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PREFACE

Alleviation of power system voltage stability by using
modern, power electronics based, FACTS device represents
main concern of this dissertation. Especially, the Unified
Power Flow Controller has been analysed as the FACTS
device capable of giving voltage support and/or co-
ordinating power flow control action.

The dissertation comes as a result of the research work
taken at the Faculty of FElectrical Engineering and
Computing - University of Zagreb, and at the Department
of Electric Power Engineering - Royal Institute of
Technology in Stockholm.

Starting in 1991, continuous work on power system steady
state and dynamic operation has been conducted at the
Faculty of Electrical Engineering and Computing in
Zagreb. First under supervision of Professor Srdan Babi¢
during M.S. studies, and then under Professor Sejid
Tesnjak during Ph.D. studies, the voltage stability problem
has been established as a central issue of the research work.
As mentors, both of them largely contributed to appearance
of the dissertation and their efforts are thoroughly
acknowledged. Many other colleagues are also commended
for creating friendly atmosphere at the Department of
Power Systems, which helped even in moments when it
was not easy to stay calm. The Ministry of Science and
Technology of Republic of Croatia have provided financial
support to this research. Being essential through the times,
it really enabled appearance of this dissertation. Their help
is gratefully acknowledged.

From September 1996 to December 1997, the research was
carried out at the Royal Institute of Technology in
Stockholm. Being a guest PhD student under a guidance of
Professor Goran Andersson, I had a privilege to share their
highly = motivated = working  atmosphere.  Truly
acknowledging his trustfulness and support, I gained new
experiences by expanding the voltage stability problem
with FACTS devices. I also express gratitude to other
colleagues who were group members at the time.
Stimulating discussions with Dr. Stefan Arnborg, Dr.
Mehrdad Ghandhari, Dr. Arnim Herbig, Dr. Denis Lee, and
Dr. James Gronquist have certainly helped raising this
dissertation. Not to forget the other colleagues for making
friendly atmosphere there. Financial support from the
Swedish Institute was invaluable and highly appreciated. It
enabled my horizons being broadened not only in scientific
aspects, but also in numerous sociological ones.

Findings that have come out from the research work at
these two institutions are written in this dissertation. The
dissertation is divided into ten main Chapters, describing
four main parts, namely, introduction, modelling, results,
and conclusions. A short description of the Chapters is
provided hereafter in order to enable a reader to follow
presented material easier.

In Chapter I, introductory guidelines are provided for the
voltage stability problem and FACTS devices. Current

activities in both fields are noted in an attempt of
establishing correlation that has given major motivation for
this research. Upon recognition of mutual causalities, the
objectives are defined. Sequence of the dissertation is
explained along with phases of the thesis elaboration. Main
contribution of the dissertation is stated at the end.

Modelling part of the dissertation starts with Chapter II.
Multi-machine test system is described with related data
given in Appendices. Model of synchronous generator is
explained along with excitation system and speed governor
- turbine system. Load models are discussed, clearly
separating details of the composite load model from the
dynamic one with non-linear recovery. The details
concerning network modelling are provided at the end.

Chapter III is dedicated to the UPFC. First, general
description of the UPFC is given. Then, the UPFC injection
model is derived. The control system of the UPFC injection
model is proposed. It is capable to support transmission
voltage, power flow regulation, series compensation, phase
shifting, and damping of electromechanical oscillations.
The optimal rating algorithm is addressed. Ways to include
the UPFC injection model in load flow procedure are
explained.

Upon giving description of the system model and the
UPFC model, overall differential and algebraic equations
are combined in Chapter IV. First, overall system model is
established, and then it is linearised around an operating
point. The state and extended Jacobi matrices are defined.
So-called the differential-algebraic system model is
established.

Modelling part is completed in Chapter V. Sensitivity
analysis is introduced to recognise characteristics of the
state and extended Jacobi matrices. Based on singular and
eigenvalue decompositions, bus, branch and generator
participation factors are defined. Parametric and functional
sensitivities are derived. Sub-optimal formulation using
sensitivities is set either to maximise minimum singular
value or to minimise total active power loss in the network.

Numerical results are given within following three
chapters. In Chapter VI, results of the UPFC voltage/power
flow regulation are described to illustrate capabilities of the
UPFC in general steady state operation. Rating powers are
first discussed. Then, independent operation of the UPFC
shunt and series branch is analysed. At the end,
simultaneous three-parameter control of the UPFC
injection model is denoted.

In Chapter VII, the UPFC damping control is discussed.
The voltage collapse scenarios are based on a slow
dynamics response of the system, which is initiated by the
three-phase short circuit. Since the disturbance initially
induces electromechanical oscillations, possible utilisation
of the UPFC in damping control is analysed.



Centrally positioned topic comes out after recognising
possible regulating actions of the UPFC. In Chapter VIII,
the role of the UPFC in alleviation of the voltage stability
problem is explained by using its steady state and dynamic
characteristics. The voltage collapse scenarios are analysed
from two aspects given by the dynamic load with non-
linear recovery, and by the composite one. Critical location
and critical operating points are recognised. The UPFC is
accordingly situated and initiated to provide adequate
support.

In Chapter IX, conclusions are given concerning the
voltage stability problem and possible utilisation of the
UPFC within established scenarios.

A few directions of future work are provided in Chapter X.

At the end, the dissertation is equipped with appendices,
notation, and references that are linked throughout the text.
In addition, resume and abstract with keywords are
provided in English and Croatian language, according to
the rules set by the Faculty of Electrical Engineering and
Computing - University of Zagreb.

The material presented in this dissertation is closely related
to several technical papers that I have been associated to as
an author. Only those papers that are linked, more or less,
to the dissertation are listed. Hereafter, list of publications
that appeared during this research work is provided in
chronological order:

Dizdarevi¢ N., Tes$njak S., and Andersson G., "Unified
Power Flow Controller in alleviation of voltage stability
problem," Project at Electralis 2001 - International
Research  to  Business Convention for Electricity
Professionals: Campus, Liege, Belgium, March 2001 (in
English)

Dizdarevi¢ N., "Possible solutions for increasing power
transmission capacity by usage of conventional and
FACTS controllers," Round Table of Croatian CIGRE
Commiittee: Voltage conditions in the 400 kV network and
stability of Croatian power system, Cavtat, Croatia,
October 2000, pp. 1-23 (in Croatian)

Glavan B., Bakula M., Kati¢ Z., and Dizdarevi¢ N.,
"Analysis of TPP Rijeka dynamic response due to nearby
disturbances in the electric power network with aspect on a
turbine-generator set protection system," Proceedings of
the 4™ International Symposium on Power and Process
Plants, Dubrovnik, Croatia, May 2000, pp. 179-182 (in
Croatian)

Dizdarevi¢ N., Tesnjak S., and Andersson G., "Power flow
regulation by use of UPFC's injection model," Proceedings
of the IEEE Budapest Power Tech '99 Conference,
Budapest, Hungary, August 1999, paper BPT99-367-12 (in
English)

Dizdarevi¢ N., Te$njak S., and Andersson G., "Utilising
parametric sensitivity of Unified Power Flow Controller
during voltage emergency situations," Proceedings of the

il

1999 IEEE PES Winter Meeting, New York, February
1999, pp. 634-639 (in English)

Dizdarevi¢ N., Te$njak S., and Andersson G., "On
regulating capabilities of Unified Power Flow Controller
during voltage emergency situations," Proceedings of the
30th North American Power Symposium NAPS'9S,
Cleveland, OH, USA, October 1998, pp. 275-282 (in
English)

Dizdarevi¢ N., Arnborg S., and Andersson G., "Possible
alleviation of voltage stability problem by use of Unified
Power Flow Controller," Proceedings of the 32nd
Universities Power Engineering Conference UPEC'97,
Manchester, UK, September 1997, pp. 975-978 (in
English)

Dizdarevi¢ N., Visi¢ 1., and TeSnjak S., "Combined
dynamic and static approach in voltage collapse analysis,"
Proceedings of the 31" Universities Power Engineering
Conference UPEC'96, Iraklio, Crete, Greece, September
1996, pp. 562-565 (in English)

Dizdarevi¢ N., Kuterovac Lj., and Te$njak S., "Stator terms
in analysis of synchronous generator air-gap and torsional
torques during transmission line three-phase automatic
reclosing," Proceedings of the 31st Universities Power
Engineering Conference UPEC'96, Iraklio, Crete, Greece,
September 1996, pp. 180-183 (in English)

Dizdarevi¢ N. and Tesnjak S., "A comprehensive approach
to dynamic simulation of voltage collapse phenomenon,"
Proceedings of the IEEE/KTH Stockholm Power Tech
Conference, Stockholm, Sweden, June 1995, pp. 161-166
(in English)

Dizdarevi¢ N. and Tesnjak S., "Contingency selection
algorithms in on-line security assessment," Proceedings of
the International Conference on Electrical Engineering
ICEE'95, Taejon, Korea, July 1995, pp. 199-202 (in
English)

Babi¢ S. and Dizdarevi¢ N., "Load modelling and its effect
on power system transient stability studies," Proceedings of
the 2nd Conference of Croatian CIGRE Committee,
Primosten, Croatia, May 1995, pp. 531-538 (in Croatian)

Dizdarevi¢ N., Babi¢ S., and Tesnjak S., "Contingency
selection algorithms for transmission line overload analysis
in on-line security assessment," Proceedings of the 3rd
Electrotechnical and Computer Science Conference
ERK'94, Portorose, Slovenia, September 1994, pp. 307-310
(in English)

Dizdarevi¢ N., Babi¢ S., and Te$njak S., "The influence of
excitation system regulation on the transient stability of
synchronous generator," FEnergija Magazine, Zagreb,
Croatia, no. 42, 1993, pp. 83-88 (in Croatian)

Babi¢ S., Tesnjak S., Dizdarevi¢ N., and Glavan B.,
"Analysis of effects of different synchronous generator
excitation systems on transient stability of Istrian electric



power system,”" Proceedings of the 1st Conference of
Croatian CIGRE Committee, Zagreb, Croatia, October
1993, pp. 569-578 (in Croatian).

Within the list, some traces of activities in transient
stability and load flow contingency analysis are found.
They represent basic roots wherefrom this dissertation was
originally started. Transient stability is analysed within my
B.S. thesis, given as

Dizdarevi¢ N., Transient Stability of Synchronous
Generator — A Computer Representation, B.S. Thesis,
University of Zagreb, Faculty of Electrical Engineering and
Computing, Dept. Power Systems, Zagreb, Croatia,
December 1990.

Load flow contingency analysis is covered in M.S. thesis

Dizdarevi¢ N., Contingency Selection and Analysis
Algorithms in Electrical Power Networks, M.S. Thesis,
University of Zagreb, Faculty of Electrical Engineering and
Computing, Dept. Power Systems, Zagreb, Croatia,
February 1994,

il

Motivation for choosing power system voltage stability as
the research topic of the dissertation came out from
combining these two theses. In the B.S. thesis, dynamic
model of a single-machine infinite-bus test system is
established, whereas in the M.S. thesis steady state load
flow computational procedures are covered. Then, the
intention for combining generator model with load flows
initiated research activities on dynamic simulation of multi-
machine test system. Main concern has been found in the
voltage stability problem from a dynamic viewpoint. The
UPFC has come along.

The primary motivation has been to combine these
elements within a common frame, and to provide their

comprehensive treatment. Hopefully, it is found in this
dissertation.

Zagreb, June 2001

Nijaz Dizdarevié¢



I. INTRODUCTION

I.1 OVERVIEW OF POWER SYSTEM
VOLTAGE STABILITY PROBLEM

The voltage stability problem with voltage collapse as its
final consequence is an emerging phenomenon in planning
and operation of modern power systems. The increase in
utilisation of existing power systems may get the system
operating closer to voltage stability boundaries making it
subject to the risk of voltage collapse. This possibility in
association with several incidents throughout the world
have given major impetus for analysing the problem with
increased interest in modelling of generation, transmission
and distribution/load equipment of electric power systems.

Fast advances in computer analysis of power systems have
enabled appearance of extensive knowledge related to
general power system control and stability. Many general
guides [160-161] and books [8, 10, 18, 115, 232, 360, 378-
380, 393] cover modelling issues in depth. Some of them
directly concern the voltage stability problem [191, 356,
357, 376]. Useful definitions of terms related to stability
are provided within several taxonomies [9, 139, 188].

A large number of scientists and engineers have been
attracted by the voltage stability problem. Their attention
has resulted with a number of papers being published in
magazines and conference proceedings. Extensive
bibliography [5] treats the most referenced ones among
them. Hereafter, the papers that have been used during the
research work are overviewed.

Voltage stability phenomena have been comprehensively
treated from the early beginnings [23, 70, 72, 198, 386].
Dynamic simulation of power system is recognised as one
of the most important tools of its assessment [26, 47, 64,
84, 91, 184, 199, 201, 257, 275, 314, 347, 350, 384]. It
enables different studies of co-ordinated control to be
carried out [27-28, 34, 66-67, 73, 274, 385, 387, 395].

Load behaviour is recognised as one of the main driving
forces of the voltage collapse. Bibliography [157] covers
main references, which are related either to modelling
techniques [108, 158, 249, 288-290] or to field
measurements and identification [24, 87, 130, 176, 399].
Several models of a dynamic load with non-linear recovery
are extensively used to denote restorative intention [38-39,
137-138, 140-141, 172, 175, 177, 208, 219, 247, 298, 301-
302, 397]. The dynamic load represents a composite load
as it is seen from a high-voltage network bus. Usually,
response of this composite load is dominated by a
behaviour of an LTC transformer [46, 76, 277, 296, 332,
402, 408], an induction motor load [37, 44, 173, 297, 318,
383, 400, 403], and thermostatically controlled load [36,
191, 356-357].

The other important driving force is related to a limited
reactive power production of synchronous generators [280-
282, 291, 322]. Constraints are mostly imposed by a rotor

thermal stress [169-170, 200]. Over-excitation limiters are
modelled in order to enable a decrease of generator
excitation voltage [2, 113, 122-123, 156, 191, 253-254].

