THE SENSE THAT IT REDUCES THE ERROR-------------
C-------------  BETWEEN THE.ACTUAL SIGNAL (Y) AND THE -------------
C-------------  ESTIMATED SIGNAL (YHAT) . -------------

NORTEMP = O 
300 !COUNT = I

ERROLD = I.ODf35
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DO WHILE (!COUNT ;LE. NCOL)

IF (NORTEMP .GT. 0) THEN 
DO J=I,NORTEMP

IF (!COUNT „EQ. ISAVE(J)) THEN !DELTA = I 
GOTO 400 

• ENDIF 
ENDDO 

ENDIF
ISAVE(NORTEMP+1) = !COUNT 
!DELTA = I
IF (DABS(DIMAG(EIGEN(!COUNT))) .GT. 1.0D-12) THEN !DELTA = 2

ISAVE(NORTEMP+2) = ICOUNT+I 
ENDIF 

C
C CALCULATE YHAT AND THE ERROR ASSOCIATED WITH YHAT FOR 
C ORDER NORTEMP+!DELTA:

N = NORTEMP+!DELTA YDEL = 0.0D0
YNORM = 0.0D0 

C
C---- CALCULATE YHAT FOR K=MDELAY(MSECDELAY)+SYSDELAY TO
C---- K=MDELAY(MSECDELAY)+SYSDELAY-I;

IF ((INICOND .EQ. 'N').OR.(INICOND .EQ. 'n')) THEN 
M = MSECDELAY
Ml = MDELAY(MSEODELAY) + SYSDELAY 
DO K = Ml, MDELAY(M+I)+SYSDELAY-I 

YHAT(K+l) = O.ODO 
DO 1=1,N

L = ISAVE(I)
YHAT(K+l) = YHAT(K+l) + DREAL(BRES(L,I)*

& ZEIGEN(L)**(K-Ml) - AMP (M) *
& RES (L)/EIGEN (L))ENDDO

YDEL = YDEL + (Y(K+l)-YHAT(K+l))**2 
YNORM = YNORM + Y(K+1)**2 

ENDDO 
ENDIF 

C
C-----CALCULATE YHAT FOR K=MDELAY(NUMINPUTS)+SYSDELAY TO K=NSAM-I;

Ml = MDELAY(NUMINPUTS) + SYSDELAY 
DO K = Ml,NSAM-I 

YHAT(K+l)=O-ODO 
DO 1=1,N

L = I SAVE.(I)
YHAT(K+l) = YHAT(K+l) + DREAL(BRES(L,2)*

& ZEIGEN(L)**(K-Ml))
ENDDO
YDEL = YDEL + (Y(K+l)-YHAT(K+l))**2 
YNORM = YNORM + Y(K+1)**2 

ENDDO
YNORM = YNORM**0.5D0
YDEL = YDEL**0.5D0
ERRNEW = 20.0D0*DLOG10(YDEL/YNORM)

C
C---7-TEST ERROR;

IF (EHRNEW .LT. ERROLD) THEN 
ERROLD = ERRNEW 
ISVl = ICOUNT 
INUM = I
IF (!DELTA .EQ. 2) THEN 

ISV2 = ICOUNT+1 
INUM = 2 

ENDIF 
ENDIF

400 !COUNT = !COUNT + !DELTA
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ENDDO
ISAVE(NORTEMP+1) = ISVl 
ERR(NORTEMPfl) = ERROLD 
IF (INUM .EQ. 2) -THEN

ISAVE(NORTEMP+2) = ISV2 
ERR(NORTEMP+2) = ERROLD 

ENDIF
NORTEMP = NORTEMP + INUM 
IF (NORTEMP .LT. NCOL) GOTO 300 
--------------------  END OF REARRANGEMENT

----------------------  OUTPUT TO DATA FILES ------------------
IF ((INICOND .EQ. 'Y').OR.(INICOND .EQ. 'y')) MSECDELAY=O

OUTPUT ERR:
WRITE(17,*)' N ERR(N) = NORM(Y-YHAT)/NORM(Y) IN DB' 
WRITE(17,20) TITLE 
WRITE(17,*) I 
DO 1=1,NORTEMP

WRITE(17,*) I, ERR(I)
ENDDO

OUTPUT EIGENVALUES AND RESIDUES TO A DATA FILE SO THAT THE 
PROGRAM ORDER.FOR CAN READ THESE VALUES:

WRITE(15,20) TITLE
WRITE(15,*) TSAM,NUMINPUTS,NORTEMP,MSECDELAY,SYSDELAY 
WRITE(15,*) (MDELAY(I),1=1,NUMINPUTS)
WRITE (15,*) (AMP(I),1=0,NUMINPUTS-I)
WRITE(15,1000) NAME 
WRITE(15,*) INPUTTEK
WRITE(15,*)' REAL-TIME AND DISCRETE-TIME EIGENVALUES:'
DO I=I,NORTEMP

WRITE(15,*) DREAL(EIGEN(!SAVE(I))), DIMAG(EIGEN(ISAVE(I))),
& DREAL(ZEIGEN(!SAVE(I))), DIMAG(ZEIGEN(!SAVE(I)))
ENDDO
WRITE(15,*)' TRANSFER-FUNCTION RESIDUES:'
DO I=I,NORTEMP

WRITE(15,*) DREAL(RES(!SAVE(I))), DIMAG(RES(!SAVE(I)))
ENDDO
IF (MSECDELAY .NE. 0) THEN

WRITE(15,*)' INITIAL-VALUE RESIDUES:'
DO 1=1,NORTEMP

Xl = DREAL(RESINIL(!SAVE(I)))
X2 = DIMAG(RESINIL(!SAVE(I)))
WRITE(15,*) XI,X2 

ENDDO 
ENDIF
WRITE(*, *)WRITE(* z*)'***********************************************' 
WRITE(*,*)
WRITE(*,*)' ERROR.TEK contains the errors associated'
WRITE(*,*)' model orders. Run ORDER to obtain the fit' 
WRITE(*,*)' for a given model.'
WRITE(*,*)WRITE(*7*)'*********************** ** **********************' 
WRITE(*,*)

1000 FORMAT(A20)
END OF OUTPUT

---------------------  THAT'S ALL FOLKS
STOP
END
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Q***************************************************************************
C**
C** Program: ORDER 
C**
C** by: Dan Trudnowski, Oot. 1989, Oct. 1990.
C**
C** This program reads in the eigenvalues and residues 
C** from ORDER.IN which is an output file from PRONYID.
C** It then calculates the estimate yhat based on these eigenvalues 
C** and residues and compares it with the actual data. The model 
C** order is input by the user.
C**
C** Output files are PRONYID.OUT and YHAT.TEK. YHAT.TEK is formatted 
C** as a TEKPLOT file and contains the actual output y and the estimated 
C** output yhat. PRONYID.OUT contains the residues and eigenvalues.
C**Q***************************************************************************
C

PARAMETER(MAX = 500, NMAX=IINT(MAX/3.0)+1)
IMPLICIT REAL*8 (A-HrO-Z)
INTEGER SYSDELAY
COMPLEX*I6 RES, RESINIL, EIGEN, .ZEIGEN 
CHARACTER TITLE*60,TITLE1*60,NAME*20 
DIMENSION MDELAY(0:NMAX),AMP(0 :-NMAX), Y (MAX)
DIMENSION RES (NMAX), RESINIL(NMAX), EIGEN (NMAX), ZEIGEN(NMAX)
DIMENSION TEMP(NMAX)
DATA PIE/3.141592654/MDELAY(0)/0/
DATA (RESINIL(I),I=I,NMAX)/NMAX*(0.0D0,0.0D0)/

C
C
C
C--------------------------- OPEN DATA FIL E S-------------------------------
C
C INPUT FILE:

OPEN(11,FILE='ORDER.IN',STATUS='OLD')
C
C OUTPUT FILES:

OPEN(17,FILE='YHAT:TEK',STATUS='NEW)
OPEN(18,FILE='PRONYID.OUT',STATUS='NEW)

C-------------- :----------- END OF OPENING FILES
C
C
CC-----------------------------READ IN D A T A ------
C
C READ IN THE EIGENVALUES AND RESIDUES:

READ(IlrIO)TITLE
READ(11,*) TSAM, NUMINPUTS, NCOL, MSECDELAY, SYSDELAY 
READ(11,*) (MDELAY(I),I=IrNUMINPUTS)
READ (11,*) (AMP(I),I=OrNUMINPUTS-I)
READ(11,20) NAME 
READ(11,*) INPUTTEK 
READ(11,10) TITLEl 
DO I=IrNCOL

READ(11,*) XI, X2, X3, X4 
EIGEN(I) = DCMPLX(XI,X2)
ZEIGEN(I) = DCMPLX(X3,X4)

ENDDO
READ(11,IOjTITLEl 
DO I=IrNCOL

READ(11,*)X1, X2 
RES(I) = DCMPLX(XI, X2)

ENDDO
IF (MSECDELAY .NE. 0) THEN 

READ(11,10)TITLEl 
DO I=IrNCOL

READ(11,*) XI, X2
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RESINIL(I) = DCMPLX(XI,X2)

ENDDO
ENDIF

10 FORMAT(AGO)
20 FORMAT(A2O)

C
C READ IN Y :

OPEN(12,FILE=NAME,STATUS='OLD')
READ(12,*)
READ (12, *)
READ (12, *) M 
I = O

100 1 = 1 + 1
READ(12,*,END=200) T, (TEMP (J),J=l,M)
Y(I) = TEMP (INPUTTEK)
GOTO 100

200 NSAM = I - I  
C
C CHECK DIMENSIONS:

IF (NCOL .GT. NMAX) THEN 
WRITE(*,250)NSAM 

ENDIF
IF (NSAM .GT. MAX) THEN 

WRITE(*,260)NSAM 
ENDIF

250 FORMAT(/,' Parameter MAX is too small, increase above ',13)
260 FORMAT(/,' Parameter MAX is too small, increase above ',13)

C INPUT SYSTEM ORDER:
WRITE(*,300) NCOL 
READ (*,*) N

300 FORMAT(/,' System order (less than or equal to ',12,') — > ',$)
C-------------------------- END OF DATA INPUT----------- ---------------
C
C
C
C----CALCULATE YHAT FOR ORDER N AND OUTPUT TO DATA FILES -------------
C
C SET UP TEKPLOT FILE YHAT.TEK:

WRITE(17,*)' TIME, ACTUAL OUTPUT, ESTIMATED OUTPUT.'
WRITE(17,*)
WRITE(17,*) 2 

C
C CALCULATE YHAT AND THE ERROR BETWEEN Y AND YHAT IN DB:

YDEL = 0.0D0 
YNORM = 0.0D0 
MS = SYSDELAY 
DO K=O,NSAM-I 

YHAT = 0.0D0 
DO 1=1,N

YHAT = YHAT + DREAL(RESINIL(I)*ZEIGEN(I)**K)
DO J=O,NUMINPUTS-I

IF (K .GE. (MDELAY(J) +MS)) YHAT = YHAT + DREAL(
& AMP (J) *(ZEIGEN(I)**(K-MS-MDELAY(J))-1.0D0)*
& RES(I)/EIGEN(I))

IF (K .GE. (MDELAY(J+l) + MS)) YHAT = YHAT - DREAL(
& AMP (J) *(ZEIGEN(I)**(K-MS-MDELAY(J+l))-1.0D0)*
& RES(I)/EIGEN(I))

ENDDO
ENDDO
T = TSAM*DBLE(K)
WRITE(17,*) T, Y (K+l), YHAT 
YDEL = YDEL + (Y(K+l)-YHAT)**2 
YNORM = YNORM + Y (K+l)**2 

ENDDO
YDEL = YDEL**0.5D0 
YNORM = YNORM**0.5D0
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ERROR = 20.0D0*DLOG10(YDEL/YNORM)

