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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, 1l7-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 freqguency 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 1is
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.




CHAPTER 1

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 os¢illation occurs when
a group of generators swing together agéinst othertgroups 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




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 pscillations 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 evaluaﬁe the performance of the hvdc con-




trollers, 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, shuﬁt capacitors, smoothing réactors, and
dc transmission lines [1-5]. It can be one of monopolar,
bipolar or homopolar [2]. The back-to-back hvdc 1link 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 muiti—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].




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;performaﬁce 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-




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.




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




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.

1. Mode CE, rectifier in constant current and inverter in
constant extinction angle control.

2. Mode IC, reéctifier in minimum firing angle control and
inverter in constant current control.

3. Mode IE, transition mode between the above twq 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




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 contrél 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




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
[11-20]. 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 ofder 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 mereiy
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 I?R 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 cbmpensate 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 fespective ceilings._ The cdurrent
command at the voltage controlling converter is made equal to
the negative of the aigebraic 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.




12

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 thé 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]. 1In 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 originatingvin 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 succeséfully utilized by a number of
dc projects to dampen system oscillations and to enhance

stability.
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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: 1) 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
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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 adapti&e 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 hvdec 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.}n [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 régulator‘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 nonconventional 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 moduiation
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 systemAconditions. 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 calcﬁlations performed
elsewhere in the stability program.

This fléxible 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 dé 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
ﬁiring 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 voltagé 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 .(léss 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 vyears 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 suffiqient
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 (B) 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 hvdec 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 fifing 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 feactive 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 modula&ion
scheme can be used without causing ac voltage instability.
The ideal bridge control system of an hvdc converter
requires symmetrical firing of wvalves 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 pf 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 ki.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 V., 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 deléy'time subsequent
to the respective voltage zero crossing [8]. The delay is
adjustable from 0° to 70° and is controlled by a direct control
voltage V.. This type of cont;ol 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 (V.), and peak aé 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 1link. 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 Controcl 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 V.. 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] entitied "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. 1In 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 subseguent
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] devéloped 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 V. 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 operatioﬁ 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 XKW 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 currenﬁ 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-fregquency
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 ?ectifier 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 reduceg 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 trans‘ient




b,

30

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 syétem 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 wused 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-
terminalandéimulti—terminalpacifichvdcintertieinjareduced
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—termiﬁal 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 alsc;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
ié 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 1is 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-
forménceofeaparticularnmdulatingfeedbacksignaliscﬁsplayed
through a series of disturbances applied Fo the system, and
in Chapter 9 a combined modulation control with Static Vvar
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 Nofth—
American power network resulted in the development of a 42-bus,
17-machine equivalent which retains some of thé 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
consisté 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 Séuthern
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.comparétive
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 modelé 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 1. It consists of nine main areas designated.as A,
C, M, NWl, NwW2, P, SCl, 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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One type of génerator 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-g axis generator model and IEEE‘type
AC4 [52] exciter model. Both types of generators have governor
models included. Table 1 shows the generation and load in
each areé while generation and kinetic enérgy data associatéd
with each machine are listed in Table 2. The system in Figure
1 also cpﬁtains two 500 kV'hde‘transmission lines: one between
area NW2 and SCl (representing Pacific hvdc intertie) and the
second between area U and SCl (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
médulation control and to demonstrate the adaptive control

scheme.
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Table 1. Generation and load data for each area.

Area Generation Load
(MW)
A 19,000 15,600
C 11,900 11,750
M 1,250 900
NW1 9,169 11,100
NW2 17,700 9,000
P 11,300 12,600
sCcl 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 Energy*
(MW) (MW.sec)
1 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 2000 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: 1) 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 rectifief
(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 HYDC Intertie
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Power modulation of the dc 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.

D¢ Power Modulation

Dc modulation is introduced to improve the system damping
of negatively daﬁped oscillations [21]:.- Dc power modulation
is based on the réte 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 1is however not used in this

chapter.