For computational purposes, combined static and dynamic
power system model is established to provide a basis for a
voltage security assessment [82, 211, 286-287, 306, 329-
331]. Many different types of predictive indices come out
from the combined model. Majority of them has a
theoretical background, while just a few are practically
applied [53, 83, 93, 119-121, 180, 213, 334, 346, 349, 382].
Some comparisons exist as well [45, 56]. Lately, as a de-
regulated market sets the rules in the field, computations of
the maximum loading point, available transfer capacity,
different security margins and distances appear as a basis
for indices [49-51, 81, 92, 147, 182, 203, 342, 377]. Indices
based on eigenvalue analysis [105-106, 187, 189, 216, 220,
233, 258, 295, 359, 392], and singular value analysis [192-
197, 210, 230, 338, 361-363] do not only predict severity
of the problem, but open a way toward a general sensitivity
analysis. Methods aimed for sensitivity analysis of power
system are established [98-99, 116, 276, 407]. A small-
disturbance impact to the combined model results with a
sensitivity of an operating point during time domain
trajectory [317, 368-375]. Sensitivities are also evaluated
with respect to transfer margin and contingencies, or in
control purposes [25, 30-31, 231]. Several other
computational issues are raised from the combined model.
Convergence at the limits, singularity and bifurcation
points are just a few to be named [1, 4, 6, 20, 35, 42, 86,
102, 285, 321, 381].

Computational procedures find the applications either
within various planning stages of voltage stability
endangered power system [61, 162, 164, 250-251, 398], or
within development phases of different countermeasures
[65, 97, 155, 190, 259, 353, 355, 358]. Several protection
schemes are developed and implemented [40, 60, 68, 163,
167, 248]. Undervoltage load shedding is considered as the
most affordable solution for the problem with a low level
of occurrence probability and a high level of consequences
[13-17, 351, 354].

Future trends in the field are certainly dominated by de-
regulated market conditions and transmission system open
access [32, 166, 202, 320]. A challenge also appears within
operating grid issues related to a new FACTS technology.

1.2 OVERVIEW OF FACTS DEVICES

Since the rapid development of power electronics has made
it possible to design power electronic equipment of high
rating for high voltage systems, the voltage stability
problem resulting from transmission system may be, at
least partly, improved by use of the equipment well-known
as FACTS-controllers. A number of papers treats
development status of this technology from the early years



up to date [88, 90, 142-146, 209, 333, 343-344, 405]. So
far, only one book thoroughly covers component and
system wise aspects of the FACTS technology [145]. The
de-regulation (restructuring) of power networks will
probably imply new loading conditions and new power
flow situations. Lately, some concerns are raised as to
show FACTS capabilities in open access environment [57,
148, 320, 406]. This is certainly an additional reason to
face the FACTS.

Analysis of a power system with embedded FACTS-
controllers calls for development of adequate models [41,
75, 85, 154, 236]. Models largely depend on a type of the
analysis, which is generally either component or system
orientated. In the component orientated analysis, individual
physical elements of a FACTS-controller are concerned.
On the other side, the system orientated analysis needs
answers on achievements that could be possibly gained by
using a FACTS-controller. This research work is solely
concerned with system wise aspects of the FACTS
technology. In general form, system wise aspects are
related either to the improvements of security and
economics [19, 69, 112, 117, 255, 264, 300, 352], or to the
enhancements of transmission network capability [71, 77,
212, 214, 245, 279, 294]. Mostly, the analysis is
dominantly concentrated either on a power flow regulation
[29, 62, 89, 103-104, 107, 114, 132, 134-136, 218, 227,
234, 262-263, 266-267, 299, 310-311, 401], or on a
damping method of electromechanical oscillations [48, 52,
63, 74,94, 109-111, 118, 265, 268-273, 303, 389].

As a modern FACTS-controller capable for providing
simultaneous voltage support and co-ordinated control
action, the Unified Power Flow Controller is chosen.
Conceptual solution at an idea level is first established
[124-129, 325], and then followed by its, one and the only,
physical application in a real power system [237-238, 304-
305, 312-313, 328]. In addition to this installation, several
real time laboratory models are developed [79-80, 168,
204, 252]. Several other utilities have application plans [95,
159, 305]

The Unified Power Flow Controller is composed of two
mutually coupled branches, shunt and series one. There is a
large experience in the field related to the individual
applications either of the shunt branch [3, 21, 58, 152, 183,
207, 217, 235, 323-324, 327, 335, 348, 404], or of the
series one [55, 133, 179, 205-206, 240, 242-243, 283, 307-
308, 345, 366, 394]. Being adequately coupled, they form a
new device, which needs a new computer model as well.
Several different models are developed depending on
whether the analysis is component or system wise [11-12,
59, 100-101, 178, 181, 186, 224, 228, 241, 256, 284, 309,
336, 339, 367, 391]. Models enable simulation of various
case studies [33, 150-151, 215, 226, 229, 261, 292, 316,
325-326, 340-341, 364, 396]. Again, the system wise
analysis is dominantly related either to a load flow control
[7, 174, 225, 244], or to an oscillation damping method
[149, 185, 221-222, 239, 246, 337, 388, 390].

In order to deal with the voltage stability problem, the
solutions with FACTS-controllers must provide voltage
support and/or appropriately co-ordinated control actions.
Apart from several larger rating prototypes of Static Var
Generator as an improved version of Static Var
Compensator [22, 43, 96, 131, 365], no other modern
FACTS-controller application has been considered to help
solve the voltage stability problem. The Unified Power
Flow Controller is considered to be a new impetus.

1.3 OBJECTIVES OF THE DISSERTATION

The thesis goal is defined as to show how it is possible to
alleviate the voltage stability problem by using the Unified
Power Flow Controller (UPFC), modern power electronics
based FACTS device. The UPFC in its general form can
provide simultaneous, real-time control of all basic power
system parameters (transmission voltage, impedance and
phase angle), and dynamic compensation of ac system.

Besides satisfying conditions set by power flow regulation
and damping of electromechanical oscillations, it also
provides voltage support to the system, and helps voltage
unstable situations being solved.

Therefore, a work on this dissertation has been launched
aiming to fulfil following general objectives:

e Set a comprehensive explanation of voltage stability
problem and mechanism of voltage collapse in a
multi-machine power system,

¢ Develop analytical methods useful in the problem
solving by early recognition of impending voltage
collapse within combined dynamic and static
approach, and

e Develop preventative measures and actions using
adequate FACTS-controllers (especially Unified
Power Flow Controller, UPFC) to alleviate the
problem and increase transmission throughput.

I.4 SEQUENCE OF THE DISSERTATION

In the elaboration of the thesis, a research work on
computer analysis of power system stability has been
carried out. In order to analyse dynamic phenomena, a
FORTRAN computer program for mid-term time domain
simulation of multi-machine power system is developed,
combining dynamic and static aspects of analysis. It is
primarily focused on off-line simulation of voltage
emergency situations using differential-algebraic model of
power system. Besides, parallel work on more complex
multi-machine model of practical power system appeared
using commercially available software that helped having
own in-house developed program tested and verified.
Eventually, the program could be installed in a control
centre serving for voltage security evaluation of a power
system.



There have been several phases in the elaboration.

In the first phase, the computer program for time domain
simulation has been made. It has featured different
generator models with generic excitation and speed
governor - turbine control systems, models of static and
dynamic loads, induction motors, LTCs, transmission lines
and buses... Computational methods that have been
included comprised fast de-coupled transient load flow
along with Gauss-Seidel and Jacobi load flows, sparse
matrix techniques, and 4™-order Runge-Kutta method of
solving differential equations by using constant step-size
integration.

In the second phase, the static aspects of the linearised
differential-algebraic power system model have been
included and applied at snap-shots along time domain
system trajectory. Concerned properties of the state and
extended Jacobi matrices are useful in general stability
analysis  (singular and eigenvalue decomposition,
sensitivity analysis, and participation factors). While the
static aspects are very helpful in recognition of the voltage
stability problem, modern means of voltage support are
sought for should they be applied thereafter.

Thus, the third phase of the elaboration has been initiated
turning out the need for FACTS device modelling. The
UPFC injection model has been established along with
appropriate control system. While the static aspects help
the voltage stability problem being recognised through the
matrix decompositions, the UPFC, heart and soul of the
dissertation, represents a source of voltage support and
power flow control.

Afterwards, the UPFC has been studied concerning its
capability to help the voltage stability problem solved.
Combined dynamic and static approach is used to analyse
the control system of the UPFC injection model. The
injection model enables three parameters to be
simultaneously controlled, namely the shunt reactive
power, O.omi, and the magnitude, r, and angle, Y, of the

injected series voltage. It fulfils functions of reactive shunt
compensation, voltage regulation, line power flow
regulation, series compensation, PAR/QBT phase shifting,
and damping of electromechanical oscillations meeting
multiple control objectives.

I.5 CONTRIBUTION OF THE DISSERTATION

Benefits of the proposed methodology are explored by
analysing a multi-machine test system using in-house
developed computer program. According to the established
general objectives, it is possible to point out the main
contribution and achievements of the dissertation as it
follows:

e Development of differential-algebraic model of multi-
machine power system useful in time-domain
simulation with combined dynamic and static elements
of analysis in order to study dynamic phenomena of
mid-term transient periods of decreased voltage
security level,

¢ Development of the UPFC injection model with
adequate control system in order to define the role of
the device and its regulation capabilities useful in
voltage stability problem, as well as to define
methodology of rating, locating and timing of the
UPFC action with simultaneous three-parameter
control, and

¢ Development of methodology aimed to recognise
critical points of power system operation using matrix
decompositions and functions characteristic for
appearance and evolution of voltage stability problem,
as well as to compute their sensitivities with respect to
the load parameters and the UPFC set of control
parameters.



II. SYSTEM MODELLING

I1.1 MULTI-MACHINE TEST SYSTEM

The benefits of the UPFC and its injection model with
several types of control strategies contributing to
alleviation of the voltage stability problem are explored by
analysing simple 6-machine, 400 kV 20(22)-bus test
system (Fig. II.1). It is inspired by the one often used in
CIGRE reports [62]. It has 20 buses when the UPFC is not
included and 22 buses when it is included in the system.
Additional 4 buses are introduced when two composite
loads are modelled. Data are given in Appendices.

2100MVA ©
25kV,1.05pu

1200MVA
26kV,0.965pu
L20 SMW

10
(100km) 950MW

TRA2 BUS13
Fig. II.1. Multi-machine test system

The system is comprised of two main areas (left and right-
hand one). Six generators are located in the system being
divided equally in two main areas. The loads are located in
both of them. They are of two types, the static ZIP type or
the dynamic one. Dynamic load model is either a
composite or a non-linear recovery one. Static parts of the
loads are constant current in active power and constant
impedance in reactive one. The UPFC is located in the
middle of the line 26, which initially connects buses 19 and
20 with dynamic load models applied. During voltage
collapse scenarios these loads are shown to have the largest
contribution to instability due to their dynamics. Following
simple logic, the UPFC is located nearby these loads to
help voltage stability problem solved. Furthermore, the
UPFC is used to control power flows in steady state as
well. The task is considered to be typical in removing a
constraint that limits possible power transfer.

I1.2 GENERATOR MODELLING

Dynamics of synchronous generator is represented by
appropriate transient model [10, 160]. It is estimated that
sub-transient phenomena do not have larger impact on a
voltage collapse scenario. Thus, the transient effects are
accounted for, while the sub-transient ones are neglected.
In order to be included in the load flow computational
procedure, it is necessary to introduce generator internal

bus (Fig. 11.2), with the voltage vector E; behind the

admittance //(r+jx'y), where r denotes stator resistance, and
x'; d-axis transient reactance.
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Fig. I1.2 Generator model in load flow computations

The vector diagram of the generator model reveals a need
for a correction of internal voltage at the I-bus due to pole
saliency (Fig. I1.3). Whenever there is a difference in d and

g-axis transient reactances, the voltage E; should be

eventually corrected with the term (x;] - xy )I J°", resulting

with the voltage Egen .

= gen
E xq1g

gen en
4 8!
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Fig. I1.3 Vector diagram of generator model

After decomposition of the voltage E’gen into d and g-axis

components, differential equations are written for its
variables E’; and E';, belonging to the two-axis transient
E’-model of synchronous generator. If superscript * is
omitted due to simplification, the d-q decomposition of the
variables  is Vo =Vy+jV,,

key given  as

Egen = Ey+ jE,,and Igen = Iz + jl, .

Since the stator voltage equations in this model are the
algebraic ones, the differential equations describing
dynamics of synchronous generator are given as

Zzw-1, 1.1
" (IL1)
4w _ Ty _Eala+Eqly =g ~x)laly D@D o,
dt 1 7 T,
dE, - Epp —E, +(x; —x4)]

- Epp —E; _°FD q (x4 a)lq , (1L3)
dt Tio Tao
E E;+(x, —x,)]
ddd = _Eat Gy mxg)ly (IL4)

t '[(’]0



where O denotes angle between referent and g-axis, w rotor
speed, E'; and E’, d and g-axis components of the voltage

E’gen, T,, mechanical torque, /; and I, d and g-axis
components of the generator current fge,,, D damping

coefficient, T; constant proportional to the generator inertia,
T’y and T’y transient time constants of open circuits in d
and g-axis, Epp excitation voltage, and E; q-axis component

of induced voltage F .

The algebraic equations that describe generator voltage
relations are given as

E;i —Vg-rlyg—xyl, —(x;] —x;i)lq =0,

(IL5)
E, =V, -rl, +x,1, =0, (IL6)
V,=V,sin(®, -08)=0, (IL.7)
Vy=Vycos(©,-3)=0, (IL.8)

where V,; and ¥V, denote d and g-axis components of the
terminal voltage V', with magnitude ¥, and angle O,.

Concerning control systems, the generators are equipped
with an excitation system (1 state variable) including over-
excitation limiter (OEL, 1 state variable), and a speed
governor - turbine system (4 state variables).

The excitation system [10, 161, 191] is modelled in a very
simplified way (Fig. 11.4).
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Fig. 11.4 Model of excitation system

Only one differential equation describes corresponding
dynamics of the model

dEpp _ K4Vrer =V —VogL + OFF1) ~ Epp

1.9
dt T, (L)

where Erp denotes excitation voltage as state variable, K,
and T, gain and time constant of the linear regulator limited
by maximum, V., and minimum, Vi, values, Vegr
referent voltage set-point, V, magnitude of generator
terminal voltage, Vg, output voltage from the OEL, and
OFF| offset value that allows initial values of voltages
Vrer and V), to be equalised.

In voltage stability analysis of the systems where the
problem except from transmission part arises also from the
generator regulation circuits, it is necessary to include the
over-excitation limiter (OEL) [2, 113, 122-123, 156, 253-
254] in the model (Fig. IL.5).
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Fig. I1.5 Model of over-excitation limiter

In a simple form, the OEL differential equation is given as

dVorr _ (Urp = Trin2)KoKs

, (IL.10)

where Vog, denotes output voltage from the OEL, Ipp
excitation current, Ir;), continuos operation limit of the
excitation current, K, and K; gains, and Tyg; time constant.