C---------------------END OF YHAT AND ERROR CALCULATION------------C
C
C
C----------  OUTPUT SYSTEM DELAY, ERROR, RESIDUES, AND EIGENVALUES -

WRITE(18,1000)TITLE 
WRITE(18,1005)ERROR 
WRITE(18,1007)SYSDELAY
WRITE(18,*)' THE REAL-TIME EIGNEVALUES AND THEIR ASSOCIATED' 
WRITE(18,*)' RESIDUES ARE:'
DO 1=1,N

Xl = DREAL(EIGEN(I))
X2 = DIMAG(EIGEN(I))
X3 = DREAL(ZEIGEN(I))
X4 = DIMAG(ZEIGEN(I))
X5 = DREAL(RES(I))
X6 = DIMAG(RES(I))
X7 = DREAL(RESINIL(I))
X8 = DIMAG(RESINILd) )
WRITE(18,1010)I,XI,X2 

C WRITE(i8,1015)1,X3,X4
WRITE(18,1020)I,X5,X6
IF (MSECDELAY .NE. 0) WRITE(18,1025)I,X7,X8 

ENDDO
1000 FORMAT(/,A60)
1005 FORMAT(/,' ERROR BETWEEN YHAT AND Y (in db) = ',D12.4)
1007 FORMAT(/,' SYSTEM DELAY IN SAMPLES =',12,/)
1010 FORMAT(/,' EIGENVALUE(',12,') = ',

5 D12.4,' + j ',D12.4)
1015 FORMAT(' DISCRETE-TIME EIGENVALUE(',12,') = ',

6 D12.4,' + j ',D12.4)
1020 FORMAT(' TRANSFER-FUNCTION RESIDUE(',12,') = ',

& D12.4,' + j ',D12.4)
1025 FORMAT(' INITIAL-CONDTION RESIDUE(',12,') = ',

& D12.4,' + j ',D12.4)
C
C

WRITE(*,*)WRITE (*,*) '****************************************************'
WRITE(*,*)'** **' 
WRITE(*,*)'** Data file YHAT.TEK contains the estimated and **' 
WRITE(*,*)'** actual outputs in TEKPLOT format. **' 
WRITE(*,*)'** **' 
WRITE(*,*)'** PRONYID.OUT contains eigenvalues and resiues. **' 
WRITE(*,*)'** **'WRITE(*,*)'****************************************************'
STOP
END

C*A.* * * ***********************************************************
C**
C** Subroutine: DPINV —  pseudoinverse.
C**
C** by: Dan Trudnowski, June 1989.
C**
C** This subroutine solves the over-determined linear system 
C** Ax = b, where A is an MxN matrix, x is an Nxl vector, and 
C** b is an Mxl vector. It assumed that M- >= N . Singular-value 
C** analysis is used calculate the x that is the least-squared- 
C** error solution to Ax = b .
C**
C** This subrouine must be linked with DLINPAK.
C**
C** Input:
C** N =  number of columns of matrix A;
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C** M =  number of rows of matrix A;
C** MDIM = first dimension of array A;
C** A =  MxN matrix;
C** B =  Mxl vector of coeficients;
C**
C** Output: ,
C** X =  Nxl vector of least-squared-error solution.
C**
C** Note: A is destroyed on return.q********************************* ************************************ 

SUBROUTINE DPINV(A,M,N,MDIM, X, B)
C
C THE MAXIMUM DIMENSION OF A IS MMAX BY NMAX (CHANGE ACCORDINGLY!): 

PARAMETER (MMAX=1000, NMAX = IINT(MMAX/3.0) + I)
IMPLICIT REAL*8 (A-HfO-Z)
DIMENSION A(MDIMfI)', X(I) , B(I)f 
& S(NMAX), U(MMAXfNMAX)f V(NMAXfNMAX),
& WORK (MMAX), E(MMAX)

C
C CHECK TO MAKE SURE. VARIABLES ARE DIMENSIONED LARGE ENOUGH:

IF (MDIM .GT. MMAX) THEN
WRITE(*,*)' Increase parameter MMAX in DPINV.FOR'
STOP

ENDIF
IF (N .GT. NMAX) THEN

WRITE(*,*)' Increase parameter NMAX in DPINV.FOR'
STOP

ENDIF
C
C DECOMPOSE A INTO A = U*diag(S(i))*transpose(V),U & V are unitary: 

CALL DSVDC(A;MDIMfMfN fSfEfUfMMAXfV fNMAXf 
& WORK,21,INFO)
IF (INFO .NE. 0) THEN

WRITE(*,*)' THE SVD ANALYSIS IS.NOT ACCURATE.'
ENDIF

C
C SOLVE X = V*diag(l/S (I) ) transpose (U) *B:
C----FIRST ZERO THE INVERSE OF SINGULAR VALUES THAT ARE TOO SMALL,
C----THEN LET REMAINING S (I) = 1/S (I);

EPS = I.0D-13*DBLE(M)
SMAX = S(I)
DO I=IfN

TEST = DABS(S(I)/SMAX)
IF (TEST .LT. EPS) THEN 

S(I) = 0.0D0 
ELSE

S(I) = I.0D0/S(I)
ENDIF

ENDDO
C
C----NOW DO MULTIPLICATION;

DO I=IfN
WORK(I) = 0 .0D0 
DO J=IfM

WORK(I) = WORK(I) + U(J, I)*B(J)
ENDDO 

ENDDO 
DO I=IfN

X(I) = 0.0D0 
DO J=IfN

X(I) = X(I) + V(I, J)*S(J)*W0RK(J)
ENDDO

ENDDO
C

RETURN
END
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APPENDIX C
ETMSP DATA FILES FOR THE TEST SYSTEM
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This appendix contains the data files required to simu­

late the 17 machine test system described in Chapter 4 
using ETMSP version I. The first file is the load-flow 
input data file for operating point A, while the second is 
the load-flow file for operating point B . The last file is 
the swing file. The format for these data files is dis­
cussed in [57].

J



212
HDG

LOADFLOW I N P U T  D A TA  F I L E  F O R  O P E R A T I N G

A P R I L ,  1 9 9 0  
B A S
BQ  N O RT H  G 1 2 0 . 0  I
B Q  N O RT H  G 2 2 0 . 0  I
BQ N O RT H  G 3 2 0 . 0  I
BQ N M A IN  G M 2 0 . 0  I
BQ SO U TH  G 1 2 0 . 0  I
BQ  S O U T H  G 2 2 0 . 0  I
BQ  S M A IN  G M 2 0 . 0  I
BQ  C H A I N  G M 2 0 . 0  I
B Q  CANAD G 1 2 0 . 0  I
BQ  MONTA G 1 2 0 . 0  I
BQ  P G S E  G 1 2 0 . 0  I
B Q  P M A I N  G M 2 0 . 0  I
BQ  A R I Z O  G 1 2 0 . 0  I
BQ  A R I Z O  G 2 2 0 . 0  I
BQ A M A IN  G M 2 0 . 0  I
BQ  S L A C K  2 0 . 0  I
BQ  UTAH G 1 2 0 . 0  I
B A R I Z O l 2 0 . 0 I  0 . 0  0 .
B A R I Z 0 2 2 0 . 0 I  0 . 0  0 .
B CANAD 2 0 . 0 I  0 . 0  0 .
B N O R T H l 2 0 . 0 I  0 . 0  0 .
B N O R T H 2 2 0 . 0 I  0 . 0  0 .
B S O U T H l 2 0 . 0 I  0 . 0  0 .
B S O U T H 2 2 0 . 0 I  0 . 0  0 .
B S L A C K 2 2 0 . 0 I  0 . 0  0 .
B P G S E 2 2 0 . 0 I  0 . 0  0 .
B N M A I N 2 2 0 . 0 I  0 . 0  0 .
B N ORTH 5 0 0 I  9 0 0 0 4 5 0 0 .
B S T A T I O N N  5 0 0 1 1 1 1 0 0 3 5 0 0 . 1 5 0 0
B S T A T I O N S  5 0 0 ' 1 1 1 7 0 0 5 0 0 0 . 5 9 0 0
B SO U TH 5 0 0 I  9 8 0 0 4 2 0 0 .
B CANADA 5 0 0 1 1 1 7 5 0 4 8 0 0 .
B MONTANA 5 0 0 I  9 0 0  4 0 0 .
B P G S E 5 0 0 1 1 2 6 0 0 4 0 0 0 . 1 0 0 0
B A R I Z O N A 5 0 0 1 1 5 6 0 0 6 0 0 0 .
B M O 5 0 OTO 2 3 0 I  0 .  0 .
B A R 5 0  OTO 2 3 0 I  0 .  0 .
B C A 5 0 0 T O 2 3 0 I  0 .  0 .
B UTAH 2 3 0 I  3 8 0 0 1 5 0 0 . 1 0 0 0
B N O S 0 0 TO 2 3 0 I  0 .  0 .
B N M A I N 3 2 0 . 0 I  0 . 1  0 . 1
B S Y L M A R L A 2 3 0 . 1 2 - 2 4 0 5 1 0 8 8  . 1 8 0 0
B B C E L I L O 1 2 3 0 . 1 1 2 7 0 9 . - 4 1 8 3 1 4 0 0
T A R I Z O N A 5 0 0 A R 5 0 0 T O  2 3 0
T MONTANA 5 0 0 M OSOOTO 2 3 0
T CANADA 5 0 0 C A 5 0 0 T O  2 3 0
T NORTH 5 0 0 N O R T H l  2 0 . 0
T N ORTH 5 0 0 N O R T H 2  2 0 . 0
T N ORTH 5 0 0 N O RT H  G 3 2 0 . 0
T S T A T I O N N  5 0 0 N M A I N 2  2 0 . 0
T S T A T I O N N  5 0 0 S L A C K 2  2 0 . 0
T CANADA 5 0 0 C H A I N  G M 2 0 . 0
T CANADA 5 0 0 CANAD 2 0 . 0
T MONTANA 5 0 0 MONTA G 1 2 0 . 0
T P G S E 5 0 0 P G S E 2  2 0 . 0
T P G S E 5 0 0 P M A I N  G M 2 0 . 0
T SO U TH 5 0 0 S O U T H l  2 0 . 0
T SO U TH 5 0 0 S O U T H 2  2 0 . 0
T SO U TH 5 0 0 S M A IN  G M 2 0 . 0
T A R I Z O N A 5 0 0 A R I Z O l  2 0 . 0
T A R I Z O N A 5 0 0 A R I Z 0 2  2 0 . 0
T A R I Z O N A 5 0 0 A M A IN  G M 2 0 . 0
T N ORTH 5 0 0 N O 5 0 0 T O  2 3 0
T UTAH 2 3 0 UTAH G 1 2 0 . 0
T S YLM ARLA2 3  0 . S O U TH  5 0 0
T NORTH 5 0 0 B C E L I L O 1 2 3 0 .
L A R I Z O  G 1 2 0 . 0 A R I Z O l  2 0 . 0
L A R I Z 0 2 2 0 . 0 A R I Z O  G 2 2 0 . 0
L CANAD G 1 2 0 . 0 CANAD 2 0 . 0
L N O R T H l 2 0 . 0 N O RT H  G l 2 0 . 0
L N O R T H 2 2 0 . 0 N O RT H  G 2 2 0 . 0

Figure 65. Loadflow data

P O I N T  A  I N  1 7  M A C H IN E S Y S .

