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Abstract:
This thesis is concerned with the problem of damping of low frequency oscillations in ac/dc power
systems using hvdc converter control. One objective of this thesis is to evaluate the performance of
nonconventional hvdc controllers and small signal modulation schemes with reference to damping of
these oscillations. Another objective is to develop an adaptive control strategy to enhance the damping.

Various nonconventional control strategies as available in the literature, are presented and are
compared with the conventional control strategy. A Prony based evaluation of the nonconventional
controllers is also carried out to study their effectiveness in damping low frequency oscillations. The
performance of the different nonconventional control schemes is evaluated by conducting time-domain
simulation studies on a 42-bus, 17-machine test system that includes a dc line model.

Various small signal modulation schemes are discussed, and a Prony-based analysis is used to obtain
the ac modulating signal which offers the best promise for damping. A modified Prony analysis is
developed to identify systems which contain a feedforward or throughput term in their linear model.
Using the results of the modified Prony analysis, a modulation compensator is designed and
implemented in the simulation. Also, the effectiveness of the modulating compensator for damping low
frequency oscillations is examined on the basis of a time domain simulation on the test system. Also, a
combination of real and reactive power modulation, using firing angle control at the rectifier and SVC
control at the inverter, is presented for enhancing the damping of low frequency oscillations.

Lastly, a supplementary adaptive modulation scheme is presented. In this scheme the modulating signal
is determined by an adaptive controller. Implementation of adaptive current modulation and adaptive
rectifier firing angle modulation are reported, and time-domain simulation results on the test system are
presented. 
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ABSTRACT

This thesis is concerned with the problem of damping of 
low frequency oscillations in ac/dc power systems using hvdc 
converter control. One objective of this thesis is to evaluate 
the performance of nonconventional hvdc controllers and small 
signal modulation schemes with reference to damping of these 
oscillations. Another objective is to develop an adaptive 
control strategy to enhance the damping.

Various nonconventional control strategies as available 
in the literature, are presented and are compared with the 
conventional control strategy. A Prony based evaluation of 
the nonconventional controllers is also carried out to study 
their effectiveness in damping low frequency oscillations. 
The performance of the different nonconventional control 
schemes is evaluated by conducting time-domain simulation 
studies on a 42-bus, 17-machine test system that includes, a 
dc line model.

Various small signal modulation schemes are discussed, and 
a Prony-based analysis is used to obtain the ac modulating 
signal which offers the best promise for damping. A modified 
Prony analysis is developed to identify systems which contain 
a feedforward or throughput term in their linear model. Using 
the results of the modified Prony analysis, a modulation 
compensator is designed and implemented in the simulation. 
Also, the effectiveness of the modulating compensator for 
damping low frequency oscillations is examined on the basis 
of a time domain simulation on the test system. Also, a 
combination of real and reactive power modulation, using firing 
angle control at the rectifier and SVC control at the inverter, 
is presented for enhancing the damping of low frequency 
oscillations.

Lastly, a supplementary adaptive modulation scheme is 
presented. In this scheme the modulating signal is determined 
by an adaptive controller. Implementation of adaptive current 
modulation and adaptive rectifier firing angle modulation are 
reported, and time-domain simulation results on the test system 
are presented.
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CHAPTER I 

INTRODUCTION

The relative merits of high voltage direct current (hvdc) 

transmission and alternating current (ac) transmission are 

well known [1-5] . The biggest advantage of dc is the high 

speed control capability of the dc controller which offers 

various possibilities including very fast control of dc power 

to stabilize the overall system and fast fault isolation in 

the case of dc feeding the fault. High speed control of the 

dc controller can be used for dynamic stabilization of low 

frequency oscillations (less than 3 Hz) referred to as elec

tromechanical power system oscillations. These electrome

chanical oscillations are stimulated by disturbances in the 

system and result in energy exchanges between generators and 

other network components of the power system. There are two 

types of electromechanical oscillations: local modes (0.8 to 

3 Hz) and interarea modes (0.2 to 0.8 Hz) [6,7] . A local mode 

of oscillation occurs when a single generator swings against 

the system while an interarea mode of oscillation occurs when 

a group of generators swing together against other groups of 

generators. They are quite significant in the case of a large 

system connected by long and relatively weak interties. These 

oscillations can limit the amount of power which can be
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transferred over these interties and can reduce the life of 

generators, transformers and other network components. 

Sometimes even a small scale outage occurring during the 

oscillations can cause the system to become unstable and 

separate. Also there is a danger of these undamped oscillations 

initiating or aggravating a cascade outage [6] . Although power 

systems possess natural positive damping capability, the 

response of power system controls to the synchronizing swings 

associated with these low frequency modes can produce sufficient 
negative damping to cancel the natural positive damping of the 

system. Thus damping of these low frequency modes is necessary 

for proper operation of the power system. This has been the 

subject of much research lately. A detailed description of 

these electromechanical modes of oscillations is covered in 

[7], while in [6] justification and motivation for improving 

the damping of these ,oscillations is given.

Several power system devices can be utilized for damping 

these oscillations. They include Static Var Compensators 

(SVC), Power System Stabilizers (PSS), High Voltage DC (HVDC) 

Controllers [6,7], and electronically controlled braking 

resistors. The high speed control capability of the dc con

troller makes it a proper candidate for assisting in dynamic 

stabilization of these oscillations. Thus, one objective of 

this thesis is to evaluate the performance of the hvdc con-
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broilers, both conventional and nonconventional, including 

modulation controllers. Another objective is to determine 

adaptive control strategies for damping low frequency oscil

lations. Since power systems are nonlinear and time-varying 

in nature, they are suitable candidates for application of 
adaptive control strategies [6-7].

Hvdc Transmission

Basically, the hvdc transmission schemes are of three 

types: back-to-back, two-terminal or point-to-point, and 

multi-terminal dc links [8]. A two-terminal dc link consists 

of a rectifier and an inverter (commonly called a converter) 

along with the associated control, commutating transformers, 

harmonic filters, shunt capacitors, smoothing reactors, and 

dc transmission lines [1-5] . It can be one of monopolar, 

bipolar or homopolar [2] . The back-to-back hvdc link consists 

of all the above components except the dc transmission line. 

From an operational point of view the back-to-back scheme is 

very similar to the two-terminal type with a few small 

exceptions. A multi-terminal link, in addition to all the 

above components, consists of more than one rectifier and/or 

inverter terminal. Detailed information regarding the com

ponents of dc links can be obtained from [2] . The relationships 

between ac and dc quantities can be obtained from [1-5].
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Hvdc Modelling

During the past decade, interest by utilities has increased 

in the use of high voltage direct current transmission. An 

underlying reason for such interest is that the fast response 

of the hvdc system adds a degree of controllability to a power 

system which is not available with the ac system alone [9]. 

There has been a corresponding development in modelling and 

simulation of hvdc systems to evaluate the performance of ac/dc 

systems using transient and dynamic stability programs. The 

initial trend in the hvdc modelling was towards simple models 

which are now being found to be inadequate for modelling of 

a dc system connected to a weak ac system and for more complex 

multi-terminal systems [10] . Thus models having various levels 

of details have been developed and used in power system stability 

studies [10]. In hierarchical order they are classified under 

the following headings: simple model, response or performance" 

model, detailed model, and electromagnetic transient program 
(EMTP) simulation model.

A simple model of hvdc transmission is algebraic in nature 

and represents the dc link by constant real power (P) and 

reactive power (Q) injection at its ac terminal. A response 

model is more involved and realistic and represents the dc 

link using ac/dc interface equations. A response model also 

includes the functional action of the hvdc controls and pro
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tection plus the dynamics of the modulation control. The 
detailed model on the other hand includes the full hvdc 
controller including the RL/RLC dynamics of the dc line and 

the firing angle control at the pole. The highest level of 

detail is represented in EMTP models where a '3-phase repre

sentation of the ac system, controlled converter action of the 

dc pole, and distributed model of the dc line are used.

Hvdc Control

The complete hvdc control system is realized at four levels, 

designated respectively as overall controls, master controls, 

pole controls, and bridge controls [4]. The overall controls 

provide the interface between the ac and dc system and generate 

the current orders for the master controls in response to 

required functions such as control of transmitted power, ac 

system damping, ac system frequency or combinations of them. 

The master controller provides coordinated current orders for 

the pole control. The pole control provides current margin, 

current limits, tap changer control and signals needed for the 

bridge control. The bridge control, also known as valve 

control, generates the firing angle for all the valves in the 

bridge to obtain the desired level of voltage and current in 
the system.
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The pole controller at both rectifier and inverter of a 

two-terminal hvdc link consists of a direct current control 
loop including a current measuring device, a current regulator, 

and associated valve firing angle control equipment. In 

addition, the inverter pole control is also provided with a 

constant extinction angle (CEA) control to prevent inverter 

commutation failure and to minimize the reactive power con

sumption. The rectifier pole.control on the other hand consists 

of inherent minimum firing angle control, also known as natural 

voltage characteristic, obtained by limiting the firing angle 

to some minimum value (normally about 5 degrees) so as to 

ensure appreciable positive voltage across the valves for safe 

operation under any circumstances. Unlike minimum firing angle 

control, the constant extinction angle control is not a 

"natural" characteristic and has to be maintained artificially.

The assignment of current control to the rectifier or to 

the inverter station is made after considering the investment 

cost for reactive power consumption, the availability of 

reactive power, the minimization of losses and the total running 

cost. Normally the total reactive power consumption becomes 

minimum and the utilization of the dc line the best when the 

rectifier is assigned current control. Thus, under normal 

operation the converters are coordinated in such a way that 

the rectifier controls current while the inverter remains on
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constant extinction angle control. This coordination is 
achieved by reducing the current reference (current order) at 

the inverter end by an amount called the current margin which 

is 10 to 15% of the rectifier current order. A reduction in 

the rectifier-end dc voltage or an increase in the inverter-end 

ac voltage could result in the loss of current control at the 

rectifier end causing the rectifier to go into a minimum firing 

angle control mode. If the reduction in the current is more 

than the current margin, then the inverter will pick up the 

current control, or else it will continue to operate in the 

constant extinction angle control mode. Thus the basic control 

strategy referred to as the 'conventional control strategy' 

allows the following three modes of operation.

I. Mode CE, rectifier in constant current and inverter in 

constant extinction angle control.

■ 2. Mode TC, rectifier in minimum firing angle control and 

inverter in constant current control.

3. Mode IE, transition mode between the above two modes 

where the rectifier is in minimum firing angle control 

and the inverter is in constant extinction angle control.

Advantages of this conventional current controller, which 

keeps the inverter on constant extinction angle during normal 

operation, are minimum reactive power consumption and minimum 

harmonic generation as well as optimal utilization of the dc



8

line. However, the inverter in this mode exhibits a negative 
impedance characteristic that may cause voltage and power 
instability [11]. If the negative source resistance of the 

inverter exceeds the positive resistance of the circuit, a 

relaxation oscillation can build up in which the inverter, the 

line and the converter control take part. The inverter 

periodically goes into the current control mode even if it is 

scheduled to stay in the extinction angle control mode. Also, 

during ac system faults at the inverter end, there is a big 

risk of commutation failure. If the fault is electrically 

close to the inverter, the inverter may not be able to recover. 

In such cases one way to reduce the stress on the inverter 

valve is by providing a Voltage Dependent Current Order Limit 

(VDCOL) for the rectifier control characteristic. The function 

of the VDCOL is to reduce the current order linearly from its 

normal value to some minimum value when dc bus voltage falls 

considerably below its rated value, thereby reducing the stress 

on the inverter valve.

Another problem with the basic characteristic arises when 

the rectifier voltage ceiling gets very close to that of the 

inverter. In this case the rectifier and inverter charac

teristics intersect in the region of current margin which leads 

to three point instability. This can be avoided by providing
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a positive resistance slope characteristic for the inverter 
in the current margin region which amounts to changing its 
modes of operation.

One way of improving the voltage/power stability of the 

basic conventional control scheme is to provide compensation 

equipment at the inverter terminal. This equipment may consist 

of static capacitors, synchronous condensers or static var 

compensators (thyristor switched capacitors or thyristor 

controlled reactors or a combination of both). Therefore, the 

principle of minimizing the reactive power consumption by 

operating the inverter at constant extinction angle is partially 

ineffective due to the need for more reactive support equipment. 

The other economical solution is to use the high speed control 

capability of the hvdc converter. It has been shown that by 

changing the inverter mode of operation it is possible to 

improve system stability. Various nonconventional modes of 

operation have been suggested in the literature for this purpose 

[11-2 0] . These control modes are: constant ac voltage control, 

constant dc voltage control, constant reactive current control, 

constant power factor control, constant active power control, 

and constant reactive power control.

In addition to the above conventional and nonconventional 

modes of control, modification is also possible to maintain 

constant power on the dc line under abnormal conditions. Such
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modifications include the addition of a voltage dependent 
current order limit (VDCOL) and a margin switching unit (MSU) 

as described in [21] . The VDCOL is used to maximize the power 

transfer capability of the dc line under adverse conditions 

and to reduce the dc tie power and consequently the volt- 

ampere-reactive (VAR) demand from the ac system during periods 

of depressed ac system voltage. VDCOL is introduced in the 

current order determination logic of the dc control system and 

its function is to reduce the current order linearly from its 

normal value down to some specified minimum value of the current 

when dc bus voltage drops below some specified percentage of 

its rated value. The MSU is used to prevent any sustained 

decrease in the scheduled power of the dc line when the inverter 

takes control of the current at a value which is less than the 

desired value by the amount equal to the current margin. 

Essentially, the margin switching unit raises the current order 

at both rectifier and inverter ends when the rectifier has 

lost current control.

The pole controller of the multi-terminal system is merely 

an extension of the two-terminal pole controller. There are 

basically two types of multi-terminal hvdc systems in existence: 

namely, constant voltage parallel systems with all converters 

connected in parallel, and constant-current series systems 

with all converters connected in series. Both of them could
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be either monopolar or bipolar and when bipolar, each pole may 

serve different stations [2] . The disadvantages of the constant 

current series system are full I2R losses even at light load 

and the possibility that at certain times certain converters 
may be lightly loaded which requires their operation at voltage 

levels well below the rated value. To compensate for this, 

either a tap changer transformer with wide tap range is needed 

or the converter has to be operated at higher control angle 

thereby increasing the consumption of reactive power, losses 

in the valve damping circuit, and probability of converter 

faults [2] . Thus most of the existing multi-terminal systems 

are of constant voltage parallel type.

In the case of constant voltage multi-terminal systems, 

all the converters operate at constant current except the one 

having the lowest ceiling voltage. This converter controls 

the line voltage, and is normally one of the inverters operating 

at constant extinction angle. The remaining converters operate 

at voltages lower than their respective ceilings. The current 

command at the voltage controlling converter is made equal to 

the negative of the algebraic sum of the current commands of 

the current controlling converters and the current margin. 

In taking the algebraic sum, the rectifier currents are taken 

as positive and inverter currents as negative.
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Hvdc Modulation Control

In an ac interconnected system, the power flow is determined 

by the conditions existing in the connected subsystems [22]. 

So if one of the subsystems suffers a disturbance then it 

directly affects the other subsystems, and in some cases 

disturbances can result in cascade tripping of many generators. 

This cascade tripping may be avoided if the infeed tie line 

to the disturbed subsystem is tripped. However, this results 

in further aggravating the disturbed system and may cause its 

complete shutdown. An hvdc link, on the other hand can provide 

buffering of one system from the other. Even with the simplest 

of control strategies, the power flow may be continued almost 

unchanged. It is possible to provide additional controls which 

enable the hvdc link to vary power flow within the rating of 

the link, to assist the subsystem in trouble, to the extent 

which the healthy system can allow without putting itself in 

difficulty [22]. In essence if the power being transmitted 

by the dc line is modulated properly in response to a signal 

from the ac network, then a disturbance originating in any of 

the ac subsystems can be shared, and the oscillations occurring 

in the system often can be damped. As a result various forms 

of modulation have been successfully utilized by a number of 

dc projects to dampen system oscillations and to enhance 
stability.



13

There are two types of modulation control: small-signal 
and large-signal modulation [9]. Small-signal modulation is 

generally continuous and is used for modulation of current, 

power, or voltage set points. Large-signal modulation is 

initiated in response to discrete events such as the occurrence 
of faults, or the loss of generation or transmission.

Adaptive Control

An adaptive controller is a regulator that modifies its 

behavior according to the changes in the dynamics of the process 

it is controlling [23] . There are mainly two types of adaptive 

controllers: I) the direct type in which the regulator 

parameters are directly changed as the dynamics of the system 

change; and 2) the indirect type in which the regulator 

parameters are modified indirectly. Direct adaptive con

trollers are also called model-reference adaptive controllers 

(MRAC) because they strive to make the closed-loop plant behave 

like a model system. Indirect adaptive controllers are also 

called self-tuning adaptive controllers, since they automat

ically tune the controller to the desired performance specified 
by the design procedure.

Practical power systems are high order, nonlinear, and 

time-varying systems. These characteristics make power systems 

suitable candidates for application of adaptive control. The



14

time varying nature of the power system makes it extremely 

difficult and sometimes impossible to obtain an accurate model 

of the system. Also, it is difficult to present the problem 

of damping of low frequency oscillations in the power system 

into an idealized model. This rules out the possibility of 

direct adaptive control of power systems. Thus an indirect 

adaptive control strategy will be used in this thesis for 
control of ac/dc power systems.

Literature Review

Because there are a large number of publications in the 

area of hvdc modelling, hvdc control, and hvdc modulation 

control, it is not possible to review them all here. Only the 

available relevant literature which has more bearing on the 

problem at hand is covered in this section. However, in the 

case of adaptive control of hvdc systems there are only two 

known papers, both of which are reviewed. For the sake of 

organization and simplicity, this section is subdivided into 

the following subsections: hvdc modelling, hvdc control, hvdc 

modulation control and hvdc adaptive control.

Hvdc Modelling

A general and a sufficiently flexible model structure for

functional modelling of the existing hvdc links, and for use

in planning studies, was issued by an IEEE working group [9] .
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This model which is in common use is referred to as a pseudo 
steady-state dynamic hvdc model because it represents dynamic 

conditions, using relationships, which are technically valid 
only for a steady-state condition. However, acceptably accurate 

results are obtained from the model when dynamic conditions 

are changing slowly, i.e., when'a pseudo steady-state condition 

exists. The hierarchical structure proposed in [9] has 3 major 

components: the ac system controller, the hvdc system con

troller, and the ac/dc network interface.

The hvdc system controller develops the schedule cur

rent /power order. A current regulator forms a part of this 

controller and includes rate and amplitude limiters as well 

as inherent regulator dynamics. Closed loop regulator response 

is employed to obtain functional results rather than detailed 

simulations. The dc line dynamics, if required, can be included 

in the overall controller transfer function. Available control 

modes at each terminal include constant current/power control 

at the rectifier and inverter end, minimum firing angle control 

at the rectifier, and constant extinction angle control at the 

inverter. Other nohconventional control modes [11-20] can 

also be made available at the inverter end. Special limits 

on controls such as VDCOL, MSU and low voltage restraints, are 

included in the hvdc controller.
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The ac system controller deals with the intended response 

of the hvdc system to events that occur in the ac part of the 

system. It utilizes the general ac system conditions as inputs 
and provides control information to the hvdc controller. The 

hvdc response includes both small and large signal modulation 

and reaction to abnormal events, which may cause dc blocking 

and/or bypass or similar action. The generalized modulation 

representation is capable of representing both small signal 

and large signal modulation control.

The ac/dc network interface is intended to reconcile ac 

system conditions with the dc system conditions. Quantities 

calculated within the interface logic for the dc system can 

include converter control angles, dc voltages and currents 

and, for the ac system, active and reactive power at the 

converter terminals. The interface solutions can be subjected 

to constraints as determined by network calculations performed 

elsewhere in the stability program.

This flexible model, proposed in [9] allows the tailoring 

of the hvdc system model to the special conditions of the ac 

system and does not require small and different integration 

time steps for ac and dc system calculations. Yet for most 

applications this kind of model is too general and does not 

provide the degree of details required for the particular 

application. Also it is not able to directly represent a non
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steady-state mode of operation which occurs during startup or 

for a cycle or two following a disturbance, where the rectifier 

firing angle and the inverter margin angle are neither at the 

limit nor are controllable by the respective regulators [24].