The algebraic equation belonging to the OEL is given as
E, = (v, =x)1, =1, =0, (IL11)

where x, denotes d-axis synchronous reactance.

By approximate reasoning, the maximum allowable
excitation current in continuous operation, /x;;., could be
defined according to the operating diagrams of generator
with a round rotor (Fig. I1.6), and a rotor with salient poles
(Fig. 11.7).
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Fig. I1.6 Operating diagram of a generator with round rotor
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Fig. I1.7 Operating diagram of a generator with salient-pole rotor

The g-axis component, El , of the induced voltage E is
set to be equal to the maximum value /r;,,; due to initial
steady state conditions of the model.



For the generator with a round rotor, the E; is defined as

2
EI :x_d Pn2+ n+V_" ,
Va Xd

where P, and O, denote nominal active and reactive power.

(IL.12)

For the generator with salient poles, the E; is

op -X O
Ej=Xdgin _y2d T4 Gags 0 (IL13)
V, Bino, Xg%xg 8
The angle J, in (I1.13) is computed as
P
o, = arctg—”z. (11.14)
0+
*q
The speed governor - turbine system [10, 191] is

represented according to its general model (Fig. I1.8).
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Fig. I11.8 Model of speed governor - turbine system
There are four differential equations describing the model

dGOV1 _wppr —w _GOV1 1,
dt TR T T\RT;

T, +

m

r ' ' ' '
* T Rzr. [Edld tE L, —(xg —xg)gly[+, (IL15)
10
+ 17,D (@-1)
TIRTj
dGOV 4 _ GOV3-GOr4a _ P,o +GOV1-GOV4 (L16)
dt T3 1 (L
dGOV's _ GOV4-GOV>S ’ win
dt Ty
dT,, _GOVS T, . F GOV4-GOVS T2
i WTs  Ts T4 w wr;
T, ! ' ' f
* o lEala +Eq1q‘(xq‘xd)’d1q]+ , (IL18)
Wt
+ TnD (1_l)
T: w

J

where GOV1, GOV4, GOVS, and T,, denote state variables,
P,y and wygr referent power and rotor speed set-points, R

droop, Py4x and P,y power limits, T; to Ts time constants,
and F constant determining aggregate type (hydro/turbo).

I11.3 LOAD MODELLING

The loads are often considered to be driving forces of the
voltage stability problem. Therefore, special attention
should be paid to load modelling -considering its
contribution to a voltage collapse scenario. After being
shortly disturbed, e.g. with three-phase short circuit cleared
by line outage, permanently decreased voltage magnitude
level appears in the system as a consequence. By mid-term
recovery process of re-establishing initial power
consumption, the loads bring generators under over-
excitation limiting conditions and/or cause transmission
system being incapable of requested power delivery.

In order to compare a level of their contribution to the
voltage collapse scenario, two different types of dynamic
load model are used:

= Composite load model, and
=  Dynamic load model with non-linear recovery.

I1.3.A Composite load model

Looking from a high-voltage side (HV bus), there is an
LTC transformer as the first element in composite load
model (Fig. I1.9). Tap changer is located at the HV primary
side controlling the voltage magnitude of the secondary
low-voltage side (LV bus). Reactive power compensation
is provided at the L'V bus by a fixed shunt capacitor bank
(SHUNT CAP). Equivalent impedance of a distribution
feeder, Z,,, is located between the LV bus and a load one
(LOAD bus). The LOAD bus has induction motor load
(IM), thermostatically controlled load (TCL), and static
load (SL) connected on itself [191, 356-357].

HV LvV

bus bus  Zeg
—~=—TCL
LTC 1 SL
LOAD bus

SHUNT
CAP

Fig. I1.9 Composite load model

LTC transformer

As a starting point in LTC transformer modelling [46, 76,
277, 296, 332, 402, 408], standard 1T model is used (Fig.
11.10). That model contains an ideal transformer with a tap
ratio, #,, and an admittance Tt scheme. The tap ratio could
be constant or changeable. Admittance 3, depends on a

short circuit voltage, u;, whereas admittance ;0 is function

of a no-load current i,. Admittance scheme is placed at the
opposite side of the one with voltage regulation.



Fig. I1.10 Transformer model

Starting with the expression for the tap ratio ¢,

V. I
(o= L =_1 , 11.19
s (IL19)
where the current 7; 1s defined as
=0 -V, +7 70 (11.20)

the expressions for currents /; and /; as functions of

voltages Viand V j are given as

- _ Oy yrOl yo 10 =y
I; :Vi%T +y—B——IH+y—O—2D—ij—, (L.21)
gt t Oy O 2 8 Iy
Y — Db — vy O
1= 207, @y Ho LB 2op (I.22)
I atr 0 40 2Q

As it is necessary to include transformer model in
appropriate load flow algorithm, (I1.21-22) give a basis for
obtaining the equivalent Ttscheme (Fig. I1.11).
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Fig. I1.11 Equivalent Ttscheme

The impact of the ideal transformer is included within the
elements of the scheme. The elements of the equivalent T
scheme are

- _y

v = tT : (I1.23)
yo=tr Al B el 1124
Yio = 0, 0 7 2‘3 p ( . )
v 0=rpd-LH 20 (I1.25)
20T o 2

This scheme could be used to represent LTC transformer as
well. In this case, each tap change causes necessary re-
computation of admittance matrices due to changed
parameter values.

In order to avoid re-computation, transformer model with
injected currents or powers is used instead (Fig. 11.12).
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Fig. I1.12 Transformer model with injected currents

Transformer is represented with a 4-pole element, where

the admittance y; has constant value, and the injected

currents depend on the tap ratio. Due to a shunt character of
the injected currents, they could be modelled as additional
load powers at buses.

The currents 1; and 1 ;j are defined as

Ii= (Vi_fj);T +11i ,

Tj: Vj_fi);T +7Tj.

(11.26)
(I1.27)

By equalising (I1.26-27) with (I1.21-22),
currents are obtained as

the injected

= 1 = 1
It =Vi1+— +V H——E; , (11.28)
i ZE Z‘E T J 0 tr 0 T
1 =I7iH1—LB;T. (11.29)
o &0

By applying standard expressions for apparent power

p— —_ =%

Sti=Vilri, (11.30)
Sty =V iy, (IL31)

the transformer model with injected powers is obtained
(Fig. I1.13).
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Fig. I1.13 Transformer model with injected powers

Further on, the injected powers appear as

Py = El_ tl_ByTViVj sin (@, -0;), (11.32)
,
1 01 v, 0

On :El . Ey V12H7+1—V—jcos(@i—OJ)H,(H.33)



:—@1 ! H) ViV sin (0, —Oj), (I1.34)
= —@1 ! B? ViV cos (@ ) (IL.35)

In order to allow the tap ratio, ¢., being variable, it is
necessary to introduce a model of a scheme serving for
voltage regulation of the secondary side (Fig. 11.14).
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Fig. I1.14 Voltage regulation by LTC transformer scheme

In the LTC scheme [76, 356-357], voltage regulation is
carried out using voltage magnitude V7 of the
transformer secondary j-side. The scheme contains models
of measuring element, time-delay element, motor drive
unit, tap mechanism, tap limits, and a correction due to
initially off-nominal tap position at the secondary side.

The voltage difference, AV, given as

AV =Vpgp VIO (11.36)
serves as input for the measuring element, which is
characterised by dead-band, DB, and directional sensitivity
tolerance, €.

The output of the measuring element, e, is defined as

-DB<AV <+DB
AV < (DB +¢), AVincreases
AV =2 —(DB +¢€), AV decreases

0 for
M for
M for

e:%-lfor
1 for
O

1
1

AV > (DB +¢), AVincreases
AV > DB, AV decreases

(IL37)

AV <—(DB +¢€), AV decreases
AV <-=DB, AVincreases

The time delay element is characterised by the time delay
constant, 7, defined with two values (7,,>T,,) as

Ha for the first tap move
T, =0 . (I1.38)
£, for the subsequent ones

The output of the time delay element, b, is defined as

0 for t<T,, e=arbitrary

b:%’rlfor t>T,;, e=+1 (I11.39)
O
B1for t>T;, e=-1

The output of the time delay element is the input of the
motor drive unit and tap changer mechanism. They are
characterised by time constant 7,,, while the output, An, is
defined as

0 for t<T,, b=arbitrary

An=%+1for t>T1,, b=-1 (I1.40)
O
B1for t>T,, b=+1

According to the voltage regulation scheme, the tap

position, 7;, that should be achieved in the next step, is
obtained by adding eventual tap change An; to the current
tap position n.;), as given in

n; = n(i—l) +Al’ll- . (1141)

After passing through the tap limiter, the tap position
should be transferred to the tap ratio basis. It is made
possible by multiplying the requested tap position with
expected per unit change, Au, which equals to (# Au). That
value is added to the nominal ratio (set equal to 1), and the
result is corrected by the off-nominal ratio due to initially
off-nominal tap position at the secondary side. The final
expression for the tap ratio, ¢,, is given as

U© )UBz
t, = +nbu)—2— (IL.42)
B1Un2
where Uy; and Up, denote primary and secondary side base
voltages, and U,; and U, primary and secondary side
nominal voltages. Primary side off-nominal conditions are
set through the initial position defined with n_;).

Shunt capacitor bank

In order to decrease reactive power flow through the high-
voltage system, the shunt reactive compensation is
provided locally at the LV bus (Fig. 11.9), by using fixed
shunt capacitor bank [356-357]. In general, there is an
option, especially in HV system, to have a shunt reactor
connected as well.

If load consumption in the system increases, bus voltage
magnitudes decrease. In due time, shunt capacitor banks
should be switched on to increase the voltages. On the
other side, if load consumption is small, line shunt



capacitances could increase voltage magnitudes above
acceptable values. Then, shunt reactors should be switched
on to increase inductive load consume, and decrease
voltages. In general load flow problem, in the beginning of
the analysis it is not known whether reactive compensation
devices should be switched on or off. The answer to that
question is obtained by iterative procedure.

The most important parameter of the shunt capacitor bank
from this load model is its nominal reactive power, Osy,,
given in Mvar at nominal bus voltage magnitude (1 pu).
The reactive power Qgy, is positive for inductive load, and
negative for capacitive one. By using system base power,
Sp, given in MVA, the per unit value of the shunt
susceptance, bgy, is defined as

bgy = Ostin . (11.43)

Sp

The shunt susceptance, bgy, is positive for capacitive load,
and negative for inductive one.

Distribution equivalent impedance

In order to represent low-voltage sub-transmission and
distribution system in the composite load model (Fig. 11.9),
the equivalent impedance of lumped distribution feeders
and transformers, Z,, is located between the LV bus and

the load one [356-357].

Induction motor

The induction motor is represented by using its transient
dynamic model. Appropriate differential and algebraic
equations are included in the system model.

As a starting point in derivation of the transient dynamic
model [37, 44, 173, 297, 318, 356, 383, 400, 403], standard
impedance scheme of induction motor is used (Fig. II. 15).

Xg Xr
o ’\NV\ TN T
T T;

Vn Xinag g %r

Fig. II.15 Standard impedance scheme of induction motor

Parameters Ry and R, represent stator and rotor resistances,
Xs and X, stator and rotor leakage reactances, Xq
magnetising reactance, and s motor shp Motor bus voltage
is denoted by Vn, while 7s and I, denote stator and
rotor currents.

In order to compute initial steady state operating point of
the system with induction motors included, first it is

necessary to define initial equivalent impedance
R, (s)+jX,(s). It is valid only for steady state (Fig. 11.16),
and helps motor power consumption being computed.
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— AN L) —
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Fig. 11.16 Initial steady state equivalent impedance

The equivalent impedance depends on induction motor slip,
and should be computed according to following expression

]XmagE&-'_JX ﬁ

Rm(S)+ij(S)=(RS+jXS)+
r +](X +X)
S

. (IL44)

mag

After some elaboration, it results with the expressions

2
XopaoR
R, (s) = Ry +— mag * (I1.45)
ﬁ&g mag +X )2
X
M XmagX (Xmag Xr)
X, (5)=Xg+—5 (I1.46)

e (e + 0,P

N

The current 75, which flows through the impedance
R,.(s)+jX,(s), is defined as
- Vi

T Ru(s) * jXu(s) (147

Consequently, the apparent electric power is defined as

— — % V2
S=V,ls = n

- n (11.48)
Ry, (s) = jX  (5)

Further elaboration gives active and reactive power as

R, (s) 2
=—7"7 11.49
emot R,%l(s) 4 X,%, (S) n ( )
Qemot = m(S) V2 . (HSO)

R2(s)+ Xp(s)

The powers (I1.49-50) are given in per unit values with
motor nominal power S,.,, as a basis. Before being
included in the load flow computation, the powers should
be multiplied by S,,,,/Sp introducing the system base power
Sp as common reference.



In order to compute a complete set of motor variables valid
for initial steady state operating point, the series equivalent
scheme is used (Fig. I1.17).
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Fig. I1.17 Series equivalent scheme of induction motor

The equivalent series resistance, R,, and reactance, X,, are
derived from

ijag (RS + ]XS)

R, +jX,= . , (I1.51)
¢ ¢ RS+](XS+Xmag)
and given as
2
ReX
R, =— S7 mag (11.52)
R+ (X + X g
2 2 2
:RSXmag+XSXmag+XmagXS (IL53)
e 5 . .
RS +(XS +Xmag
If the equivalent voltage Ve is defined as
T — X
V.=V, .J mag -
RS+](XS+Xmag) (I1.54)
:; %Xmag XS +Xmag RSXmag E, .
"ERZ+ (x5 +x RE+(Xg+ X0 f
S S mag S S mag E

the rotor current }r results as

Ve
I, = R .
R+ DX )

Hereby, the electromagnetic torque, 7,, developed by the
motor is defined as

(IL55)

pePu e R
e r
Wy, Wys SWps

(IL56)

_ R, V; ,
Stys R

where Py, denotes motor shaft power or the mechanical
power given to the motor load, P,, motor air-gap power or
the power that is transferred through the air-gap from stator
to rotor, s per unit value of stator frequency that is equal

10

to (219)/(21¥y) = wy/y, and ), per unit value of the rotor
speed that is equal to (1-s)cys.