1 2 0 0  8 0 0 . - 1 0 0 0 1 0 4 9  
2 5 0 0 1 6 0 0 . - 1 0 0 0 1 0 4 9  

1 4 0 0 0 1 0 1 8 0 - 1 0 0 0 1 0 4 9  
6 7 0 0 3 5 0 0 .  1 0 4 9
1 0 0 0  7 5 0 . - 1 0 0 0 1 0 4 9  

7 0 0  5 2 5 . - 1 0 0 0 1 0 4 9  
1 2 5 0 0 9 3 7 5 . - 1 0 0 0 1 0 4 9  
1 0 3 0 0 7 3 2 0 . - 3 5 0 0 1 0 4 9  

1 6 0 0 1 0 0 0 . - 1 0 0 0 1 0 4 9  
1 2 5 0  7 0 0 .  - 5 0 0 1 0 3  

7 0 0  5 0 0 . - 1 0 0 0 1 0 4 9  
1 0 6 0 0 7 8 0 0 .  1 0 4 9

4 5 0 0 3 4 0 0 . - 1 0 0 0 1 0 4 9  
2 0 0 0 1 6 0 0 . - 1 0 0 0 1 0 4 9  

1 2 5 0 0 6 2 0 0 .  1 0 4 9
4 0 0 0 2 5 0 0 . - 1 0 0 0 1 0 4 9  
3 2 0 0 1 6 0 0 .  1 0 4 0

1 0 3 0
0 9 6 0
0 9 7 0

0 9 7 0

1 0 4 0

1 0 2 0
2 0 0 0 5 0 0 0 0 2 3 0 0 0
2 0 0 0 5 0 0 0 0 2 3 0 0 0
2 0 0 0 5 0 0 0 0 2 3 0 0 0

3 0 0 5 0 0 0 0  2 0 0 0
3 0 0 5 0 0 0 0  2 0 0 0

9 0 ' 5 0 0 0 0  2 0 0 0
7 0 5 0 0 0 0  2 0 0 0

2 0 0 5 0 0 0 0  2 0 0 0
1 0 0 5 0 0 0 0  2 0 0 0
5 0 0 5 0 0 0 0  2 0 0 0
5 0 0 5 0 0 0 0  2 0 0 0

1 0 0 0 5 0 0 0 0  2 0 0 0
8 0 5 0 0 0 0  2 0 0 0

5 0 0 5 0 0 0 0  2 0 0 0
8 0 0 5 0 0 0 0  2 0 0 0

8 0 5 0 0 0 0  2 0 0 0
2 0 0 5 0 0 0 0  2 0 0 0

, 5 0 0 5 0 0 0 0  2 0 0 0
7 0 5 0 0 0 0  2 0 0 0

2 0 0 0 5 0 0 .  2 3 0 .
4 0 0 2 3 0 .  2 0 .
3 3 0 2 2 8 0 0 4 9 0 0 0

0 0 3 3 0 4 9 0 0 0 2 2 8 0 0
1 0 2 0 0

7 7 0 0
6 0 7 3 0

8 5 3 0
7 6 3 0

for operating point A.
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L P G & E 2 2 0 . 0 P G f iE  G 1 2 0 . 0 7 5 5 0
L S O U T H l 2 0 . 0 SO U TH  G 1 2 0 . 0 7 6 0 0
L S 0 U T H 2 2 0 . 0 SO U TH  G 2 2 0 . 0 7 4 0 0

■L S L A C K 2 2 0 . 0 S L A C K  2 0 . 0 7 7 0 0
L N M A IN 2 2 0 . 0 N M A I N 3  2 0 . 0 2 4 0
L N M M N S 2 0 . 0 N M A IN  G M 2 0 . 0 1 0
L NORTH 5 0 0 S T A T I O N N  5 0 0 1 2 5 2 8 2 . 0 0 9 0
L N ORTH 5 0 0 S T A T I O N N  5 0 0 2 3 0 2 7 9 . 0 0 4 5
L S T A T IO N N I 5 0 0 CANADA 5 0 0 1 9 0 2 1 0 0 . 1 1 0 0
L N ORTH 5 0 0 MONTANA 5 0 0 1 9 0 1 5 5 0 . 0 4 7 6
L S T A T IO N N I 5 0 0 P G f iE  5 0 0 3 0 0 1 8 8 0 . 0 0 9 0
L P G f iE 5 0 0 S T A T I O N S  5 0 0 3 5 0 2 4 6 0 . 1 4 6 0
L SO U TH 5 0 0 S T A T I O N S  5 0 0 2 0 1 5 0 . 0 4
L SO U TH 5 0 0 A R I Z O N A  5 0 0 2 0 0 1 5 5 0 . 0 1 6 0
L MOSOOTO 2 3 0 UTA H 2 3 0 8 5 0 9 9 5 0 . 2 5
L CA S O O TO 2 3 0 M O 5 0 0 T O  2 3 0 8 5 0 9 5 0 0 . 3 3 0 0
L N O SO O TO 2 3 0 UTA H 2 3 0 8 0 0 8 4 0 0 . 1 6 7 .
L UTA H 2 3 0 A R 5 0 0 T O  2 3 0 9 2 0 1 0 9 0 0 . 2 5
MD P 1 0  0 . 0 0 1 0 . 0 0 1  1 . 0  1 . 0  1 . 0  1 . 0 2 . 0  2 . 0  2 . 0
MD F 1 5 0 . 0 0 0 1 0 . 0 0 0 1  0 . 1  0 . 1  0 . 1  0 . 1 . 1 0  . 1 0  I . 0
MD D F  F F T F  F  I  :C F F I
ZZ
S O L 2 S L A C K 2 0 . 0
OUT 2 Y E S Y E S
L S T
SAV 8 9 9 9 9 A P S
I N D
END

Figure 65 Continued.
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HDG

LOADFLOW I N P U T  D A TA  F I L E  F O R  O P E R A T I N G  P O I N T  B  I N  1 7  M A C H IN E S Y S .

A P R I L ,  1 9 9 0  
B A S
BQ
BQ
BQ
BQ
BQ
BQ
BQ
BQ
BQ
BQ
BQ
BQ
BQ
BQ
BQ
BQ
BQ

N ORTH G l 2 0 . 0  
N O RTH  G 2 2 0 . 0  
N O RTH  G 3 2 0 . 0  
N M A IN  G M 2 0 . 0  
S O U TH  G 1 2 0 . 0  
S O U TH  G 2 2 0 . 0  
S M A IN  G M 2 0 . 0  
C H A I N  G M 2 0 . 0  
CANAD G l 2 0 . 0  
MONTA G 1 2 0 . 0  
P G & E  G 1 2 0 . 0  
P M A I N  G M 2 0 . 0  
A R I Z O  G 1 2 0 . 0  
A R I Z O  G 2 2 0 . 0  
A M A IN  G M 2 0 . 0 
S L A C K  2 0 . 0  
UTAH G 1 2 0 . 0

1 2 0 0  8 0 0 . - 1 0 0 0 1 0 4 9  
2 5 0 0 1 6 0 0 . - 1 0 0 0 1 0 4 9  

1 3 , 5 3 5 8 0 0 0 . - 1 0 0 0 1 0 4 9  
6 7 0 0 3 5 0 0 .  1 0 4 9
1 5 0 0  8 0 0 . - 1 0 0 0 1 0 4 9  
1 0 0 0  6 2 5 . - 1 0 0 0 1 0 4 9  

1 5 9 5 0 1 0 7 5 0 - 1 0 0 0 1 0 4 9  
1 0 0 3 5 7 3 2 0 . - 3 5 0 0 1 0 4 9  

1 3 0 0  8 0 0 . - 1 0 0 0 1 0 4 9  
1 2 5 0  7 0 0 .  - 5 0 0 1 0 4 9  

7 0 0  5 0 0 . - 1 0 0 0 1 0 4 9  
1 2 0 0 0 8 8 0 0 .  1 0 4 9

4 9 0 0 3 5 0 0 . - 1 0 0 0 1 0 5 0  
2 4 0 0 1 . 6 0 0  . - 1 0 0 0 1 0 5 0  

1 3 7 5 0 1 0 5 0 0  1 0 5 0
4 0 0 0 2 5 0 0 . - 1 0 0 0 1 0 4 9
3 2 0 0 1 6 0 0 . 1 0 4 9

B A R I Z O l  2 0 . 0  I  0 . 0  0 .
B A R I Z 0 2  2 0 . 0  I  0 . 0  0 .
B CANAD 2 0 . 0  I  0 . 0  0 .
B N O R T H l  2 0 . 0  I  0 . 0  0 .
B N O R T H 2  2 0 . 0  I  0 . 0  0 .
B S O U T H l  2 0 . 0  I  0 . 0  0 .
B S O U T H 2  2 0 . 0  I  0 . 0  0 .
B S L A C K 2  2 0 . 0  I  0 . 0  0 .
B P G & E 2  2 0 . 0  I  0 . 0  0 .
B N M A I N 2  2 0 . 0  I  0 . 0  0 .
B N O RT H  5 0 0  1 1 0 2 0 0 4 5 0 0 .
B S T A T I O N N  5 0 0  1 1 1 1 0 0 3 5 0 0 .
B S T A T I O N S  5 0 0  1 1 3 0 0 0 5 5 0 0 . 5 6 0 0
B S O U TH  5 0 0  1 1 2 0 7 5 4 5 0 0 .
B CA NADA 5 0 0  1 1 2 2 5 0 5 3 0 0 .
B MONTANA 5 0 0  I  1 5 0 0  5 0 0 . .  

P G & E  5 0 0  1 1 2 6 0 0 4 0 0 0 . 'B
B A R I Z O N A  5 0 0  1 1 6 9 4 0 5 8 0 0 . 1 0 0 0
B M OSOOTO 2 3 0  I  0 .  0 .
B UTAH 2 3 0  I  3 8 0 0 1 5 0 0 . 1 0 0 0
B N O 5 0 0 T O  2 3 0  I  0 .  0 .
B N M A I N 3  2 0 . 0  I  0 . 1  0 . 1
B S Y L M A R L A 2 3  0 . 1 2 - 2 4 0 5 1 0 8 8 . 1 8 0 0
B B C E L I L O 1 2 3 0 . 1 1 2 7 0 9 . - 4 1 8 3 1 4 0 0 1 0 2 0
T MONTANA 5 0 0  MOSOOTO 2 3 0 2 0 0 0 5 0 0 0 0 2 3 0 0 0

T N O RT H  5 0 0  N O R T H l  2 0 . 0 3 0 0 5 0 0 0 0  2 0 0 0
T N O RT H  5 0 0  N O R T H 2  2 0 . 0 3 0 0 5 0 0 0 0  2 0 0 0
T N O RT H  5 0 0  N ORTH G 3 2 0 . 0 9 0 5 0 0 0 0  2 0 0 0

T S T A T I O N N  5 0 0  N M A I N 2  2 0 . 0 7 0 5 0 0 0 0  2 0 0 0

T S T A T I O N N  5 0 0  S L A C K 2  2 0 . 0 2 0 0 5 0 0 0 0  2 0 0 0

T CANADA 5 0 0  C M A IN  G M 2 0 . 0 1 0 0 5 0 0 0 0  2 0 0 0

T CANADA 5 0 0  CANAD 2 0 . 0 5 0 0 5 0 0 0 0  2 0 0 0

T MONTANA 5 0 0  MONTA G 1 2 0 . 0 5 0 0 5 0 0 0 0  2 0 0 0

T P G & E  , 5 0 0  P G & E 2  2 0 . 0 1 0 0 0 5 0 0 0 0  2 0 0 0

T P G & E  5 0 0  P M A I N  G M 2 0 . 0 8 0 5 0 0 0 0  2 0 0 0

T S O U TH  5 0 0  S O U T H l  2 0 . 0 5 0 0 5 0 0 0 0  2 0 0 0

T S O U TH  5 0 0  S O U T H 2  2 0 . 0 8 0 0 5 0 0 0 0  2 0 0 0

T S O U TH  5 0 0  S M A IN  G M 2 0 . 0 8 0 5 0 0 0 , 0  2 0 0 0

T A R I Z O N A  5 0 0  A R I Z O l  2 0 . 0 2 0 0 5 0 0 0 0  2 0 0 0

T A R I Z O N A  5 0 0  A R I Z 0 2  2 0 . 0 5 0 0 5 0 0 0 0  2 0 0 0

T A R I Z O N A  5 0 0  A M A IN  G M 2 0 . 0 7 0 5 0 0 0 0  2 0 0 0

T N O RT H  5 0 0  N O SO O TO  2 3 0 2 0 0 0 5 0 0 .  2 3 0 .