B . K . Johnson [24] has proposed a variation of the pseudo 

steady-state model which does not represent the high speed 

hvdc controller dynamics and line dynamics. It is therefore 

similar to the pseudo steady-state model and can therefore use 

the normal integration time step. The temporary non-steady- 

state (dynamic) condition mentioned above is modelled using 

certain basic assumptions. It uses the desired current set 

points of the converters to calculate their respective firing 

angles and currents. This then allows the explicit repre

sentation of the VDCOL and other auxiliary controls which 
affect the current set points [24].

The level of detail in digital models is an important 

consideration, and concerns regarding this have been expressed 

lately [9,24]. Detailed hvdc models have been in use since 

1966 [25,26] . In the detailed model given in [25] differential 

equations are used to represent the relationship between direct 

voltage and current. Also, complete representation of the 

control system is obtained using a transfer function for each 

of its units (the current regulator, the voltage dependent 

current order limit, the margin switching unit, etc.). Since
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the time constant associated with the firing angle control and 

the RLC dynamics of the dc transmission line are very small 

(less than few tens of ms) the integration time step required 
in this model is very small (less than 0.01 s). However, a 

detailed model is necessary if one wants to evaluate the 

performance of various hvdc link controls or if new special 

control modes are to be studied. Also, a detailed model allows 

the representation of VDCOL, MSU, etc., which are important 

in determining the dc voltage and current recovery rate during 

startup and immediately following a disturbance [24].

The feasibility and viability of dc power interchange 

between more than 2 terminals has been under active consid

eration since the introduction of the modern hvdc system more 

than 30 years ago. Favorable operating experience with 

back-to-back and two-terminal dc systems provided the necessary 

interest and motivation for the prospective use of multi

terminal dc system. Before actual application and implemen

tation, there were few publications [27,28] on possible 

multi-terminal design strategies. Also, as early as 1977, an 

IEEE panel session [29] had reviewed the developments in this 

field and found that the existing technology was sufficient 

to provide a viable multi-terminal system. However, only in 

mid 80's did the application of multi-terminal systems emerge.
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Some of the differences that multi-terminal operation 
introduces are given in [20] . In [31], Reeve reviews papers 

published before 1980 on the concept of extending two-terminal 

hvdc transmission to multi-terminal systems and discusses the 

design and performance expectations. The modelling of a 

multi-terminal hvdc system in a transient stability program 

of the Bonneville Power Administration (BPA) is given in [32] . 

This model is a direct extension of the method used for a 

two-terminal dc system except for two refinements. The first 

modification involves the removal of the inverter-current- 

compensation signal given to the delay-angle determinator when 

the converter is operating in the constant current mode. It 

is replaced by a logic block which selects the greater of the 

current regulator signal and the inverter-current-compensation 

signal. The second modification involves the operation of the 

inverter in the constant advance angle (P) mode which provides 

positive slope and stable operation. In [33] a new control 

method using two automatic current regulators and an hvdc 

circuit breaker is proposed. The method does not require a 

fast communication system even under contingencies which 

coordinate each terminal current order. Some more consider

ations for implementing multi-terminal systems are presented 

in [34,35] which includes operation of the rectifier as a 

voltage controlling converter, use of current balancing to
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avoid reliance on high-speed communication, and use of an hvdc 
circuit breaker to minimize the effects of converter and 

controller faults.. Finally application aspects of four 

available multi-terminal systems; Nelson River, Pacific hvdc 

intertie, Sardinia-Corsica-Italy (SACOI), and Hydro-Quebec/New 
England systems are presented in [30].

Hvdc Control

The basic conventional pole control modes of hvdc converters 

have been discussed in a number of publications [36-38] and 

have been the most favored modes of control. As already 

mentioned the inverter in the conventional pole control mode 

exhibits a negative impedance characteristic which can cause 

voltage and power instability. To overcome this problem various 

alternative modes of operation of an inverter have been proposed 

which are referred to as nonconventional modes of operation. 

Nishimure et al. [16] proposed a constant power factor control 

system where voltage of the transformer valve winding is kept 

constant by tap changing control and dc voltage of the inverter 

or rectifier is maintained constant by controlling the advance 

angle or delay angle. During full load operation the extinction 

angle is the same as that under CEA control but is increased 

as the load decreases keeping the power factor the same. Hammad 

et al. [12] prescribe the use of static systems for controlling 

the ac voltage of an hvdc terminal connected to a weak ac
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system. Various possibilities like the use of static var 
compensators and synchronous condensers along with hvdc control 
are investigated. The main principle for controlling the ac 

voltage is based upon changing the firing angle according to 

dc voltage under steady-state operation and ac voltage under 

transient conditions. J . P . Bowles [14] proposes a constant 

reactive power control to improve the stability of the system. 

Here the inverter is controlled such that the reactive component 

of current fed to the ac system is. kept constant as the dc 

current is changed; hence in essence it is a reactive current 

control scheme. However, as conventional current control is 

maintained at the rectifier the power flow across the system 

is constant, and as a result the reactive power consumed at 

both terminals is constant. The implementation of the above 

scheme is presented in [11] where it is shown that the studied 

system behaves unstable with the conventional control, and by 

changing the control to constant reactive control (CRC) the 

system performance improves significantly. The above reference 

has also shown that with the CRC control, a current modulation 

scheme can be used without causing ac voltage instability.

The ideal bridge control system of an hvdc converter 

requires symmetrical firing of valves under steady-state 

conditions, with the instant of firing based on permissible 

values of commutation voltage in the case of the rectifier,
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and on commutation margin in the case of inverter [8] . Earlier 
techniques for timing of firing pulses were called voltage 

dependent control or individual phase-control (IPC) techniques 

[4,8] . Here the firing instant is determined individually for 

each valve, so that a constant delay (or extinction) angle is 

maintained for all the valves in steady-state with respect to 

the earliest firing instant (i.e. the voltage crossing) [4] . 

The various pole control modes only differed in the type of 

feedback control loop (constant current or constant extinction 

angle) which provides the control voltage Vc to be used for 

timing the firing pulses. Some of the more important firing 

schemes include constant alpha control and inverse cosine 
control [8].

In the constant alpha scheme the firing pulse for each 

valve is generated at nominally identical delay time subsequent 

to the respective voltage zero crossing [8]. The delay is 

adjustable from 0° to 7 0° and is controlled by a direct control 

voltage Vc. This type of control is susceptible to ac sine 

wave distortions.

In the inverse-cosine scheme the delay is nominally pro

portional to the inverse cosine of the ratio of the control 

voltage (Vc) , and peak ac line voltage (Vp) [8] . Thus, here 

the delay depends on ac system voltage amplitude and shape
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[39] . Though inverse cosine is a popular control method because 

of the simplicity of the control system, it is inherently less 
accurate as is evident from its characteristic [8].

Inverter valve operations involve special requirements 

such as maintaining the commutation margin at a constant value 

independent of load variations, voltage variations, and 

asymmetric disturbance of the ac system. For this a system 

called a consecutive control scheme has been developed [40] . 

Since the dc current and the commutating voltage can vary 

within a wide range, the consecutive control scheme senses 

these two parameters for each valve to calculate the firing 

angle needed to maintain a set margin of commutation under 

steady-state conditions. Also using suitable differentiations 

of the commutating voltage and direct current, the system 

generally can be made to operate satisfactorily under transient 

conditions in both the ac system and the dc link. Most circuits 

for CEA control of an inverter valve using the consecutive 

control scheme, operate by prediction and therefore have 

limitations that they can only operate on smooth waveforms. 

Any deviations from the ideal voltage waveforms break the 120° 

symmetry of the current waveform and cause irregular firing 

pulse spacing. However they have the advantage of being able 

to achieve the highest direct voltage possible under asym

metrical or distorted supply waveforms.
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One way to obtain a smooth waveform is to place filters 
between the ac system and the control system, so as to attenuate 

the harmonics [8]. However the use of filters will cause the 

control system to ignore the harmonics whereas the valves will 

respond to the actual voltage reaching them which also includes 

harmonics [8] . Also, filters introduce inherent frequency- 

dependent phase error in the signal and are unable to attenuate 

negative sequence fundamental voltage which is the main cause 

of irregular firing [4] . These difficulties spurred the 

development of alternative schemes commonly known as Equi
distant Firing Control for timing of firing pulses.

The first such control scheme to appear in late 1960 was 

a phased-locked oscillator control scheme by English Electric 

[41] . It consists of a voltage-controlled oscillator which 

delivers a train of pulses at a frequency directly proportional 

to a dc control voltage Vc. The train of pulses is fed to a 

ring-counter which consists of a number of stages. The Start 

and Stop pulses for each stage are obtained cyclically at 

successive intervals of time and are used to fire the valve. 

Another scheme by ASEA [42] entitled "equidistant firing 

predictive-type control" . It involves an element of prediction 

of the extinction angle, similar to the consecutive control 

scheme of individual phase-control. In this scheme the pre

diction is effective for the incoming firing, and a feedback
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loop is used to update the predictive model for the subsequent 
firings. Both of the above schemes are referred to as Pulse 

Frequency Control (PFC) schemes as a change in the control 
voltage directly changes the frequency of the oscillator.

The Trans 5 control scheme [43] developed by the HVDCT 

working group (AEG Telefunken+Brown Boveri+Siemens) also uses 

a voltage controlled oscillator and is designed along similar 

principles of equidistant firing. However, in this scheme the 

change in control voltage Vc causes a proportional change in 

the control (delay) angle and hence is called Pulse Phase 

Control (PPC). Here the constant extinction angle control at 

the inverter normally operates as a feedback type depending 

on the measurement and corrections of the extinction angle. 

Other features which are dependent on rate of change of current 

(rise only), rate of change of ac system voltage (drop only), 

instantaneous voltage level at the ac bus, action against 

asymmetry [8], etc. are also included in the closed loop 

control. A catching device is used which forces the inverter 

into rectifier operation very smoothly by skipping the next 

valve firing in sequence upon commutation failure.

Hvdc Modulation Control

The stability problem associated with conventional control

has become increasingly complex and pronounced as power systems

grow and interconnections increase. From a dynamic study,
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based on Edison Electric Institute's (EEI) 700 KW model, it 
was found that the response time over an ac transmission line 
having a typical length of 300 miles for a disturbance on an 

ac bus is of the order of several hundred milliseconds [44]. 

From a preliminary test of dc control on the same model, it 

was found that the response time for per unit step change in 

rated current is approximately 10 milliseconds [44] . From 

this it was concluded that under certain circumstances, a dc 

line can be used to mitigate severe system disturbances if it 

can be made to change its power flow at proper time. The above 

motivation was used by Cresap and Mittelstadt in [45] to 

simulate the first power flow modulation scheme using rate of 

change of the power angle of the machine rotors. It was 

suggested in [45] that the power flow on a dc link could be 

modulated by various signals from the ac system during system 

disturbances, including the current or power level of the ac 

lines, the total power flow between buses, the magnitude of 

power angle between buses, frequency and rate of change of 

frequency. It was also shown that for small signal modulation 

of the Pacific hvdc intertie, use of rate of change of ac 

intertie power would increase the damping of the low-frequency 

swing modes of the system. However, the operating experience 

with this modulation has shown that the modulation system 

provides better damping of large disturbances than had been
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anticipated [46] . It was suggested in [46] that the ac intertie 

current instead of power should be used as a modulating signal. 
This is because the changes in ac power (near the steady-state 

stability limit) are insensitive to the changes in the relative 

angle between the two systems connected by the intertie. As 

a result the time derivative of ac power does not provide a 

good indication of the frequency difference. The Square Butte 

project uses frequency deviation at the sending end as the 

modulating signal for damping and the inherent time-overload 

capability of the solid state valves for modulation is up to 

1.3 p .u . current [21,47] . In the Nelson river project the dc 

power of the two bipoles is modulated from the inverter end 

to damp the Southern Manitoba ac system power swings [21,47]. 

The modulation signal used is based on the phase angle mea

surement of the inverter ac bus. For the dynamic stability 

of the two ac systems connected back to back in the Eel river 

hvdc system, the dc power is modulated by a signal derived 

from the frequencies of both ac systems [47] . The CU hvdc 

system carrying power between North Dakota and Minnesota 

utilizes a damping power controller to modulate the dc power 

in response to rectifier end ac system frequency changes [47]. 

All the above applications of modulation are on single bipole 

two-terminal dc systems.
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In [47] a power modulation scheme is demonstrated over a 

proposed Eastwing-Mead-Adelanto multi-terminal system. This 

project modulation control consists of gamma modulation at the 
inverter end to damp the ac system voltage rise and large power 

modulation at the rectifier end to provide voltage support. 

The gamma modulation involves modulating the inverter 

extinction angle to a value larger than its minimum limit when 

the inverter ac bus voltage swings above the normal value. 

This increases the var consumption of the inverter which in 

turn reduces system voltage rise. Large power modulation 

involves modulation of dc power transfer proportional to the 

ac bus voltage, so that a large reduction in system voltage 

would cause a reduction in dc power thereby reducing the var 

consumption which is utilized to support the ac voltage.

The main limitation of most power modulation schemes is 

that they tend to produce reactive power modulation at each 

terminal which can cause ac system voltage and powerflow 

problems, thereby reducing their effectiveness. In addition, 

modulation of real power without any consideration for adverse 

effects associated with the coupled reactive power may lead 

to collapse of the ac voltage at one converter terminal or the 

other which further contributes to destabilization of the 

system, or propagation of high ac voltage throughout the network 

and possible damage to equipment. This phenomenon is observed
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most often when the reactive power at hvdc terminals is limited 

by the capacity of the ac system. In order to assure proper 

operation of the dc link and to minimize voltage fluctuations 

throughout the network, attempts can be made to maintain the 
reactive power constant during the modulation period.

A unified active and reactive power modulation of an hvdc 

transmission system is demonstrated in [20] where dc voltage 

is directly modulated, along with the modulation of power, so 

that reactive power variation can be controlled. For this the 

converter bus voltage is included in the performance index, 

and excursions from the desired values are penalized. This 

type of compounding of the inverter dc voltage controller 

essentially results in the decoupling of the active and reactive 

power modulation systems causing significant dynamic per
formance benefit.

Hvdc Adaptive Control

Adaptive control has been an active area of research for 

more than two decades, and a.substantial amount of literature 

is available on the application of adaptive control strategies 

to ac power systems. However, there are only a few papers 

available on the application of adaptive controllers to hvdc 

links in ac/dc power systems. An adaptive control scheme for 

tuning the current regulator using estimates of net commutating 

resistance of the ac network is presented in [48] . The transient



performance of an hvdc system depends heavily on the current 
regulators associated with the converter control system. The 

tuning of the current regulators is a function of converter 

short-circuit ratio, or equivalents of all the net converter 

commutation resistance. The net commutation resistance varies 

with the network operating conditions and the ac system con

tingencies. The adaptive control in [48] uses estimates of 

the ac network Thevenin impedance to modify the gains and time 

constants of the current regulator. The simulation studies 

carried out on a simple power system show that the dc system 

dynamic response is improved with the proposed adaptive tuning. 

However, further work is required to evaluate the algorithm 
on large power systems.

The development of an adaptive optimal control strategy 

for a large scale ac/dc power system which uses a nonlinear 

form of system state equations and real-time system wide 

measurements is given in [49] . Here simultaneous adaptive 

optimal control of the synchronous generator exciter and the 

hvdc converter is used to dampen the electromechanical 

oscillations. However, implementation of this scheme requires 

system-wide measurements at remote locations in power systems 

and their transmission to a control center via fast communi
cation links.
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Thesis Organization

In order to give proper attention to each area of the hvdc 

problem, the remainder of this thesis is subdivided into 12 
chapters. Chapter 2 describes the implementation of a two- 

terminal and a multi-terminal pacific hvdc intertie in a reduced 

order model of the western North American power system. The 

details of the hvdc model used are given. A comparison of the 

constant real and reactive load model, two-terminal model, and 

multi-terminal model of the dc system is made using time-domain 

simulation results and Fast Fourier Transform (FFT)' analysis. 

Implementation of the intermountain tie in this reduced order 

model is also presented along with simulation results. Chapter 

3 contains a description of six alternatives to the conventional 

strategy for controlling hvdc lines - these are classified 

under the heading of nonconventional modes of hvdc control. 

Chapter 4 reports on the application of a Prony signal analysis 

algorithm for obtaining system transfer functions for the ac/dc 

system studied. Responses of the Prony-based linearized models 

are used in root-locus studies to show how the feedback of 

these signals affects system eigenvalues. In Chapter 5, the 

time domain performance of nonconventional feedback signals 

is displayed through a series of disturbances applied to the 

system. The focus shifts in Chapter 6 to the use of small 

signal modulation schemes in conjunction with a conventional
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hvdc controller at the rectifier. Transfer functions that 
relate the input modulating signal to various system outputs 
of interest are obtained, and root-locus plots are used to 

examine how the feedback of these signals affects system 

eigenvalues. In Chapter 7, a modified Prony signal analysis 

method is presented to obtain a system transfer-function 

containing a feedforward term, and root-locus plots are used 

to examine effects of feeding these signals back through a 

band-pass compensator. In Chapter 8, the time-domain per

formance of a particular modulating feedback signal is displayed 

through a series of disturbances applied to the system, and 

in Chapter 9 a combined modulation control with Static Var 

Compensator (SVC) control and its implementation is briefly 

reported. A supplementary adaptive controller for adaptive 

modulation of dc current and rectifier firing angle is presented 

in Chapter 10, and time domain simulation results for the same 

are presented in Chapter 11. Finally Chapter 12 provides an 
overall conclusion.
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CHAPTER 2

HVDC MODEL

Introduction

The need for a reduced-order model of the western North- 

American power network resulted in the development of a 42-bus, 

17-machine equivalent which retains some of the dynamic 

characteristics of the detailed model from which it was derived 

[50] . The actual 2000 bus model from which the above 

reduced-order model is derived and which is used by the Bon

neville Power Administration (BPA) for their simulation studies 

consists of two embedded high voltage dc lines: the Pacific 

hvdc intertie going from the Cellilo station in the northwest 

to Sylmar in Southern California■and the Intermountain line 

going from Intermountain in Utah to Adelanto in Southern 

California. The 42-bus system given in [50] contains only a 

two-terminal dc line model to represent the Pacific hvdc 

intertie while the intermountain intertie is modelled simply 

by its equivalent real and reactive current injection at its 

terminal buses.

This chapter describes in detail the development and

evaluation of both two-terminal and multi-terminal detailed

dc line models for the Pacific hvdc intertie and a two-terminal
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detailed dc line model for the'Intermountain tie. A comparative 
study of the two-terminal and multi-terminal models with the 

simple constant current load model for the hvdc interties is 
made using generator angle responses to a system disturbance. 

Fourier analysis is used in this comparative study. Simulation 

results are presented using the Electric Power Research 

Institute's (EPRI's) Electric Transient Midterm Stability 

Program (ETMSP) [51] for operating conditions similar to that 

of the actual system.
The main reason for including a detailed model for the 

Pacific hvdc intertie and the Intermountain tie is to provide 

a reasonable test bed for the initial development and testing 

of various supplementary control strategies which can be applied 

to the dc line converters for improvement of the overall system 

damping. The intended application of the developed models is 

for study of the dynamic characteristics of the ac-dc system 

and their interaction, and for testing controllers.

Description of the Reduced-order System

The one-line diagram of the reduced-order system is given 

in Figure I . It consists of nine main areas designated as A, 

C, M, NWl, NW2, P, SCI, SC2, and U. Each area consists of a 

main bus having the total load in that area lumped directly 

to it and a number of smaller buses each connected to a generator
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with a transformer. Most of the transmission lines have voltage 

ratings of 500 kV except for few which are rated 230 kv. The 

electromechanical dynamics of this reduced-order model are

established by including two types of generators in each area.

3288 MW

V  345 MW

V
U

3 #

SC2 # 141(15 (16 #

SCI
Figure I. 42-bus, 17-machine test system.
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One type of generator is a large inertia machine having large 
power generation capability and is represented by classical 

swing equations and a constant voltage behind its reactance. 

The other type is a smaller machine with actual rating and is 

modelled using normal d-q axis generator model and IEEE type 

AC4 [52] exciter model. Both types of generators have governor 

models included. Table I shows the generation and load in 

each area while generation and kinetic energy data associated 

with each machine are listed in Table 2 . The system in Figure 

I also contains two 500 kV hvdc transmission lines: one between 

area NW2 and SCI (representing Pacific hvdc intertie) and the 

second between area U and SCI (representing Intermountain tie) . 

Both hvdc lines are shown dotted. This system which is 

relatively large was considered to be an ideal (realistic) 

test system to evaluate the performance of the various con

ventional and nonconventional hvdc control schemes including 

modulation control and to demonstrate the adaptive control

scheme.
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Table I. Generation and load data for each area.
Area Generation

(MW)
Load

A 19,000 15,600
C 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 2. Generation and inertia parameters for each generator. 
* Total kinetic energy of generators in megawatt seconds.