The shaft power, Py, is regarded as a difference between
the air-gap power, P, and the rotor power 1oss, P. It is
computed as

Pen :Pag_P

rloss

R 1-
=S 2 pI2=""SRIZ Ls7)
S S

Thus, the electromagnetic torque, 7,, developed by the
motor, could be defined as

Te:ﬁ_ Pag _(1_S)Rr1r2
Wy, Wos Sy,
_(1-5)R, v2 (IL.58)
5@, R

Point of maximum electromagnetic torque in a well-known
motor slip-torque characteristic is achieved when the load
impedance becomes equal to the circuit impedance

R o JR2+(x,+x, )%
S

Maximum point is defined by following characteristic
values of torque T, and slip S7emax

(IL.59)

1 0.5
s R, +yR2 +(X,+ X,
R}"
=
VRZ+(x, +X,)

T,

emax ~

, (I1.60)

STemax ~

(IL61)

The initial steady state value of motor slip, s, is derived
from (I1.56) by establishing following quadratic equation

as? +bs +c =0, (11.62)
where coefficients a, b, and ¢, are given as

a=ansT R +(x, + X, 7], (11.63)
b=2R,R,wysT, — R V7, (IL.64)
c=wysT,R? . (1L.65)

At the initial steady state operating point, it is assumed that

wys is equal to 1, which makes the motor slip being one of
the roots of (I1.62).

Mechanical load torque of the motor, 7,, is defined
according to

O m
T, = momb—mnga’i@mDBw—mg (1166

a W0 O W0 O W0 O E



where T, is a value of the load torque at the speed ,, 4,
B, and C are appropriate coefficients of quadratic, linear
and constant term, while D and am define initial value of
the torque.

The exact solution for the initial steady state operating
point of the system with induction motors included is
obtained iteratively (Fig. I1.18). In the sequence, the motor
initialisation is followed by the load flow procedure, which
calls for the motor adjustment. Upon satisfying iterative
difference in motor electric powers, the base case is
completed as the motors are concerned.

motor
initialisation

load flow

procedure

motor
odjustment

base case
output

Fig. I1.18 Iterative procedure for determination
of exact initial steady state operating point

Motor initialisation and adjustment have rather similar
sequence. First, the set of parameters (R, Xe, S7emaxs Vez,
Teomax) 1s computed. Then, the second one (7, 7., a, b, c, s)
is determined. Using the value of the motor slip s, the
motor speed ), is calculated. If the difference of the value
of the motor speed ¢, from two consecutive iterations is
larger then the value of pre-established threshold (e.g. 1.e-
6), the procedure is taken backward to the evaluation of the
second set of the parameters. Iterative procedure is stopped
when the value of w, from two consecutive iterations
becomes small enough. Afterwards, the third set of
parameters (R,(s), Xu(S), Pemot» Qemor) 18 computed. The
active, P, and reactive, Q..., power of the motor are
necessary inputs for the initial load flow procedure. The
powers are considered as the bus load injections. They are
added to the load powers of the other loads at the same bus.
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The whole procedure is stopped when the changes AP,
and AQ....: between two consecutive iterations satisfy pre-
established thresholds &p and &.

Having the initial steady state operating point determined,
the analysis is focused on the transient dynamic model of
the induction motor (Fig. I1.19). Within dynamic load flow
model, besides terminal connection bus (E, external) the
induction motor needs additional internal bus (I) as well. At

the internal bus, the transient voltage E'mot is set to adjust
for dynamic behaviour of the motor.

®

® 7 +ib
(ﬁom) mot g1 1o (to)

T

L

m MOTOR

+
"
Enmn

o

V1)

Va
(VE)

Fig. I1.19 Dynamic load flow representation of induction motor

The admittance g;+jb;, between external and internal bus,
is given by the inverse of the motor impedance Rg+jX"
According to the standard impedance scheme of the
induction motor (Fig. II.15), parameter R represents stator
resistance. Reactance X’ depends on stator reactance X and
a parallel combination of the magnetising reactance X,q,,
and the rotor reactance X,. It is computed as

X
X=xg+ &7 (11.67)
Xmag + X,
The transient voltage Emor is defined as
E;no[ = Vn - (RS + ij)jnu)t 5 (II.68)

where ¥, denotes terminal bus voltage, and Imor motor
current drawn from the network.

Corresponding vector diagram is set according to the
decomposition into d and g-axis (Fig. 11.20).

+ ) d-axis
n Imqt E. mot Vmot
q q q
In ! N7/
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d r-— e
\ P
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o
o

Fig. 11.20 Vector diagram of induction motor



It is assumed that the g-axis leads the d-axis for 90°, while
the angles are negative. Therefore, neglecting the
superscript " in motor d-q components, the key variables

are decomposed as V= Va=iVys Emot = E‘d —jE'q , and

}m()t :]d _-]IC[

The d and g-axis components are given as

V,=V,sin®,, (11.69)
d n n
Vy=V,c080,, (IL.70)
Ey =E,p sin®,, (IL71)
Ey = Eypp 0080, (IL72)
1 : ,
Iy =———|RsWVy-E,)-x'V, -E,), (L73)
d R§+X'2[S(d d) (q q]
1 : .
I, =— g, -E, )+ x'v, -E, ). (1174
s )b -]

Basic differential equation, which describes electrical
dynamics of the transient model, is given as

dE;not

. = l T . -
di = _]%SSEmot - T_(,) gmot - ](X - X')[mo[ E,(II75)

where the reactance X is defined as

X=Xg+ X0, (I1.76)
and the constant T, 0, as
v X, +X
Ty = ——& (11.77)
wOSRr

Per unit value of the frequency wys at the bus where the
motor is connected to the system is variable. Since it is
computed depending on the bus voltage angle change as

do
dt

Wos = 1+ n , (11.78)

the constant 7, should be recomputed in each time step.

After d and g-axis decomposition, (I.75) becomes

dE . E X-X

—4= (wos — Wy )E, -1 —1;, (11.79)
dt o o

dE, E; X-X

Td = (w5 —w, )E, ——L+=—"1, (11.80)

! o To

Motor shaft dynamics is defined as

dwy, T, =Ty (IL81)
dt 2H

where H denotes motor inertia constant, and 7, and T,
electromagnetic and mechanical torques.

The electromagnetic torque, T, is computed as

T, = (E;ﬂd +E;Z1q) Wos » (1L.82)

whereas the mechanical torque, 7, is defined by (IL.66).

Besides these three differential equations (I1.79-81), the
transient model of the induction motor includes four
algebraic equations as well. They are derived from (II.73-
74, 11.69-70), and are given as

- X'E, +RgE, + (R§ +X'2)Id ~RgVy + X'V, =0,(IL83)
RgE, + X'Ey + (R§ +X’2)1q - X'V = RgV, =0 ,(L84)
Vy—V,sin®, =0, (I1.85)
Vy=V,c0s0,=0. (I1.86)

Differential (I1.79-81) and algebraic (11.83-86) equations of
the induction motor transient model are included in the
overall system model when the motors are present in the
system.

Thermostatically controlled load

At the LOAD bus, the composite load model includes a
thermostatically controlled load (TCL). The TCL
represents aggregated thermal heating consumes supplied
from the bus [36, 191, 356-357]. The active load power of
the TCL depends on a conductance G (linearly), and on a
bus voltage magnitude ¥, (quadratic) as

Py (GV,) =GV} . (I1.87)
Generally, when the bus voltage magnitude is decreased,
the conductance G is increased through temperature
feedback control (Fig. I1.21). Actually, by sudden drop in
voltage, the consumed active power is decreased. Then the
TCL stays switched-on longer and increases its active
power consumption by increasing conductance G.

TRiFCZ

Tn

.
1+ST1

Fig. I1.21 Thermostatically controlled load model

The leading branch of the model is of proportional-integral
type defined by gains Kp and K, respectively, and integral
time constant T¢. Maximum conductance value, Gyuy,
depends on a minimum acceptable bus voltage magnitude.



As the input in the PI term, a temperature change appears.
It is a difference between the referent temperature Tggr and
the temperature of heated space 7. Besides on the lag term
defined by the time constant 7, the heated space
temperature Ty depends on the ambient temperature T, and
the term proportional to the active power consumption
K,GV,2. In that feedback term, the gain K; adjusts for the
initial steady state value of the active power and is given as
— TReF Ty

Ky
2
GoVo

[cC/ pu], (11.88)

where subscript , denotes initial steady state value of
conductance and bus voltage magnitude. Time constants 7¢
and T, are much larger than the others in the system due to
a longer regulation mechanism of space heating.

Finally, the TCL load model is described by two
differential equations

dTH =-Ln Kl GV2 + (11.89)
I Tl ’
dG %1(7 % KPK1 G+
g 11.90
TREFKI _Kpty (1150)
Tc n

The model does not have any of algebraic equations that
should be included in the overall system model.

Static load

At the LOAD bus, besides induction motor and
thermostatically controlled load there is a part of the total
load which is considered to be static in nature (SL). Static
load power depends on the bus voltage magnitude, 7, and
eventually on the change of the bus frequency 4f[157-158,
191]. The active power of the static load is defined as

Py(V,,.0) = Pf %Kp%fg +K, %T%K O+
+ mpl%"oém 1+ 1,10 ) E+
%%@l (1 + nPfZAf)%

where P,” denotes active power demand at the bus voltage
magnitude V,, at initial steady state, K., K,, and K,
proportionality coefficients for voltage dependent part of
the power, and K,;,, n,;, and n,; (respectively 2)
proportionality coefficients of voltage/frequency dependent

parts. The coefficients should satisfy following relationship

O

(IL91)

oo

+ D<p2

H

=1-(K, +K,p + K +K ). (I1.92)
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This type of the static load is commonly known as ZIP load
model. Similar expressions are valid for reactive power of
the static load.

I1.3.B Dynamic load model with non-linear recovery

The aggregate first-order non-linear recovery type of the
dynamic load model is introduced in the voltage collapse
scenario. This load model expresses load dynamics in
terms of its steady state and transient characteristics [13-17,
137, 140-141, 176, 298]. As seen from HV bus, it is aimed
to represent load recovery process influenced by LTC
transformers and TCL loads (mid to long-term) and
induction motors (short-term).

Basic differential equation of active power load is given as

Tp d; d+p = (11.93)

where P, denotes consumed dynamic active power with
time constant 7p of its recovery process, and Py static
active power characteristic dependable on bus voltage
magnitude V.

Voltage dependable function kp(V,,) is usually defined as

kp(V,) = kpV 2L (11.94)
Basic differential equation (I1.93) is rather inconvenient for
usage in numerical integration procedures. Therefore, the
other formulation is established by introducing new state
variable of the load active power, xp, given as

(11.95)

xp =Tpby =TpR(Vy)

where active power transient function P,(V) is defined as

1 V

R0 =7 [kp )V + B ). (IL96)

The derivative of the state variable, dxp/dt, is defined as

Ep _p -
dt Tr dt Tp (I1.97)
=Ps(Vy)— By

Since the consumed dynamic active power, P, could be
defined from (I1.95-96) as

a

kpV
X X PV n
Pd(xP’Vn):T_P"'B( )_ Lr— ’

(IL98)

the derivative dxp/dt, from (I1.97), becomes dependable
only on xp and V,, as



dx X
—L=-Lipw,)-RW,)=
@ Tr kb @ (11.99)
X n
== Ps() -
Tp alp

The state variable, xp, from (I1.95), and its corresponding
derivative dxp/dt, from (I11.99), are used to describe first-
order non-linear load recovery. The recovery appears after
a bus voltage magnitude change caused difference between
consumed dynamic active power and static power.

There are two properties in time response of a consumed

dynamic load active power due to a voltage change. They
are defined as initial and final changes.

The initial change, AP, is computed as

DBy = FBy(tg-) = Fy(tg+) = F;(Vyo-) = F(Vyo+) =

- kp (Vn%— - Vn%+)

aTp

, (11.100)

where V. and V,,; denote values of bus voltage magnitude
before and immediately after a disturbance.

The final change, AP, appears after load recovery has
finished. It is computed as
APy, = Py(tg-) = Py (tew) = Ps(V0-) = Ps (Vo) ,  (IL101)

where V,o. and V, 7 denote initial and final values of the bus
voltage magnitude V.

At the initial steady state operating point, the derivative
dxp/dt is equal to zero. It makes the consumed dynamic
load active power, P,, being equal to the static power Ps(V)

d;—tf’:o 0 Py =P(V,), (1L.102)
with the state variable xp computed as
xp = TpPs(V,) = TpR (V) . (IL.103)

Similarly to (I1.93-103), relations belonging to load
reactive power are established as well, defining
corresponding state variable xy and its derivative dx/dt.

In the voltage collapse scenario, the steady state
characteristic of the load dynamics is expressed by constant
active and reactive load power, whereas the transient load
characteristic corresponds to constant impedance.

I1.4 NETWORK MODELLING

Network bus equations for active and reactive power
depend on whether there is a generator or motor connected
at the bus. Actually, it is possible to set bus equations in a
general form that is independent of generator/motor
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connection, but if the generator/motor algebraic equations
should be included in dynamic system, the network bus
equations differ mutually for generating/motor and non-
generating/motor buses.

Network bus equations in the general form [10, 18, 191,
378-380] are defined for bus k (k=1 to npys) as it follows

n
Pk(@,V): ZPkm

S (I1.104)
= Z (kaVk Vm cos ekm + Bkaka sin @km)
m=1
n
0k©.V)=5 O =
m=1 (IT.105)

n
= z (kaVka sin Okm - Bkaka COS Okm)
m=1

where n denotes total number of network and internal
generator/motor buses, npys, ngey, and nyor, given as
n=ngystncentiyor. The terms Gy, and By, denote elements
of the bus admittance matrix [Y]=[G]+[H , with

generator/motor internal admittance included.

In order to have the generator/motor algebraic equations
included in (I1.104-105), the d and g-axis components of
the terminal generator/motor voltage and current are used.
The active and reactive power flows from external to
internal bus are given for generator as

PE[ = GEIVEI/I COSOEI +BE[VEV[ SineE[ _GEII/E2 =

(1L.106)
= _(led + Vqlq)
Qpy = GpViVy sin@py = BV cos@py + By Vi =
(11.107)
= _(Vd[q _Vq[d)
and similarly for motor as
Py =+gly +V,1,) (I1.108)
Our=+Wal, =V, 14). (11.109)

Therefore, the network bus equations (II.104-105) are
rewritten for generator bus (k=F) as

n
Pe(©.V)= S Poy =Py —Valy +7,1,) (IL110)
m=1
n
O0r(©.V)=3 Opm —Or _(leq _Vq[d) (IL111)
m=1
and for motor bus as
n
Pe(O.V)= S Poy =Py +Valy +7,1,) (IL112)
m=1
n
O0r(©.V)=3 Oy _QE1+(Vqu_Vqu)' (IL113)
m=1



If there are no further bus power injections, the bus
network equations are written in algebraic form as

Pk(@,V)=0,
Qk(@,V):O.