T UTA H 2 3 0  UTA H G 1 2 0 . 0 4 0 0 2 3 0 .  2 0 .

T S Y L M A R L A 2 3 0 .  S O U TH  5 0 0 3 3 0 2 2 8 0 0 4 9 0 0 0

T N O RT H  5 0 0  B C E L I L O 1 2 3 0 . 0 0 3 3 0 4 9 0 0 0 2 2 8 0 0

L A R I Z O  G 1 2 0 . 0  A R I Z O l  2 0 . 0 1 0 2 0 0

L A R I Z 0 2  2 0 . 0  A R I Z O  G 2 2 0 . 0 7 7 0 0
L CANAD G 1 2 0 . 0  CANAD 2 0 . 0 6 0 1 0 9 0
L N O R T H l  2 0 . 0  N O RTH  G l 2 0 . 0 8 5 3 0

L N O R T H 2  2 0 . 0  N O RTH  G 2 2 0 . 0 7 6 3 0

L P G & E 2  2 0 . 0  P G & E  G 1 2 0 . 0 7 5 5 0

L S O U T H l  2 0 . 0  SO U TH  G 1 2 0 . 0 1 0 9 0 0

L S O U T H 2  2 0 . 0  S O U TH  G 2 2 0 . 0 7 4 0 0

L S L A C K 2  2 0 . 0  S L A C K  2 0 . 0 7 7 0 0

Figure 66. Loadflow data file for operating poij
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L N M A I N 2 2 0 . 0 N M A I N 3  I2 0 . 0 2 4 0
L N M A IN 3 2 0 . 0 N M A IN  G M 2 0 . 0 1 0
L N ORTH 5 0 0 S T A T I O N N 5 0 0 1 2 5 2 8 2 . 0 0 9 0
L N ORTH 5 0 0 S T A T I O N N 5 0 0 2 3 0 2 7 9 . 0 0 4 5
L S T A T I O N N 5 0 0 CANADA 5 0 0 3 5 0 4 2 0 0 . 1 1 0 0
L N ORTH 5 0 0 MONTANA 5 0 0 1 9 0 1 5 5 0 . 0 4 7 6
L S T A T I O N N 5 0 0 F G S E 5 0 0 6 0 0 3 7 6 0 . 0 0 9 0
L P G & E 5 0 0 S T A T I O N S 5 0 0 3 5 0 2 4 6 0 . 1 4 6 0
L SO U TH 5 0 0 S T A T I O N S 5 0 0 1 5 1 0 0 . 0 0 0 4
L SO U TH 5 0 0 A R I Z O N A 5 0 0 2 0 0 1 5 5 0 . 0 1 6 0
L M OSOOTO 2 3 0 UTA H ' 2 3 0 8 5 0 9 9 5 0 . 2 5
L N O SO O TO 2 3 0 UTAH 2 3 0 8 0 0 8 4 0 0 . 1 6 7
MD. P 1 0  0 . 0 0 1 0 . 0 0 1  1 . 0  1 . 0 1 . 0  1 . 0  2 . 0 2 . 0  2 . 0
MD F 1 5 0 . 0 0 0 1 0 . 0 0 0 1  0 . 1  0 . 1 0 . 1  0 . 1  . 1 0 . 1 0  I . 0
MD D F  F F T F F T T F F I
ZZ
S OL 2 S L A C K  2 0 . 0
OUT 2 Y E S  Y E S
L S T
SAV 8 9 9 9 9 A P S
I N D
END

Figure 66, Continued.
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T I T L E

1 7  M A C H IN E  T E S T  S Y S T E M  
S W IN G  F I L E  (DC L I N E  I S  
A P R I L  1 9 9 0

A  C O N S T . CU RR EN T LOAD)

1 0 3

TO T A L

.01

.01

.01

.01

L D H I S T  
LO D REE 
L A  
END 
M I S C D 2  

0.001 
GENDAT
MF N ORTH G 1 2 0 . 0 1  5 4 7 8 .
MF N ORTH G 2 2 0 . 0 1  7 8 5 6 .
MC N O RTH  G 3 2 0 . 0 1  7 0 . E 3  
MC S L A C K  2 0 . 0 1  1 0 . E 3  
MF S O U TH  G 1 2 0 . 0 1  4 5 7 6 .
MF S O U TH  G 2 2 0 . 0 1  2 5 3 9 .
MF CANAD G 1 2 0 . 0 1  1 0 . E 3  
MF MONTA G 1 2 0 . 0 1  6 0 0 0 .
MF P G S E  G 1 2 0 . 0 1  2 2 0 6 .
MF A R I Z O  ( 3 1 2 0 . 0 1  1 8 . E 3  
MF A R I Z O  G 2 2 0 . 0 1  7 6 8 0 .
MF N M A IN  G M 2 0 . 0 1  2 7 . E 3  
MC S M A IN  G M 2 0 . 0 1  6 3 . E 3  
MC C M A IN  G M 2 0 . 0 1  
MC P M A I N  G M 20 
MC A M A IN  G M 20 
MF UTA H G l  2 0  
G S S L A C K  2 0  
T B  S L A C K  2 0  
GH N O RTH  G 1 2 0  
G S A M A IN  G M 20 

A M A IN  G M 20 
MONTA G l  2 0  
MONTA G 1 2 0 . 0 1 0 . 2 0  0 
CANAD G 1 2 0 . 0 1  2 5 0 0 .  
SO UTH' G 2 2 0 . 0 1  2 0 0 0 .  
SO U TH  G 2 2 0 . 0 1 0 . 2 0  0 
S O U TH  G 1 2 0 . 0 1  2 0 0 0 .  
S O U TH  G 1 2 0 . 0 1 0 . 2 0  0 

GH N O RT H  G 3 2 0 . 0 1 2 0 0 0 0 .
GH N O RT H  G 2 2 0 . 0 1  3 0 0 0 .
GH UTA H G 1 2 0 . 0 1  4 3 0 0 .
GH P M A I N  G M 2 0 . 0 1 2 0 0 0 0 .
G S S M A IN  G M 2 0 . 0 1 4 0 0 0 0 .
T B  S M A IN  G M 2 0 . 0 1 0 . 2 0  0 
GH C H A I N  G M 2 0 . 0 1 2 0 0 0 0 .
GH N M A IN  G M 20 
G S P G S E  G 1 2 0  
T B  P G S E  G 1 2 0  
G S  A R I Z O  G 2 2 0  
GS A R I Z O  G 1 2 0  
T B  A R I Z O  G 1 2 0 . 0 1 0 . 2 0  0 . 3 0  
T B  A R I Z O  G 2 2 0 . 0 1 0 . 2 0  0 . 3 0  
I E E E

N O RT H  G 1 2 0 . 0

I E E E

TB
GS
TB
GH
GS
TB
GS
TB

5 0 . E 3  
5 0 . E 3  
5 7 . E 3  
1 4 . E 3  
3 5 0 0 .  

. 0 1 0 . 2 0  0 

. 0 1  2 2 0 0 .  

. 0 1 1 7 0 0 0 .  

. 0 1 . 1 3  .

. 0 1  2 8 1 0 .

1 4 0 0
2 9 0 0
1 7 E 3
3 0 0 0
1200
1000
1 9 0 0
2000
1100
5 1 0 0
2 3 0 0
8 0 0 0
1 5 E 3 .
1 3 E 3
1 3 E 3
1 5 E 3
3 7 0 0

A P S  
L I S T  

1.0 1.0

L I S T G E N  E X C  GOV 
. 2 5 0 . 5 0 0 0 0 . 9 0 0 0 . 6 0 0 8 . 0 0 0 0 1  
. 2 5 0 . 5 0 0 0 0 . 9 0 0 0 . 6 0 0 8 . 0 0 0 0 1  
. 3 7 0 . 7 5 0 0 0 1 . 3 5 0 . 9 0 0 9 . 0 0 0 0 1  
. 2 5 0 . 5 0 0 0 1 . 7 0 0 1 . 6 0 0 6 . 0 0 0 . 8  
. 2 5 0 . 5 0 0 0 1 . 7 0 . 0 1 . 6 0 0 6 . 0 0 0 . 8  
. 2 5 0 . 5 0 0 0 1 . 7 0 0 1 . 6 0 0 6 . 0 0 0 . 8  
. 2 5 0 . 5 0 0 0 0 . 9 0 0 0 . 6 0 0 8 . 0 0 0 0 1  
. 2 5 0 . 5 0 0 0 1 . 7 0 0 1 . 6 0 0 6 . 0 0 0 . 8  
. 2 5 0 . 5 0 0 0 1 . 7 0 0 1 . 6 0 0 6 . 0 0 0 . 8  
. 2 5 0 . 5 0 0 0 1 . 7 0 0 1 . 6 0 0 6 . 0 0 0 . 8  
. 2 5 0 . 5 0 0 0 1 . 7 0 0 1 . 6 0 0 6 . 0 0 0 . 8  
. 3 7 0 . 7 5 0 0 1 . 7 0 0 0 . 9 0 0 8 . 0 0 0 0 1  
. 2 5 0 . 5 0 0 0 1 . 7 0 0 1 . 6 0 0 7 . 0 0 0 . 9  
. 2 5 0 . 5 0 0 0 0 . 9 0 0 0 . 6 0 0 9 . 0 0 0 0 1  
. 2 5 0 . 5 0 0 0 0 . 9 0 0 0 . 6 0 0 9 . 0 0 0 0 1  
. 3 7 0 . 7 5 0 0 2 . 5 5 0 2 . 4 0 0 7 . 0 0 0 . 9  
. 2 5 0 . 5 0 0 0 0 . 9 0 0 0 . 6 0 0 8 . 0 0 0 0 1

. 0 1 1 3 0 0 0 .  

. 0 1  1 0 0 0 .  

. 0 1 0 . 2 0  0 

. 0 1  2 8 1 0 .  

. 0 1  5 0 0 0 .