Generator Generation
(MW)

Energy* 
(MW.sec)

I 12,500 57,000
2 4,500 18,000
3 2,000 7,680
4 1,600 10,000
5 10,300 13,000
6 1,250 6,000
7 6,700 8,000
8 1,200 5,478
9 2,500 7,856
10 14,000 17,000
11 700 2,206
12 10,600 13,000
13 2,469 10,000
.14 12,500 63,000
15 1,000 4,576
16 700 2,539
17 3,200 14,000

Pacific Hvdc Intertie Operating Characteristics

The original two-terminal Pacific hvdc intertie was con

structed using mercury arc valve technology in 133 KV six-pulse
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groups with a rating of ±400 KV at 1.8 KA, for a total capacity 

of 1440 MW [30] . However, the dc transmission line had a current 

carrying capability in excess of 3 KA. Later, the dc intertie 

was upgraded to include a series connected 100 KV thyristor 

group to increase the system rating to ±500 KV at 2 KA for a 

total power capability of 2 000 MW. Figure 2 shows the two- 

terminal dc intertie with the thyristor groups (in solid) 

showing the original system, and the thyristors (dashed) showing 

the upgrade.

The final expansion of the Pacific intertie makes use of 

the previously installed line current capability and increases 

the line current from 2 KA to 3.1 KA. One 500 KV 12-pulse 

converter is added at each station rated at ±500 KV at 1.1 KA 

continuous, for a power rating of 1100 MW. These units are 

connected in parallel with the original six-pulse series group 

using the same North to South dc line , thus making the system 

multi-terminal with a total power rating of 3100 MW. Figure 

3 shows the expanded dc intertie with the new 12-pulse converter 

units shown (cross-hatched) . The control of this multi-terminal 

dc system is basically the same as that of the two-terminal 

system and will be discussed in the next section.
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In this study the Pacific hvdc intertie is represented in 

two ways: I) as a bipolar two-terminal system carrying 2700 

MW of power; and 2) as a bipolar multi-terminal system carrying 
3100 MW of power.

Pacific Hvdc System Control Units

The available control modes at each converter of the dc 

intertie include constant current or power control, minimum 

angle control and constant extinction angle control [45]. The 

rectifier and inverter controllers are coordinated to give 

constant current or power control at the rectifier and constant 

extinction angle control at the inverter during normal oper

ation. To accomplish this the current order at the inverter 

is set 10 to 15% less than the current order at the rectifier 

(the difference between the two current orders is called the 

current margin). These conditions are used in the simulation 

study of the Pacific intertie with the northern station 

(Cellilo) operating as a rectifier and the southern station 

(Sylmar) operating as an inverter at constant extinction angle.

In addition to the above normal controls, the following 

features are available in the Pacific hvdc intertie to maintain 

constant power on the dc line under abnormal conditions and 

to enhance its overall performance [21] :
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Two-terminal Pacific HVDC Intertie

CeliIo

400 Kv 1.8 KA
Sylmar

400 Kv 1.8 KA

133 Kv 6 Mercury Arc Valves connected in series 

of 6-pulse Groups to get +400 Kv at 1.8 KA, upgraded to 2 KA.

CeliIo 100 Kv Thyristor at 2 KA Sylmar 

500 Kv 2 KA shown dotted 500 Kv 2 KA

Figure 2. Pacific hvdc intertie.
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Multi-terminal Pacific HVDC Intertie Expansion Project

r — I

S

ZS SZ
ZS SZ
ZS SZ

ISZI

ZS
5
ZS

SZ
I
SZ
n z

celilo

Addition of +500 Kv 1.1 KA 

12 Pulse Thyristor Converter 

in parallel

Sylmar

Figure 3. Multi-terminal Pacific hvdc intertie.
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Power modulation of the do line for enhancement of the ac 
system stability.

Modification of the controllers to maintain constant power 

on the dc line under abnormal conditions. Such modifi

cations include the addition of a voltage dependent current 
order limit and a margin switching unit.

These modifications are described below.

Dc Power Modulation
Dc modulation is introduced to improve the system damping 

of negatively damped oscillations [21] Dc power modulation 

is based on the rate of change of power on the parallel Pacific 

ac intertie. In the present study the ac intertie is modelled 

as a single line carrying about 2100 MW of power .from north 

to south. Dc power modulation is however not used in this 

chapter.

Voltage Dependent Current Order Limit
In terms of the ac commutating voltage Eac, direct current 

Id and the dc line inductance L, the dc line power is given 
as follows [21]:

Pd -  ~ - E acId cos(a) -  -coL/J (2.1)
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For any given ac voltage there is a value of direct current 
beyond which any increase in the line current decreases the 

dc power. However, the introduction of a voltage dependent 

current order limit (VDCOL) , as shown in Figure 4, maximizes 

the power transfer capability of the dc line under adverse 

conditions. The other function of the VDCOL is to reduce the 

dc tie power, and consequently the, VAR demand from the ac 

system during a period of depressed ac system voltage. VDCOL 

is introduced in the current order determination of the dc 

control system. For the Pacific intertie this modification in 

current order limit becomes operable when the dc bus voltage 

drops below 0.6 p.u. (Dv in Figure 4) [21] . Below this voltage, 

maximum current order limit (I7max) decreases linearly from its 

normal value (Imax) down to some specified minimum value of 

current (Imin) as shown in Figure 4.

Voltage (V)

Figure 4. Voltage dependent current order limit.
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Margin Switching Unit

The normal operation of a do line calls for constant current 
control at the rectifier and constant extinction angle at the 
inverter. A decrease in the rectifier end ac voltage or an 

increase in the inverter end ac voltage could result in loss 

of current control at the rectifier end. This results in a 

reduction in the dc line current which could be as much as the 

system current margin (10-15%) before the inverter control 

prevents further drop in the current. Hence, depending on the 

ac system voltage, the dc line power could decrease from its 

scheduled value by as much as 15% depending on the magnitude 

of the current margin [21]. This sustained decrease in the 

scheduled line power is prevented by providing the dc controls 

with a margin switching unit (MSU) . The characteristic and 

logic of operation of this unit are shown in Figure 5. 

Essentially, the MSU raises the current order at both the 

rectifier and the inverter ends by 75% of the current margin 

when the rectifier is found to have lost current control. If 

the current control is still not maintained, the current order 

is then reduced by the current margin.
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DI as Output of the Margin Switching Unit
K  = Constant

aI = Margin Current

Io = Ordered or Reference Current
Pmax = Maximum Current from VDCOL

I DX = o!o~|

Figure 5. Margin switching unit.

Intermountain Hvdc Intertie Operating Characteristic

The original Intermountain hvdc intertie for the Southern 

Transmission System (STS) consists of an Intermountain Con

verter Station (ICS) converting Intermountain 345 kv ac to 

+500 kV bipolar hvdc, Adelanto Converter Station (ACS) inverting 

the ±500 kV back to ac at 500 kV, and a 787 km two bipolar 

hvdc transmission line from ICS to ACS [53] . Each converter 

is a 12 pulse type and is designed with two 800 MW valve 

groups as shown in the Figure 6 for a total capacity of 1600 

MW. However, due to reduced Utah load growth, the Intermountain 

Power Project (IPP - a generation and transmission project in 

the western United States) was down-sized, and as a result the
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STS was reduced to a single bipolar system as shown in Figure 

7. The present Intermountain tie consists of a +500 kV bipolar 

system with a single hvdc line normally rated at 1600 MW (800 

MW per pole) and a continuous overload rating of 1200 MW when 
one pole is out of service [53].

Intermountain Hvdc System Control Units

The IPP hvdc control system is a microprocessor based 

system. ' The hierarchy of the control system consists of four 

levels: bipole level, pole level, converter level, and valve 

level. The bipole level consists of two systems: one in active 

mode and the other in standby mode for complete redundancy. 

It consists of reactive power compensation, central unit alarm 

reporting system, bipole control desk, sequence event recorder, 

master clock and display panel [54]. The pole level controls 

the pole power, pole sequence, and pole protection. Also, on 

failure of the bipole level, the pole level controls take 

command. The converter level controls the firing of the 

converters, the converter sequence, converter/pole protection, 

current order memory and the tap changer control. If there 

is a complete failure at the pole level, converter control 

takes command. The valve level controls the firing of each 

thyristor by converting the electrical control pulses to optical 

pulses and is basically an interface between the control system
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and the thyristor.

ADELANTO INTERMOUNTAIN500 kV AC 345 kV AC

FIETER BANKS FILTER BANKS
+500 Kv DC
BIPOLE I
-500 Kv DC

+500 Kv DC
BIPOLE 2
-500 Kv DC

Figure 6. Original Intermountain intertie (Two bipolar system) .

ADELANTO 
500 kV AC

INTERMOUNTAIN 
345 kV AC

FILTER BANKS FILTER BANKS

+500 Kv DC 800 MW800 MW

-500 Kv DC 800 MW800 MW

Figure 7. Present Intermountain intertie (Single bipolar 
system).
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The various hvdc control modes available are constant 

current control, constant power control and constant extinction 

angle control. The various operating modes include bipolar 

operation, monopolar operation, and reduced voltage operation. 

In addition to the above modes, the following stability 

enhancement techniques were adopted: voltage dependent current 
order limit, reactive power control, do power modulation, 

overload recovery control, isolated startup, electrode current 
balancing and generator runback control [55].

Model Implementation

The Pacific and the Intermountain dc system model were 

implemented in the reduced-order equivalent model of the western 

system shown in Figure I. In the case of modelling of the 

Pacific hvdc intertie, most of the characteristics of the 

actual system described above were retained except for modu

lation of the dc power. However, in the case of modelling of 

the Intermountain hvdc intertie only the basic pole level 

control along with VDCOL were represented. The block diagram 

of the overall two-terminal hvdc control structure as used in 

this simulation study for both the interties is given in Figure 

8 [51]. The control scheme for the multi-terminal modelling 

of the Pacific hvdc system is basically the same as that .of 

the two-terminal system. In the multi-terminal dc system
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modelling both the rectifiers at Cellilo and one inverter at 

Sylmar (having current rating of 2 KA) operate in a constant 

current mode. The other inverter at Sylmar (with lower current 

rating of 1.1 KA shown crosshatched in Figure 3) operates at 

constant extinction angle control thereby controlling the line 

voltage. The current orders at the current controlling con

verters are set independently. The current order at the voltage 

controlling station is made equal to the algebraic sum of the 

current orders of the current controlling station minus the 

current margin. Current orders can be set from a control 

station to the respective converter stations via a telecom

munication facility, or they can be set manually by varying 

the converter currents in steps.

Simulation Results

Four configurations for which simulation results were 

obtained a r e : ^

1. The reduced order system with the Pacific and Inter

mountain hvdc interties represented as equivalent real and 

reactive constant current loads at their respective 

terminal b u s e s ,

2. The reduced order system with the Pacific hvdc intertie 

represented by a bipolar two-terminal +500 KV line carrying
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2700 MW of power (Figure 2) while the Intermountain tie 

is represented as equivalent real and reactive constant 
current loads at their respective terminal buses,

3 . The reduced-order system with the Pacific hvdc intertie 

represented as a bipolar multi-terminal +500 KV system 

carrying 3100 MW of power (Figure 3) while the Intermountain 
tie is represented as equivalent real and reactive constant 
current loads at their respective terminal buses,

4. The reduced-order system with the Pacific hvdc intertie 

represented as a bipolar multi-terminal +500 KV system 

carrying 3100 MW of power (Figure 3) and the Intermountain 

tie represented as a bipolar two-terminal +500 kV system 

carrying 1600 MW of power (Figure 7).

The dynamic stability simulation for the above four cases 

was carried out using EPRI's EMTSP package. In each case a 

1400 MW braking pulse was applied at bus NWl in the system 

shown in Figure I for 30 cycles to simulate a braking resistor 

applied at that bus. This bus represents the Pacific Northwest 

area where the Bonneville Power Administration generally 

applies its 1400 MW resistive brake.

In order to compare generator swings in the four different 

cases under study, the variation of the generator angles (for 

machines #8 and #15 in Figure I) were obtained relative to 

generator #1 which is considered to be a large machine at bus
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A. These generator angle variations are shown in Figures 9 
through 12 for the four cases discussed above, respectively. 
It is noticed from these figures that although generator swings 

are very similar in all the four cases, some frequency components 

do appear in the generator swings when the dc line is modelled 

as a multi-terminal or a two-terminal line that do not show 

up when the dc system is modelled as constant current injections . 

There is a minor difference in the magnitude of the generator 
oscillations in the four cases studied.

Figure 13 shows the variation in the converter firing angle 

and the converter current of the two-terminal Pacific hvdc 

line. The variation of one of the rectifier firing angles and 

one of the rectifier currents (converter #1) in the multi

terminal Pacific hvdc system are shown in Figure 14.

The FFT analysis is used to obtain the frequency response 

of generator angle swings' for machines #8 and #15. FFT results 

are shown in Figures 15 through 18 for the four cases studied. 

These responses are used to obtain detailed information on the 

system modes. FFT magnitude information reveals the frequencies 

of the interarea modes and indicates which machine participates 

in a given mode. Phase information from the frequency analysis 

is used to determine which areas swing against one another at 

a given mode. A thorough comparison of the FFT plots for each 

machine for the four cases studied shows that the interarea
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modes for the four cases are similar. This indicates that the 
damping of the interarea low frequency oscillations is not 
possible with conventional converter control modes as used in 
this simulation study.
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Trans.
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Extinction
Angle
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Blocks for Inverter only

Figure 8. Dc converter control model.
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I -------- Gen. Ang. #8 Gen. Ang. #15

- 1 0 -

T i m e  ( S e c . )

Figure 9. Relative generator angles (machines #8 and #15) for 
case I.

I -------- Gen. Ang. #8 Gen Ang. #15 I

T i m e  ( S e c . )

Figure 10. Relative generator angles (machines #8 and #15) for
case 2.
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Figure 11. Relative generator angles (machines #8 and #15) for 
case 3.

Gen. Ang. #15 II -------- Gen. Ang. #8

- t o -

T i m e  ( S e c . )

Figure 12. Relative generator angles (machines #8 and #15) for
case 4.



56

16.5 2 7 8 0
- 2 7 7 0

1 5 .5 - 2 7 6 0
- 2 7 5 0

14.5-

- 2 7 3 0
| -------- Firing An8IT

" 2 7 2 0
- 2 7 1 0

12.5 - 2 7 0 0
- 2 6 9 0

1 1.5
Time (Sec.)

Figure 13. Variation of rectifier firing angle and dc current 
for case 2.

16.5 2 0 8 0
- 2 0 7 0

15.5- - 2 0 6 0
- 2 0 5 0

14.5-

- 2 0 3 0( Firing Angle 1X3 Current |

-2020
-2010

12.5- -2000
1 9 9 0

11.5 1 9 8 0
Time (Sec.)

Figure 14. Variation of rectifier (converter #1) firing angle 
and dc current for case 3.
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FFT Plot of Generat or Angle #8

F r e q u e n c y  in H z

F F T  Plot o f  Generator A n g l e  # 1 5

F r e q u e n c y  in H z

Figure 15. Fourier response of generator angles for case I .
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F F T  Plot o f  Generator A n g l e  # 8

F r e q u e n c y  in H z

F F T  Plot of Generator A n g l e  # 1 5

Figure 16. Fourier response of generator angles for case 2.
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JRFT Plot of Generator Angle #8

F r e q u e n c y  in H z

F F T  Plot of Generator A n g l e  # 1 5

■' 1.4
F r e q u e n c y  in H z

Figure 17. Fourier response of generator angles for case 3.
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FFT Plot of Generator Angle #8

F r e q u e n c y  in H z

F F T  Plot o f  Generator A n g l e  # 1 5

F r e q u e n c y  in H z

Figure 18. Fourier response of generator angles for case 4
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CHAPTER 3

NONCONVENTIONAL HVDC SYSTEM CONTROL CONFIGURATIONS

Introduction

The conventional way to operate an hvdc system is with the 

rectifier controlling the current and the inverter operating 

in the constant extinction angle (CEA) control mode, thereby 

consuming the minimum quantity of reactive p o w e r . However if 

the dc current or voltage is changed, the reactive power 

consumption at both terminals changes, and under certain 

conditions voltage and reactive power instability can r e s u l t . 

It is possible to operate the dc system in other modes in which 

the reactive power or the voltage does not change significantly, 

thereby reducing the instability effect. The object of this 

chapter is to describe and compare various control modes 

referred to as nonconventional control modes at the inverter 

t e r m i n a l . It is intended to elucidate the basic theoretical 

background in order to provide a better understanding of the 

control f u n ctions.

The voltage current (VI) characteristic, also known as 

operational characteristic, of the conventional control mode 

at the rectifier and inverter end is shown in Figure 19. In 

the same figure, operational characteristics of some of the 

nonconventional control modes of the inverter are also shown.
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The functional block diagram for implementation of the non- 

conventional control schemes at the inverter terminal is shown 

in Figure 20.

DC Current

1. Minimum Ignition Angle Control at Rectifier

2. Constant Curretn Control at Rectifier

3. Constant Current Control at Inverter

4. Minimum Extinction Angle Control at Inverter

5. Constant DC Voltage Control at Inverter

6. Constant Reactive Current Control at Inverter

7. Constant Active Power Control at Inverter

8. Constant Reactive Power Control at Inverter

Figure 19. Nonconventional controller characteristics.
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MEASURED 
INPUT SIGNAL

SET POINT

EXT. ANGLE 
(MEASURED)

EXT. ANGLE 
(SET)

NONCONVENTION AL 
CONTROLLER

EXT. ANGLE 
REGULATOR

FIRING
ANGLE
SELECTION

FIRING
PULSE
REGULATOR

THYRISTOR
FIRING
PULSES

Figure 20. Nonconventional controller scheme.

Constant Ac Voltage Control [12-151

Large ac voltage fluctuations are considered to be a 

persistent problem associated with an hvdc system when connected 

to a relatively weak ac system [12]. Since the fundamental 

component of the ac current at the hvdc converter terminal 

lags the commutating voltage, the dc converter terminals absorb 

reactive power proportional to their real power conversion in 

both the rectification and inversion modes. If the host ac 

system has a relatively high source impedance, it cannot supply 

this reactive power without the ac bus voltage falling to an 

unacceptable low value. To avoid this, compensating shunt 

capacitor banks are provided at the hvdc terminal. However, 

a sudden disturbance in the reactive power balance at the 

terminal causes high fundamental frequency ove r v o l t a g e s . An 

economical solution is to regulate the reactive power consumed
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by the converter in response to ac voltage variation. Thus, 

the inverter can be controlled in such a way that it strives 
to keep the ac bus voltage constant.

It has been suggested that ac voltage control should operate 
only when the ac voltage level exceeds a pre-set value [12,13] . 

This is because if constant ac voltage is administered during 

undervoltage conditions, the controller will try to reduce the 

extinction angle gamma. If this angle falls below a minimum 

value, it will lead to commutation failure. However, in 

overvoltage conditions an increase in gamma will lead to higher 

reactive power absorption at the inverter, thereby reducing 

the voltage level, which is a corrective step. The functional 

block diagram of the ac voltage control scheme is shown in 

Figure 20. The conventional current control characteristic 

is maintained at the rectifier which controls the flow of dc 

power. At the inverter, a localized ac voltage regulator 

acting directly on the converter firing control along with the 

extinction angle regulator is provided. During normal or under 

voltage conditions the inverter remains in the extinction angle 

control mode, thereby consuming minimum reactive power. When 

dynamic overvoltages appear at the ac terminals, the ac voltage 

controller is actuated. It increases the extinction angle of 

the inverter and overrides the signal from other regulators.
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thereby increasing the reactive power consumption to limit 

overvoltages. Thus it provides fast, smooth and continuous 
variation of the converter reactive power.

Ac voltage control offers advantages such as low losses 
and low probability of commutation failure. However, it has 

the disadvantage of higher valve stresses due to its operation 
at higher extinction angles.

Constant Dc Voltage Control [18-201

This control is designed to control either the midpoint 

dc line voltage [18] , or the inverter terminal dc voltage [19] . 

As shown in Figure 19, the dc voltage control characteristic 

at the inverter (curve 5) , provides operation with zero slope. 