(IL114)
(IL.115)

Generally, due to eventually bus connected dynamic
recovery loads, static loads, TCL loads, shunt
capacitors/inductors, and transformers, the algebraic bus
network equations (I1.114-115) are written as

P (©.V)* Py(xp.V )+ Ps(V.Af)+
i S , (IL.116)
+ PeTCL (G’V)+ PTiorj(e’Vatr): 0
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and

Oc(©.V)+ 9, (szV)’st(VaAf)+

. (IL117)
+Qspr (b, V) + Orior j(©.V,2,)=0

The algebraic bus network equations (I1.116-117) have
additional terms in both active and reactive powers when
the UPFC is included in the system. The UPFC is modelled
by using its injection model with active and reactive
powers injected at terminal buses from both sides.



I1II. THE UPFC MODEL

III.1 GENERAL DESCRIPTION OF THE UPFC

The UPFC can provide simultaneous control of all basic
power system parameters (transmission voltage, impedance
and phase angle) and dynamic compensation of ac system.
The controller can fulfil functions of reactive shunt
compensation, series compensation and phase shifting
meeting multiple control objectives.

From a functional perspective [124-129], the objectives are
met by applying boosting transformer injected voltage and
exciting transformer reactive current (Fig. III.1). The
injected voltage is inserted by using series transformer. Its
output value is added to the network bus voltage from the
shunt side, and is controllable both in magnitude and angle.
The reactive current is drawn or supplied by using shunt
transformer.

shunt side series series side
transformer
\ A
(o] L o} o
o [o]
shunt N N :
transformer v v r
1 2 o
1

e bl

Fig. III.1 The UPFC device circuit arrangement

Besides transformers, the general structure of the UPFC
contains also two "back to back" AC to DC voltage source
converters operated from a common DC link capacitor.
First converter (CONV1) is connected in shunt and the
second one (CONV2) in series with the line. The shunt
converter (CONV1) is primarily used to provide active
power demand of the series converter (CONV2) through a
common DC link.

Since the converters are operated from a DC link, they
exchange only active power and there is no reactive power
flow between them. It means that reactive power could be
controlled independently at both converters. Therefore,
there are three variables between two of the UPFC buses,
which can be controlled simultaneously. Generally, such a
structure enables voltage control from the shunt side, and
independent active and reactive power flow control from
the series side.

II1.2 THE INJECTION MODEL OF THE UPFC

Functional structure of the UPFC results with appropriate
electric circuit arrangement [265-273]. The series converter
output voltage is injected in series with the line and acts as
an AC voltage source (Fig. II1.2). The reactance xg
describes a reactance seen from terminals of the series
transformer and is equal to

— 2
X5 = X max (S8 /Scony 20 ) (IIL1)
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Fig. I11.2 The UPFC electric circuit arrangement

where x; denotes a series transformer reactance, rq.
maximum per unit value of injected voltage magnitude, Sp
system base power, and S,,,,,2, nominal rating power of the
series converter. The current flowing through the injected

voltage source, [jj, is the transmission line current from

the series side. Therefore, the nominal rating power S,
is determined as a product of the maximum injected
voltage and the maximum line current at which power flow
control is still provided. The voltage source exchanges
active power with shunt converter (CONV1), whereas
reactive power of the shunt converter, Q...;, could be
controlled independently, or, as it is explained later on,
according to its remaining capacity after satisfying demand
for active power.

The UPFC injection model [266-267] is derived enabling
three parameters to be simultaneously controlled. They are
namely the shunt reactive power, Q,.,;, and the magnitude,

r, and angle, Y, of the injected series voltage Vs. The
injected voltage Vs is added to the shunt side network bus

voltage 7z according to a general vector diagram of the
UPFC steady state operation (Fig. I11.3).

Fig. II1.3 General vector diagram of the UPFC steady state operation

The injected voltage Vs is defined as

VS — ,.Vl.e./y — rViej(ei"'V) — VSej(ef+y), (111.2)
where the shunt side bus voltage is given as Vi= Vl-ejef s

and the voltage source magnitude as Vg =rV;. Therefore,

the UPFC parameter r, which defines magnitude of injected
voltage, is given as



(IIL3)

and has a value in the range 0<r< whereas the

rmax ’

angle yis fully controlled in the range 0 <y <277.

In order to derive the UPFC injection model, first it is
necessary to consider the series voltage source (Fig. I11.4).

Vi@i Vs
I T

V.!

1
| s

Vi [ 8j

Li

Iij
Fig. I11.4 Series voltage source

The series voltage source is described in a form of a vector

diagram (Fig. I11.5), where the voltage V; is defined as

Vi=Vi+Vs, (111.4)
and the current 7;,- as
I 7 T 7o

j=—". (I1L.5)

Fig. IIL.5 Vector diagram of series voltage source

In the next step, the series voltage source is transformed to
the Norton equivalent (Fig. II1.6), having current, /s, and

susceptance, bg, instead of voltage, Vs, and reactance, xg.

3

Vi /e, rs= v; L6
]
I
-
I
Fig. I11.6 Transformed series voltage source
The current /s is defined as
_ 7 _
Is=—5=jbVs, (I1L.6)

JXs

where the susceptance bg has negative value (bs<0) and is
equal to by = -1/xs.
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Transformed series voltage source enables introduction of
the bus power injections into the buses (Fig. I11.7).
: g

Xq =

Xg bs

| |
| |

Vi@i E)j

Bs, Qs Py, Qjs

Fig. I11.7 Transformed series voltage source with bus power injections

The injections are obtained using current Is and bus

voltages ?i and V j as

J o Sis=v,0s)

where a load bus power has a negative sign, and a source
bus power positive one. By using (I11.7, I11.6, II1.2), the bus

Sis =V (1L.7)

power injection S;s is obtained as

Sis =Vi(- jbsvs) = Vi(_ ijrV_iejy)* -

,  (IIL.8)
= rbSV,-2 siny + jrbSVl-2 cosy
and the bus power injection S jS as
— — — — —_— W
Sis =V (jpsvs) =7 (josre”) =
=-rbgVV,;sin(@, -0, +y)- (I1.9)

- jrbSV,-Vj cos (@i - G)j + y)

Afterwards, the series voltage source is coupled with the
shunt part of the UPFC (Fig. II1.8).

5
bs

jXS =

% o,

T

chonvl PCOIIVI
Fig. I11.8 Coupling of the UPFC series branch with the shunt one

Es:

QiS

Having branches of the UPFC coupled, the bus power
injections of the UPFC are formed (Fig. I11.9), and defined
as

Pgi =- Re(@s )+ Re(§com ) (I11.10)
O = -Im(§is)+ Im(§conv1), (I11.11)
Pg =-Re(Ss), (IIL12)
Oy = —Im(§ jS)- (I11.13)
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Fig. I11.9 Bus power injections of the UPFC

In order to define the bus power injections of the UPFC at
the i-side, it is necessary to have the apparent power of the

shunt converter Ecmm defined.

The UPFC shunt and series converters mutually exchange
only active power, whereas reactive power is controlled
independently at both sides. It is written as

Peonvt = Feonva » (111.14)
O.om1 = independently controlled . (IT1.15)

Therefore, the active power of the shunt converter, P, ;,
could be computed from the expression for the apparent

power of the series converter, Sconv2 , Which is given as

V
SconvZ —VSIU —7"Vl€ijI7 H_
5 s g
=—rbgViV;sin(@y +y)+ rbsh siny + (IIL16)
+ jlrbsVivV; cos(@l-j + y)— rbSV,-2 cosy — r2bSVl-2

Finally, the bus power injections of the UPFC (I11.10-13)
are obtained as it follows

Py ==rbgVV;sin(0; +v), (I11.17)
QSi = _}"bsV- cosy + Qconvl , (III]S)
Pg =rbghV;sin(©; +y). (II1.19)
Qg = rbgViV; cos(©; +). (I11.20)

Having the bus power injections of the UPFC obtained,
there is the UPFC injection model completed (Fig. I11.10).

Py, Qi jbs B, . Qp
S II ———0

W @

Sl 3 QSI PSJ 3 QS]

Fig. I11.10 The UPFC injection model

Besides the bus power injections, it is very useful to have
expressions for power flows from both sides of the UPFC
injection model defined. At the UPFC shunt side, the active
and reactive power flows are given as

Py = —rbgVV;sin(@; +y)-bsV;V;sin©, (I1.21)
Oy = —rbSVl- cosY+QO.oml — bSV +bgl;V; cos©;; (111.22)
whereas at the series side they are

Pjy =+rbgViV;sin(@y +y)+bsVi¥V;sin®;,  (I123)

Q) =+rbgliV; cos(© +y)-bsV? +bsVi¥; cos©;; (111.24)

The UPFC injection model is thereby defined by the
constant series branch susceptance, bg, which is included in
the system bus admittance matrix [B], and the bus power
injections Pg, Osi, Pg, and Qg. If there is a control
objective to be achieved, the bus power injections are
modified through changes of the UPFC parameters r, , and
O.omi- Therefore, it is necessary to establish appropriate
control system of the injection model which could govern
the system to a pre-defined operating point by changing the
set of the UPFC control parameters (7, ¥, Qconv1)-

I11.3 INJECTION MODEL CONTROL SYSTEM

The UPFC injection model needs a control system to be
operated in a system-wise manner. In general, the control
system, as it is proposed here, is of de-coupled single-input
single-output proportional-integral type (Fig. III.11).

shunt side jbg Py,Qpp Series side

- — 0 @ A
Pg=r bSViVj sin(@ij-f-’}’) st=+r bsvi\g sin(@ij-»—V)

- 2 -
Qg=-rbgV.“cos 7 +Qeonyi Qsj-+r bV, M4 cos(@ij+’}’ )

three decoupled
1} f ‘i single outputs
internal
Q convl r 4 level
control
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(51 |

. illati
\ dt /[ shunt | TRANSIENTENERGY | series |\ 4t g:::]llp?n ;n
part FUNCTION BLOCK p
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ref_ regulator | ref, regulator | ror regulator level
or T for for control
convl r v
locally
measured
variables
( Vi) <\€’Qj2’ v2 MOmP) (PjZ: Beonv2, O3 ,%oml’)
4’ three decoupled
single inputs

Fig. ITI.11 General form of the UPFC injection model control system

The selection of input/output signals depends on the
predetermined control mode, which could be changed
during the simulation.

Upon the basis of the general form, the control system is
expanded to include more detailed representation of the
regulation procedure (Fig. I11.12).
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Fig. I11.12 Detailed form of the UPFC injection model control system
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At the external level, following locally measured variables
of the UPFC are controlled:

e by changing Q.omi
= shunt side bus voltage magnitude, V7,

e bychangingr
=  series side bus voltage magnitude, V,
* reactive power flow into series side bus, O,

» reactive power requirement of the series side
converter CONV2, Qo2 OF
*  compensating voltage magnitude, Ve, and
e bychanging y
* active power flow into the series side bus, Pj,
= active power requirement of the series side

converter CONV2, P2,
*  bus voltage angle difference, O, or
* compensating voltage angle, @comp.

In the model, the shunt side could be controlled only in the
voltage mode, Vo Quny, emphasising  that Qo
represents reactive power loading of the shunt converter.

The series side could be controlled through the 7 < y pair in
several different modes:

=  bus voltage magnitude and active power flow, V; < P,

= reactive and active power flows, Q) <= Pj,

= series compensation, Q.om2 < Peon2(=0),

= phase shifting of Phase Angle Regulator (PAR) type,
Vi(=V) = ©y, and

= phase shifting of Quadrature Booster Transformer
(QBT) type, Vcomp < ¢wmp(: 772)

The variables are chosen to satisfy general V- O and
© o P de-coupling. Therefore, the control system enables
the UPFC injection model to participate in several different
modes of operation fully utilising its versatile regulating
capabilities.

II1.4 OPERATING MODES OF THE UPFC

Generally, the UPFC participates in transmission voltage
support at the shunt side and in power flow regulation at
the series side. At the series side, bus voltage magnitude
could be controlled as well, enabling voltage support at
both sides of the UPFC during voltage emergency
situations. Then, the angle Y, as the third parameter, could
be used to fulfil a functional objective by simultaneous
three-parameter control.

II1.4.A Transmission voltage support

Bus voltage magnitudes could be supported at both sides of
the UPFC. At the series side, voltage V; is supported
through the r-loop with appropriate adjustment of the angle
y. At the shunt side, the V-feedback enables support
through the Q,,,;-l0op.

If device losses are neglected, the active power requirement
is equal for both converters (I11.14, 111.16)

P

convl —

- (— -*)_
Pconv2 =Re VS[ij -
(IIL.25)

=-rbgViV; sin(@,-j + y)+ rbSVl-2 siny

Thereby, the minimum nominal rating power Sg,,;, of the
shunt converter is given as a maximum active power
demanded by the injected series voltage source

Sconvin = maxlpconvl (Vs V)I . (I11.26)

Since the rating MV A capacity is not always fully utilised,
there wusually remains some capacity available for
producing reactive power Qgns, and thereby for
controlling the shunt side bus voltage magnitude V;. The
impact of the Q. comes through the shunt side bus
reactive power injection Qs of the UPFC injection model
(Fig. II1.10), which is given as

— 2
Og; = —rbgVi" cosy + Ocomi - (111.27)
Thus, during the simulation it is necessary to check for the
maximum available reactive power capacity max [0,,,,;[]
(Fig. I11.13), given as

— 2 2
maleconvll - ‘/Sconvln - Pconvl (r, y) . (HI'ZS)
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Fig. I11.13 Maximum reactive power capacity of shunt converter

Maximum reactive power capacity is less or equal to the
minimum nominal rating power of the shunt converter,
depending on an active power loading level. If the active
power loading level is zeroed, the slope of the voltage
regulation characteristic is defined by the value AVgyq
corresponding to the range of doubled value of rating
power Sconin- If the active power loading level is larger
than zero, the controllable voltage range becomes
Viow<Vi<Vypp due to decreased reactive power capability.

Generally, in the steady state operation the reactive power
Oconvi 1s found in the range

_maleconvll < Qconvl < +maX|Qconv1| . (I11.29)

However, in the model it is supposed that the thermal limits
are set due to the total current flow through the shunt
converter instead of the power flow. Therefore, the limiting
conditions are accounted for by using reactive current



Leonvig With certain transient short-term overload capability
(Fig. 111.14), which results with

max max

G B P Iconvlq‘ : (I11.30)
convlq

where I oon g denotes maximum reactive current

capability of the shunt converter [58, 323, 324, 328, 335].

r
1
1
1
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i margin|
| | == | o
overload I convlg
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Fig. II1.14. Short-term overload capability of shunt converter

A large part of attention should be paid to a proper
computation of the maximum current conditions.