- 2 0 0 0 . . 0 5  . 1 0 0  0 . 0 0 . 2 0 0  0 . 1 8 . 3
. 3 0 5 . 0  0 . 7 0 0

0 . 0 5 0 . 3 8 0 . 0 4  8 . 0 1 . 2  1 . 0 1 . 0 0 . 4
. 0 5  . 2  0 . 0 . 0 5  . 5 5 . 0

3 7  0 . 0  4 . 0 8  . 3 3  0 . 0  . 4 5  . 3
0 . 0 5  0 . 1 8 0  0 . 0 0 . 0 4 0 0 . 2 0 . 3

i . 3 0 5 . 0  0 . 7 0 0
0 . 0 5 0 . 3 8 0 . 0 4  8 . 0 1 . 2  1 . 0 1 . 0 0 . 4

0 . 0 5  0 . 1 8 0  0 . 0 0 . 0 4 0 0 . 2 0 . 3
1 . 3 0 5 . 0  0 . 7 0 0

0 . 0 5  0 . 1 8 0  0 . 0 0 . 0 4 0 0 . 2 0 . 3
1 . 3 0 5 . 0  0 . 7 0 0

0 . 0 5 0 . 3 8 0 . 0 4  8 . 0 1 . 2  7 . 0 7 . 0 0 . 4
0 . 0 5 0 . 3 8 0 . 0 4  8 . 0 1 . 2  1 . 0 1 . 0 0 . 4
0 . 0 5 0 . 3 8 0 . 0 4  8 . 0 1 . 2  1 . 0 1 . 0 0 . 4
0 . 0 5 0 . 5  0 . 0 4  8 . 0 1 . 0  2 . 0 2 . 0 0 . 4

0 . 0 5  0 . 1 8 0  0 . 0 0 . 0 4 0 0 . 2 0 . 3
1 . 3 0 5 . 0  0 . 7 0 0

0 . 0 5 0 . 5  0 . 0 4  8 . 0 1 . 0  3 . 0 3 . 0 0 . 4
0 . 0 5 0 . 5  0 . 0 4  8 . 0 1 . 0  3 . 0 3 . 0 0 . 4

0 . 0 5  0 . 1 8 0  0 . 0 0 . 0 4 0 0 . 2 0 . 3
I . 3 0 5 . 0  0 . 7 0 0

0 . 0 5  0 . 1 8 0  0 . 0 0 . 0 4 0 0 . 2 0 . 3
0 . 0 5  0 . 1 8 0  0 . 0 0 . 0 4 0 0 . 2 0 . 3

5 . 0
5 . 0

7 0
7 0

00
A C 4

I E E E

100. 0.02 
1.00 - 1.00

0.0
0.0

0.0
0.0

6.000
0.0

- 3.000
0.0

0.0
0.0

0.0 0.0 0.0 0.0 0.0 0.0 0.0

NORTH G220.0 I AC4
100. 0.02 
1.00 - 1.00

0.0
0.0

0.0
0.0

6.000
0.0

- 3.000
0.0

0.0
0.0

0.0 0.0 0.0 0.0 0.0 0.0 0.0

UTAH G120.0 I AC4
100. 0.02 
1.00 - 1.00

0.0
0.0

0.0
0.0

6.000
OiO

- 3.000
0.0

0.0
0.0

0.0 0.0 0.0 0.0 0.0 0.0 0.0

Figure 67. Swing data file.
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S O U TH  G l 2 0 . 0 I  A C 4
2 0 0 . 0 . 0 2 0 . 0
1 . 0 0 - 1 . 0 0 0 . 0

I E E E
0 . 0

S O U TH  G 2 2 0 . 0

0 . 0

I  A C 4

0 . 0

2 0 0 . 0 . 0 2 0 . 0
1 . 0 0 - 1 . 0 0 0 . 0

I E E E
0 . 0

CANAD G l 2 0 . 0

0 . 0

I  AC 4
1 0 0 . 0 . 0 2 0 . 0
1 . 0 0 - 1 . 0 0 0 . 0

I E E E
0 . 0

MONTA G l 2 0 . 0

0 . 0

I  A C 4

0 . 0

1 0 0 . 0 . 0 2 0 . 0
1 . 0 0 . H O O 0 . 0

I E E E
0 . 0

P G S E  G 1 2 0 . 0

0 . 0

I  A C 4

O

1 5 0 . 0 . 0 2 0 . 0
1 . 0 0 - 1 . 0 0 0 . 0

I E E E
0 . 0

A R I Z O  G 1 2 0 . 0

0 . 0

I  A C 4
OO

1 0 0 . 0 . 0 2 0 . 0
1 . 0 0

OOrl p . o

I E E E
0 . 0

A R I Z O  G 2 2 0 . 0

0 . 0

I  A C 4

OO

1 0 0 . 0 . 0 2 0 . 0
1 . 0 0 O O 0 . 0

END
T I M E R

OO O OO

0 . 0
M I S C D l

0 . 0 0 5  9 9 . 0

I  1 0
P L O T E R
EN D A TA
E N D J O B

I

0 . 0
0 . 0

7 . 0 0 0
0 . 0

- 3 . 0 0 0
0 . 0

0 . 0
0 . 0

0 . 0 0 . 0 0 . 0 0 . 0

0 . 0
0 . 0

7 . 0 0 0
0 . 0

- 3 . 0 0 0
0 . 0

0 . 0
0 . 0

0 . 0 0 . 0 0 . 0 0 . 0

0 . 0
0 . 0

6 . 0 0 0
0 . 0

- 3 . 0 0 0
0 . 0

0 . 0
0 . 0

0 . 0 0 . 0 0 . 0 0 . 0

0 , 0
0 . 0

6 . 0 0 0
0 . 0

- 3 . 0 0 0
0 . 0

0 . 0
0 . 0

0 . 0 0 . 0 0 . 0 0 . 0

0 . 0
0 . 0

7 . 0 0 0
0 . 0

- 2 . 0 0 0
0 . 0

0 . 0
0 . 0

0 . 0 0 . 0 0 . 0 0 . 0

0 . 0
0 . 0

1 0 . 0 0
0 . 0

- 6 . 0 0 0
0 . 0

0 . 0
0 . 0

0 . 0 0 . 0 0 . 0 0 . 0

0 . 0
0 . 0

1 0 . 0 0
0 . 0

- 6 . 0 0 0
0 . 0

0 . 0
0 . 0

0 . 0 0 . 0 0 . 0 0 . 0

S L A C K  2 0 . 0 1

i

Figure 67 Continued
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APPENDIX D

PSS IMPLEMENTATION SUBROUTINES
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This appendix contains six FORTRAN 77 subroutines and 

one function. The first subroutine is used to implement 
adaptive PSS units in the 17 machine test system described 
in Chapter 4 using the ETMSP version I swing program. It 
calls the adaptive controller subroutines in Appendix A.
The second subroutine implements conventional PSS units in 
the test system. Both of these PSS subroutines allow four 
or less units to be implemented. Development of these PSS 
subroutines is discussed in Chapter 4. The last four sub­
routines are white-noise generators and are called by the 
adaptive PSS unit subroutine. The FORTRAN function 
contains a numerical integration routine and is called by 
the two PSS subroutines. This function also calls one 
internal subroutine.

One input data file, called MULTIPLECONT.DAT, is 
required with the PSS subroutines. The first line of this 
file contains four real numbers; these are weights on the 
measured system outputs. If a weight is zero, then that 
particular PSS unit is disabled. The next four lines con­
tain PSS unit indices which tell the subroutine which gen­
erators are equipped with the units. The first number in 
these lines is the generator bus number; the second is the 
generator number; and the third is the reference voltage 
index. Methods for obtaining these indices is given in the 
subroutine documentation that follows. The last line con­
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tains the length of the simulation in seconds. In order to 
implement the controllers of Chapter 4, MULTIPLECONT.DAT 
contains the data shown in Figure 68.

l.o, I. 0, I
13, 2, 126
14, 3, 236
9, 4, 346
5, 15, 
20.0

1227

Figure 68. MULTIPLECONTiDAT for the Chapter 4 controllers.
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Q***********************************************************************c

Subroutine CONTROLLER (adaptive PSS units version)
Written by: 'Dan Trudnowski and Tom Short, 1990
This subroutine implements four adative controllers that are 
used to control PSS units. It also can be modified to apply 
adaptive controllers to SVC units to vary the susceptance.
Although, in this particular version, only PSS units are controlled.
It interfaces with ETMSP version I and is called every integration 
step of the simulation.
The call to this subroutine is in the ETMSP subroutine TSSTP.
Common INCLUDES are used to gain access to many of the ETMSP variables.
A basic assumption made is that the program updates the Jacobian 
for the change in susceptance at every integration step (this only 
applies to the control of an SVC unit). This subroutine doesn't 
calculate the frequency change. It assumes that the ETMSP program does it 
correctly.
The accelerating power for four specified machines is calculated 
and integrated to obtain a signal proportional to the speed-error.
The speed-errors are low-pass washout filtered and then passed to an 
adaptive controller. The adaptive controllers are described in Chapter 
2 of this Thesis, and listings of the source codes that implement the 
adaptive controllers are contained in Appendix A.
The following variables are a sample of those available from ETMSP thru 
INCLUDE statements:

EA - bus real voltage (array)
EB - bus imag voltage (array)
SDFREQ - bus delta freq (array)
BKKT - bus susceptance (array)
TIMX - time
DELTAT - integration period
NBOLD - array that converts from 'reduced' 

ordering to 'input' ordering.
INDXBS - array that converts from 'solution' 

ordering to 'reduced' ordering.
INAMEl - first 4 characters of bus name (array)
ANG - generator angles (array)
P - generator electrical power (array)
PMECH - generator mechanical power (array)
GPRM - general parameter array which

contains the exciter voltage reference
See the following ETMSP files for a complete list of ETMSP variables 
available to this subroutine: GRPARM.INS, GRPMSC.INS, GRPLOD.INS,
GRPMST.INS, GRPGEN.INS, GRPSOL.INS, GRPBUS.INS.
CAUTION: WHEN MODIFYING THIS PROGRAM USE SPECIAL CARE NOT TO USE

ETMSP VARIABLE NAMES AS INTERNAL VARIABLES!!
BA, EB, and SDFREQ are bus variables referenced by the position 
of the bus in the load flow input data file. ANG, P, and PMECH 
are generator variable's which are referenced in alphabetical 
order by the name of the generator bus. For example, to reference the 
last generator angle (alphabetically) for a three machine system 
use:

PSSgenIndex/3/
angle = ANG(PSSgenIndex)

For an 
stored 
It can

SVS, the shunt reactance of a bus is changed. This is 
in the array BKKT. BKKT is in ETMSP 'solution' ordering, 
be converted to 'input' ordering as follows:
BKKT(NBOLD(INDXBS(SVSbusIndex)))

Figure 69. PSS implementation subroutines.
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cc
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
Cc-

See pp. 3-37 and 3-38 in 1208 Technical Guide for Stability.
INDXBS converts from 'solution' ordering to 'reduced' ordering. 
NBOLD converts from 'reduced' ordering to 'input' ordering.
The index indicates the bus number of the SVS bus in the order in 
which it was entered in the power flow data file.
For a PSS, the PSS value is added to the exciter reference voltage. 
The exciter reference voltage is contained in the 1208 array 
miscellaneous parameter array GPRM. The debugger must be used 
to find which position in the array is the voltage reference.
A general outline for doing this is:

- link with /DEBUG
- set break TRANS
- set break %line 1396
- examine LINT - the base for the generator keys
- examine ITVCD(LVPT) - the index for the VF voltage

- LINTtITVCD(LVPT) is position in GENVT of VPT
- hit GO & examine these two variables until corresponding 

exciter is found. Generators are stored in alphabetical 
order.