As a result, stability is improved compared to the constant 

extinction angle control mode which has a negative resistance 

characteristic. Furthermore, this control has the advantage 

of utilizing the insulation most effectively. During 

steady-state operation it is also possible to maintain the 

extinction angle near its minimum value by coordinating the 

tap changer control.

, Constant Reactive Current Control fill

If the inverter is controlled such that the reactive 

component of the current supplied to the ac system is kept

I
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constant as the dc side current is changed, then the dc side 

voltage follows the characteristic as shown in Figure 19 (curve 

6). Since this characteristic has a positive slope, the 

incidence of commutation failure and the recovery time of the 

valves reduces considerably. Figure 20 shows the functional 

block diagram used in the implementation of constant reactive 

current control. The conventional current control charac

teristic along with its natural minimum ignition angle control 

characteristic is maintained at the rectifier so that power 

flow across the system can be regulated. The reactive power 

consumption (at both terminals) is then defined by the inverter 

constant reactive current characteristic. A minimum gamma 

control mode is also provided at the inverter end so as to 

limit the gamma to its minimum value and thereby avoid com

mutation failure. Here both the inverter and rectifier operate 

with positive resistance characteristics resulting in extremely 

stable operation. Also, as the inverter operates with a value 

of extinction angle (y) in excess of the minimum extinction 

angle (Ymin), the incidences of commutation failure would be few. 

Hence, rapid recoveries from faults could be expected. However, 

since this scheme operates at extinction angles larger than 

Ymin, the steady-state reactive power consumption is large and 

requires that the converter valves (including cooling and



67

damping circuits) , the ac filters and the dc transmission line 
be designed to enable operation with higher than conventional 

extinction angles (2 to 3 degrees higher in steady state) [11].

Constant Power Factor Control [16.171

To maintain constant power factor at the inverter terminal, 

the dc voltage at that terminal is controlled by controlling 

its firing angle, while the ac voltage variations are com

pensated by the commutating transformer tap changer. In this 

mode the inverter operates at a higher extinction angle during 

partial load conditions. Furthermore, at full load, its 

operating characteristic is exactly the same as that of 

extinction angle control. This scheme has a serious drawback 

of slow response, as the time needed to change the transformer 

tap during and soon after the disturbance is quite large. This 

makes the control operate as a dc voltage controller during 

transient operation. A power factor controller which does not 

need a tap changer control is suggested in [17] . In this 

thesis a power factor controller is implemented in the simu

lation without a tap changer. Also, a minimum extinction angle 

control is superimposed to avoid commutation failure. The 

advantage of power factor control is that the extinction angle 

is increased as the direct current reduces, and hence the 

possibility of commutation failure is minimized. Also as the
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power factor remains constant, the real power transferred and 

the reactive power consumed are directly proportional to the 
direct current, and this minimizes the possibility of high 
reactive power consumption.

Constant Active Power Control

In constant current control mode, the inverter strives to 

maintain a constant dc current even if there are large changes 

in dc voltage. These changes can be caused by changes in the 

ac bus voltage or by loss of one valve group in a pole consisting 

of two or more groups. Such a voltage change would of course 

cause a proportional change in the power flow over the dc link 

because of the constant current control. A link with this 

type of control would obviously not make an ideal intercon

nection. It would not respond to the needs of a system in 

distress, and indeed loss of a valve group on such a system 

would cause a disturbance, in the form of a sudden change in 
power flow.

Thus for many applications a constant power control mode 

would be an improvement over the constant current control. 

Such a system is designed by merely deriving the dc current 

order from a power signal divided by the dc voltage. For 

application in an interconnected system this control is better 

compared to constant current control because it strives to



69

hold its power constant. Constant power control will not cause 
the system to suffer unduly by transferring more power under 

adverse conditions. However, it will still not respond to the 

needs of the system in distress in the way that an ac tie does. 

Another disadvantage is that it leads to two operating points 

in the steady state as shown in the Figure 19 (curve 7), hence 
causing two point instability.

Constant Reactive Power Control (19.201

In the past, a reactive power signal has been used as a 

modulating signal to produce a secondary signal such as dc 

voltage at the inverter for pole control [19] . However, a 

reactive power control strategy can also be implemented as a 

primary control strategy at the inverter. The characteristic 

of this control scheme is as shown in Figure 19 (curve 8) . 

This control has additional capability, over that available 

with reactive current control, to suppress variations in the 

ac bus voltages.
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CHAPTER 4

APPLICATION OF PRONY-BASED ANALYSIS FOR EVALUATION OF 
NONCONVENTIONAL CONVERTER CONTROLLERS

Introduction

This chapter presents an approach to obtain reduced-order 

linearized models of power systems which are actually nonlinear, 

time varying, and extremely large order. An off-line system 

identification method based on Prony signal analysis is used 

to obtain the system transfer function for the ac/dc test 

system used in this study. Responses of the Prony-based 

linearized models are then used in root-locus studies to see 

how the feedback of these signals affects system eigenvalues.

Prony analysis is an off-line technique of analyzing signals 

to determine modal, damping, phase, and magnitude information 

contained in the signal. It is an extension of Fourier analysis 

in that damping information as well as frequency information 

is obtained. Here a known input of a given class is applied 

to the system and the output is analyzed using Prony signal 

analysis. Though standard Prony analysis does not directly 

give estimates of transfer functions, it can be extended to 

obtain the transfer functions for inputs of a given class. 

Some aspects of Prony analysis of power system response signals 

are given in [60]. A detailed description of the Prony based
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system identification technique can be obtained from [7].

Application

In this section a reduced-order linear model of the ac/dc 

system is obtained for each do control scheme used, by applying 

Prony signal analysis. To carry out the analysis, system 

transfer functions for particular output signals were first 
identified using the method described in [7] . The linear 

models obtained show the local and interarea modes of interest, 

and are used to analyze the nonconventional dc system control 

schemes with reference to damping of both the local and interarea 

modes. The transfer functions obtained from this Prony based 

method are then analyzed using the root locus technique. Root 

locus, through a graphical representation, provides information 

about the amount of damping that a particular controller can 

contribute to each of the modes present in the system.

The test system used is the 42-bus, 17-machine system 

described in Chapter 2 with the Pacific hvdc intertie repre

sented by a two-terminal, bipolar ±500 Kv dc line model and 

the Intermountain intertie by equivalent real and reactive 

constant current loads at their respective terminal buses. 

The rectifier is provided with a proportional-plus-integral 

(PI) type of constant current controller along with minimum 

firing angle control. At the inverter a constant firing angle
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is maintained. The output signals used are ac voltage, do 
voltage, reactive current, power factor, active and reactive 
.power at the inverter bus, each corresponding to a particular 

nonconventional dc controller mode. In each case a low amplitude 

rectangular pulse disturbance of I s width is added to the 

inverter firing angle signal as input to the system, as shown 

in Figure 21. The input is shown in the Figure 22 and is a 

special case of the general signal used in [7] which has the 
following form in the Laplace domain:

/Cr)
( —sD, —siX[Cq + c^ +c2e

s—X,71+1 (4.1)

where D iKDui, the Ci’s are arbitrary real constants, and n is

the order of the model. In our case the following parameters 

are used to describe the input I(s) to the system.

k =  l, C0 = 3, C1 = -3, D 1 =  I and Xn+1 =0 (4.2)

Prony analysis and results from [7] were used to fit a 

suitable transfer function for each of the above mentioned 

output Signals . For each case the transfer function is described 

by its eigenvalues and residues as given in Tables 3 through
8.



73

Unfiltered
Non-
Conventional
Signals

Filtered
Signal

Low-Pass
Filter

Inverter

Controller 
at Rectifier

Power System

A C /DC

Firing Angle where A = 2ttf = 2jt(3) = 20.0

Figure 21. Implementation of a general nonconventional control 
scheme for Prony based a n a l y s i s .

o.o 1-O
Time (Sec.)

Figure 22 . Input signal used to obtain system transfer function.

The pulse input of Figure 22 was also applied to the 

transfer function for each of the outputs to show the validity 

of the low-order transfer-function fit as compared to the 

actual system response for the same input. The transfer-
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function responses and the actual responses are shown in Figures 
23 through 28. In every case the linear low-order model output 
fits the actual system response quite well except during the 
application of the input signal.

The associated root-locus plots are shown in Figures 29 

through 34. These plots are obtained for the transfer-function 

gain variation from 0 to 10. It is evident from these figures 

that the movement of the poles associated with the local and 

interarea modes is not significant. This can also be noticed 

from the fact that the residues associated with both the 

interarea and local modes for each case of the nonconventional. 

dc controller schemes studied are relatively small. The 

magnitudes of these residues give a good measure of the amount 

of damping that can be achieved for corresponding modes (ei

genvalues) through feedback. From the root-locus plots of ac 

voltage and dc voltage controller schemes it is noticed that 

one pair of eigenvalues corresponding to 0.91 Hz local mode 

is in the right half plane (see also Table 3 and 4) signifying 

that these two controllers are unstable for this mode. It can 

also be noticed from the root-locus plots for each of the 

nonconventional dc controller schemes that for all residues 

which are relatively small the corresponding pole-zero pairs 

are very close to each other. Hence, little damping of such 

modes is possible through feedback.
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Table 3. Identified reduced-order transfer-function model for 
ac voltage as output signal.
Mode Freq. 

(Hz)
Eigenvalue Residue

I 1.71 -0.1710d+02+j0.1074d+02 +0.1773d+01+j0.1974d+022 0.91 +0.2988d-01+j0.5742d+01 + 0.6172d-01+j 0.1110d+00
3 0.71 -0.5575d-01±j0.4484d+01 +0.2541d-01+j0.4492d-014 2.08 -0.6141d+00+j0.1307d+02 +0.2766d-01+j0.13OSd-Ol
5 4.70 -0.8541d+00+j 0.2948d+02 -0.3078d-01+j0.2269d-01

Table 4. Identified reduced-order transfer-function model for 
dc voltage as output signal.
Mode Freq. 

(Hz)
Eigenvalue Residue

I 5.00 -0.3184d+02+j0.3142d+02 + 0.1237d+03±j 0.1221d+03
2 1.68 - 0 . 1 3 1 9 d + 0 2 ± j 0 . 1 0 5 8 d + 0 2 -0.8809d+01+j 0.1218d+02
3 0.69 -0.1632d+00±j 0.4388d+01 +0.3053d-02±j0.1798d+00
4 0.91 + 0.3192d-01±j 0.5710d+01 + 0.2563d-01+j 0.1287d+00
— — -0.2501d+01+j0.0000d+00 -0.9447d+00-j0.1080d+00

Table 5. Identified reduced-order transfer-function model for 
reactive current as output signal.
Mode Freq. 

(Hz)
Eigenvalue Residue

I 2;42 -0.2278d+02+j0.1523d+02 +0.1352d+04+j0.6975d+04
2 0.36 -0.3175d+00±j0.2271d+01 +0.2278d+01+j0.3996d+01
3 0.92 -0.8378d-01+j0.5750d+01 -0.3003d+01+j0.3442d+01
4 2.12 -0.8531d+00+j 0.1333 d+02 -0.9537d+00+j0.1480d+01
5 4.57 -0.6664d+00±j 0.2871d+02 -0.1195d+01±j 0.1637d-01
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Table 6. Identified reduced-order transfer-function model for 
power factor as output signal.
Mode Freg. 

(Hz)
Eigenvalue Residue

I 1.66 -0.3257d+02+j0.1044d+02 -0.IOlOd+01+j0.2453 d+012 0.37 -0.3314d+00+j0.2337d+01 -0.3377d-03+j0.3617d-03
3 0.91 -0.2354d-0l+j 0.5695d+01 +0.1564d-03+j0.4867d-03
4 3.39 -0.3231d+01+j 0.2133d+02 +0.3744d-03+j0.7346d-04
5 1.59 -0.4991d+00+j 0.9962d-01 +0.9770d-04+j0.1597d-03

Table 7. Identified reduced-order transfer-function model for 
active power as output signal.
Mode Freq. 

(Hz)
Eigenvalue Residue

I 0.69 -0.1142d+00+j 0.4383 d+01 -0.1751d+00±j0.1167d+01
2 0.36 -0.3522d+00+j0.2240d+01 + 0.8635d+00+j 0.2714d+01
3 0.91 -0.3597d-02+j 0.5703 d+01 -0.5387d+00+j0.2822d+01
- - -0.3046d+02±j0.0000d+00 -0.9009d+03+j0.5213d-14
- - -0.2210d+01+j0.0000d+00 -0.392 6d+01+j 0.5088d-15
— — -0.4918d+00+j 0.0000d+00 -0.5556d+00+j0.3494d-15

Table 8. Identified reduced-order transfer-function model for 
reactive power as output signal.
Mode Freg. 

(Hz)
Eigenvalue Residue

I 1.45 -0.3261d+02+]0.9092d+01 -0.8153d+03±j0.5514d+04
2 0.36 -0.3462d+00+j0.2236d+01 -0.4055d+00+j 0.9385d+00
3 0.71 -0.1913d+00+j0.4446d+01 -0.1910d+00+j0.8197d+00
4 0.93 -0.3105d+00+]0.5864d+01 +0.5671d+00+j0.7546d-01
- — -0.1635d+01+j0.0000d+00 +0.2928d+01+j0.4083d-14
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I I -------- A c iu jil  O u tp u t

0.5-

T i m e  (Sec.)

Figure 23. Transfer-function model output data versus actual 
data for ac voltage signal.

1 1 -------- A c tu a l  O u tp u t  ------- E « tim a » « d  O u tp u t  | I

T i m e  (Sec.)

Figure 24. Transfer-function model output data versus actual
data for dc voltage signal.
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- 100-

S -200-1 I I -------- A c tu a l  O u l p u t  --------E a I im a U d  C X iIpoI |

I  - 3 0 0 - i

-400

-SOO-

-600-

-700-
T i m e  (Sec.)

Figure 25. Transfer-function model output data versus actual 
data for reactive current signal.

0.01-

O-

5 -0.01-

L
II
Jf -0.03-

| -------- A c tu a l O u tp u t - - —  E e t im a le d  O u t p u t  | I

<
-0.04-

-0.05-

) i 2  3 4  5  6  7
T i m e  (Sec.)

8  9  1O

Figure 26. Transfer-function model output data versus actual
data for power factor signal.
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I -------- Actual Output Estimated Output I

-60-

-40-

-20-

- 1 0 O -

- 120'

-80-

Time (Sec.)

Figure 27. Transfer-function model output data versus actual 
data for active power signal.

-------- A c tu a lC K iip e l  - - - -  E s t im a te d  O u tp u t  | I120-

IO O -

40-;

T i m e  (Sec.)

Figure 28. Transfer-function model output data versus actual
data for reactive power signal.
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Figure 29 . Root-locus plot for ac voltage signal at the inverter.
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Figure 30. Root-locus plot for dc voltage signal at the inverter
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Figure 31. Root-locus plot for reactive current signal at the
inverter.
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Figure 32. Root-locus plot for power factor signal at the
inverter.
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Figure 33. Root-locus plot for active power signal at the
inverter.
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CHAPTER 5

TIME DOMAIN SIMULATION RESULTS FOR NONCONVENTIONAL CONTROL
SCHEMES

Introduction

Computer simulation results for the ac/dc test system 

introduced in Chapter 2 and shown in Figure I for various, 

nonconventional hvdc control schemes are presented in this 

chapter. The performance of the nonconvent ional control schemes 

introduced in Chapter 3 are investigated for various system 

disturbances. Their effectiveness in damping of low frequency 

oscillations is evaluated and conclusions drawn.

Simulation Results

The nonconvent ional controllers were applied to the 42-bus, 

17-machine test system shown in Figure I (Chapter 2) . In this 

simulation the Pacific hvdc intertie is represented by a 

two-terminal, bipolar +500 Kv dc line model and the Inter

mountain intertie by equivalent real and reactive constant 

current loads at their respective terminal buses. The rectifier 

is provided with a proport ional-plus-integral (PI) type of 

constant current controller along with minimum firing angle 

control. From the root-locus plots for various nonconvent ional 

inverter controllers (given in Figures 2 9 through 34 of Chapter
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4), it is clear that the pole-zero pairs corresponding to the 
local and the interarea modes of interest are very near each 

other making it difficult, if not impossible, to design a 

suitable compensator which can provide damping to these modes. 

Therefore, a proportional-plus-integral (PI) type of compen

sator with nominal values of gain was implemented at the 

inverter. The gain values used for both rectifier and inverter 

are Kp = 0.15 for the proportional controller and K1 = 5.8 for 

the integral controller. The system responses to various 

disturbances were obtained. Some of the disturbances considered 
are

1. Fault I : A 1400 MW braking pulse is applied at bus 

NWl in the system shown in Figure I for 30 cycles 

to simulate a braking resistor.

2. Fault 2 : The line from bus P to bus SC2 (Figure I) 

is removed for 0.5 s.

3. Fault 3 : The line from bus A to bus SCI (Figure I) 

is removed for 0.15 s.

4. Fault 4 : The line from local generator bus 16 to 

bus SCI is removed for 0.5 s. This represents a 

local fault near the inverter.

In order to compare generator swings for each nonconven-

tional controller mode with the conventional current-margin

control at the inverter, the variation of the generator angles
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(for machines #4, #8, #11, #15 of Figure I) were obtained 

relative to generator #1 which is considered to be a large 
machine at bus A. These generator angle variations for fault 

I and fault 2, described above, are depicted in Figures 35 

through 46. For all other faults these figures have not been 

presented as their effects on the local and interarea swing 

modes were insignificant. Only in the case of the ac voltage 

controller for fault 2 (Figure 43), there seems to be some 

enhancement in the damping (compare Figure 43 with Figure 42) 

while in the case of other control modes like constant dc 

voltage control (Figure 44), and constant active and reactive 

power control (not shown in the figures here), the system 

became more unstable for fault 2. Thus, the degree of the 

effect of controllers depends on the system under study and 

type and location of the disturbances. In response to most 

faults on large systems, the nonconventional controllers 

examined will not provide consistent damping improvement over 

that obtainable with the conventional controller.
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G cw . A n * . # 4 ------- G e n .  A n g . # 8

15
T i m e  (Sec.)

-------- Gen. Ang. #11 Gen. Ang. #15 |

Time (See.)

Figure 35. Relative generator angles for fault I (machines
#4, #8, #11, and #15) with conventional current margin control.
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I--------A ng- #4

T i m e  (Sec.)

Gen. Ang. #15 |-------- Gen. Ang. #11

Figure 36. Relative generator angles for fault I (machines
#4, #8, #11, and #15) with ac voltage control.
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I --------G*w- A ng- # 4 --------

S 30-

T i m e  (Sec.)

I -------- Gen. Ang. #11 Gen. Ang. #15

Time (Sec.)

Figure 37. Relative generator angles for fault I (machines
#4, #8, #11, and #15) with dc voltage control.
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T i m e  (Sec.)

I -------- Gen. Ang. #IT I. Ang. # 1 S |

Figure 38. Relative generator angles for fault I (machines
#4, #8, #11, and #15) with reactive current control.
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I --------G e n .  A n* . # 4 --------

T i m e  (Sec.)

-------- Gen. Ang. #11 Gen. Ang. #15

-5-

Time (Sec.)

Figure 39. Relative generator angles for fault I (machines
#4, #8, #11, and #15) with power factor control.
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| -------- Gcn. A n * . # 4 ------- G e n .  A n g . # 8  |

T i m e  (Sec.)

I -------- Gen. Ang. #lT

Figure 40. Relative generator angles for fault I (machines
#4, #8, #11, and #15) with active power control.
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11-------- G w i- A n g . # 4 ------- G e iv  A n g . »8 | I

8 30-

T i m e  (Sec.)

I-------- Gen. Ang. #11 Gen. Ang. #15

<S -5-

Time (See.)

Figure 41. Relative generator angles for fault I (machines
#4, #8, #11, and #15) with reactive power control.
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100-

-------- Gen- Ang- #4

-100-
-120

-------- Gen. Ang- #11

Time (Sec.)

Gen. Ang. #15

Time (Sec.)

Figure 42. Relative generator angles for fault 2 (machines
#4, #8, #11, and #15) with conventional current margin control.
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I-------- Gen. Ang. #4 Gen. Ang. #8

100-

Time (Sec.)