Voltage Dependent Current Order Limit

In terms of the ac commutating voltage E,.,, direct current
I and the dc line inductance L, the dc line power is given

as follows [21]:

32

P, = —n—EacIdcos(oc) - %coLI,f 2.1)
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For any given ac voltage there is a vélue 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. (D, in Figure 4) [21]. Below this voltage,
maximum current order limit (I’,y) decreases linearly from its
normal value (Iyy) down to some specified minimum value of

current (I,;,) as shown in Figure 4.

l

D~y Voltage (V)

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

The normal operation of a dc line calls for constant current
control at the rectifier and cénstant 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%) béfore 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 prévented by providing the dc controls
with a margin switching unit (MSU). The characteristic and
logic of operation of this wunit 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 = Output of the Margin Switching WUnit
K = Constant

A1 = Margin Current

Jo = Ordered or Reference Current

I’max = Maximum Current from VDCOL

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
iSOOkaﬁpolarhvdc,AdelantoConverterStation(ACS)inverting
the +500 kV back to ac at 500 kv, and av787 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 vélve
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 banel {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
thyristorknfconvertingtjnaelectricalcontrolpulsestx:optical

pulses and is basically an interface between the control system
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and the thyristor.
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Figure 6. Original Intermountain intertie (Two bipolar system) .
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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 bipolaf
operation, monopolar operation, and reduced voltage operation.
In addition to the above modes, the following stability
enhancement techniques were adopted: voltage dependent current
order 1limit, reactive power control, dc power modulation,
overload recovery control, isolated startup, electrode current

balancing and generator runback control [55].

Model Implementation

The Pacific and the Intefmountain dc system model were
implemented in the reduced-order equivalent model of the western
system shown in Figure 1. 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. Thg 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 egual 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 are: A
1. The reduced order-system with the Pacific and Inter-
mountain hvdc interties represehted‘as equivalent real and
reactive constant current loads at their respective
terminal buses,

2. The reduced order system with the Pacific hvdec 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 (Eigure 3) and the Intermountain
tie represented as a bipolar two—terminall¢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 1 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
applieé its 1400 MW resistive brake.

In order to compare generator swings in the four different
cases under study, the variation of the generator angles (fér
machines #8 and #15 in Figure 1) wefe 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, respecti&ely.
Tt 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 frequéncy 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
systemmodes. FFTmagnitude 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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60 FFT Plot of Generator Angle #8
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Figure 15. Fourier response of generator angles for case 1.
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FFT Plot of Generator Angle #8
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Figure 16. Fourier response of generator angles for case 2.
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FFT Plot of Generator Angle #8
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Figure 17. Fourier response of generator angles for case 3.
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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 guantity of reactive power. 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 result.
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
terminal. It is intended to elucidate the basic theoretical
background in order to provide a better understanding of the
control functions.

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. 1In
the same figure, operational characteristics of some of the

nonconventional control modes of the inverter are also shown.
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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 D¢ 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 wutilizing the insulation most effectively. During
steady-state operation it ié.also possible to maintain the
extinction angle near its minimum value by éoordinating the

tap changer control.

‘ Constant Reactive Current Control [11]

If the inverter is controlled such that the reactive

component of the current supplied to the ac system is kept
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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 éom—
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 (Yu), the incidences of commutation failure would be few.
Hence, rapid recoveries from faults could be expected. However;
since this scheme operates at ex;inction angles larger than
Yo, the steady-state reactive power consumption is large and

requires that the converter valves (including cooling and
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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 [16,17]

To maintain constant power factor at the inverter terminal,
the dé¢ voltage at that terminal is controlled by controlling
its firing angle, while the ac voitage 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 1load, 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 éontrol 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 changeg 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 interconneéted system this control is better

compared to constant current control because it strives to
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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 [19,20]

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 [71.

Application

In this section a reduced-order linear model of the ac/dc
system is obtained for each dc 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 [71. The linear
models obtained show the loéal 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 interare_a
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, bipolér +500 Kv dc line model and
the Intermountain intertie by equivalent real and reaétive
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, dc

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 1 s width is added to the
inverter firing angle signal as input to the system, as shown‘
in Figﬁre 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:

—sDy -sD, -sD,
Cotcie +c,e + ... e
0 1 2 k
I(s) = 4.1)
D) _?\'n+1

where D;<D,;,,, the ¢’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=1, ¢=3, ¢=-3, D=1 and A, =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.
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function responses and the actual reéponses are shown in Figures
23 through 28. In every case the linear low—ordér 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—zeré pairs
are very close to each other. Hence, little damping of such

modes is possible through feedback.




75

Table 3. Identified reduced-order transfer-function model for
ac voltage as output signal.