- find summation block where VPT is added with VREF
- set break GENEQF
- GO
- cancel break GENEQF
- set watch ICOL when ((ICOLtIORIGN) .EQ. x)

where x is LINTtITVCD(LVPT) from above
- step until SUM = GPRM(JNDPRMtNUMIPT)
- this is it!!
- examine JNDPRMtNUMIPT & use as VrefIndex

ETMSP Variables modified:
BKKT - bus susceptance
GPRM - exciter voltage reference

ETMSP Subroutines called:
BLDTBL

Other subroutines called:
CALINPUT - adaptive controller suboutine 
C0NTRL1,2,3,4 - adaptive controller subroutines 
GNOISE, GN0ISE2,3,4 - white noise generators

C Functions called:
C TRANSFER - runge-kutta integration routine
CQ***************************************************** ******************
C
C The following links this program:
C
C $ LINK STAB,TSSTP,ADAPCONTROLLER,CONTREDOBSERV4,-
C REDOBSERV,RIC,CALINPUT4,MATSUB,MULTICLS,-
C GNOISE,TRANSFER,[-]STAB/INC=STBDTA/LIB
CC STAB is an ETMSP file; TSSTP is an ETMSP file that has been modified 
C to call this subroutine; ADAPCONTROLLER contains this subroutine;
C C0NTRED0BSERV4, REDOBSERV, RIC, CALINPUT4, MATSUB, MULTICLS contain 
C all the adaptive controller subroutines in Appendix A; GNOISE 
C contains Gaussian white noise generators; TRANSFER contains the 
C numerical integration function described in Appendix D; and 
C STAB/TNC=STBDTA/LIB refers to a library that contains many ETMSP 
C files.
CQ***********************************************************************

SUBROUTINE CONTROLLER (TIMXX)
ETMSP.includes are used to access ETMSP variables: 

INCLUDE '[-]GRPARM.INS'
Figure 69. Continued.
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INCLUDE
INCLUDE
INCLUDE
INCLUDE
INCLUDE
INCLUDE

[“]GRPMSC.INS' 
[-]GRPLOD.INS' 
[-]GRPMST.INS' 
[-]GRPGEN.INS' 
[-]GRPSOL.INS' 
[—]GRPBUS■INS'

Set up variables
REAL*8 TIMXX,TLAST,TLAST2 
INTEGER FLAG, FLAG2 
DATA FLAG,FLAG2/0, 0/

Adaptive controller variables: SAMPLERPER is the sample rate; 
PROBECOUNT, UADD, and UNOISE are used in probing; NCOU's are used to 
initialize:

INTEGER PROBECOUNT, NCOUl, NC0U2, NCOU3, NCOU4 
REAL*8 UADD(4), UNOISE(4), SAMPLEPER 
PARAMETER(SAMPLEPER = 0.10D0)
DATA NCOUl,NCOU2,NCOU3,NC0U4/—I,-1,-1,-I/

NCOMM is a 4x4 communication matrix. If NCOMM(I,J) = I, then the 
input at station I is communicated to station J, else NCOMM(I,J) = 0. 
(Note: all diag. elements = 1):

INTEGER NCOMM(4,4)
FINTIME is the simulation ending time:

REAL*8 FINTIME
UINPUTS are the controlled inuts, Y's are the plant outputs (a speed- 
error signal in this case), FILTY's are low-pass washout filtered 
versions of Y, WT's are weights on the Y's (Note: if a WT 
is 0, then that particular controller is disabled):

REAL*8 UINPUTS(4), Y(4), FILTY(4), WT(4)
ANGD is an array of machine rotor angles in degrees; ACCPOWER is an 
array of accelerating power; ACCSPEED is an array of "speed-error" 
(the integral of ACCPOWER); RUNGl, RUNG2, RUNG3, RUNG4 are 
Runge-Kutta integration variables:

REAL*8 ANGD(17), ACCPOWER(17) , ACCSPEED(17)
REAL*8 RUNGl, RUNG2, RUNGS, RUNG4 
DATA (ACCSPEED(I),1=1,17)/17*0.ODO/

PSS indexes, Vreforig is the original reference voltage:
INTEGER PSSbusIndex(4),PSSgenIndex(4),VrefIndex(4)
REAL*8 Vreforig(4)

SVSbusIndex is the SVS bus index, BKKorig is the nominal 
susceptance (not used at this time):

INTEGER SVSbusIIndex 
REAL*8 BKKlorig

Filter coefficients:
REAL*8 PI,PISQ8,PI40P2,PI40
PARAMETER(PI=3.141592653590000,PISQ8=8.0D0*PI**2,
& PI40P2=40.2D0*PI, P140=40.ODO*PI)

The following filters are implemented using a runge-kutta integration 
routine in the function TRANSFER.
FILTER #1 —  Tl (S) = FILTY(I)/Y(I) :

FlN-I FIN-2
FlB(FIN)*s + FlB(FlN-I)*s +...+FlB(I)

Tl(s) =
FlN FlN-I
s + FlN(FlN)*s + ... + FlA(I)

Figure 69. Continued.
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INTEGER FlN 
PARAMETER(F1N=2)
REAL*8 FlB(FlN)/0.0D0,PI40/
REAL*8 FlA(FlN)/PISQ8,PI40P2/
REAL*8 FlX(FlN)

FILTER #2 —  T2 (s) = FII1TY (2)/Y (2) :
F2N-1 F2N-2

F2B(F2N)*s + F2B(F2N-l)*s +...+F2B(1)
T2 (S) -----------------------------------------------

F2N F2N-1
s + F2A(F2N)*s + ... + F2A(1)

INTEGER F2N 
PARAMETER(F2N=2)
REAL*8 F2B (F2N)/0.ODO,PI40/
REAL*8 F2A(F2N)/PISQ8,PI40P2/
REAL*8 F2X(F2N)

FILTER #3 —  T3(s) = FILTY(3)/Y(3):
F3N-1 F3N-2

F3B(F3N)*s + F3B(F3N-1)*s +...+F3B(1)
T3(s) = -----------------------------------------------

F3N F3N-1
s + F3A(F3N)*s + ... + F3A(1)

INTEGER F3N 
PARAMETER(F3N=2)
REAL*8 F3B(F3N)/0.0d0,PI40/
REAL*8 F3A(F3N)/PISQ8,PI40P2/
REAL*8 F3X(F3N)

FILTER #4 —  T4(s) = FILTY(4)/Y(4):
F2N-1 F4N-2

F4B(F4N)*s + F4B(F4N-l)*s +...+F4B(1)
T4 (s) ----------------------------------------- --------F4N F4N-1

s + F4A(F4N)*s + ... + F4A(1)
INTEGER F4N 
PARAMETER(F4N=2)
REAL*8 F4B (F4N)/0.OdO,PI40/
REAL*8 F4A(F4N)/PISQ8,PI40P2/
REAL*8 F4X(F4N)---------------------  End of variable set up --------------

------- ------------ INITIALIZATION STUFF - 1st time thru ------
IF((TIMXX -EQ. 0.0) .AND. (FLAG .EQ. O)) THEN

ETMSP subroutine to set up eqns.:
CALL BLDTBL

Open input data file:OPEN (90,FILE='MULTIPLECONT.DAT',STATUS='OLD' )
READ(90,*) (WT(I),1=1,4)
DO 1=1,4READ(90,*) PSSbusIndex(I),PSSgenIndex(I),VrefIndex(I) 
ENDDO
READ(90,*) FINTIME 
CLOSE(90)

Figure 69. Continued.
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Open communication input file and read nconun:
OPEN(91,FILE='COMMUNICATION.DAT',STATUS='OLD') 
DO 1=1,4

READ(91,*) (NCOMM(IfJ) ,J=I, 4)
ENDDO 
CLOSE(91)

Open output data file:
OPEN(80,FILE='CONTROL.TEK',STATUS='NEW')
WRITE (80, *) 'Y(I),- ..., Y (4) , '
WRITE (80, *) ' INPUT I, 2, 3, 4'
WRITE(80,*) 8
OPEN(82,FILE='ANSI.TEK',STATUS='NEW')
WRITE(82,*) ' MACHINE ANGLES 1-8 IN DEGREES'
WRITE(82,*) ' '
WRITE(82,*) 8
OPEN(83,FILE='ANG2.TEK',STATUS='NEW')
WRITE(83,*) ' MACHINE ANGLES OF 9-17 IN DEGREES'
WRITE(83,*) ' '
WRITE(83,*) 9
OPEN(8 4,FILE='FREQERRl.TEK',STATUS='NEW')
WRITE(84,*)' FREQ. ERR FOR MACHINES 2 3 4 15'
WRITE(84,*)
WRITE(84,*) 4 .
OPEN(85,FILE='FREQERR2.TEK',STATUS='NEW'>
WRITE(85,*)' FREQ. ERR FOR 5OOKV BUSES: NW2, NWl, SC2,' 
WRITE(85,*)' SCI, C, M, P, A'
WRITE(85,*) 8
OPEN(8 7,FILE='ACCPOWERl.TEK',STATUS='NEW')
WRITE(87,*)' ACC. POWER FOR MACHINES 1-8 PSSgenIndex' 
WRITE(87,*)
WRITE(87,*)8
OPEN(8 8,FILE='ACCP0WER2.TEK',STATUS='NEW')
WRITE(88,*)' ACC. POWER FOR MACHINES 9-17 PSSgenIndex' 
WRITE(88,*)
WRITE(88,*) 9
OPEN(8 9,FILE='ACCSPEED.TEK',STATUS='NEW')
WRITE(89,*)' SPEED-ERROR FOR MACHINES 2 3 4 9 11 15' 
WRITE(89,*)
WRITE (89,*) 6

Find initial values of ETMSP variables:
DO 1=1,4

Vreforig(I) = GPRM(VrefIndex(I))
ENDDO 

CC SVS index —  SVSbusIIndex is the bus with an SVC 
C (NOT USED AT THIS TIME)
C BKKlorig = BKKT(NBOLD(INDXBS(SVSbuslIndex)))
C

FLAG = I 
PROBECOUNT = 4 

END IFC-------------------------- End of initialization----------------
C
C
CC---------- Calculate accelerating power and "accelerating speed"
C
Figure 69. Continued.
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C Both are referenced according to PSSgenIndex.
C ACCSPEED is calculated by integrating and high-pass filtering 
c accelerating power (the filtering helps avoid integration windup). 
c The filtering is done using a fourth order Runge-Kutta.
C
C ACCSPEED S 1.0
C ----------- --------------------- ----------------
C ACCEL. POW. S(S + 2PI (0.01)) S + 2PI (0.01)
C

DO 1=1,17
ACCPOWER(I) = PMEGH(I) - P(I)
RUNGl = -ACCSPEED(I)*2.0D0*PI*0.OlDO + ACCPOWER(I)
RUNG2 = — (ACCSPEED(I)+0.5D0*DELTAT*RUNG1)*2.ODO*P1*0.OlDO 

& + ACCPOWER(I)
RUNGS = - (ACCSPEED(I)+0.5D0*DELTAT*RUNG2)*2.0D0*PI*0.OlDO 

& + ACCPOWER(I)
RUNG4 = - (ACCSPEED(I)+DELTAT*RUNG3)*2.0D0*PI*0.OlDO

& + ACCPOWER(I)
ACCSPEED(I) = ACCSPEED(I) + DELTAT*(RUNG1 + 2.0D0*RUNG2 

& + 2.ODO *RUNG3 + RUNG4)/6;0D0
ENDDO

End of calculation ----------------------

-------------------------  Measure plant ouputs
Plant output is the speed-error signal:

DO 1=1,4
Y(I) = W T (I)*ACCSPEED(P SSgenIndex(I)) 

ENDDO--------------------------  End of measurements

-----------------------  Filter plant outputs ----------
FILTY(I) = TRANSFER(Y (I),F1A,FIB,FIN,DELTAT,TIMXX, FIX) 
FILTY(2) = TRANSFER(Y(2),F2A,F2B,F2N,DELTAT,TIMXX, F2X) 
FILTY(3) = TRANSFER(Y(3),F3A,F3B,F3N,DELTAT,TIMXX, F3X) 
FILTY(4) = TRANSFER(Y (4),F4A,F4B,F4N,DELTAT,TIMXX, F4X) 
--------- -------------End of output filtering---------

Discrete-time adaptive controller
IF((TIMXX .GE. (TLAST+SAMPLEPER-.0001D0))

& .OR. ((TIMXX .EQ. 0.0).AND.(FLAG2.EQ.1))) THEN 
TLAST = TIMXX

Probing signals:
PROBECOUNT = PROBECOUNT + I 
IF (PROBECOUNT .GE. 3) THEN 

CALL GNOISE(UNOISE(I))
IF (UNOISE(I) .GT. 0.0D0) THEN

UADD(I) = 0.004D0 
ELSE

UADD(I) = -0.004D0 
ENDIF
CALL GN0ISE2(UNOISE(2))
IF (UNOISE(2) .GT. 0.0D0) THEN 

UADD(2) = 0.004D0 
ELSE

UADD(2) = -0.004D0 
ENDIF
CALL GN0ISE3(UNOISE(3))