Gen. Ang. #15 II-------- Gen. Ang. #11

V v v v v

- 100-

-120

Figure 43. Relative generator angles for fault 2 (machines
#4, #8, #11, and #15) with ac voltage control.
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Figure 44. Relative generator angles for fault 2 (machines
#4, #8, #11, and #15) with dc voltage control.
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I V 1V
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Figure 45. Relative generator angles for fault 2 (machines
#4, #8, #11, and #15) with reactive current control.
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Figure 46. Relative generator angles for fault 2 (machines
#4, #8, #11, and #15) with power factor control.
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CHAPTER 6

APPLICATION OF PRONY-BASED ANALYSIS FOR EVALUATION OF 
SMALL SIGNAL MODULATION SCHEMES

Introduction

In the small signal modulation scheme an input signal from 

the ac side such as power flow, voltage magnitude, voltage 

angle or frequency is used to modulate the power flow through 

the dc line. Many studies have also used frequency differences 

between two interconnected ac systems as the basis for modu

lation of a dc intertie and have shown that a very powerful 

damping can be achieved with this type of modulation [45] . 

However, use of frequency difference as the modulation signal 

for a system which has a long dc intertie poses a serious 

problem. It would involve telemetry of the receiving end 

frequency over a long communication channel which would create 

a reliability problem and would require equipment coordination 

between the areas. Also, the frequency signal at any end which 

is required for obtaining the frequency difference is an 

inherently noisy signal containing strong high frequency local 

swing modes (1-2 Hz) in addition to the interarea modes (less 

than I Hz). However, frequency difference does eliminate the 

common frequencies.



102

An alternative to using frequency difference would be to 
use frequency from the rectifier end only which would eliminate 
the need for a long communication link. However, as already 

mentioned, this signal would contain the local swing modes in 

addition to the interarea frequency modes. Other signals which 

could be used are rate of change of power or current at one 

end. It has been shown that under certain simplifying 

assumptions, both of these signals contain information about 

frequency differences between the areas, and hence a single 

measurement would be sufficient [45] . However, near the steady 

state stability limit, changes in ac power are insensitive to 

changes in the relative angle between the areas and as a result, 

the time derivative of ac power is not a good indicator of 

frequency difference. The current on the other hand is strongly 

related to the relative angle between the areas even at the 

steady state stability limit. With the advent of new phase 

measurement techniques it is now possible to use voltage angle 
as a modulating signal.

In the following sections, a Prony signal analysis algorithm 

is used to obtain system transfer functions for the ac/dc test 

system studied for various modulating signals. Responses of 

the linearized models obtained are then used in root-locus 

studies to show how the feedback of these signals affects 
system eigenvalues.
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Application

In this section a reduced-order linear model of the ac/dc 
system is obtained for various modulation signals by applying 

Prony signal analysis. The primary objective is to select an 

appropriate ac signal for small-signal modulation of the dc 

power at the rectifier end in order to dampen the interarea 

modes, and if possible some of the local modes. The signals 

considered are change of frequency, voltage angle, rate of 

change of current, and rate of change of power at an ac bus 

(NWl in Figure I of Chapter 2) which constitutes a main area 
near the rectifier end.

As in the case of the nonconventional control schemes of 

Chapter 4, a system transfer function is first identified for 

each of the above mentioned signals using the method described 

in [7] . The test system used is the 42-bus, 17-machine system 

described in Chapter 2 with the Pacific hvdc intertie repre

sented by a two-terminal, bipolar +500 Kv dc line model and 

the Intermountain intertie by equivalent real and reactive 

constant current loads at their respective terminal buses. 

The rectifier and inverter are provided with proportional- 

plus-integral type of constant current controller. In addition, 

the inverter is also provided with a constant extinction angle 

(CEA) control. During normal operation the rectifier and 

inverter current controllers are coordinated to give constant
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current control at the rectifier and constant extinction angle 

control at the inverter. This coordination is achieved by 

providing the inverter with slightly lower current order than 
the rectifier, the difference between the two current order 

being the current margin. The pulse input of Figure 22 (Chapter 

4) is applied at the current summing junction of the PI current 

controller at the rectifier as shown in Figure 47. The input 

is chosen to be a rectangular current pulse with duration of 

I s and with a magnitude of 30 A, equal to 1% of the rated 

3000 A dc line current. The limit of 1% is chosen in order 

not to overexcite the system. The parameters used for the 
input signal I(t) to obtain the Prony model are

k = I, c0 = 30, c, = -30, D 1 = I and X,n+1 = 0 (6.1)

The poles and zeros of the transfer function for each of 

the outputs are given in Tables 9 through 12 . The pulse input 

of Figure 22 (Chapter 4) is also applied to the transfer 

functions. The responses of the Prony based transfer-function 

models were compared with those of the actual simulated system 

as shown in Figures 48 through 51. It is clear from these 

figures that the Prony fit matches very closely with the actual 

response except during the application of the input pulse. 

The root-locus plots for the modulating signals used are given 

in Figures 52 through 55. From these figures it is clear that 

frequency deviation and ac bus voltage angle signal should
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provide good modulating signals. This is evident from the 

root-locus plot, as most of the poles move toward the left 

when the feedback gain is increased, hence enhancing damping. 

However, in the case of voltage angle signal one of the 

eigenvalue is on the positive real axis (Table 10 and Figure 

53). Since this eigenvalue is very close to the origin it is 

assumed that it is the pole contributed by the PI current 

controller at the rectifier end.

Filtered
Signal

Low-Pass
Filter

where A = 2Jtf = 2ti(3) = 20.0

Controller 
at Rectifier

Controller 
at Rectifier

Unfiltered
Modulating
signal

Power System

AC / DC

Figure 47. Implementation of a general modulation control 
scheme for Prony based analysis.

Table 9. Identified reduced-order transfer-function model for 
frequency deviation as output signal.
Mode Freq. 

(Hz)
Eigenvalue Residue

I 0.37 -0.3458d+00+j0.2333d+01 +0.2495d-03+j0.1104d-03
2 0.71 -0.1153d+00+j0.4467d+01 +0.1922d-03+j0.1573d-04
3 0.05 -0.4800d+00+j0.3237d+00 +0.1617d-03+j0.2733d-03
4 0.86 -0.9045d-01+j0.5418d+01 -0.3964d-04+j0.5660d-04
5 1.38 -0.4866d+00+j0.8686d+01 -0.5432d-05+j0.3246d-04
6 1.64 -0.2321d+00+j0.1032d-02 -0.8841d-05+]0.6942d-05

I - - -0.2689d+02+j0.0000d+00 -0.3406d-01+j0.1522d-17
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Table 10. Identified reduced-order transfer-function model for 
voltage angle as output signal.
Mode Freg. 

(Hz)
Eigenvalue Residue

I 0.08 -0.4095d+00+j0.5014d+00 +0.8502d-02+j0.8383d-012 0.37 -0.3562d+00+jO.2342d+01 + 0.2 084d-02+j 0.3 911d-013 0,71 -0.8654d-01+j0.4459d+01 +0.1273d-01+j0.1823d-024 0.86 -0.1324d+00+j 0.5400d+01 -0.3362d-02+j0.4888d-025 1.19 -0.2720d+01+j 0.7480d+01 +0.8550d-03+j0.6608d-02
6 1.66 -0.1503d-01+j0.1040d+02 -0.2511d-03+j0.6731d-04
7 1.43 -0.2484d+00+j 0.8998d+01 -0.3164d-03+j0.6731d-03

+0.4541d-01+j0.0000d+00 +0.4641d-01-j0.2082d-16

Table 11. Identified reduced-order transfer-function model for 
rate of change of current as output signal.
Mode Freg. 

(Hz)
Eigenvalue Residue

I 0.37 -0.3209d+00±j0.2339d+01 -0.1911d+00+j0.1396d+00
2 0.71 -0.6277d-01±j 0.4473 d+01 -0.1017d-01+j0.1082d+00
3 0.91 -0.1004d+00+j0.5737d+01 -0.2762d-03+j 0 .2863d+00
4 1.72 -0.8308d+00+j0.1078d-02 -0.1783d-0i+j0.1200d-02
5 2.00 -0.757 9d+00+j 0.1252d+02 -0.1004d-01+j 0.1183d-01
6 2.40 -0.2223d+00+j0.1502d+02 + 0.3 001d-02+j 0.8128d-03
7 1.45 -0.5958d+00+j0.9085d+01 +0.6475d-02±j0.6978d-02
- - -0.8539d+00+j0.0000d+00 +0.4013d+00-j0.9037d-12— — -0.5064d+00+j0.0000d+00 -0.2191d+00+j 0.4010d-12

Table 12. Identified reduced-order transfer-function model for 
rate of change of power as output signal.
Mode Freg. 

(Hz)
Eigenvalue Residue

I 0.71 -0.5166d-01+j0.4463d+01 -0.1339d+01+j0.1813d+02
2 0.37 - 0 . 3 2 6 9 d + 0 0 + j 0 . 2 3 3 8 d + 0 1 -0.1164d+02+j0.,8035d-01
3 0.90 -0.1716d+00+j0.5676d+01 -0.4256d+01+j0.2952d+02
4 0.89 -0.17 01d+01+j 0.5616d+01: -0.3565d+01+j0.2072d+02
5 2.47 -0.5222d+01+j0.1554d+02 +0.1211d+02+j0.2226d+02
6 1.45 -0.2389d+00+j0.9123d+01 +0.1142d+01+j0.1209d+00
7 2.34 -0.8999d+00+j0.1470d+02 +0.1189d+00+j0.1696d+01
8 1.81 -0.2518d+00+j0.1138d+02 - 0 . 5 8 0 6 d - 0 1 + j 0 . 7 3 4 3 d + 0 0
— — -0.2071d+00+j0.0000d+00 +0.1231d+00-j0.2634d-ll
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0.002-

0.001-

=y -0.001

^  -0.002-

-0.003-

-0.004

T i m e  (Sec.)

Figure 48. Transfer-function model output data versus actual 
data for frequency deviation signal.

0.45

-------- A c tu a l  O u tp u t  ------- E a t im a ta d  O u tp u t  | j
0.35-

f- 0.3-

I  0.25-

0.15-

0.05-

T i m e  (Sec.)

Figure 49. Transfer-function model output data versus actual
data for voltage angle signal.
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I [ A c tu a l  (  Hj I [Hi I ---- i l a d  O u lp u l  I I

- 0 . 2 -

-0.4-

-0.6-

T i m e  (Sec.)

Figure 50. Transfer-function model output data versus actual 
data for rate of change of current signal.

| I A c tu a l  O u tp u t  ------- R M im a Io d  O u tp u t  | |

6 20-

-20-

-40-

-60-

T i m e  (Sec.)

Figure 51. Transfer-function model output data versus actual
data for rate of change of power signal.
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Figure 52. Root-locus plot for frequency deviation signal.
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Figure 53. Root-locus plot for voltage angle signal
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Figure 54. Root-locus plot for rate of change of current.
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Figure 55. Root-locus plot for rate of change of real power.
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CHAPTER 7
SYSTEM IDENTIFICATION USING MODIFIED PRONY ANALYSIS

Introduction

Prony signal analysis is an off-line identification 
technique to determine modal, damping, phase, and magnitude 

information of a signal. A standard Prony signal analysis 

method is described in [56]. This standard Prony signal 

analysis method does not use knowledge of the system input and 

therefore is not a system identification technique. If the 

input to a system is restricted to be of a certain class and 
knowledge of the input is used in a particular way [7] along 

with Prony analysis of the output signal, then a system model 

can be obtained. However, in [7] it is assumed that the model 

of the system does not contain a feedforward or throughput 

term; i . e ., the identified model is a strictly proper transfer 

function where the order of the numerator is strictly less 

than that of the denominator. This chapter describes a gen

eralization of the method in [7] to include a feedforward or 
throughput term.

Modified Pronv Analysis

Figure 56 shows a block diagram of a general linear system 

with input u(t), output y(t), and unit impulse response g(t).
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In the same figure w(t) represents any non-zero initial con
ditions present in the system. For the sake of simplicity in 

this analysis it is assumed that the system has zero initial 
conditions.

■ Figure 56. System model with initial conditions.

The objective is to use sampled values of u(t) and y(t) 

to obtain an estimate of G (s), the Laplace transform of g(t). 
G (s) is assumed to be of the form

+ , W  p-y
where D  ’ e 91 is a known system time delay i?0 e 9t is the feedforward
or throughput term, Ri*= C is the transfer function residue 

associated with the ith eigenvalue Xi, and n is the order of 

the model. A/s are assumed to be distinct. As in [7], the 
input is restricted to be of the form

-rsD;

J = O +is (7.2)
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where U(s) is the Laplace transform of u(t), Ci’s are arbitrary 

real constants, Dj<Dj+1 represent instants in time where u(t) 
is discontinuous, and Xrt+1* X1-, i = 1,2,...,n. Without loss of 

generality Do = 0. The transform Y(s) of the identified system 
model output is

f(s) = U(s)G(s) + W(s) (7.3)

Substituting W(s) = 0 and expressions for G(s) and U(s) from (7 .1 ) 

and (7.2), respectively, it follows that

a. (e sDj - e ̂ +1) _,D.- S D1
Y(s) = Icij=o J (s -Xn+1) + i R‘

i = l(S ~ X;)

Using partial fraction expansion,

■sDj.A - s » ’l Qi
J=O A

n + 1 Qi+ 2j(s -Xn+1) I=I(S1-Xi)J

where

Ri
Xi - Xn ; / = l,2,...,n

and

(7.4)

(7.5)

(7.6a)

Q fl-

Rearranging equation (7.5)

- Z  Q 1 + i?0

= Lc.
V = O '

(7.6b)

+ Qn + lg^f/^) (7.7)

Taking inverse Laplace transform of (7.7)
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no = icjd a{ /"-"'-"'W -D •)(
+ Q„+Mt- D 1)) (7.8)

where |i(.) denotes the unit step function and m (.) is the input

applied to the system. For t>Dq+1+ D ’ output f(t) in (7.8) can 
be written as

n o  = ii=l j=0 v /

because, for ? >Dq+1+ D ’,

(7.9)

-Dj-D ’) = I; 
]i(t-Dj+1- D ,) = l; and 

-D ’) = 0

Let % = t-D q̂ -D' and define

(7.10)

V(T) = j(t+D? + 1+£>’)

Substituting t-D' =%+Dq+1 in equation (7.9)

(7.11)

;=i ;=o /
which can also be written as

(7.12)

V(T) = , T>0; = i
where

(7.13)

Bi = ; i = 1,2,...,« (7.14)
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Equation (7.14) is solved for Q i:

B i

7 =  1

; z = 1,2,...,zz (7.15)

and the transfer function residues are obtained by combining 
(7.6) and (7.13) to obtain

B i{Xi-Xn+l)
Ri

Z = I

; z = 1,2, ...,zz (7.16)

The following relationships will be used later to determine 

R 0 . For some specific time interval D ^ + D ’ < t  k D ^ + D ’, output 
${t) in (7.8) can be written as

m  = s a ii=i Lv=0 v / '

+ Qn + lM^-^’)

which can be simplified to

m  = i  s/ev + s,.//-*1'
i = I

where

9
and

(7.17)

(7.18)

-Z)') (7.19a)

B n + 1'
Qn + l U ( t - D ’) (7.196)
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As already mentioned Prony analysis is an off-line signal 
analysis technique that fits a weighted summation of damped 
modal components in the form

y(t) = £  B iCht (7.20)
/  =  1

to a given signal y(t), where Bi e C is the signal or output

residue associated with the zth eigenvalue X1- e C, and the X/a 
are distinct. The discrete form of y(t) is

yk = $(kTs) = £  B iZi : £ = 0,1,...,N-I (7.21)
Z=I

where yk is the sampled value of y(t), sampled at a sample period

(Ts) smaller than the Nyquist period, Bi is the output residue 
in (7.20), N is the total number of sampled output data, and

XT
Zi = e "  (7.22)

which is called a discrete-time eigenvalue. The objective of 

the Prony analysis is to find the B ifS, XifSl and n that result 

in yk being the best fit to yk in a least-squares error sense. 
Assuming N >2n, equation (7.21) can be expanded and equated 
to yk resulting in
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JV-I JV-I Z1 Z2 N-\Z«

rB ^

V5V >-v

(7.23a)

or in a compact form

ZB = Y (7.23b)

where Z e  C ten, B e Cn, and Y e 9tw . If z/j are known then the

above overdetermined set of equations can be solved using 
least-squares error technique to obtain the optimal BitS . Since 
discrete-time eigenvalues are the roots of the characteristic 
equation, they can be obtained by solution of following set 
of over-determined equations [7]

X,
X

X
X

X-i
X

\ Z "N z \
an X

an- i X+i
• •

7 Id
(7.24)

X̂v-n-l Xv-n ••• Xv —2 

where CiitS e 9t, / = 1,2,...,« are the coefficients of the charac

teristic polynomial

< - (OlZ r 1 + a2zr 2 + ... +an) = 0 ; / = 1,2,...,« (1.25)
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The standard Prony analysis for signal identification 

involves the following steps: first the optimal least-squares 

solution of the over-determined set of equations (7.24) is 
carried out to obtain OitSf equation (7.25) is then factored to 

obtain the discrete-time eigenvalues, the ZiiSf solution of 

(7.22) then gives the continuous time eigenvalues XiiS; and 

finally the overdetermined set of equations (7.23) is solved 

to obtain optimal least-squares solution for BiiS.
However to obtain the system transfer function as given 

in (7.1) the standard Prony signal analysis is used along with 

the knowledge of the input and some modifications. First a 

standard Prony analysis is carried out using ViiS , corresponding 

to tf(T) in (7.13) which is delayed version of the corresponding 

output y(t), to obtain the continuous time eigenvalues XiiS and 
the corresponding BiiS . Knowing CiiS, D iS, and Xn from the known 

applied input, equations (7.15) and (7.16) can then be solved 

to obtain QiiS and the transfer function residues RiiS, 
respectively. The only remaining unknown is R0 which requires 
knowledge of Qn+i or Bn+1’.

The discrete form of the equation (7.18) is

ft = + a,+ A L  (7.26)

A Prony matrix for the interval D i <t <Dl+ D i is obtained 

by expanding equation (7.26) and equating it to yk
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^ T0 O O o 'N f  B /  '
Z1 Z2 ... Zfl z„+i
I I i I

Z1 Z2 ... Zn z«+i

=

OT1-I OT1-I OT1-I OT1-I S n' ~ymy— 2
V i Z2 ... zn Zn + 1 y

^ - I ' J I3V 1V

{121a)

where M 1 is the number of sampled output values during the

interval D' <t . "Similarly the Prony matrix for the

interval <r<Z)2+Z).’ having- data point is

zi z™1
OT1 + 1 OT1 + !
Z1 Z2

OT12- I  OT12- I
Z1 Z2

Z„ Zn + X
OT1+! OT,+1

Zn Z« + 1

Ot12-I OT12-I
Zn Zn + 1

\ " B1" ' f y )
S2" Xn1 + !

Sn"
/ Ĵm12-!y

021b)

where m 12 = m 1 + m 2. Similarly for the last input interval

Dq+D’ <t KDq^+D’ having m 9+1 data points the Prony matrix is

f OT OT „/n OT ■> ' B 1" '
Z1 Z2 ... Zn z«+l B 2"OT +1 OT +1 OT +1 zn + 1 Jm + 1

Z1 Z2 ... Zn zZ1+ 1 • - •

M-I M-I M-I M-I s n" Jm - 2

V 1 Z2 ... Zn Z« +  l J
S - i ..V ^Jm - i,

(7.27c)
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where M  ...+mq+1. Using the same compact vector form

as in (7.23b), (7.27) is expressed as

Z B ' + Zn + lBn + l = Y (7.28)

Next, the expression, for Bn+1' of (7.19b) is used in (7.28) to 

obtain

ZS' + Z ^ K ’Q,^ = r (7.29)
which can be written as

Z„+iU+i = F' (7.30)
where

Zn + l = Zn + lK'

¥' = ¥ ■ -  ZB' (7.31)

Knowing Q itS from the standard Prony analysis and the knowledge

of the input, equation (7.19a) can be solved to obtain Bi'. 
The only unknown in equation (7.30) is Q n+1. Writing equation 

(7.30) for each input interval and combining them, an over

determined set of equations can be obtained which can then 

be solved using the least-squares technique to obtain Qn+1. 
By substituting values of Qi and Qn+1 in (7.6b), the remaining 

transfer function residue R0 can be evaluated.
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Application

From the results obtained in Chapter 6, where the Prony- 

based identification technique of [7] is used, it is evident 

that the estimated output during the application of the input 
does not match the actual output. This suggests that the 

system transfer function contains a throughput or feedforward 

term. Here the modified Prony-based identification technique 

of this Chapter is used to obtain a proper transfer function 

for the system. A FORTRAN computer package that implements 

the modified Prony based identification method has been 

developed. A listing of the package is given in Appendix A. 