The total current of the shunt converter, 700;’1\)1 , 1S given as

Leomt = Iconvlp + j[convlq > (IIL.31)

where /.., denotes the active part of the total current, and
Leomviq the reactive one.

Since the active part is demanded by the series voltage
source, there is only the reactive part to be modified freely

within allowed range.

The actual magnitude of the total current /,,,; is thereby
defined as

| p2 2
— Pconvl +Qc0nvl —

— 72 2
Iconvl - Iconvlp +[c0nv1q - V.
’ . (IIL32)
= Sconvl
V.

1

where S,,,,; denotes the actual value of the shunt converter
apparent power whose active power is given by (I11.25) and
reactive power freely controlled within allowed range.

Since the nominal rating power S, is defined according
to (I11.26), the nominal rating current I, ;, is computed as

S

I — Pconvin
convln >

V.

mom

(111.33)

where V;,,, denotes per unit value of the shunt side bus
voltage magnitude at which the nominal rating power
Seconvin Tesults with the nominal rating current 7,7,
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Thereby, the maximum reactive current capability of the
max

shunt converter, I¢,,y14 » is given as
max  _ 2 _ 72
convlqg ~ I convln I convlp * (HI-34)

The overload margin enables usage of the shunt converter
overload in the transient short-term periods (Fig. 111.14).
The limiting action (Fig. III.15), depends on the current
overload level, x, which is given as

1,

convl

I

convln

x (111.35)

X Icuuvln
Xmax Icouvln

time

T2

Fig. III.15 Limiting action in short-term overload of shunt converter

If the continuous operation limit is defined by x,,;, and the
maximum short-term limit by x,,,, then the overload level
x is allowed to be in the range x,,<x<x,,, for the time span
T,. After the time T7;, the overload level x is linearly
decreased from achieved maximum value x,,,,; down to the
continuous limit x,,,, in the time span T3, according to

Ymax1 ~ Xcont
—akl O (r—-T1Tq),
TZ ( 1 )

X=X (I11.36)

max 1

where ¢ denotes time variable which takes zero value when
the current overload appears. If the overload is linearly
decreased to the continuous operation limit, the
overloading capability is blocked for the next 7; time span.
If the overload level x is included in the consideration of

the maximum reactive current /g, » equation (I11.34)

becomes

max
convlg

— 2 2
1 - \/(xjconvln ) - [convlp . (II1.37)

Whenever the demanded active current /,,,;, is larger than
the nominal rating current /.,,;, the maximum reactive

max

current /oony14

is zeroed, disabling thereby any reactive

power support from Q. o;.

By setting appropriate V-feedback control in an SVG
manner (Fig. 1II1.16), the reactive current [Iouq
(consequently Q...,;) keeps the shunt side bus voltage
magnitude V; at the referent value Vipgr whenever there is

max

convlg in the shunt

enough remaining reactive capacity /,

converter.
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Fig. I11.16 The UPFC shunt side control system

The UPFC shunt side control system is based on a

proportional-integral type with gain K,; and time constant

T The voltage V; regulation characteristic is given as

+ AVS VG Vinom
28

convln

V.=V.

1 1

(I11.38)

0 convlq »

where (AVsyVinom )/ (2Sconvin) denotes slope setting of

the characteristic which acts after 7, lagging. The
reference value of the reactive current, ., 4rer, 1S set at
the initial steady state operating point, and is modified with
damping  output  Alzr  during  period  with
electromechanical oscillations.

I11.4.B Power flow regulation

At the series side of the UPFC, priority is given to power
flow control. The active, Pj;, and reactive, Q;,, power flow
into the j-bus of the UPFC are defined according to (II1.23-
24). The active power flow is controlled through the y+loop,
and the reactive power flow through the r-loop. Control
system is of proportional-integral type with corresponding
gains and time constants. Since the magnitude r is
supposed to be non-negative, at each time when it hits zero
value trying to cross to a negative range, the angle y gets Tt
rad added, keeping the absolute value of the magnitude r.
Function f{sign(r)) serves to adjust for these changes.

Instead of the reactive power flow control at the series side,
it is possible to control bus voltage magnitude V; through
the r-loop. Thereby, the UPFC could give voltage support
at both sides simultaneously. This is considered to be the
most useful property during voltage emergency situations.

II1.4.C Series compensation
Setting the angle yin a position that results with
y=m/2-¢, (I11.39)

the series compensation mode of the UPFC injection model
is attained. In that case (Fig. III.17), the vectors Vs and

?comp are co-linear and perpendicular to the current 7,']' .
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Fig. I11.17 Series compensation mode of the UPFC

Therefore, following relation holds

Vsiny = ¥,sin(©, +y), (111.40)
which makes the active power of the series converter, P,
from (II1.25), equal to zero. It comes out that if the active
power P, is kept at zero value through the yloop, the
characteristic (V' </) perpendicular form of the vector
diagram is obtained.

The r-loop is controlled by feedback of the reactive power
of the series converter Q.. From (IIL.5), the current [;
is generally defined as

_ _ JEE
]ij = ?; _Vj ﬁ/ij = [(Pconv2 +chonv2)/VS] : (HI41)

Since the magnitude V is equal to rV;, this expression is
rather inconvenient to be employed during simulation of
transient periods due to division by parameter r, which
could take zero value. To be used in the series
compensation mode solely, following relations are applied
instead

— 2 2
I[j - \/El + (Qil - Qconvl) Vi, (111.42)
p=0;+ arCtg[_(Qil = Ocomvl )/ P[l] . (111.43)
The injected series voltage Vs is given as
—k

If (111.44) is multiplied by /;;, it results with
—_ =3k — —% 2
Vsl =Vcomplij + jxsl. (111.45)
If the proportionality factor k. is defined as

V,
k, =22 (I11.46)
then due to zero value of the active power P,,,,,, equation

(IIL.45) is written as



: — 2 . 2
JOconv2 = ]kchlij +]xSI[j . (111.47)
More conveniently, equation (I11.47) is written as
(1 + kc)‘xS]gi - QcanvZ = 0 . (11148)

Using (II1.48) as a basic equation in the r-loop, the voltage
magnitude V., is adjusted by setting proportionality
factor k. at appropriate value. If the factor £, is set to zero,
then the series voltage magnitude Vs is equal to xsfy,
whereas the bus voltage angles from both sides of the
UPFC are equal (©=0)). Thereby, the reactance x5 between
buses i and j is fully compensated. Having £.<0 (k>0), the
total reactance between buses i and j is made to be
inductive (capacitive) with respect to the current /;;.

I11.4.D Phase shifting
Phase shifting mode of the UPFC could be achieved
operating it either as the Phase Angle Regulator (PAR) or

the Quadrature Booster Transformer (QBT).

In the PAR operation, the bus voltage magnitudes V; and V;
should be set equal (Fig. II1.18).

Fig. I11.18 Phase angle regulator (PAR) mode of the UPFC

The equalisation of the magnitudes is imposed through the
r-loop, by setting

V.=V, =0. (I11.49)

Then, the UPFC bus voltage angle difference 0, which is
equal to ©-0, is set equal to the predetermined referent
value Oyger through the yloop. By changing referent value
O,zer, the PAR phase shifting operation mode is applied.

In the QBT operation, the voltage ?comp should be set
perpendicular to the shunt side bus voltage Vi (Fig. 111.19).

Thus, the angle yis set at the position defined by

PR~y =05 O =11/ 201 3/ 2.

(I11.50)
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Fig. I11.19 Quadrature booster transformer (QBT) mode of the UPFC

Concerning the magnitude of the voltage Vcomp , following
relation should be satisfied

Veomp :\/V,-2 +V} =2VV;cos O .

C

(1IL51)

Accordingly, the angle of the voltage ;wmp is defined by

D lomp = arccos[(Vj cos O —V; )/ Vcomp], (IL.52)
where
Jfor (Oij s 0) O ¢comp = ¢c’omp (111.53)

Jfor (Ol] >O) 0 ¢cvmp :27T—¢L?omp

Therefore, in the QBT mode the r-loop is controlled to hold

VEREE —, tan(-0;)=0, (I11.54)
whereas the Jloop holds
V;cos Ol-j -V, =0. (IT1.55)

VREF

In (IIL.54), the referent value V., is allowed to be

positive or negative, defining whether the angle @, is
equal to TV2 or 3172.

II1.4.E Damping of electromechanical oscillations

Besides the regulators, the control system incorporates a
strategy for damping of electromechanical oscillations
induced by large disturbances, e.g. three-phase short
circuit. The strategy is of take-over type and is based on a
transient energy function (TEF), using time derivatives of
local variables from both sides of the UPFC [109-111, 265,
268-269]. The shunt part of the transient energy function
block uses information from dV/dt, whereas the series part
from dOydt.

The control law for the shunt part is based on the function

V s, » which is given as



Qconvl av; “ri <0
V. dt

1

Veh =— (111.56)

where Q... 1 positive when flowing out of the bus.

The output of the TEF-/, shunt part is defined according to

Al e =Ky %ain %‘ @“k : (I1L57)
where £; is defined as
gL if [k ==1) or (kg =+1)]
k=0 , (I11.58)
HO; if (k =0)
and k; as
E_ 1; lf d;i < -€ @a”d (Qconv 1> O)E
H v, 0.(111.59)
k, = 1 ] ! d ) 0
k B"’ > lf d > +te Han (anv 1 < )E
O
o rEestieng

The control law for the series part is based on the function

V ger » Which is given as

d doy,
Vser = Pyy— = rbyVi¥;sin(0 + y)

<0, (IIL60)

where b,<0.

The output of the TEF-(r,)) series part is defined as

_|do;
Arppp = %max gain j
(IIL61)
_ m
AYrer = ﬁ'ﬂ' 579
where k; is given as
gL i [(k; =-1) or (k; = +1)]
kp=0 : (I1.62)
HO; if (k; =0)
and k; as
o..
E— L if % <-£ Eand (sin(@ij + y) > 0)D
0 dt H
- o )
k=0 of %IQ >+ Hand (sin(®; +v)<0)F. (1L.63)
O dt ]
. do®
o 0, ifge< T cte
. dr
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Within the dissertation, pre-established voltage collapse
scenarios include dynamic phenomena induced by three-
phase short circuit. The disturbance is neutralised by
outage of the faulted line. As a consequence,
electromechanical oscillations arise which could be
effectively damped by the UPFC using TEF method. Since
the voltage stability problem is considered to be the main
issue of the dissertation, the attention is only marginally
paid to the damping capability of the UPFC. The damping
capability is concerned to give broader rather than deeper
insight to the UPFC application. The analytical activities
are directed dominantly toward voltage support capability.

IT1.4.F Optimal rating of the UPFC

Operation of the UPFC demands proper power rating of the
series and shunt branches. The rating should enable the
UPFC carrying out pre-defined regulation tasks without
becoming overloaded. Therefore, the algorithm for optimal
rating of the UPFC [266-267] is employed here to give an
initial estimate on minimum nominal dimensioning which
satisfies pre-defined power flow objective (Fig. 111.20).

DEFINE
Xxs SB

ESTIMATE

Ss, Tmax

CALCULATE

- 2 Sp
Xq= Xy T, —_
S k ‘max SS

PERFORM LOAD FLOW PROCEDURE
7= [0 360°:10° |

CALCULATE 1
X 2.
-rbSVi Vi sm((i)ij+’}/)+ rbs V:siny

Peonv2=

Qoony2= b, Vch05(® 7)rd V2c05'y -rzbsVi2

Sconv2= PconvZ + Qconvl

maxvaz > 8¢
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(REDUCE sS )

PERFORM LOAD FLOW PROCEDURE
v = [0°:360°:

CALCULATE max | ) — |

OUTPUT

Ss > Sconvl, Fmax

Fig. I11.20 Algorithm for optimal rating of the UPFC



The algorithm starts with definition of the series
transformer short circuit reactance, x;, and the system base
power, Sg. Then, the initial estimation is given for the
series converter rating power, Ss, and the maximum
magnitude of the injected series voltage, ,,,.. Computation
of the UPFC reactance seen from the terminals of the series
transformer, xg, is followed with its inclusion in all relevant
system bus admittance matrices.

Load flows are computed changing the angle ybetween 0°
and 360° in steps of 10°, with the magnitude » kept at its
maximum value 7,,,. Such a rotational change of the UPFC
parameter influences active and reactive power flows in the
system. Obviously, the largest impact is given to the power
flowing through the line where the UPFC is installed.
Therefore, the regulation of the active and reactive power
flow through the series branch of the UPFC could be set as
initial pre-defined objective to be achieved within the
UPFC steady state operation. Then, the load flow
procedure is performed to check whether the pre-defined
objective is achieved with satisfactorily estimated
parameters. If the load flow requirements are not satisfied
at any of the operating points of the rotational change, it is
necessary to get back in the algorithm, again estimate Sg
and 7., and perform new rotational change of the UPFC
within the load flow procedure. This loop is performed
until the load flow requirements are completely fulfilled for
each operating point. Upon fulfilment of the requirements,
the active, reactive, and apparent power of the series
converter are calculated for each step change in the angle V.

Having the load flow requirements fulfilled and the series
converter powers calculated, it is checked whether the
maximum value of the series converter apparent power,
max S.,m2, 1S larger than the initially estimated power Ss. If
max Scno 1s larger than Ss, it is necessary to increase
power Sg and start the loop again until this condition is
satisfied. If max S,,,,, is not larger than the power Sg, it is
necessary to check whether the power S is at an acceptable
minimum level. If not, the value of Sy is reduced and the
loop is started all over again. The acceptable minimum is
achieved when two consecutive iterations do not differ
more than a pre-established tolerance.

Having the power Sy minimised, the load flow procedure is
performed with smaller step of rotational change of the
angle y (1°), calculating maximum absolute value of the
series/shunt converter active power, max [P,,;[] The
value given by max [P,,,;[is considered to be minimal
criteria for dimensioning shunt converter rating power,
whereas the power Sg represents series converter rating
power as a function of the maximum magnitude 7,,4,.

Described algorithm is based on a steady state load flow
procedure. The series branch of the UPFC is dimensioned
according to the power flow regulation objective, whereas
the shunt one just to satisfy active power demand from the
series branch.

If a dynamic load flow procedure with voltage-dependent
loads is introduced instead of the steady state one, the
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rating powers could be different due to changes in bus
voltage magnitudes.