Figure 69. Continued.
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IF (UNOISE (3) .GT. 0.0D0) THEN

UADD(3) = 0.004D0 
ELSE

UADD(3) = -0.004D0 
ENDIF
CALL GN0ISE4(UNOISE(4))
IF (UNOISE(4) .GT. O.ODO) THEN 
UADD(4) = 0.004D0 

ELSE
UADD(4) = -0.004D0 

ENDIF
PROBECOUNT = O 

ENDIF 
C
C Reduced-order adaptive controller:

IF (TIMXX .GE. 7.0D0) THEN
CALL CALINPUT (FILTYr UINPUTS)

ELSE
DO 1=1,4

UINPUTS(I) = O.OdO 
ENDDO 

ENDIF 
DO I=I,4

IF (TIMXX .GE. 7.0D0) UADD(I)=UADD(I)/4.ODO 
UINPUTS (I) = UADD(I) + UINPUTS(I)

ENDDO
CALL C0NTRL1(FILTY(l),UINPUTS,NCOMM,NCOUl,TIMXX) 
CALL C0NTRL2(EILTY(2),UINPUTS,NCOMM,NC0U2,TIMXX) 
CALL CONTRL3(FILTY(3),UINPUTS,NCOMM,NC0U3,TIMXX) 
CALL C0NTRL4(FILTY(4),UINPUTS,NCOMM,NC0U4,TIMXX) 

ENDIF 
C
C Set input to zero if no control is required:

DO I=I,4
IF (DABS(MT(I)) .LT. 0.001D0) UINPUTS (I) = O.ODO 

ENDDO
C---------------  End of discrete-time adaptive controller
C
C
C
C-----------------------  Output to TEKPLOT files ---------
C

IF((TIMXX .GE. (TLAST2+0.05D0-.0001D0))
& .OR. ((TIMXX .EQ. 0.0)-AND.(FLAG2.EQ.1))) THEN 

TLAST2 = TIMXX 
C
C Calculate rotor angles in degrees:

DO I = 1,17
ANGD(I) = ANG(I)*180.0D0/PI 

END DO 
C
C Ouput to files:

WRITE(80,*)TIMXX, (Y(I),1=1, 4) , (UINPUTS(J),J=l, 4)
WRITE(82,1111) TIMXX,(ANGD(I),1=1,8)
WRITE(83,1111) TIMXX,(ANGD(I),1=9,17)
WRITE(84,1111) TIMXX,SDFREQ(13),SDFREQ(14),SDFREQ(9),SDFREQ(5) 
WRITE(85,1111) TIMXX,(SDFREQ(I),1=28,35)
WRITE(87,1111) TIMXX, (ACCPOWER(I),1=1,8)
WRITE(88,1111) TIMXX, (ACCPOWER(I),1=9,17)
WRITE(89,*) TIMXX, ACCSPEED(2),accspeed(3), ACCSPEED(4),

& ACCSPEED(9), ACCSPEED(11),ACCSPEED(15)
END IF

1111 FORMAT(11(X,Fll.6))
CC---------- --------------End of output to files---------------- ---------
C
C
Figure 69. Continued.
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c
C----------------------- Stop simulation?, set flags ---------------------
C

IF (TIMXX .GE. FINTIME) STOP 
FLAG2 = I

C------------------------End of stopping check----- ---------------- ------
C
C
C
C------------------------ Update the ETMSP program values----------------
C
C PSS
C Updating the PSS involves adding the UINPUTS to the reference 
C voltage of the exciter. This reference voltage is stored somewhere
C in the 1208 array GPRM. The debugger must be used to find the
C correct position. See above for more info. VrefIndex is set in 
C the variable declaration part.
C

DO 1=1,4
GPRM(VrefIndex(I)) = Vreforig(I) + UINPUTS(I) 

ENDDO 
C
C SVS
C The index indicates the bus number of the SVS bus in the order
C in which it was entered in the power flow data file.
C (NOT USED AT THIS TIME):
C
C IF (SVSbusIIndex .ne. 0) then
C BKKT(NBOLD(INDXBS(SVSbusIIndex))) = BKKlorig +
C ENDIF
C---------------------' End of variable update-----------------------
CC

RETURN
END

Q***********************************************************************c
C Subroutine CONTROLLER (conventional PSS units version)
C
C Written by: Dan Trudnowski and Tom Short, 1990
C
C This subroutine implements four conventional PSS units. It is very 
C similar to the adaptive CONTROLLER subroutine.
C
C With this version the accelerating power for four specified machines 
C is calculated and integrated to obtain a signal proportional to the 
C machine's speed-error. The speed-errors are passed thru a conventional 
C controller and then applied to the reference voltage of the machine.
C
C See the adaptive controller version of this subroutine for more 
C detailed documentation.
C
C ETMSP subroutines called
C BLDTBL
C
C Function called:C TRANSFER - runge-kutta integration routine.
CC***********************************************************************
C
C The following links this program:
C $ LINK STAB,TSSTP,CONVCONTROLLER,TRANSFER,-
C [-]STAB/INC=STBDTA/LIB
CC STAB is an ETMSP file; TSSTP is an ETMSP file that has been modified
Figure 69. Continued.
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C to call this subroutine; CONVCONTROLLER contains this subroutine;
C TRANSFER contains the numerical integration function described in 
C Appendix D; STAB/INC=STBDTA=LIB refers to a library that contains 
C many ETMSP files.
Cc*********************************************************************** 

SUBROUTINE CONTROLLER (TIMXX)
ETMSP includes are used to access ETMSP variables:

INCLUDE
INCLUDE
INCLUDE
INCLUDE
INCLUDE
INCLUDE
INCLUDE

'[-JGRPARM.INS' 
'[-]GRPMSC.INS' 
'[-]GRPLOD.INS' 
• [—]GRPMST.INS' 
'[-]GRPGEN.INS' 
'[-]GRPSOL.INS' 
' [-]GRPBUS.INS'

------------------------ Set up variables---------------- --------------
REAL*8 TLASTyTIMXX 
INTEGER FLAG, FLAG2 
DATA FLAG/O/
DATA FLAG2/0/

UINPUTS are the controlled inputs, Y's are the plant outputs (a speed- 
error signal in this case), MT's are weights on the Y's (Note: if a MT 
is 0, then that particular controller is disabled:

REAL*8 UINPUTS(4), Y(4), MT(4)
ANGD is an array of machine rotor angles in degrees; ACCPOMER is an array 
of accelerating power; ACCSPEED is an array of "accelerating speed" (the 
integral of accpower); RUNGl, RUNG2, RUNGS, RUNG4 are Runge-Kutta 
integration variables:

REAL*8 ANGD(17), ACCPOMER(17), ACCSPEED(17)
REAL*8 RUNGl, RUNG2, RUNGS, RUNG4 
DATA (ACCSPEED(I),1=1,17)/17*0-ODO/

PSS indexes, Vreforig is the original reference voltages:
INTEGER PSSbusIndex(4),PSSgenIndex(4),VrefIndex(4)
REAL*8 Vreforig(4)

SVSbusIndex is the SVS index, BKKlorig is the nominal susceptance 
(not used at this time):

INTEGER SVSbusIIndex 
REAL*8 BKKlorig

Filter coefficients:
REAL*8 PI,PISKPARAMETER(PI=3.14159265359000,PI3K=PI*3000.ODO)

The following filters are implemented using a RUNGE-KUTTA integration 
routine in the subroutine TRANSFER.
FILTER #1 —  Tl(s) = UINPUTS(I)/Y(I)

FlN-I FIN-2
FlB(FlN)*s + FlB(FlN-I)*s +...+FlB(I)

Tl (s) -----------------------------------------,FlN FlN-I
s + FlA(FlN)*s + ... + FlA(I)

INTEGER FlN 
PARAMETER(F1N=3)
REAL*8 FlB(FlN)/0.ODO,200.ODO,50.ODO/
REAL*8 FIA(FIN)/11309.73400,5996.1900,172.66400/

Figure 69. Continued.
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REAL*8 FlX(FlN)

FILTER #2 —  T2 (s) = UINPUTS(2)/Y(2)
F2N-1 F2N-2

F2B(F2N)*s + F2B (F2N-1)*s +...+F2B(1)
T2 (s) = -----.------------------------------------------

F2N F2N-1
s + F2A(F2N)*s + ... + F2A(1)

INTEGER F2N 
PARAMETERS F2N=3)
REAL*8 F2B (F2N)/0.ODO,250.QUO,50.000/
REAL*8 F2A(F2N)/PI3K,3593.58400,153.663700/
REAL*8 F2X(F2N)

FILTER #3 —  T3(s) = UINPUTS(3)/Y(3)
F3N-1 F3N-2

F3B(F3N)*s + F3B(F3N-l)*s +...+F3B(I)
T3(s) = -----------------------------------------------

F3N F3N-1
s + F3A(F3N)*s + ... + F3A(1)

INTEGER F3N 
PARAMETER(F3N=4)
REAL*8 F3B (F3N)/0:000, 1800.000,630.000,45.000/
REAL*8 F3A(F3N)/33929.200,40608.0500,6855.51300,177.66400/ 
REAL*8 F3X(F3N)

FILTER #4 —  T4(s) = UINPUTS(4)/Y(4)
F4N-1 F4N-2

F4B(F4N)*s + F4B(F4N-1)*s +...+F4B(1)
T4 (s)  ------------------- ----------------------'-------

F4N F4N-1
s + F4A(F4N)*s + --- + F4A(1)

INTEGER F4N 
PARAMETER(F4N=3)
REAL*8 F4B(F4N)/0.OdO,200.OdO,50.OdO/
REAL*8 F4A(F4N)/4712.389d0,6414.933d0,176.4137d0/
REAL*8 F4X(F4N)

---------------------  End of variable set up -----------------

--------------------  INITIALIZATION STUFF - 1st time thru ------
IF((TIMXX .EQ. 0.0) .AND. (FLAG .EQ. O)) THEN

ETMSP subroutine to set up eqns.:
CALL BLDTBL

Open input data file:OPEN(90,FILE=' MULTIPLECONT.DAT',STATUS='OLD')
READ(90,*) (WT(I),1=1,4)
DO 1=1,4READ(90,*) PSSbusIndex(I),PSSgenIndex(I),VrefIndex(I) 
ENDDO
READ(90,*) FINTIME 
CLOSE(90)

Open output data file:OPEN(80,FILE='CONTROL.TEK',STATUS='NEW)
WRITE(80,*) 'Y(I)..., Y (4), INPUTS 1 2 3 4 '
WRITE(80,*)

Figure 69. Continued.
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WRITE(80,*) 8 

C
OPEN(82,FILE='ANGl.TEK',STATUS='NEW)
WRITE(82,*) ' MACHINE ANGLES 1-8 IN DEGREES'
WRITE(82,*) ' '
WRITE(82,*) 8 

C
OPEN(83,FILE='ANG2.TEK',STATUS='NEW')
WRITE(83,*) ' MACHINE ANGLES OF 9-17 IN DEGREES'
WRITE(83,*) ' '
WRITE(83,*) 9 

C
OPEN(84,FILE='FREQERRl.TEK',STATUS='NEW')
WRITE (84, *).' FREQi ERROR FOR MACHINS 2 3 4 15'
WRITE(84,*)
WRITE(84,*) 4 

C
OPEN(85,FILE='FREQERR2.TEK',STATUS='NEW')
WRITE(85,*)' FREQ. ERROR FOR 500KV BUSES: NW2, NWl, SC2,'
WRITE(84,*)' SCI, C, M, P, A'
WRITE(85,*) 8 