Only two signals, change of frequency and voltage angle which 

showed better promise for system damping, are considered here.

A system transfer function for each of the modulation 

signals is obtained using the above package. The test system 

used is the same as that described in Chapter 6, as also is 

the block diagram and the input pulse. The transfer-function 

responses and the actual responses are shown in Figures 57 and 

58. In both cases the linear low-order model output fits the 

actual system response quite well even during the application 

of the input signal. Responses of the linearized models 

obtained are then used in root-locus studies to see how the 

feedback of these signals affects the system eigenvalues.
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Also a simple modulation controller is designed for each 

of the above modulation signals primarily to add damping to 

the interarea modes, but at the same time to dampen other local 

modes if possible. The controller is not allowed to decrease 

the damping of any electromechanical mode and consists of a 

simple band-pass compensator to extract the interarea and local 
electromechanical modes. The compensator for voltage angle 
signal is characterized by

+ 0.063) (s + 30) 
(5 +0.63) (s + 12.56) (7.32)

while- compensator for frequency deviation is characterized by

- KsiS + 500) (7 33)($+0.3) ($+20.0) '
and gain K is adjusted to obtain the desired damping. Root-locus

plots of the system transfer function with the compensator are

used to obtain the feedback gain. The transfer function

obtained from the Prony-based analysis of each signal is used

as the forward transfer function, and the compensator as the

feedback. The compensator time constants are chosen to make

the loci move to the left as they departed from their open-loop

poles. Figures 59 and 60 show the root-locus plots of the

closed-loop feedback systems.
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Figure 57. Transfer-function model output data versus actual 
data for frequency deviation signal.



126

-------- Actual Output Estimated Output I

-0.2-

-0.4-

■« -0.8-

- 1.2 -

Time (Sec.)

Actual Output Estimated Output-0 .1 -

-0.2-

-0.3-

-0.4-

S -0.5-

-0.6 -

-0.7-

-0.8-

-0.9-

Time (Sec.)

Figure 58. Transfer-function model output data versus actual 
data for voltage angle signal.
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I

.§

Figure 59. Root-locus plot with compensator for frequency- 
deviation signal; gain K = 0 to 1000.

I

root locus

real axis

Figure 60. Root-locus plot with compensator for voltage 
angle signal; gain K = 0 to 30.
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CHAPTER 8

TIME DOMAIN SIMULATION RESULTS FOR SMALL SIGNAL 
MODULATION SCHEMES

Introduction

This Chapter presents computer simulation results for small 

signal modulation of the ac/dc test system using frequency 

deviation and voltage angle as modulating signals. Time domain 

performance of the voltage angle and the frequency deviation 

feedback signal are presented without and with their respective 

compensator described in Chapter I .

Simulation Results

The small signal modulation schemes described in Chapters 

6 and 7 are applied to the 42-bus, 17-machine test system. 

No significant damping is observed except when voltage angle 

or frequency deviation at a bus near the rectifier is used as 

the modulating signal. A given modulating signal is used as 

a feedback signal and modulates the error signal of the current 

regulator at the rectifier end. The gain values used for both 

rectifier and inverter conventional PI current controller are 

Kp = 0.05 for the proportional controller and K1 = 1.0 for the 
integral controller. The generator swing curves to disturbance
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#2 (line outage from bus P to bus SC2 in Figure I for 0.5 s) 
are as shown in Figures 61 through 65. Figure 61 shows the 
relative generator angle time variations without any modulation 

signal used. Comparison of Figure 61 with Figure 42 (Chapter 

5) show that use of lower value of gains for the conventional 

PI current controller results in improved damping. Figures 

62 and 63 show the generator angle responses without and with 

compensator, respectively, when voltage angle is used as 
modulating signal with feedback gain K = 20 . Similarly, Figures 

64 and 65 show the generator angle responses without and with 

compensator, respectively, when .frequency deviation is used 

as modulating signal with feedback gain K = 100. From these 

figures, the positive effect of modulation when bus voltage 

angle or frequency deviation is used as the modulating signal 

is clearly evident in damping of generator angle oscillations. 

However, in comparing the modulation results when voltage angle 

is used as the modulating signal, somewhat better damping is 

observed when straight modulation is used (Figure 62) as 

compared to the damping obtained with the modulation and the 

compensator (Figure 63) . It is also noticed that the feedback 

gain values used are much lower than the range obtained from 

the root-locus studies. This can be due to the lack of necessary 

voltage support at the inverter end as is required in large 

interconnected ac/dc systems.

I
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Gen. Ang. #8| -------- Gem. Ang. #4

Time (Sec.)

-------- Gen. Ang. #11

i----IliU Tl

- 10&

Figure 61. Relative generator angles for fault 2 without any 
modulation.
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I -------- Gen. Ang. #4

I -------- Gen. Ang- #11--------Pen. Ang. #15 |

W -40-

-100

Figure 62. Relative generator angles for fault 2 for small
signal modulation using voltage angle signal without compen
sator and feedback gain K = 20.
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I -------- Octi. Ang. #4

I -------- Gen. Anft- #11

-60-

-IOO

Figure 63. Relative generator angles for fault 2 for small
signal modulation using voltage angle signal with compensator
and feedback gain K = 20.
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I -------- G<n. Ang. #4

Time (Sec.)

I -------- Gen. Ang. #11 Gen. Ang. #15

-U-W-U-

V  i I I

-100

Figure 64. Relative generator angles for fault 2 for small
signal modulation using frequency deviation without compensator
and feedback gain K = 100.
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-------- Gen. Ang. #4

Time (Sec.)

| -------- Gen. Ang. #11--------Gen. Ang. #15 |

I UVi

-100

Figure 65. Relative generator angles for fault 2 for small
signal modulation using frequency deviation with compensator
and feedback gain K = 100.
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CHAPTER 9

COMBINED SMALL SIGNAL MODULATION AND SVC CONTROL

Introduction

A Static Var Compensator (SVC) also known as a Static Var 

System (SVS) is a .dynamic or continuously adjustable reactive 

power compensation device. Reactive compensation is generally 

required for voltage regulation, reactive power support, and 

enhancement of stability in a large power system. The 

steady-state control of reactive power using an SVC helps in 

maintaining the desired voltage profile in the power system 

network and minimizes excessive system losses. Additionally, 

the dynamic control of an SVC helps in reducing voltage 

variations caused by synchronizing power flow swings and dynamic 

variations in hvdc converter real and reactive power. Some 

of the other functions that can be performed by an SVC are: 

maintaining steady-state power transfer capability; preventing 

transient, electromechanical, and subsynchronous instability; 
and preventing voltage collapse.

From the results obtained using the modulation scheme 

(Chapter 8), it is evident that the modulation of power at the 
rectifier end without sufficient voltage support at the inverter 

end does not provide the desired damping as envisaged from the 

root-locus plot. The absence of suitable voltage support leads



to commutation failure, thereby restricting the gain of the 

modulating compensator to a low value. To overcome this 

difficulty, the application of multi-mode control is necessary. 
In this chapter a combination of small signal modulation control 

and SVC control is used to enhance the damping of the oscillatory 

modes. This is not a new technique, but it is presented here 

to show that the use of nonconventional converter controllers 

and modulation schemes without proper voltage support, as 

provided by the SVC, is not sufficient for damping.

Implementation

The combined small signal modulation scheme with SVC control 

is implemented on the 42-bus, 17-machine test system. Here 

in addition to providing a modulation compensator (described 

in Chapter 7 and implemented in Chapter 8) at the rectifier 

end, an SVC controller is provided at the inverter commutating 

bus (Bus SCI in Figure I of Chapter 2). The voltage angle at 

the bus near the rectifier (Bus NWl in Figure I) is used as 

a feedback signal for modulation control while frequency 

deviation at the inverter commutating bus is used as the 

feedback signal for controlling the SVC. The generator swing 

responses to disturbance #2 (line outage from bus P to bus 

SC2 for 0.5 s) are as shown in Figure 66. As in the case of 

the modulation scheme simulations, the variation of generator
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angles #4, #8, #11 and #15 relative to generator #1 are 

presented. With the use of SVC control at the inverter end 

it is possible to increase the modulation compensator gain at 
the rectifier from 20 to 100 without any commutation failure. 
The SVC controller has the feedback gain of 60. As compared 

to the results displayed in Chapter 8, the results here show 
considerable improvement in the damping.



138

I -------- Gen. Ang. #4~ Gen. Ang. #8

Time (Sec.)

-------- Gen. Ang. #11 Gen. Ang. #15

-100
Time (Sec.)

Figure 66. Relative generator angles for combined small signal 
modulation and SVC control.
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CHAPTER 10

A SUPPLEMENTARY ADAPTIVE CONVERTER CONTROLLER FOR DAMPING OF
POWER SYSTEM OSCILLATIONS

Introduction

The "steady-state" operating points of power systems may 
vary from hour to hour and season to season because of variation 

in the load demand and other foreseeable and unforeseeable 

circumstances. Because the dynamics of power systems depend 

on their operating point under steady-state conditions, it may 

be difficult or even impossible for a conventional controller 

of a dc transmission system designed for one operating point 

to damp out the unwanted oscillations at certain other operating 

points. This time varying nature of power systems, combined 

with their nonlinear characteristics, makes them suitable 

candidates for application of adaptive control strategies. 

In comparison to a conventional controller with fixed param

eters, an adaptive regulator can modify its behavior according 

to the changes in the dynamics of the system it is controlling 

[23] . Hence, when applied to a power system, an adaptive 

controller can provide damping of low frequency oscillations 
at each operating point [57,58].
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In this chapter a supplementary adaptive control scheme, 
similar to the one described in [58], is used along with a 

fixed hvdc regulator to enhance its robustness and effectiveness 
in damping power system oscillations.

Supplementary Adaptive Control Scheme

The supplementary adaptive control scheme uses an indirect 

self-tuning adaptive enhanced LQ controller as described in 

[59], in conjunction with a conventional fixed proportional- 

plus-integral (PI) controller to determine the appropriate 

time-varying effective converter firing angle required to 

dampen electromechanical oscillations. The conventional PI 

controller regulates the dc current in the link and as already 

seen (from the time-domain simulation results shown in Chapter 

5) is not capable of providing significant damping of oscil

lations. However, it is effective in forcing the steady-state 

error to zero. The adaptive controller provides most of the 

damping under changing system conditions. Various signals 

available on the ac system, like bus voltage angle or frequency 

deviation can be used as control signals to regulate the 

converter firing angle. The most attractive feature of this 

scheme is that it can be used with an already existing con

ventional PI current regulator without modifying it.
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The block diagrams given in Figures 67 and 68 show two 
different methods in which the supplementary adaptive con
troller described in [58] is applied to control the do converter 
firing angle. In both cases the ac system output signal (Y 

which is frequency deviation) and the adaptive control input 

signal (U) are given to the adaptive controller which consists 

of an on-line identifier, an adaptive observer, and an adaptive 

enhanced LQG regulator [57] . The identifier identifies a 

discrete low-order model for the ac/dc system. The identifier 

used here is a recursive least-squares type with an exponential 

forgetting factor [23]. The identified model parameters are 

then given to the adaptive observer and the adaptive regulator. 

The observer estimates the inaccessible states of the system. 

Because the observer used is a reduced-order one, its states 

do not have one-to-one correspondence with the actual system 

states. It is a special case of a finite-sett ling-time observer 

[57,58] . The observer given in [7] which allows the placement 

of observer poles arbitrarily inside the unit circle also has 

been tried. The regulator calculates the gain of the optimal 

feedback control law from the iterative solution of the Riccati 

equations and is taken from [59] . Using the states estimated 

by the observer (X) and the gains calculated by the adaptive 

regulator (G) , an adaptive feedback control signal (U) is 

obtained which is used as the modulating signal at the converter.
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Id o  ( S o t .  P t.)

ID E N T IFIE R

A D A P T IV E  R E O U L A T O RA D A P T IV E  O B S E R V E R

A C /D C  P O W E R  S Y S T E M

Figure 67. A supplementary adaptive control scheme I for 
modulation of dc line current.

In the first scheme (Figure 67) the adaptive signal is 

added at the point where the current error signal for the 

rectifier PI controller is obtained, and hence it modulates 

the dc line current. In the second scheme (Figure 68) the 

adaptive signal is directly added to the rectifier firing angle 

obtained from the PI controller, and hence it modulates the 

firing angle. In both cases the input to the power system is 

the effective firing angle that the rectifier controller
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presents to the ac/dc power system. The system output is taken 

to be either unfiltered or a filtered version of the ac bus 

frequency deviation. The underlying damping philosophy here 

is that the process of minimizing the variation of any output 

will minimize transient power fluctuations in the system and 

thereby reduce the electromechanical oscillations in the system 
[58] .

U(k-1)

Ido ( S o t .  P t .)

A D A P T IV E  O B S E R V E R A D A P T IV E  R E G U L A T O R

A C /D C  P O W E R  S Y S T E M

Figure 68. A supplementary adaptive control scheme 2 for 
modulation of rectifier firing angle.



144 ,

CHAPTER 11

TIME DOMAIN SIMULATION RESULTS FOR THE SUPPLEMENTARYADAPTIVE CONTROLLER

Introduction

This chapter presents the time domain simulation results 

for the supplementary adaptive control schemes introduced in 
Chapter 10.

Simulation Results

The supplementary adaptive control schemes described in 
Chapter 10 were applied to the 42-bus, 17-machine test system. 

Both schemes were implemented using unfiltered and filtered 

versions of the frequency deviation signal at an ac bus (NWl 

in Figure I of Chapter 2) as. input signal to the adaptive 

controller. The filter used is a band pass filter which blocks 

the dc component of the signal and also attenuates frequency 

components above the electromechanical swing modes. The corner 

frequencies of this filter are set at 0.05 and 3.0 Hz.

In order to facilitate the identification of the parameters 

of the reduced-order model of the system, a probing signal is 

used as an input to the system whose magnitude is kept as small 

as possible so as to just excite the natural modes of the 

system. Two different types of observers were implemented:
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one is a finite-settling-time observer and other allows the 
placement of observer poles arbitrarily inside the unit circle. 

Two different identified model types were implemented: one 
having a strictly proper transfer function where the order of 

the numerator is one less than that of the denominator, and 
the other having a proper transfer function with the numerator 

order being the same as that of the denominator.

The adaptive controller operates as follows. Over the 

initial 2.1 s of operation, the probing signal is applied to 

the system and is changed at the sampling rate of 0.1 s . The 

identifier uses this system input in conjunction with the 

system output (here frequency deviation) and a recursive 

least-squares algorithm to update the parameters of the system 

model. At 2.1 s into the simulation, a disturbance is initiated 

on the power system. The identifier continues to operate, 

using the sampled input to the system (a combination of probing 

signal and calculated adaptive control action) along with the 

system output to update model parameters every 0.1 s. These 

parameters are supplied to the observer and to the ELQ regulator. 

The regulator gains are calculated by iterating the Riccati 

equations once during each sample period. The control signal 

is computed using the above Riccati gains and the values of 

the state vector estimated by the observer. This signal is 

updated every 0.1 s and is used as an adaptive modulating
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signal to modulate the converter current or firing angle. The 

identifier, observer, and regulator are executed at a sampling 

period of 0.1 s; the ac/dc power system integration proceeds 
at a time step of 0.005 s.

The generator swing curves to disturbance #2 (line outage 

from bus P to bus SC2 in Figure I for 0.5 s) are as shown in 

Figures 69 through 76. Figures 69 and 70 show the relative 

generator angle time variation using unfiltered frequency 

deviation and filtered frequency deviation signals, respec

tively, for scheme I. The finite-settling-time observer and 

the fourth order identified model with strictly proper transfer 

function are used. Figures 71 and 72 depict the same simulation 

condition except that the identified model is simply a proper 

transfer function of order three. Figures 73 and 74 are 

relative generator responses obtained when filtered and 

unfiltered frequency deviation signals, respectively, are used 

with scheme 2. Again a finite-settling-time observer and'a 

third order identified model with proper transfer function are 

used. An observer with its poles placed at 0.5 e±j30 was also 

tried, and Figures 75 and 76 show the results with this observer 

for schemes I and 2, respectively, using the unfiltered fre

quency deviation signal and the third order identified model 

having a proper transfer function. From these plots it is
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evident that the supplementary adaptive controller provides 

slightly better damping than that obtained by small signal 
modulation schemes.

Comparisons of Figures 69 with 70 and 71 with 72 show that 
not much improvement in system damping is obtained when a 

filtered modulation signal is used versus an unfiltered signal. 

However, in actual practice a filter must be used for noise 

reduction. Also, these figures show that although use of 

proper transfer function in identified model slightly improves 

system damping, its effect is not significant in comparison 

with a strictly proper identifier. Comparisons of Figures 71 

with 73 and 72 with 74 show that there is not much difference 

in system damping when scheme I or scheme 2 is used. Finally, 

use of an observer with non-zero pole placement (Figures 75 

and 76) provides slightly better damping as compared to a 

finite settling time observer (Figures 69 through 74) . This 

is because the observer poles are placed to obtain a filtering 

action on the controlled input and reduce the magnitude of 

initial swings thereby improving the system damping.
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-------- Gen. Ang. «4 Gen. Ang. #8

Time (Sec.)

I-------- Gen. Ang. #lT Gen. Ang. #15 |

o - -

-40-

-60-

-80-

-100
22.1 27.1 32.1

Figure 69. Relative generator angles for fault 2 (adaptive
modulation scheme I using unfiltered frequency deviation
signal, finite-settling time observer and identified model
with strictly proper transfer function).
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I-------- Gmi. Ang. #4 Pen. Ang. #8 J

27.1
Time (Sec.)

| -------- Gen. Ang. #lT

LuV-J
I-20-

-60-

-80-

-100;
27.1 32.1

Figure 70. Relative generator angles for fault 2 (adaptive
modulation scheme I using filtered frequency deviation signal,
finite-settling time observer and identified model with
strictly proper transfer function).
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a  50-

32.1

| -------- Pen. Ang. #11~ Gen. Ang. #15 |

O - - :----
-20-

1 -40-

-60-

-10Q
27.1 32.1

Figure 71. Relative generator angles for fault 2 (adaptive
modulation scheme I using unfiltered frequency deviation
signal, finite-settling time observer and identified model
with proper transfer function).
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Time (Sec.)

| -------- «en. Ang. #11..........Gen. Ang. #15

-20-

-40-

-60-

- i o a 22.1 27.1
Time(Sec)

Figure 72. Relative generator angles for fault 2 (adaptive
modulation scheme I using filtered frequency deviation signal,
finite-settling time observer and identified model with proper
transfer function).
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I -------- Q«n. Ang. #4'

22.1 32.1

I-------- C*n. Ang. #lT

?  -20

-80-

- i o a 22.1 27.1

Figure 73. Relative generator angles for fault 2 (adaptive
modulation scheme 2 using unfiltered frequency deviation
signal, finite-settling time observer and identified model
with proper transfer function).
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-------- Gen. Ang. #4 Gen. Ang. #8

Time (Sec.)

I----  Gen. Ang. #11

\
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-60-

-80-

-10a
22.1

Figure 74. Relative generator angles for fault 2 (adaptive
mOdulation scheme 2 using filtered frequency deviation signal,
finite-settling time observer and identified model with proper
transfer function).
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S  50-

17.1 22.1 32.1

| -------- Pen. An8. #11..........Gen. Ang. #1S~|

-60-

- I O O
27.1

Figure 75. Relative generator angles for fault 2 (adaptive
modulation scheme I using unfiltered frequency deviation
signal, observer with non-zero pole placement, and identified
model with proper transfer function).
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-100;
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Figure 76. Relative generator angles for fault 2 (adaptive
modulation scheme 2 using unfiltered frequency deviation
signal, observer with non-zero pole placement, and identified
model with proper transfer function).
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CHAPTER 12

CONCLUSIONS AND FUTURE WORK

Various approaches to the problem of improving power system 
damping using hvdc converter control strategies have been 

presented. This chapter contains a number of conclusions 

concerning these approaches. It also gives some general 

directions for future work. The chapter is organized into 

four sections. The first section discusses the conventional 

and nonconventional converter control schemes. The performance 

of the small signal modulation scheme is discussed in the 

second section. The third section evaluates the generalized 

Prony system identification technique, and the fourth section 

evaluates the supplementary adaptive control scheme.

Nonconventional Hvdc System Control

One of the objectives of this thesis was to evaluate the 

performance of a set of nonconventional hvdc controllers 

relative to that of conventional controllers. Based on the 

Prony-based analysis and the root-locus study of the system 

presented in Chapter 4, and also the time-domain simulation 

results given in Chapter 5, it is evident that the damping 

effects of these nonconventional hvdc control schemes are not 

significant for a large interconnected system. However it has
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been shown in the literature that some of these nonconventional 

control schemes do enhance the damping of the electromechanical 
oscillations in small systems.