If a damping of electromechanical oscillations is of larger
concern, then the series branch could be dimensioned with
larger magnitude r,,, and increased value of the series
converter rating power S,y

If the voltage stability problem is of concern, then the shunt
branch could be dimensioned with increased value of the
shunt converter rating power S,,,;,. Thereby, the voltage
support capability is increased by having larger maximum
value of the shunt converter reactive power, Qconi,
remained upon satisfying active power demand from the
series branch.

Therefore, described algorithm serves only as the initial
estimation of the UPFC dimensioning, followed by further
thorough analysis when the other operational aspects are of
concern.

I11.4.G Inclusion of the UPFC in load flow procedure

The UPFC is modelled by using its injection model with
active and reactive powers injected at terminal buses from
both sides. Generally, its inclusion in the load flow
procedure has an impact on the network equations written
for i and j-bus due to the load power injections Pyg;, Os;, Ps;,
and Qg (Fig. 1I1.10). Therefore, for the UPFC incidental
buses the algebraic bus network equations (I1.116-117) are
rewritten as

Pk(@’V)+Pd(xP’V)-'—PS(V’Af)-'_

+PeTCL(G’V)+PTiorj(@’V?tr)"' 4 (I11.64)
+PSiorj(®>V9V’y’[conv1q): 0

0c(©.1)+ 0ulxg. )+ 05 (. 4) +

+ QSH (bSH 7V) + QTi orj(ea V’tr) t- (HI65)

+ QSiorj(O’V:ra yalconvlq) =0

The algebraic bus network equations (III.64-65) have
additional terms in both active and reactive powers. It
means that four of the network equations are influenced
when the UPFC is included in the system.

The equations for the bus incidental with the UPFC shunt i
and series j-bus with no other elements connected are
stated as

n
Pi(e’ V) = Z(GimViVm c0s©;, + B, ViV, Sineim) -
m=1

(IT1.66)
—rbgViV;sin(@ +y)
n
O (O, V) = z (GimViVm sin®;,, = By, ViV, COS@l-m) -
=1
" (11L67)
2
=rbsV;" cosy + Qromi



n
P(@V)= ZI(G il Vi €08y + BV ¥, sin0 )+
m=

(I1L.68)
+rbghV;sin©;; +y)
n
0;(@r)= Zl(Gijij SO, = By ¥y €05O),) +
m=
(I11.69)

+rbghiV;cos©; +y)

In equation (II1.67), the term Qo equals to (Leomig Vi
Sconvin / Sp), enabling the current I.,,;, to be set as a
parameter.

Since the Newton-Raphson load flow procedure [18, 191,
356] employs partial derivatives of the network equations
with respect to the voltage angles, @, and magnitudes, V,
there are at most 16 positions in the Jacobian matrix to be
concerned due to the UPFC injection model.

These positions are filled with on and off-diagonal terms
given as

on-diagonal terms

] n
ai =- z (GimViVm sin ©;,, = By, ViV, cos O, ) -
aei m=1
oy
" (I11.70)
- VbsVle COS(@U + y)
OP, n .
—== z (Gime c0sQ;, + By, V,, Sln@im) +2G,V; -
aVz m=1
m#i
(I1.71)
- rbSVj Sln(@,j + y)
0, ,
—-= Z(GimV;'Vm COS@im + Bz'mViVm Sm@im) (HI'72)
aei m=1
m#i
00; n .
=, - z (Gim Vi sin©;, = By, Vyyy cos © ) —2B;V; -
aVl m=l_
" (I1.73)
- zrbSVi cosy + Iconvlq Scomtn
Sp
op,  n _
00, ==2 (Gijij sin® j,, = B, V; V), costm)—
J m=1
m#j
(I11.74)
—rbglViV;cos(©; +y)
oP; n )
S = 3 (G080, + Byl sin® 5, ) +2G 7 +
an m=1
m#j
(IT1.75)

+rbgl;sin(©;; +y)
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0Q n .
a_j. = zl(Gijij COS ij + Bijij sin ij )+
J m=
m#j
i (I11.76)
+ rbSV,V/ SIH(O[/ + y)
00, =n .
ﬁ = Z(G/me s1nG)jm _Bijm COSij)_ ZBijj +
Jj m=l
2
" (11.77)
+rbgV; cos(G),-j +y)
off-diagonal terms
0P _ .
+rbghiV; cos(@ij + y)
oP. .
a—V’j =GV cos©;; + BV sin©;; — (111.79)
—rbgV; sin(G),-j + y)
00; .
9 Gy, c0s0; - BV, sin®, (I11.80)
BG)j
00; .
90 =GV;sin®;; — BV cosO;; (I11.81)
6Vj
an )
EZ_GﬂVvIVj Sln@l-j _leI/le Coseij + (IIISZ)
l +rbSV,-Vj cos(@,-j + y)
opP;
j _ _ .
a_l/l, = GﬂV] COSOij leV] Sln@ij + (11183)
+rbgV;sin(©; +y)
00, .
E = _GﬂV;V} COS@U' +Bﬂl/lV] Sln@” - (11184)
1
~rbgV¥;sin(@; +y)
00 ;
J — _ : -
W - G]lV] Sln@ij B]lV] COS@,-]- + (11185)

1

+ rbSVJ- cos(@l-j + y)

As it is seen from (II1.70-85), the actual number of the
concerned positions is smaller than 16. This happens
because the UPFC reactive load power injection Qs;
depends on V;, and does not depend on @, G, and V. Thus,
at the three of the positions, it is not necessary to provide
the corrections, namely d0/00, d0/00, and 9Q/dV;. It
makes total of 13 positions to be concerned due to the
impact of the UPFC injection model.

The UPFC injection model is included in the differential-
algebraic model of the system through its impact on the
Jacobian matrix.



IV. DIFFERENTIAL-ALGEBRAIC MODEL

IV1 OVERALL SYSTEM MODEL

The voltage stability problem is analysed from two aspects,
a large disturbance (dynamic) aspect and a small
disturbance (static) one. The large disturbance aspect is
orientated towards the appearance of a three-phase short
circuit and addresses post-contingency system response.
The small signal aspect investigates the stability of an
operating point and needs development of linearised model.

It is supposed that the system has following set of
differential-algebraic equations [35, 82, 191, 287-288, 301-
302]

%zf(x’y’p)a (IVI)
t

0=2g(xy,p), (Iv.2)

where x denotes state variables, y algebraic variables, p

arbitrary parameters, f differential equations, and g
algebraic ones.
By using models described in previous Chapters,

differential and algebraic equations of the system in general
are given as follows

generator differential equations (gde)

d5
-1 V.3
o (Iv.3)
doo T, _Eala *Eyly =y =xo)laly D@D (o
dEq _ Epp—E; _ Erp —Eq*+(xa = x4)14 (1v.5)
a Lao Tao
dEy _ _ Eg+(x, —x,)], w6
dt '[;10
dEpp _ K Vrer =Vy —VogL + OFF1) — Epp av.7)
dt T,
dGOoV1 - WREF — W _ GOVl _ Ty T+
dt TlR 1, mRr; "
+ '[ R [Edld +E I ()C xd)ldl (IVS)
+ T2D (a) 1)
dGOV4 _ GOV3=GOV4 _ By +GOVI=GOV4 (o
dt T3 T3 ’

dGOVS5 _ GOV4-GOVS (IV.10)
dt T4 '

dr,, _GOVS _T, . F GOVA-GOVS T, .

dt WTs Ts T4 wT;

T " [
+w_m[Ed1d +quq _( xd)[dl ] (IVII)
Ly
WD 1
T; w
dVorr _ (rp = Trin2)KoKs (IV.12)
dt Tort

motor differential equations (mde)
dE' E' _X- X
—2 = (w5 ~ Wy )Ey ——L — 1y (IV.13)

dt To Ty
dE, . E; X-X'
Zd = (g — W, )E, ——L+ =] (IV.14)

dt R !
dw, |- '
v -{(Edld +Eq1q)‘

IV.15)

IR oA e [
‘*‘)STM’S’%@ s D@%Q | eria

differential equation of dynamic non-linear recovery active
power load (dyn,,)

a

dx kpV,
e -p s(V)———Ps(V)+Pk(O V)
alp

IV.16
dt TP ( )

differential equation of dynamic non-linear recovery
reactive power load (dyn,)

a

(IV.17)

a T QS(V)_ =05(V,)+ Ok (0.))

dt 0 alp

differential equations of thermostatically controlled load

(tcl)

Ay - T Ky s (IV.18)
a n T n
dG %{L E KPKI GV2
i (IV.19)

TREFK [ _Kpty
Tc i



active power network algebraic equations (nae,)

0="P(0,V)+ Py (xp,V)+Ps(V,0f )+

+PeTCL (G!V)+PTiorj(e’V9tr + (IV.20)
+ PSiorj o.v,r, yalconvlq
reactive power network algebraic equations (nae,)
0=0,(0.1)+ 0y (g 7 )+ 05 (7.17)+
+Ospy (bsyr V) * Orior (@71, )+ (IV.21)
+ QSiorj o.V,r.y, Iconvlq
generator algebraic equations (gae)
0=Ey=Vy—rly—xy1, - (x;] - x, )/q (IV.22)
0=E,~V,—rl, +x;ly (IV.23)
0=V,;-V,sin(©, -9) (IV.24)
0=V, -V,cos(©, -9) (IV.25)
0=E, - (xd - x; )Id ~Ipp (IV.26)

motor algebraic equations (mae)

0=-X'E, +RgE, + (R§ + X’2)1d —RgVy + X'V, (IV.27)
0=RgE, +X'E, + (r2 + X'Z)Iq - X'Vy = RgV, (IV.28)
0=V;-V,sin©, (Iv.29)
0=V,-V,cos0, (IV.30)

From differential and algebraic equations (IV.3-30), it is
concluded that the vector of the state variables is defined as

x=[8 wE,,E;, Emp, GOVI, GOV4, GOVS,

Tm> VOELs Eq’9 Ed’a Wy, Xp, X0, T, G]Ta (IV31)
whereas the vector of the algebraic variables is
y= [ @1...na V].,.m Id, Iqa Vds Vqs IFDy Ida Iqs Vda Vq]r' (IV32)

It is supposed that the UPFC has an impact to the
differential-algebraic model only through its load flow part
described by the network equations. Due to fast responses
of its control loops, it is assumed that the UPFC differential
equations should not be necessarily included in the model.

Within the network equations given by (IV.20-21), some
modifications are introduced to adjust for the variables that
do not appear in steady state load flow, but give additional
insight in the dynamics.

The modifications are introduced to include d and g-axis
components of generator voltage and current in equation
sensitivity.

28

The network equations, written for the generator external
bus, are modified as

n
0= ZPEm _GE[VEV[ COS@EI _BEIVEV[ Siﬂ@EI +

Z , (IV.33)
+ GV —Valg =V,1,
n
0= —GrVeV;sin®@g; + BVl cos@pr —
mzleEm EIVEVT er Y BeVgVy LT (1v.34)

_BEIVEZ _Vd]q +Vq]d

Similarly, the network equations, written for the motor
external bus, are modified as

n
0= ZPEm - GE[VEV[ COSOEI - BE]VEV] sinOE1 +

& , (IV.35)
+GpVE +Valg +V,1,
n
0= —GrVeVrsin®@rgr + BpViV;cosOry —
mzleEm EIVEVT er Y BelVEVT LT (1V.36)

_BE[VE2 +Vd1q _Vqld

Modified network equations, written for bus &k with
dynamic non-linear recovery loads, are given as

X kP r?
0=PR (O,7)+ T_P " (IV.37)
p Qip
x, koV?
0=0,(0,7)+ 2+ 2" (IV.38)
k T T
o dlg

Modified active power network equation, written for bus &
with thermostatically controlled load, is given as

n n
0=P(G.0V)=3 P +GV}=5 P, (IV.39)

i=1 i=1

where in the first case the shunt conductance G is
accounted separately from the term P’y whereas in the
second case it is accounted in the term Py through its
position in the k-th diagonal term of the bus conductance

matrix [G].
IV.2 LINEARISED SYSTEM MODEL

By linearising (IV.1-2) around an operating point, the set of
the linearised equations appears in general form as

dx
AE:foX+fyAy+prps

0=gAx+g Ay+g,Ap.

(IV.40)
(IV.41)

More particularly, by linearising the system of equations
(IV.3-30), following particular form appears as



linearised generator differential equations (gde)

AQ:A(‘)

V.42
o (Iv.42)

pAdw D
dt T;

_ Ed —(xq

I, . ,
rw--LAE, -1 ap) +L_Mm -

L T

—x‘d)l E, —(x' —x;,)[d
4pr, -4 119 Al

T !

Od =) pp o (1v.44)

1 ' 1
———AE, +—DEpp +
Tio

Tio

(IV.45)

- K—AAVn (IV.46)
Ty

dGoV1
dt

A

LD _
_@'11”1
+ﬂAEVd
T|RT; 4
Tz[Ed = (g =x)1
TtRT

TR

(IV.47)

' '
—\X

q q

dGOV 4 _
dt

L acori-Lacora (IV.48)

I3

T3

! —AGOV 4 - —AGOV 5

Ty

dGOV 5._
dt

(IV.49)
T4

T2
T(A)

dT,

m

dt

F GOV 4 FGOVS

T 40>

_8 cors _

Tsw?