C
OPEN(8 7,FILE='ACCP0WER1.TEK',STATUS='NEW')
WRITE(87,*)' ACC. POWER FOR MACHINES 1-8 PSSgenIndex'
WRITE(87,*)
WRITE(87,*) 8 

C OPEN(88,FILE='ACCP0WER2.TEK',STATUS='NEW')
WRITE(88,*)' ACC. POWER FOR MACHINES 9-17 PSSgenIndex'
WRITE(88,*)
WRITE(88,*) 9 

C OPEN(89,FILE='ACCSPEED.TEK' ,STATUS='NEW')
WRITE(89,*)' SPEED-ERROR FOR MACHINES 2 3 4 9 11 15 16'
WRITE(89,*)
WRITE(89,*) 7

Find initial reference voltages and susceptance:
DO 1=1,4

Vreforig(I) = GPRM(VrefIndex(I))
ENDDO

Find initial SVS susceptance (not used at this time):
BKKlorig = BKKT(NBOLD(INDXBS(SVSbuslIndex)))
FLAG = I 

ENDIF
C-------------------------- End of initialization-----------------------
C
C
CC---------  Calculate accelerating power and "accelerating speed" -----
C
C Both are referenced according to PSSgenIndex.
C accspeed is calculated using by integrating and high-pass filtering 
C accelerating power (the filtering helps avoid integration windup).
C The filtering is done using Runge-Kutta.
CC accspeed s 1.0
C --------- - = --------------- - ----------------C accel. pow. s(s + 2pi(0.01)) s + 2pi(0.01)
C

DO 1=1,17
ACCPOWER(I) = PMECH(I) -P(I)RUNGl = -ACCSPEED(I)*2.0D0*PI*0.OlDO + ACCPOWER(I)
RUNG2 = - (ACCSPEED(I)+0.5D0*DELTAT*RUNG1)*2.ODO*P1*0.OlDO 

& + ACCPOWER(I)
Figure 69. Continued.
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RUNG3 = - (ACCSPEED (I.) +0.5D0*DELTAT*RUNG2) *2.0D0*PI*0 . OlDO 
& + ACCPOWER(I)

RUNG4 = - (ACCSPEED(I)+DELTAT*RUNG3)*2.0D0*PI*0.OlDO 
& + ACCPOWER(I)

ACCSPEED(I) = ACCSPEED(I) + DELTAT*(RUNG1 + 2.0D0*RUNG2 
& + 2.0D0*RUNG3 + RUNG4)/6.0D0ENDDO

C---------------------------- End of’calculation--------------------C
C
C
C--------------------------- Measure plant ouputs-------------------
C
C Plant output is the speed-error signal:

DO 1=1,4
Y(I) = WT(I) *ACCSPEED(PSSgenIndex(I))

ENDDO
C-- -------------------------- End of measurements--------------
C
C
C
C---------------------calculate controlled input--------------
C
C Step thru transfer functions:

UINPUTS(I) = TRANSFER(Y (I),F1A,FIB,FIN,DELTAT,TIMXX, FIX) 
UINPUTS(2) = TRANSFER(Y(2),F2A,F2B,F2N,DELTAT,TIMXX,F2X) 
UINPUTS(3) = TRANSFER(Y(3),F3A,F3B,F3N,DELTAT, TIMXX,F3X) 
UINPUTS(4) = TRANSFER(Y(4),F4A,F4B,F4N,DELTAT,TIMXX, F4X) 

C
C Hard limits on the control, also, set input to zero if no control 
C is required:

DO 1=1,4
IF (UINPUTS (I) .GT. 0.1) .THEN

UINPUTS(I) = 0.1D0 
ELSEIF (UINPUTS(I) .LT. -0.1) THEN

UINPUTS(I) = -0.1D0 
ENDIF
IF (DABS(WT(I)) .LT. 0.001D0) UINPUTS(I) = 0.0D0 

ENDDO
C------------------------End of control calculation-----
C
C
C
C--------------------------- output to data files--------
C

IF ((TIMXX .GE. (TLAST+0.OSdO-.001D0))
& .OR. ((TIMXX .EQ. 0.0).AND.(FLAG2.EQ.1))) THEN

TLAST = TIMXX
Calculate rotor angles in degrees:

DO I = 1,17
ANGD(I) = ANG(i)*180.OdO/PI 

END DO
Output to data files:

WRITE (80, 1111) TIMXX, (Y(I) , 1=1, 4) , (UINPUTS (J)., J=l, 4)
WRITE(82,1111) TIMXX,(ANGD(I),1=1,8)
WRITE (83, 1111) TIMXX, (ANGD (I) , 1=9, 17).
WRITE(84,1111) TIMXX,SDFREQ(13),SDFREQ(14),SDFREQ(9),SDFREQ(5) 
WRITE(85,1111) TIMXX,(SDFREQ(I),1=28,35)
WRITE (87,1111) TIMXX, (ACCPOWER(I),1=1,8)
WRITE(88,1111) TIMXX, (ACCPOWER(I),1=9,17)
WRITE(89,*) TIMXX, ACCSPEED(2),ACCSPEED(3) , ACCSPEED(4),

& ACCSPEED(9),ACCSPEED(11),ACCSPEED(15) , ACCSPEED(16)
END IF

1111 FORMAT(11(X, Fll.6))
C------------------------------- End output-----------------------

Figure 69. Continued
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cc
C
C-------------------stop integration?, and set flags---------------------
C

IF(TIMXX .GE. FINTIME) STOP 
FLAGZ = I

C—  -------------------End of stop and flag setting----------------------
C
C
C
C------------------------ Update the 1208 program values-----------------
C
C PSS:C Updating the PSS involves adding the UNINPUTS to the reference 
C voltage of the exciter. This reference voltage is stored somewhere 
C in the 1208 array GPRM. The debugger must be used to find the
C correct position. See above for more info. VrefIndex is set in
C the variable declaration part.
C

DO 1=1,4
GPRM(VrefIndex(I)) = Vreforig(I) + UINPUTS(I) 

ENDDO 
C
C SVS:
C The index indicates the bus number of the SVS bus in the order
C in which it was entered in the power flow data file.
C if (SVSbusIIndex .ne. 0) thenC BKKT(NB0LD(INDXBS(SVSbuslIndex))) = BKKlorig +
C endifC—  -------------- '--- End of variable update------------------------
C
C

RETURN
END

C********************* SUBROUTINE GNOISE ******************** 
CC GNOISE produces quasi-Gaussian noise samples from 
C a population with zero mean and unit variance.
C It sums twelve results from the pseudorandom number
C generator RAN(II,12) (which produces results uniformly
C distributed on the unit interval, with mean 0.5 and 
C variance of 1/12) to give a near-Gaussian distribution
C with mean of 6.0 and unit variance. Then 6.0 is
C subtracted to give the result. The seeds of RAN are 
C two-byte, large, odd integers.
CQ**************************************************************

SUBROUTINE GNOISE(X)
INTEGER*2 11,12 

REAL*8 X
DATA 11,12 /9887,12945/
X = 0.0D0 
DO 1=1,12

X = X +  RAN(II,12)
END DO 

C
C Reset mean of distribution 

X = X -  6.ODO 
RETURN 
END 

C 
C

SUBROUTINE GN0ISE2(X)
INTEGER*2 11,12

Figure 69. Continued.
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REAL*8 X

DATA 11,12 /7579,18011/
X = 0.0D0 
DO 1=1,12

X = X +  RAN(I1,12) 
END DO

Reset mean of distribution 
X = X -  6.ODO 
RETURN 
END

SUBROUTINE GN0ISE3(X) 
INTEGER*2 11,12 

REAL*8 X '
DATA 11,12 /4343,19223/ 
X = O.ODO 
DO 1=1,12

X = X +  RAN(11,12) 
END DO

Reset mean of distribution 
X = X -  6.ODO 
RETURN 
END

SUBROUTINE GN0ISE4(X) 
INTEGER*2 11,12

REAL*8 X
DATA 11,12 /6711,13879/
X = O.ODO 
DO 1=1,12

X = X +  RAN(II,12) 
END DO

Reset mean of distribution 
X = X -  6.ODO 
RETURN 
END

Q**********************************************************************
C
C Funtion TRANSFER 
C
C Written by: Dan Trudnowski, 6-90
C
C This function makes one time step of the filter 
C
C n-1 n-2
C ouput B (n)s + B (n-1)s + ... + B(I)
C ------------------- ------------------------
C n . n-1
C input s + A (n)s + ... + A(I)
C
CC Given and input at time t, this function 
C integrates the function one time step to get ouput 
C at time t. A 4th order Runge-Kutta method is used 
C to integrate 
C 
C
C Inputs:
C INPUT= input to filter at time t, REAL*8;
C N= order of filter, INTEGER;
Figure 69. Continued,
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C A= vector of filter denominator coef. (see above),
C REAL*8;
C B= vector of filter numerator coef. (see above),
C KEAL*8;
C X= vector of state variables at time T-DT, REAL*8;
C T= time, REAL*8;
C DT= time step, REAL*8.
C
C Outputs:
C X= vector of state variables at time T;
C TRANSFER= output of filter at time T, REAL*8.
CC This program is written so that many different filters may call 
C it during a given run. The subroutine STATE is called by this 
C function.
CQ**************************************************************.* ******

FUNCTION TRANSFER(INPUT,A,B,N,DT,T,X)
PARAMETER(NDIM = 10)
IMPLICIT REAL*8 (A-HrO-Z)
REAL*8 INPUT, K1,K2,K3’,K4'
DIMENSION A(I),B(I) ,X(I)
DIMENSION Kl(NDIM),K2(NDIM),K3(NDIM),K4(NDIM),XTEMP(NDIM)

MAKE SURE NDIM >= N :
IF (NDIM .LT. N) THENWRITE(*,*)' INCREASE NDIM IN THE FUNCTION TRANSFER'

STOP 
ENDIF

INITIALIZE FILTER IF T = O:
IF (T .LT. (DT - 0.0001) ) THEN 

DO 1=1,N
X(I) = 0.0D0 

ENDDO 
ENDIF

INTEGRATE ONE STEP USING 4TH ORDER RUNGE KUTTA:
CALL STATE(K1,X, A,INPUTrN)
DO I=IrN

XTEMP(I) =X(I) + DT*K1(I)/2.0D0 
ENDDO
CALL STATE(K2,XTEMPrA,INPUTrN)
DO I=IrNXTEMP(I) = X(I) + DT*K2(I)/2.ODO 
ENDDO
CALL STATE(K3,XTEMPrA,INPUTrN)
DO I=IrN

XTEMP(I) = X(I) + DT*K3(I)
ENDDO
CALL STATE(K4,XTEMP,A,INPUT,N)
DO I=IrNX(I) = X(I) + DT*(Kl(I) + 2 .0D0*K2(I) + 2.0D0*K3(I)
& + K4(I))/6.ODO
ENDDO

CALCULATE THE OUTPUT:
TRANSFER = B(1)*X(1)
DO 1=2,N

TRANSFER = TRANSFER + B (I)*X(I)
ENDDO 

C
RETURN
END

Figure 69. Continued.
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***************************************************,* *************

SUBROUTINE STATE
This subroutine calculates the state equations for function 
filter. The stater-space is in controllable conanical form.

Q*****************************************************************
SUBROUTINE STATE(DX,X,A,INPUT, N)
REAL*8 DX,X,A,U,INPUT 
DIMENSION DX(I),X(I),A(I)

C
DX (N) = •INPUT - A(N) *X (N)
DO 1=1,N-I

DX(I) = X(Itl)
DX(N) =DX(N) - A(I)*X(I)

ENDDO
C

RETURN
END

Figure 69. Continued.
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