The primary reason for this inconsistency is that the 

control action provided by the noneonventional controllers in 

large interconnected ac/dc systems may not be sufficient, as 

in the case of the 42-bus system studied, to provide satisfactory 

damping. This is particularly true if the ac/dc system has 

a high effective short-circuit ratio (ESCR) greater than about 

2.5. The ESCR for an ac/dc system as defined in [11] is the 

ratio of the MVA short-circuit capacity of the ac system to 

the dc transmitted power. An ac/dc system is said to be strong 

in ac for an ESCR of 2.5. In such cases the ac system is too 

strong to be controlled by the dc line converter controllers 

using local signals only and without a supplementary signal. 

In the case of the 42-bus test system studied the ESCR is about 

4. Also it should be mentioned that the time domain simulation 

results for the nonconvent ional controllers were obtained using 

typical values of gain for the proport ional-plus-integral (PI) 
type compensator. The gain values used were quite high to 

force the steady-state error to zero. Other gain values might 

have produced better damping. This possibility should be 

explored further.

I
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Another objective of this thesis was to determine the 

effectiveness of the small signal modulation schemes in damping 

low frequency oscillations. As shown in Chapters 6, 7, and 

8, the modulation schemes can improve damping of system low 

frequency oscillations. The damping can be significantly 

improved with proper modulation signal compensator design and 

with proper voltage support at the inverter end. ' It has also 

been shown that reactive power modulation of the inverter ac 

bus using an SVC combined with real power modulation at the 

rectifier further improves system damping as is evident from 

the results presented in Chapter 9 . However, the use of an SVC 

imposes additional financial cost. It is reported in [19,20] 

that reactive power modulation of the inverter coordinated 

with real power modulation at the rectifier can provide sig

nificant damping. This technique merits further research.

System Identification Using Modified Pronv Analysis

A significant contribution of this thesis is the modified 
Prony Analysis technique presented in Chapter I for system 

identification. It is generalization of the method presented 

in [7] to include a feedforward or throughput term. From the 

results presented in Chapter 7 it is clear that the linear 

Prony fit matches very closely with the actual response even

Small Signal Modulation Schemes
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during the application of the input pulse. Thus system 

identification using the modified Prony analysis has the 

advantage that it results in a reduced-order model of a large 

system and gives an estimate of the order of the system. 

However, the root-locus plots of the system transfer function 
with and without the compensator predict higher values of the 

feedback gain than the actual values which can be used in the 

time domain simulation results. Also from the response of the 

linear and the actual system with the same value of feedback 

gain, it is found that the damping is considerably more in the 

case of linear system. Lastly, Prony analysis of the actual 

system with a particular value of gain give a new set of 

eigenvalues which are very different from that predicted by 

the root-locus plot. Thus it is suggested that other off-line 

identification techniques like weighted least-squares should 

be considered. Preliminary work using weighted least-square 

has already been done but a detailed study is required.

Supplementary Adaptive Controller

Another contribution of this thesis is to present a suitable 

adaptive control strategy for damping of low frequency 

oscillations. In Chapter 10 a self-tuning supplementary 

adaptive converter controller is presented. It has the inherent 

capability of being more robust than the fixed converter
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controllers as it adjusts its control based upon on-line 
identification of a reduced-order transfer function of the 

system. The biggest advantage of this type of controller is 

that the control action is automatically tuned as the system 

operating conditions change. Another attractive feature of 

this control is that it is used with an already existing 

conventional PI current regulator without modifying it. From 

the time domain simulation results obtained in Chapter 11 it 

is evident that supplementary adaptive modulation of the dc 

line current and the rectifier firing angle can improve system 

damping as compared to fixed modulation schemes. To improve 

system damping significantly, however, additional reactive 

support at the inverter is necessary.

There are still some aspects of the adaptive controller 

that warrant further investigation. One is the testing of the 

adaptive control scheme at some other operating point, very 

different from the test case operating point used in this 

thesis. Another is to use some other type of identification 

routine, other than the recursive least-squares routine used 

in this thesis. Also the use of a multivariable approach where 

there is more than one system output and one system input 
warrants further research.
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q *******************************************************.*******************
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* * 
C **

Progrm: PRONYNEWID

by: Dan Trudnowski, Montana State Univ., Sept. 1989, Oct. 1990.
modified by Prince Emmanuel, Oct. 1990

This program uses the PRONY identification method to obtain a 
model for a system. The method of analysis is described in Chap. 7 
of "Damping of Low Frequency Oscillations in an A C /DC Power Systems 
Using Converter Control," Ph.D. Thesis, EE Dept., Montana 
State Univ., 1991, by Prince Emmanuel and Chapter 3 of "Decentralized 
Control Strategies for Damping of Power-system Electromechanical 
Oscillations," Ph.D. Thesis, EE Dept., Montan State Univ., 1990 
by D . Trudnowski .
Two system cases are considered:
1) the nonzero initial condition case; and
2) the zero initial condition case. With the case I, a model is 
obtained for both the system and the initial conditions. In the 
second case, a model is found for the system.
The model is

W(s)
I

— -------------  \  I /
U(s) ----- >1 G (s ) 1-- + --->sampled at T ------>

-----------  Y(s) Y(z)

A system model (G(s)) and initial-condition model are identified 
by this program where

I n R E S (i ) I n RESINIL(i )
G(s) = exp (-sD) I sum -t------------  +RES(O) |, W(s) = s u m -------------

Ii=I s - E I G E N (i) I i=l s - E I G E N (i)

where the eigenvalues (EIGEN's) are assumed distinct. D is a pure 
system delay known by the user.
U(s) is a known input of the form

NUMINPUTS-I e x p (-s*T*MDELAY(j )) - e x p (-s*T*MDELAY(j+1))
U(s) = sum AMP (j ) -----------------------------------------------.-------

j =0 s

This program analyzes the sequence y (0) thru y (N-I) to find a yhat(k) 
that fits y(k) is a least-squares sense. For the case where the initial 
conditions of G(s) are nonzero, two Prony analysis must be done.
One Prony analysis is conducted from k =MDELAY(MSECDELAY) to 
k=MDELAY(MSECDELAY+1); the second analysis is conducted after 
k=MDELAY(NUMINPUTS). Note that MSECDELAY must be less than 
NUMINPUTS.

This program gives least-squared model fits for n = 1,2,...,nmax,r 
where nmax is calculated by the program.
How well the nth model fits the data is measured with 
Err:

Err = 20*log{2norm(yhat-y)/2norm(y)}

Figure 77. Modified Prony identification programs.
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C** The smaller Err, the better the fit. Output from this program is the 
C** ranax 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 e q n .);
C** SYSDELAY = System delay in samples (D=SYSDELAY*TSAM above.) ;
C** AMP = vector of input amplitude inputs, AMP(O), AMP(I), ...,
C** AMP(NUMINPUTS-I);
C** MDELAY = vector of integer delays, MDELAY(O), MDELAY(I),...,
C** MDELAY(NUMINPUTS);
C** MSECDELAY = start of second prony analysis (see description above).
C* *
C** Y is input from a TEKPLOT file, other inputs are input iteractively.
C* *
C* *
C** Outputs are contained in ORDER.IN, and ERROR.T E K . ORDER.IN is read 
C** by the program ORDER.
C** ORDER.IN:
C* *
C** Titlec* *
C** TS A M r NUMINPUTSr N (final order), MSECDELAYr SYSDELAYc* *
C** MDELAY(I), ..., MDELAY(NUMINPUTS)
C* *
C** AMP(O), AMP(NUMINPUTS-I)
C* *
C** Name of TEKPLOT file containing Y
C**
C** INPUTTEK (The dependent variable column containing Y in the
C** TEKPLOT file)
Q* *

C** REAL AND DISCRETE -TIME EIGENVALUES
C* *
C** TRANSFER-FUNCTION RESIDUES
C**
C** INITIAL-CONDITION RESIDUES
C* *
C** ERROR.T E K ;
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 LENTH OF Y, NMAX IS T H E  MAXIMUM SYSTEM ORDER,j 
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-HfO-Z)
INTEGER SYSDELAY

Figure 77. Continued.
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REAL*8 MATRIX
COMPLEX*I6 BRE S , RES, ZEIGEN, EIGEN, RESINIL, DET 
CHARACTER NAME*20, TITLE*60, INICOND*!, NYQANS*!
DIMENSION Y (MAX2), Y H A T (MAX2), ISAVE(NMAX), ERR(NMAX),

Sc MATRIX (MAX 2 , NMAX * 2)
DIMENSION AMP ( O : INM-AX) , MDELAY ( O : INMAX+1)
DIMENSION B R E S (NMAX,2), RES (NMAX), ZEIGEN(NMAX), E I G E N (NMAX),

& RESINIL(NMAX)
DIMENSION T E M P ! (NMAX), T E M P 2 (NMAX), TEMP3(2*NMAX)
DATA PIE/3.141592654/MDELAY(O )/O/IEIGEN/2/
DATA ,(Y(I) ,1=1,MAX2)/MAX2*O.ODO/C**************»****«*«****ft**ft*ft*****«tt«ftftft*tt**ttft**ftft*****A***************

C** Other Variables required for calculation of RES(O) c
complex*16 zmatrix(nmax, nmax), bnew(nmax, inmax), ynew(.nmax) complex*16 znew(nmax), zsum, ysum, qnplsl, resO character thruput*!

Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

C OPEN OUTPUT DATA FILES:
O P E N (15,FILE='ORDER.IN',STATUS='NE W ' )
O P E N (17,FILE='ERROR.T E K ',STATUS='NEW') 
o p e n (19,file='Test.out',status='new')

--------------------------------  INPUT DATA -------------------------
W R I T E (*,5)
R E A D (*,20) TITLE 
W R I T E (*,10)
R E A D (*,1000) NAME 
W R I T E (*,15)
R E A D (*,*) INPUTTEK 
W R I T E (*,30)
R E A D (*,*) TSAM 
W R I T E (*,33)
R E A D (*,*) NUMINPUTS 
W R I T E (*,40) NUMINPUTS 
R E A D (*,*) (AMP(I), 1=0,NUMINPUTS-I)
W R I T E (*,45) NUMINPUTS 
R E A D (*,*) (M D E L A Y (I),1=1,NUMINPUTS)
W R I T E (*,46)
R E A D (*,*) SYSDELAY 
W R I T E (*,47)
R E A D (*,17) INICOND
IF ((INICOND .EQ. 'N') .OR.(INICOND .EQ. 'n')) THEN 

W R I T E (*,50)
R E A D (*,*) MSECDELAY 
IF (MSECDELAY .GE. NUMINPUTS) THEN 

W R I T E (*,*)
W R I T E (*/*) z *****************************************/ 
W R I T E (*,*)' ERROR: This value must be less '
W R I T E (*,*)' than the number of input'
W R I T E (*,*)' pul s e s .'WRITE (-*,*) ' ***************************************** / 
STOP 

ENDIF
W R I T E (*,55)
R E A D (*,*) IEIGEN

Figure 77. Continued.
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ENDIF
W R I T E (*,60) I .ODO/(4.ODO *TSAM)
R E A D (*,17) NYQANS

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * + * *

C** Modified Part 
c

write (*,65) 
r e a d (*,17)thruput

65 FORMAT!/,' Is throughput exist ? (Y/N) — > ',$) 
c
C** end of modified part
C**************************************************************************

510
15
17
20
30
33
40
45
46
47 
50 
55

6 0

FORM A T (/,' 
FOR M A T (/,' 
FOR M A T (/,' 
FORMAT(Al) 
FORMAT(A60) 
FOR M A T (/,' 
FOR M A T (/,' 
FOR M A T (/,' 
FORMAT!/,' 
FOR M A T (/,' 
FOR M A T (/,' 
F O R M A T (/,' 
FORMAT}/,'

Title of run — > ',$)
Name of TEKPLOT file containing output y(n) 
TEKPLOT variable to be analyzed --> ',$) ,$)

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.) — > ',$)
F O R M A T (/,' Delete modes above',F 5 .2,' hz? (Y/N) — > ',$)

',$)
/,

C
C READ IN SYSTEM OUPUT (Y) FROM TEKPLOT FILE: 

O P E N (11,FILE=NAME,STATUS='OLD') . 
R E A Ddl,*)
R E A Ddl,*)
R E A D (11,*) MM I = I

100 R E A D (11,*,END=20 0) T, (TEMPI (J),J = I ,MM) 
Y(I) = TEMPl(INPUTTEK)
1 = 1 + 1
GOTO 100

200 NSAM = I - I
C --- ------------------------------END OF I N P U T -------------------------------
C
C
C
C -------- CHECK TO MAKE SURE VARIABLES ARE DIMENSIONED LARGE ENOUGH

IF (NSAM .GT. MAX) THEN 
W R I T E (*,*)
W R I T E (*,*)' Increase parameter MAX in PRONYID.F O R ' 
WRITE!*,*)
STOP

ENDIF
C --------- :--------------------- END OF C H E C K --------------------------------
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) .L T .

& (M D E L A Y (MSECDELAY+I)-MDELAY(MSECDELAY))) THEN

Figure 77. Continued.
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NDATAPTS = NSAM - M D E L A Y (NUMINPUTS) - SYSDELAY 
ELSE

NDATAPTS = M D E L A Y (MSECDELAY+I )-MDELAY(MSECDELAY) 
ENDIF 

ELSE'
NDATAPTS = NSAM - M D E L A Y (NUMINPUTS) - SYSDELAY

ENDIF
NCOL = I I N T (NDATAPTS/3.0) - I

C ------------------------END OF DETERMINATION OF NUMBER OF COLUMNS
C
C
C
C --------- ----------  DETERMINE DISCRETE-TIME EIGENVALUES ------
C
C FORM YMATRIX:

IF (IEIGEN .EQ. I) THEN
M  = MDELAY(MSECDELAY) + SYSDELAY 

ELSE
M = M D E L A Y (NUMINPUTS) + SYSDELAY 

ENDIF
DO I = !,NDATAPTS-NCOL 

DO J = I,NCOL
MATRIX(IfJ) = Y (NCOL+I-J+M)

ENDDO
ENDDO

C
C SOLVE OVERDETERMINED SYSTEM FOR CHARACTERISTIC EQUATION 
C COEFFICIENTS (TEMPI(I) THRU TEMPI (NCOL)) :

MM - NDATAPTS-NCOL
CALL P I N V (MATRIX,M M ,NCO L ,MAX 2 ,TEMPI,Y (NCOL+M+1))

C
C FIND DISCRETE-TIME EIGENVALUES FROM TEMPI:

DO I=IfNCOL
TEMPS(I) = -TEMPI(NCOL-I+1)

ENDDO
CALL QPOLYRT(TEMPS,NCO L f TEMPI,TEMPS,!ROOT)
IF (IROOT .NE. 0) THEN 

W R I T E (*,*)
W R I T E (*,*)' WA R N I N G ! THE EIGENVALUES MAY BE WRONG' 
W R I T E (*,*)' DUE TO ILLCONDITIONING!'

ENDIF
C ------------------ END OF DISCRETE-TIME EIGENVALUE FINDING ---------
C
C
C
C ------------- FIND OUTPUT RESIDUES AND CONTINUOUS-TIME EIGENVALUES
C
C FIRST SET UP Z MATRIX WITH REAL AND IMAGINARY PARTS SEPARATED: 

JCOLUMN = 2
M = M D E L A Y (NUMINPUTS) + SYSDELAY 

210 DO J = I fNCOL
ZMAG = (TEMPI (J)**2 + T E M P 2 (J)**2)**0.5D0 
PHI = D A T A N (TEMP2(J)/TEMPI (J))
IF ((TEMPI (J) .LT. O.ODO) .AND. (TEMP2(J) .NE. O.ODO)) THEN 

IF (TEMP2(J) .LT. O.ODO) THEN 
PHI = PHI - PIE 

ELSE
PHI = PHI + PIE 

ENDIF 
ENDIF
IF ((TEMPI (J) .LT. O.ODO) .AND. (TEMP2(J) .EQ. O.ODO)) PHI = PIE

Figure 77. Continued.
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DO I=IfNDATAPTS
MATRIX (IfJ) = ZMAG**(I-I)*DCOS(PHI*(DBLE(I-I))) 
M A T R I X (IfJ+NCOL) = -ZMAG**(I-I)*DSIN(PHI*(DBLE(I-I))) 
MATRIX(I+NDATAPTSf J) = -MATRIX(I ,J+NCOL)
M A T R I X (I+NDATAPTS,J+NCOL) = MATRIX(IfJ)

ENDDO
IF (JCOLUMN .EQ. 2) THEN

ZEIGEN(J) = DCM P L X (TEMPI (J) ,T E M P 2 (J))
Xl = DLOG(ZMAG)/TSAM 
X2 = PHI/TSAM 
EIGEN(J) = DCM P L X (XIfX2)

ENDIF
ENDDO

C
C --------------- GET RID OF EIGENVALUE ON THE N E G . REAL A X I S -------

KCOL = NCOL I = I
DO WHILE (I .LE. KCO L )

IF ((DREAL(ZEIGEN(I)) .L T . 0.DO).AND.
Sc (DIMAG(ZEIGENd) ) .EQ. O.ODO) ) THEN 

KCOL = KCOL - I 
IF (I .EQ. (KCOL+I) ) GOTO 220 
DO J = I fKCOL

EIGEN(J) = EIGEN(J+l)
ZEIGEN(J) = ZEIGEN(J+l)
BRES(JfI) = B R E S (J+l,I)
B R E S (J f2) = B R E S (J+l,2)

ENDDO
ELSE

1 = 1 + 1 
ENDIF 

ENDDO
220 NCOL = KCOL

C --------------- END OF DELETING EIGENVALUES ON N E G . REAL AXIS
C
C --------------  remove eigen values having very high damping

KCOL = NCOL I = I
DO WHILE (I .LE. KCOL)

IF (ABS(DREAL(ZEIGEN(I))) .LT. 0.606) THEN 
KCOL = KCOL - I 
IF (I .EQ. (KCOL+I)) GOTO 222 
DO J = I fKCOL

EIGEN(J) = E I G E N (J + l )
ZEIGEN(J) = ZEIGEN(J+l)
BRES(JfI) = B R E S (J+l,I)
B R E S (J f2) = B R E S (J+l,2)

ENDDO
ELSE

1 = 1 + 1 
ENDIF 

ENDDO
222 NCOL = KCOL 

C
C ---------  end of removal of eigne values having very high damping
C
C NOW SOLVE THE OVER-DETERMINED SYSTEMS FOR OUTPUT RESIDUE:

DO I=IfNDATAPTS
YHAT(I) = Y (M+I)

Figure 77. Continued.
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Y H A T (NDATAPTS+I) = O .ODO 
ENDDO
CALL P I N V (MATRIX,2 *NDATAPTS,2*NC0L,MAX2,T E M P 3 (I) , YHA T ) 
DO 1=1,NCOL

B R E S (I ,JCOLUMN) = DCM PLX(TEMP3(I ),T E M P 3 (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. -------------

IF
■—  GET RID.OF ALL MODES ABOVE NYQUIST/2 IF USER DESIRES 
((NYQANS .EQ. 'Y') .OR.(NYQANS .EQ. 'y')) THEN I = I
DO WHILE (I .L E . KCOL)

IF (DREALtZEIGEN(I)) .LT. O .DO) THEN 
KCOL = KCOL - I 
IF (I .EQ. (KCOL+I) ) GOTO 230 
DO J = I ,KCOL

EIGEN(J) = EIGEN(J+I) 
ZEIGEN(J) = ZEIGEN(Jfl) 
BRES(J1I) = BRES(Jfl1I) 
B R E S (J 12) = BRES(Jfl12) 

ENDDO 
ELSE

I = I f l  
ENDIF 

ENDDO 
ENDIF
NCOL = KCOL

END OF DELETING MODES ABOVE THE NYQUIST/2 RATE

--------  CALCULATE TRANSFER-FUNCTION INITIAL-CONDITION RESIDUES
AMP(NUMINPUTS) = O .ODO

IF THE USER SPECIFIES THE INITIAL-CONDITION RESIDUES ARE ZERO: 
IF ((INICOND .EQ. 'Y ' ) .OR.(INICOND .EQ. 'y')) THEN 

DO I=I1NCOL
RESINIL(I) = DCM P L X (0.ODO1O-ODO)
DET = AMP(O) *ZEIGEN(I)**MDELAY(NUMINPUTS)