Mode | Freq. Eigenvalue Residue
(Hz)
1 1.711-0.1710d+02+30.1074d+02(+0.1773d+01+70.1974d+02
2 0.91 |+0.2988d-01+70.5742d+01}+0.6172d-01+30.1120d4+00
3 0.71 1-0.5575d-01+j0.4484d+01|+0.2541d-01+70.4492d-01
4 2.08 |-0.6141d+00+30.1307d+02{+0.27664-01+70.1306d-01
5 4.70 |-0.8541d+00+30.2948d+02|-0.30784-01+70.2269d-01

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

Mode | Freq. Eigenvalue Residue
(Hz)
1 5.00]-0.3184d+02+30.3142d+02|+0.1237d+03+70.1221d+03
2 1.68 |-0.1319d+02+30.1058d+02|-0.8809d+01+30.1218d+02
3 0.69 |1-0.1632d+00+70.4388d+01}{+0.3053d-02+350.17984+00
4 0.91 |+0.3192d-01+30.57104+01{+0.2563d-01+30.1287d+00
- - -0.2501d+01+30.0000d4+00]-0.9447d+00-30.1080d+00

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

Mode |Freq. Eigenvalue Residue
(Hz)
1 2:42 [-0.2278d+02+30.1523d+02|+0.1352d+04+30.6975d+04
2 0.36 |-0.3175d+004+30.2271d+011+0.2278d+01+30.39964+01
3 0.92 1-0.8378d-01+30.57504+01}-0.3003d+01+70.3442d+01 |f
4 2.12 |-0.8531d+00+30.1333d+02}-0.9537d+00+30.1480d+01
5 4.57 |-0.6664d+00+30.2871d+02]-0.1195d+01+30.16374-01
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Table 6. Identified reduced-order transfer-function model for
power factor as output signal.

Mode |Freq. Eigenvalue Residue
(Hz)
1 1.66 |-0.3257d+02+30.10444+02|-0.10104+01+30.2453d+01
2 0.37 |-0.3314d+00+j0.2337d+01}-0.3377d-03+j0.3617d4-03
3 0.91 }|-0.23544d-01+30.56954+01|+0.1564d-03+70.4867d-03
4 3.391-0.3231d+01+30.2133d+02[+0.3744d-03+70.73464-04
5 1.591-0.49914+00+30.9962d-01]|+0.97704-04+730.15974-03

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

Mode |Freq. Eigenvalue Residue
- (Hz)
1 0.69|-0.1142d4+00+30.4383d+01]-0.17514+00+30.1167d+01
2 0.36 |-0.3522d+00+£30.22404+01|+0.8635d+00+30.27144+01
3 0.91 1-0.3597d-02+30.5703d+01|-0.5387d+00+730.2822d4+01
- - -0.3046d+02+30.0000d+00{-0.90094+03+30.52134-14
- - -0.2210d+01+j0.00004+00|-0.3926d+01+30.5088d-15
- - -0.4918d4+00+30.00004+00|-0.5556d4+00+70.34944-15

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

Mode |Freq. Eigenvalue Residue
(Hz)
1 1.45 |-0.3261d+02+30.9092d+01|-0.8153d+03+70.55144+04
2 0.36 }-0.3462d+00+730.2236d+01|-0.4055d+00+30.9385d+00
3 0.71 1-0.1913d+00+70.44464+01]-0.19104+00+30.8197d4+00
4 0.93 {-0.3105d+00+30.5864d+01|+0.56714+00+70.75464-01
- - -0.1635d+01+30.0000d+00|+0.2928d+01+30.40834-14"
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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 1 for various
nonconventional hvdc control schemes are presented in this
chapter. Theperforﬁanceof1ﬂnanonconventionalcontrolschemes
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 nonconventional controllers were applied to the 42-bus,
17-machine test system shown in Figure 1 (Chapter 2). 1In this
simulation the Pacific hvdec intertie is represented by a
two-terminal, bipolar +500 Kv dc line model and the Inter-
mountain intertie by equivalent real and reactive consfant
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. From the root-locus plots for various nonconventional

inverter controllers (given in Figures 29 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 K, = 0.15 for the proportional controller and K; = 5.8 for
the integral controller. . The system responses to various
disturbances were obtained. Some of the disturbances considered
are

1. Fault 1 : A 1400 MW braking pulse is applied at bus
NWl in the system shown in Figure 1 for 30 cycles
to simulate a braking resistor.

2. Fault 2 : The line from bus P to bus SC2 (Figure 1)
is removed for 0.5 s.

3. Fault 3 : The line from bus A to bus SCl1l (Figure 1)
is removed for 0.15 s.

4. Fault 4 : The line from local generator bus 16 to
bus SCl 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 1) were obtained
relative to generator #1 which is considered to be a large
machine at bus A. These generaﬁor angle variations for fault
1 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 cése 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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