& - AMP(NUMINPUTS-I)'
DO J = I 1NUMINPUTS-I

DET = DET + (AMP (J)-AMP(J-I))*
& ZEIGEN(I)**(M D E L A Y (NUMINPUTS)-MDELAY(J))

ENDDO
RES(I) = B R E S (1,2)*EIGEN(I)/DET 

ENDDO

IF THE USER SPECIFIES NONZERO INITIAL-CONDITION RESIDUES:
ELSE

DO I=I1NCOL
DET = DCM P L X (0.000,0.ODO)
DO J=MSECDELAYfl1NUMINPUTS

DET = DET + (AMP(J) - A M P (J - I ))*ZEIGEN(I )* *

Figure 77. Continued
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& (M D E L A Y (NUMINPUTS)-MDELAY(J))
' ENDDO
M  = MDELAY(NUMINPUTS)-MDELAY(MSECDELAY)
RES(I) = E I G E N (I )*(B R E S (1,2)- BRES(1,1)*

& ZEIGEN(I)**M) / DET
RESINIL(I) = BRESd,, 2) - (AMP (0) *RES (I )/EIGEN (I ) ) *

Sc ZEIGEN (I) *iMDELAY (NUMINPUTS)
DO J = I fNUMINPUTS

RESINIL(I) = RESINIL(I)-(RESd)/EIGEN(I) ) * ■
Sc (AMP (J)-AMP(J-I) ) *
Sc ZEIGEN (I) ** (MDELAY (NUMINPUTS) -MDELAY (J) )

ENDDO
RESINIL(I) = R E S I N I L d ) *

Sc ZEIGEN(I) ** (-SYSDELAY-MDELAY (NUMINPUTS) )
ENDDO

ENDIF .
C ------------------------- END OF RESIDUE C A L C U L A T I O N -----------------------
C
C
C
C--:------------- REORDER EIGNEVALUES AND RESIDUES ---------------
C ---------------  ACCORDING TO CONTIBUTION TO SIGNAL ---------------
C ---------------  (IN THE SENSE THAT IT REDUCES THE E R R O R --------- ,-----
C ---------------  BETWEEN THE ACTUAL SIGNAL (Y) AND THE ---------------
C --------- '-----  ESTIMATED SIGNAL (YHAT) . ---------------

NORTEMP = O 
300 !COUNT = I

ERROLD = l.OD+35
DO WHILE (!COUNT .L E . NCOL)

IF (NORTEMP .GT. 0) THEN 
DO J = I fNORTEMP

IF (!COUNT .EQ. ISAVE(J)) THEN 
!DELTA = I 
GOTO 400 

ENDIF 
ENDDO 

ENDIF
I SAVE(NORTEMP+I) = !COUNT 
!DELTA = I
IF (DABS(D I M A G (E I G E N (!COUNT))) .GT. 1.0D-12) THEN 

!DELTA = 2
I SAVE(NORTEMP+2) = !COUNT+I 

ENDIF 
C
C CALCULATE YHAT AND THE ERROR ASSOCIATED WITH YHAT FOR 
C ■ORDER NORTEMP+!DELTA:

N = NORTEMP+!DELTA 
YDEL = O .ODO 
YNORM = 0.ODO

CALCULATE YHAT FOR K=MDELAY(MSECDELAY)+SYSDELAY TO 
K=MDELAY(MSECDELAY)+SYSDELAY-I;

IF ((INICOND .EQ. 'N') .OR.(INICOND .EQ. 'n')) THEN 
' M = MSECDELAY
Ml = MDELAY(MSECDELAY) + SY SDELAY 
DO K = Ml, M D E L A Y (M+l)+SYSDELAY-I 

Y H A T (K+l) = 0.0D0 
DO 1=1,N

L = ISAVE(I)
Y H A T (K+l) = Y H A T (K+l) + D R E A L (BRES(L,I)*

Figure 77. Continued.
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& 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 = M D E L A Y (NUMINPUTS) + SYSDELAY 
DO K = Ml,NSAM-I 

Y H A T (K+l)=O-ODO 
DO 1=1,N

L = ISAVE(I)
Y H A T (K+l) = Y H A T (K+l) + D R E A L (B R E S (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* * O . 5D01
ERRNEW = 20.0D0*DLOG10(YDEL/YNORM)

C
C ---- TEST ERROR;

IF (ERRNEW -LT- ERROLD) THEN 
ERROLD = ERRNEW 
ISVl = !COUNT 
INUM = I
IF (!DELTA -EQ- 2) THEN 

ISV2 = !COUNT+I 
INUM = 2 

ENDIF 
ENDIF

400 !COUNT = !COUNT + !DELTA
ENDDO
I S A V E (NORTEMP+I) = ISVl 
ERRtNORTEMP+I) = ERROLD 
IF (INUM -EQ- 2) THEN

ISAVE(NORTEMP+2) = ISV2 
ERR(NORTEMP+2) = ERROLD 

ENDIF
NORTEMP = NORTEMP + INUM 
IF (NORTEMP -LT. NCO L ) GOTO 300 

C
C ------------------------- ----END OF R E A R R A N G E M E N T ---------------------------------
C
Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

c** Modified Portion to calculate the RES(O) 
c** First calculat the Zmatrix 
c

if ( (thruput .eg. "Y') .or. (thruput .eg. 'y')) then do j = I, ncol
do i = I, mdelay(numinputs)

zmatrix(i,j) = zeigen(j)**(i-1) enddo 
enddo

c write(19,319)
c write(19,349)((zmatrix(i,j),j=l,ncol),i=l,mdelay(numinputs))
c319 format(/,' *** Zmatrix data follow *** ')
349 format(2x,5(2e8.2))
Figure 77. Continued.
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c Then calculate new bi's for each intervaldo i = I, ncol
bnew(i,I) = res.(i)*amp(0)*zeigen(i)**(-sysdelay)/eigen(i) enddo

do j = I, huminputa - I 
do i = I, ncol

bnewfi,j+1) = bnew(i,j) + (amp(j)-amp(j-I))*res(i)*zeigen(i) I **(-mdelay(j) - sysdelay)/eigen(i)enddo 
enddo

c write(19,320)
c320 format(/,' *** Bnew matrix data for each input section ***')
c write(19,*)((bnew(i,j),j=l,numinputs)„i=l,ncol)c write(19,330)
c330 format(/,' *** Bold matrix after input has been removed ***')c write(19,*)(bres(i,2),i=l,ncol)
c Now calculate the New Zmatrix and New Ymatrix 

jindex = 0 
do i = I, numinputs

do j = 1+jindex, mdelay(i)
ynew(j) = dcmplx(0.OdO, 0.OdO) 
do k = I, ncol

ynew(j) = ynew(j) + zmatrix(j,k)*bhew(k,i) 
enddo

ynew(j) = dcmplx(y( j), .0 . OdO) - ynew(j) 
znew(j) = dcmplx(amp(i-l), O.OdO) 
enddo

jindex = mdelay(I) 
enddo

c write(19,321)
c321 format(/,' *** Znew matrix follow *** ')
c write(19,*)(znew(i), i=l,mdelay(numinputs)) 
c write(19,*) 
c write (19,322).
c322 format(/,' *** Ynew matrix follow *** ')
c write(19,*)(ynew(i), i=l,mdelay(numinputs)) 
c Thus calculation of New Zmatrix and Ymatrix is over c
C Now obtain (znew)'*ynew/((znew)'*znew) to get Q (n+1) c

ysum = dcmplx(0.OdO, O.OdO) 
zsum = dcmplx(0.OdO, O.OdO) 
do i = I, mdeIay(numinputs)

zsum = zsum + znew(i)*znew(i) 
ysum = ysum + znew(i)*ynew(i) 

enddo
gnplsl = ysum/zsum 

c write(19,*j 
c write(19,323)
c323 format(/,' *** Q(n+1) Value ***')
c write(19,*)qnplsl 
c Now calculate the RES(O) term 

resO = gnplsl 
do i = I, ncol

resO = resO + res(i)/eigen(i) 
enddo

c write(19,*) 
c write(19,324)
c324 format(/,' *** RES(O) Value ***')
c write(19,*)resO 

endif
Figure 77. Continued.
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c
c* Modified portion is over
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

-------------------------- OUTPUT TO DATA FILES --------------------------------
IF ((INICOND .EQ. 'Y') .OR.(INICOND .EQ. 'y')) MSECDELAY=O 

OUTPUT ERR:
W R I T E (17,*)' N ERR(N) = N O R M (Y-YHAT)/NORM(Y) IN DB'
W R I T E (17,20) TITLE 
W R I T E (17,*) I 
DO I=I,NORTEMP

W R I T E (17,*) I, ERR(I)
ENDDO 

C
C OUTPUT EIGENVALUES AND RESIDUES TO A  DATA FILE SO THAT THE 
C PROGRAM ORDER.FOR CAN READ THESE VALUES:

W R I T E (I5,20) TITLE
W R I T E (15,*) TSAM,NUMINPUTS,NORTEMP,MSECDELAY,SYSDELAY 
W R I T E (15,*) (M D E L A Y (I ),1=1,NUMINPUTS)
W R I T E (15,*) (AMP(I),1=0,NUMINPUTS-I)
W R I T E (15,1000) NAME 
W R I T E (15,*) INPUTTEK
W R I T E (15,*)' REAL-TIME AND DISCRETE-TIME EIGENVALUES:'
DO I=I,NORTEMP

W R I T E (15,*) DREAL(EIGEN(ISAVE(I))), D I M A G (EIGEN(!SAVE(I))),
& D R E A L (ZEIGEN(!SAVE(I))), DIMAG(ZEIGEN(!SAVE(I)))
ENDDO
WRITE (15, *) ' TRANSFER-FUNCTION RESIDUES:.'
DO I=I,NORTEMP

WRITE d S , * )  DREAL(RES(ISAVE(I) ) ) , DIMAG (RES (!SAVE (I) ) )
ENDDO
IF (MSECDELAY .NE. 0) THEN

W R I T E (15,*)' INITIAL-VALUE RESIDUES:'
DO I=I,NORTEMP

Xl = D R E A L ( R E S I N I L d S A V E d )  ) )
X2 = D I M A G ( R E S I N I L d S A V E d )  ) )
WRITE d S , * )  XI,X2 

ENDDO 
ENDIF

£****«***«***************************************************************** 
c** Modified portion for writing the zeroth Residue c

if ( (thruput .eg. 'Y') .or. (thruput .eg. 'y')) then 
write(15,*)' The Residue corresponding to throughput term:' xl = dreal(resO) 
x2 = dimag(res0) 
write(15,*) xl, x2 

endif 
c
c** end of modified porttion for writing
Q*W************************************************************************
C

W R I T E (*,*)
W R I T E (*/*)'********** *************************************/
W R I T E (*,*)
W R I T E (*,*)' ERROR.TEK contains the errors associated'
WRITEf*,*)' model orders. Run ORDER to obtain the f i t '

Figure 77. Continued.
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1000

WRITE (*,*)■' 
W R I T E (*,*) 
W R I T E (*,*)' 
W R I T E (*,*) 
FORMAT(A20)

for a given m o d e l .'
***********************************************f

END OF OUTPUT

THAT'S ALL FOLKS
STOP 
END

Figure 77. Continued.
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Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

C* *
C** Program ORDER 
C* *
C** This program reads in the eigenvalues and residues resulting 
C** from PRONYWDELAY. It then calculates the estimate yhat based on 
C** these residues and compares it with the actual data. The system 
C** is input by the user, c* *
C** Output files are PRONYWDELAY.OUT and YHATWDELAY.T E K . YHATWDELAY 
C** is formatted
C** for TEKPLOT, and contains the actual output y  and the estimated 
C** output yhat. PRONYWDELAY.OUT contains the residues and eigenvalues.
C* *
C** Written by Dan Trudnowski, OCT. 1989, OCT. 1990.
C** Modified by Prince Emmanuel, OCT. 1990 to include Residue RES(O) term. 
C* *
Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

C
PARAMETER(MAX = 500, NMAX=IINT(MAX/3.0)+1)
IMPLICIT REAL*8 (A-HzO-Z)
INTEGER SYSDELAY
COMPLEX*I6 RES, RESINIL, EIGEN, ZEIGEN, resO 
CHARACTER TITLE*60,TITLEl*60,NAME*20 
DIMENSION M D E L A Y (0:NMAX),A M P (0:NMAX), Y(MAX)
DIMENSION RES(NMAX), RESINIL(NMAX), E I G E N (NMAX), ZEIGEN(NMAX)
DIMENSION TEMP(NMAX)
DATA PIE/3.141592654/MDELAY(0)/0/
DATA (RESINIL(I),I=IfNMAX)/NMAX*(0.ODO,0.ODO)/

C
C
C
C ------------------------------- OPEN DATA F I L E S ------------------------------------
C
C INPUT FILE:

O P E N (11,FILE='ORDER.IN',STATUS='O L D ')
C
C OUTPUT FILES:

O P E N (17,FILE='Y H A T .T E K ',STATUS='NEW ' )
O P E N (18,FILE='PRONYID.O U T ',STATUS='NE W ' )

C ------------------------------ END OF OPENING FILES
C
C
C
C -------------------------------- READ IN D A T A -------
C
C READ IN THE EIGENVALUES AND RESIDUES:

R E A D (11,10JTITLE
REA D d l , * )  TSAM, NUMINPUTS, N C O L , MSECDELAY, SYSDELAY 
REA D d l , * )  (MDELAY(I) , I=I,NUMINPUTS)
R E A D ( I l d )  (AMP(I) , I = O zNUMINPUTS-I)
R E A D (11,20) NAME 
R E A D (11,*) INPUTTEK 
READ(IlzIO) TITLEl 
DO I=IzNCOL

R E A D d l , * )  XI, X 2 , X 3 , X4 
EIGEN(I) = D C M P L X (XI,X2)
ZEIGEN(I) = DCM P L X (X3,X4)

ENDDO
R E A D (11,10)TITLEl
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DO 1=1,NCOL
R E A D (11,*)X l , X2 
RES(I) = DCMP L X (XI,X2)

ENDDO
IF (MSECDELAY .NE. 0) THEN 

R E A D (11,10)TITLEl 
DO 1=1,NCOL

READfll,*) XI, X2 
RESINIL(I) = DCM P L X (XI,X 2 ) 

ENDDO 
ENDIF

Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

read(11,10)titlel 
read(ll,*)xl, x2 
resO = dcmplx(xl,x2) c print *, resO

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

10 FORMAT(A60)
20 FORMAT(A20)

C
C READ IN Y:

O P E N (I2,FILE=NAME,STATUS='OLD')
R E A D (12,*)
R E A D (12,*)
R E A D (12,*) M 
I = O

100 1 = 1 + 1
R E A D (12,*,END=200) T, (TEMP (J),J = I ,M)
Y(I) = T E M P (INPUTTEK)
GOTO 100

200 NSAM = I - I  
C
C CHECK DIMENSIONS:

IF (NCOL .GT. N M A X ) THEN 
W R I T E (*,250)NSAM 

ENDIF
IF (NSAM .GT. MAX) THEN 

WRITE (*,,2 60)NSAM ,
ENDIF

250 FORMAT(/,' Parameter MAX is too small, increase above ',13)
260 FOR M A T (/,' Parameter MAX is too small, increase above ',13)

C-
C INPUT SYSTEM ORDER:

WRITE(*,300) NCOL 
R E A D (*,*) N

300 FORMAT(/,' System order (less than or equal to ',12,') --> ',$)
C ------------------------------ END OF DATA I N P U T -----------------------------------
C ■
C
C
C ---- CALCULATE YHAT FOR ORDER N AND OUTPUT TO DATA FILES -------------------
C
C SET UP TEKPLOT FILE Y H A T .T E K :

WRITE (17, *) ' TIME,. ACTUAL OUTPUT, ESTIMATED OUTPUT. '

Figure 77. Continued.
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WRITE(17,*)
W R I T E d V , * )  2 

C
C CALCULATE YHAT AND THE ERROR BETWEEN Y AND YHAT IN DB:

YDEL = 0.0D0 
YNORM = O .ODO 
MS = SYSDELAY 
DO K=O,NSAM-I 

YHAT = 0.0D0 
DO 1=1,N

YHAT = YHAT + DREAL(RESINILd) *ZEIGEN (I) **K)
DO J=O,NUMINPUTS-I

IF (K .GE. (MDELAY(J) + M S ) ) YHAT = YHAT + D R E A L (
& AMP(J) * (ZEIGEN(I)* * (K-MS-MDELAY(J))-I.ODO)*
Sc RES(I)/EIGEN(I) )

IF (K .GE. (MDELAY(Jfl) + M S ) ) YHAT = YHAT - D R E A L (
& AMP(J) * (ZEIGEN(I)* * (K-MS-MDELAY(Jfl))-I.ODO)*
Sc RES(I) /EIGEN(I) )

ENDDO
ENDDO

Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c** This portion is modified to take into consideration 
c** the resO or RES(O) term c

do j = 0, numinputs-1
if(k .ge. (mdelay(j) f ms))yhat = yhat f dreal(

Si amp( j ) *res0)
if(k .ge. (mdelay(jfl) + ms))yhat = yhat - dreal(

& amp(j)*res0)
enddo 

cc**
Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

T = TSAM*DBLE(K)
W R I T E d V , * )  T, Y(Kfl) , YHAT 
YDEL = YDEL f (Y(Kfl)-YHAT)**2 
YNORM = YNORM f Y(Kfl)**2 

ENDDO
YDEL = YDEL**0.5D0
YNORM = YNORM**0.5D0
ERROR = 20.0D0*DLOG10(YDEL/YNORM)
-----:-------------END OF YHAT' AND ERROR CALCULATION

------  OUTPUT SYSTEM DELAY, ERROR, RESIDUES, AND EIGENVALUES -
W R I T E (18,1000(TITLE 
WRITE(18,1005)ERROR 
WRITE(18,100V)SYSDELAY
W R I T E (18,*)' THE REAL-TIME EIGNEVALUES AND THEIR ASSOCIATED' 
W R I T E (18,*)' RESIDUES AR E : '
DO 1=1,N

Xl = D R E A L (E I G E N (I))
X2 = DIMAG(EIGENd) )
X3 = DREAL(ZEIGENfI))
X4 = DIMAG(ZEIGENd) )

Figure 77. Continued.
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X5 = DREAL(RESd) )
X6 = DIMAG(RESd) )
X7 = DREAL( R E S I N I L d  ) )
X8 = DIMAG(RESINILd) )
W R I T E (18,1010)1,X l ,X2 

C ■ W R I T E (18,1015)I,X3,X4
W R I T E (18,1020)1,X 5 ,X6
IF (MSECDELAY .NE. 0) W R I T E (18,1025)I ,X 7 ,X8 

ENDDO
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c** modified part 
c

i = 0
xl = O.OdO 
x2 = O.OdO 
x3 = I.OdO 
x4 = O.OdO 
x5 = dreal(reaO) 
x6 = dimag(res0) 
write(18,1010)i,xl,x2 

c write(10,1015)i,x3,x4 
write(18,l02O)i,x5,x6 c

c** modified part ends hereC*********«****************************************************************
1000 FORMAT(/,A60)
1005 FORMAT (/,' ERROR BETWEEN YHAT AND Y (in db) = ' ,D12.. 4) 
1007 FORMAT(/,' SYSTEM DELAY IN SAMPLES =',12,/)
1010 FORMATf/,' EIGENVALUE(',12,') . = ',

& D12.4,' + j  ',D12.4)
1015 FOR M A T (' DISCRETE-TIME EIGENVALUE(',12,') = ',

Sc D12.4, ' + j ' ,D12.4)
1020 FOR M A T (' TRANSFER-FUNCTION RESIDUE(',12,') = ', •

Sc D12.4, ' + j ' ,D12.4)
1025 FOR M A T (' INITIAL-CONDTION RESIDUE(',12,') = ',

Sc D12.4, ' + j ' ,D12.4)

WRITE(*,*) 
W R I T E (*,*) 
W R I T E (*,*) 
W R I T E (*,*) 
W R I T E (*,*) 
WRITE(*,*) 
W R I T E (*,*) 
W R I T E (*,*) 
W R I T E (*,*) 
STOP 
END

Z***********************************,*******^*********/ 
' * * * * / 
'** Data file YH A T .TEK contains the estimated and **' 
'** actual outputs in TEKPLOT format. **'
'* * . * *  I

'** PRONYID.OUT contains eigenvalues and resiues. **' ' * * * * / 
Z****************************************************/

Figure 77. Continued
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