A -
rw 2

gty )+

T, 1

T'"2 [E(}]d +E,l, —(

J
T,1
+ I ggAaH "4 NE, +

+L acova+BLl -

T40 0T s

L +—[Ed]d+E 1, -
O Ts T,

(v, xd)ld1]+—H— %AT +
xd)l ]Nd
xq—x;i)ld]AIq

d AE;, +
wr

LH&GOV 5+
wTy O

(IV.50)

2Tm

+—m [E -
wr, b
T, !
- [Eq -
Ty

adVorL _ KoKy LSLSVn

(IV.51)

(IV.43)
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linearised motor differential equations (mde)

dE
A

—L= ‘—AE + (Wos = Wy JAEy =
dt T (IV.52)
' X-X'
- EdAwm A[d
0
Ev . \
Y- x T (1V.53)
+ E Aw,, + Alq
Ty
1 '
dwm — q + Id AEd —
dt  2Hwyg 2Huwyg
|
Lo [PAGy | B amD@T (IV.54)
2H Hawly  Wno wi "
E, E,
+—4 AL+ —1 Al
2Hays 2Hayg

linearised differential equation of dynamic non-linear
recovery active power load (dyn,,)

d 1 kPVU_l
Xp _ " -
AL = Axp - AV, +0P(V,) =
a T, T " n AP () (IV.55)
=ap(r,)+ Oy, IOV,
00 v

linearised differential equation of dynamic non-linear
recovery reactive power load (dyn,)

dx, k Vf’ -
—£= _LAXQ - Ay, +005(7,)=
i T (Q (IV.56)
00, (©,7) 00, (0,7)
=00V, )+ AO+ AV
QS( n) 30 FY%
linearised differential equations of thermostatically
controlled load (tcl)
2= L Kipong  Kigy ap vy
dt n 5 T
A‘Z—f = B’;—P IT<’ er KPKl V2AG -
U4 c O
2K oK,y (IV.58)
- Z2PRL Gy, A,
T

linearised active power network algebraic equations (nae,)
0= AB{(@’V)+APS(V’M)+APTi0rj(O’V’tr)+

(IV.59)
+ APSiorj (@,V,r, ynlconvlq)



linearised reactive power network algebraic equations

(naey)

0 :AQk(e’V)+AQS(VaN)-'-AQTiOFj(O’V’Zr)+

(Iv.60)
+ AQSiorj (@, V,ry, Iconvlq)
linearised generator algebraic equations (gae)
0=AEy —rbl, - x;Al, - AV, (IV.61)
0=AE, +x,Al; —rAl, —AV, (Iv.62)
0="V,cos(0, —0)Ad -V, cos(®, -5)AO, -
(Iv.63)
-sin(©, - 0)AV, + AV,
0 =-V,sin(©, =d)Ad +V,sin(0, -5)AO,, -
(Iv.64)
—cos(©, - 0)AV, +AV,
0=AE, - (xd - x; )A[d -M g (IV.65)
linearised motor algebraic equations (mae)
0=-X'AE, + RyAE, + (R§ + X’Z)Ald -
(IVv.66)
—RgAVy + X'AV,
0= RgAE, + X'NE, + (R§ + X'Z)Alq -
Iv.6e7)
- X'AVy = RV,
0=-¥,c0s0,A0, —sinO®, AV, + AV, (Iv.68)
0=V,sin®,A0, —cos©,AV, +AV, (Iv.69)

Due to the modifications introduced in (IV.33-39),
linearised equations for buses with connected generators,
motors, dynamic loads with non-linear recovery or
thermostatically controlled loads are introduced.

The linearised network equations written for the generator
external bus are modified as

n
0> gy
AO+-12L
ov

n
0> Pgy
0: m=1
00

+ (GE[VEVI Sil’lOE[ - BE[VEVI COS@EI)AOE -

AV +

,(IV.70)

~[(GgsV; cosOpy + BgyVy sin®py ) = 2G g V| AV —
VAl =V A, =140V, ~ 1AV,

n
0 ZQEm
NO+-=]
o

n
0 ZQEm
0: m=l
00

=(Ge/VEV) cos@p; + B ViV, sin@pg )M —

AV -

av.71
~[(Gg/Vy sin®p; = BryV; cosO@py) + 2By V| AV +

+Vqu _VdA[q _IL]AVd +[dAVq

Similarly, the linearised network equations written for the
motor external bus are modified as

n n
0> Ppp 0> ey
0=-2=L__p@+-mZL__Ap+
00 ov

+ (GE]VEI/[ Sin@E[ - BEIVEV[ COSOE[)AGE -
aV.72)
~[(GgVy cos@p; + BryVy sin®pgy) = 2G g V| AV +

+ V0N g +V N+ 1Dy + 1,0V,

n n
d zQEm 0 ZQEm
0= m=1 AO+ m=1 AV -
00 ov

- (GEIVEVI COSOE] + BEIVEVI sinOEI )A@E -
(V.73)
~[(GpyVy sin®@py = BV cos@py) + 2B V| AVy =

_VqAId +Vqu +]qAVd _[dAVq

Linearised network equations for the bus & with dynamic
loads with non-linear recovery are given as

1 kpV 7!
:—AXP + AVn +
Tp P
, (Iv.74)
AT Yo
00 arv
1 kQVC(_l
0= —AxQ + ’ AV, +
To To
. (IV.75)
+ an (OoV) AO + an (Oa V) AV
00 ar

Linearised active power network equation for the bus &
with thermostatically controlled load is given as

n
oy By
N© +-1
v

n
0y Py

0=V2AG +—2] AV, (1V.76)
00

where the shunt conductance G is accounted in the term Py
through its position in the 4-th diagonal term of the bus
conductance matrix [G]. This approach enables the
differential [d(GV,’)/dV,]AV, to be included within the
third term of (IV.76).

IV.3 MATRIX FORMATION

Linearisation procedure, in general form given by (IV.40-
41) and in more particular form by (IV.42-76), results with
formation of the extended Jacobian matrix Jgyr as



(IV.77)

where the ordinary Jacobian load flow matrix g,; is a part
of the major sub-matrix g,. The sub-matrix g, is composed
of four minor sub-matrices due to the additional algebraic
equations which bring additional generator/motor algebraic
variables.

Detailed form of (IV.77) is given as it follows in (IV.78).
Linearised generator differential and algebraic equations
are supposed to have 9 and 4 variables, respectively. If the
OEL were activated, then there would be 10 and 5
variables, respectively. Null entries, denoted as [0], suggest
that there are many minor sub-matrices without any
numerical value other than zero. It opens a way for
utilisation of sparse matrix methods with expected decrease
in computational burden. The sub-matrix [J];r denotes a
position of the ordinary steady state Jacobian matrix within
the larger matrix extended with dynamic terms. Major sub-
matrices are easily corresponded between (IV.77) and
(IV.78).

dx[]
- mx
5 di o= %ﬁmm o (v
x|& H
Ho H yUEwQg

Besides on the extended Jacobian matrix, the analysis is
carried out on the system state matrix as well. By
eliminating the vector of algebraic variables, Ay, following
system is obtained

dx
A— = AgAx, V.80
s ( )
where the state matrix 4g is given as
Ag = [fx - (fyg;lgx]. (IV.81)

Matrices Jrxr and Ay are used in sensitivity analysis aimed
to show critical issues in the voltage stability problem.

Sensitivity analysis is introduced in its general sense within
issues such as singular and eigenvalue decomposition, and
parametric and functional sensitivities. These issues result
with characteristic indices and participation factors, which
help the voltage stability problem being recognised.

The extended Jacobian matrix, Jgyr, 1S used in
computations on the system, which is given as
de mde dyn dyn, tcl nae, +nae ae mae
el SR ST :
e . [0] 1 [d oo [d ) 1 - O [0]
d e [o 9]@} 3 3 3 35 fox4)g .
i P T PP
mde O [o] o N () N N 1 I R [ [d LD o
g 5 b | | | 5 b
Qoo bomommmmoes oo tommmmmooes e R e o
0 * [ * * * 0
dynp g [0] i [d o [0] i [d i ] ) 0
0 : ERNE : : : -
O | | | | | | O
o T T Tgﬁfﬁ ”””” N T T 0
= R T R BN B R B I T N (I
o | | g [ | | o
I e oo E— U E— oo — :
! ! ! 22 ! !
@ 3w L ow Lo o B T R R
0 ! ! ! = [2x2]E ! ! 0
0 ! ! ! ! ! ! 0
g ! ! ! ! ! ! O
nac, 0 | | | | : | O
g [d [ 1 .
I R A S S E— S R S (V.78)
Aol | | | ] i
ae 0 1 ! ! ; . 0
g % [4;@]5 [0] } (] } [d } [9 :E [4x4]5 [0] B
oo o freeeeeee e i I e e n
1M4x3 I I I I
me 3 g é W oM B T S
g g [ | | | 5 4@
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V. SENSITIVITY ANALYSIS

V.1 SINGULAR AND EIGENVALUE
DECOMPOSITION

Singular and eigenvalue decomposition of the matrices Jgxr
and Ag provide an approach to a voltage stability
assessment. The procedures for obtaining critical singular
and eigenvalues (0, and A,), the associated left and right
critical vectors (u,, v,, and f,, e,), and the participation
factors are well established in the field. Due to that fact,
these issues are covered here in a rather general and
introductory sense.

V.1.A Singular value decomposition

Assuming that A4 is real and quadratic (n X n) matrix, as it is
used in the analysis throughout the dissertation, then it
could be decomposed [192-197, 338, 361-363] as

n
A:UZVT_ZUiuivir,
=1

= (V.1)
i

where U denotes matrix whose columns are composed of

left singular vectors u;, V matrix of right singular vectors v;,

and 2 diagonal matrix whose entries are singular values 0.

The singular values are usually ordered as 0,20,2...20,20,
where 0, denotes minimum singular value. Minimum
singular value is considered to be one of the critical indices
in the voltage stability problem.

The singular vectors are orthonormal satisfying following
general relation

T
U;

_ 40 for i%j
z“_/—5ii‘{ / /.

1 for i=j (V.2)

Similar relation is valid for v;" v;, as well.

In the fast procedure of the minimum singular value and
corresponding singular vectors computation, following
general relations are used

Av,=0,u,, (V.3)

utda=a,yl or A'u,=0,v,. (V.4)
Then, the fast computational procedure is given in

symbolic steps as it follows

(Initialising part for the first iteration)

1. Initial guess for the vector v,” in the first iteration,
2. Computing the second norm of the vector v,”,
3. Normalisation of the vector v,,”) R
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(Iterative part for the subsequent iterations)

()

4. Solving Aruf,i) =, in the i-th iteration,

5. Computing the second norm of the vector u,”
6. Normalisation of the vector u,”,

7. Estimating a;l(i) = l/SNRMZ(u,(j)) ,

8. Convergence checking in 0;1([) ,

9. Solving 4vi*) =u{ in the (i+1)-th iteration,
10. Computing the second norm of the vector v,
11. Normalisation of the vector v, ",

12. Estimating J:l(i) = I/SNRMz(vgiH)) ,

13. Convergence checking in U;(i),

14. Exit from iterative part when convergence is
achieved (difference from two consecutive iterations
smaller than a pre-established threshold).

Besides fast computational procedure, the other methods
resulting in complete singular value decomposition are
used as well in order to check validity of results.

Upon defining the way of computing singular value
decomposition, the problem is stated so as to reflect the

system given by (IV.79). If the problem is given by

Ax=b, (V.5)

then the solution x, depending on input b, is achieved as

x=ab=(Uzr) s
= (Un_lvn)(u,gb)

assuming that o, ;>>0,, which holds especially in the
vicinity of the critical point.

=, (V.6)

If the problem and the solution, as given by (V.5-6), are
applied to a more particular steady state power flow
problem, the previous relations appear as

e B91-Br|

where the steady state load flow Jacobian matrix, J;p, is
decomposed as

(V.7)

Jip=UZVT. (V.8)
The inverse of the matrix J;  then appears as
_ -1 _
JL,'::(UZVT) =vslut=
. (V.9)
=0, v



By introducing (V.9) in (V.7), the solution is given as

Iﬁg] =0, vul Iﬁg]

By stating that the right singular vector, v,, indicates
sensitive voltage angles and magnitudes, and the left
singular vector, u,, the most sensitive direction for changes
of active and reactive power injections, following relations
are introduced

o
)

If this approach is applied to the extended load flow
Jacobian matrix Jgyr, then singular value decomposition
results with the right and left singular vectors that
correspond to the minimum singular value as well. By
correlating entries within these vectors to the steady state
power flow algebraic equations, further dynamics insight is
provided to the assumptions introduced in (V.11-12) valid
for the algebraic variables. If the approach is applied to the
state matrix Ag, the insight is given to the state variables.

(V.10)

=o;l,, (V.11)

(V.12)

Minimum singular value presents an index of impending
voltage collapse, but also warns on voltage security level of
the system. In order to maximise minimum singular value
and by that to increase voltage security of the system, its
sensitivity with respect to the parameters (7, ¥; Lconviq) Of the
UPFC injection model calls for being explained.

If following relation between 0, u,, v,, and Jeyr
(V.13)

JEXT Vp =0 ply

is first differentiated with respect to parameter p, and then
pre-multiplied by u," , it gives

o ov Jdo ou
uy, Y ExT Vp Hupd pyr —% =up —Lu, +u,0,—= . (V.14)
o o
By using following relations
T — T T —
u,Jpxyr =0,v, and uuu, =1, (V.15)
the sensitivity of minimum singular value with respect to
the parameter p is obtained from (V.14) as
Jo aJ 17 17
=yt e, o BTt 2y
dp 0" dp dp O
Due to orthonormality, the singular vector u,, and similarly
the vector v, satisfies following relation
T
LT (V.17)
dp dp
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Therefore, the minimum singular value sensitivity is
obtained from (V.16) as

Jo aJ
n o=, 0BT,

: V.18
e » (V.18)

The sensitivity, given by (V.18), is defined with respect to
an arbitrary parameter p, but the control set of the UPFC
parameters (7, Y, I.on14) is used here.

Partial derivatives 0Jgyr /Op from (V.18) are defined by

differentiating its appropriate terms belonging to the
equations (II1.70-85) with respect to the parameters (7, Y,
I;onv]q)'

Partial derivatives 0J yy /0r are given as

on-diagonal terms

0 Hop; E

— ==b V.V Q. + V.19
orpoe, g STty R
0 [oP; [1_ .

;Eﬁ@- ~bgV;sin(© +y) (V.20)
9 HOi H_ (V.21)
or D@@l O

O 9% He pev.cos y (V.22)
ar DaVl D

o Hor; H_

o Hor; O )

a_rEan E_ bgV,; sin( @ij +Vy) (V.24)
o 000, A_ .

0 H00; d_

6_rEGVj E_ bgVicos( ©; +y) (V.26)
off-diagonal terms

0 HOP; H_

a Hopr, H_ :

B_V:BV_Z,- E— =bgV;sin (@ij + y) (V.28)
0 H90iH_, (V.30)
0 OoP; O_

3 70, E— bgV,;V ; cos (G)U +y) (V.31)



o [10P; O_ .

EEWE_ bSVjsm(Oij +y)

0 1900, 0_ .

a—r ael E— _bsVl'VjSIH (G),j +y)
a [P0,

3 a7, E: bSVjcos(O,-j +y)

Partial derivatives 0Jgyy /0y are given as

on-diagonal terms

0 Hop; H .
— =rbgV,V :sin(©@; +y)
oyme,o /T

0 [oP; E

— LO=~rbgV  cos(©; +Vy)
oypor,o o7 v
i ]_an H:O

dy 109, O

LBO&H= 2rbgV;sin y

oy OoV; O

o HorP; H_ .

W ae] E— ’"bSViVj sm(@ij + y)
0P
/ E: }”bsVl' COS(el'j +y)

GV]-

9

ay

0 HOO; H_

Wj@a_ ’”bSViVj COS( el] + y)
9

oy

iaQ- .
GV; E: —rbgV; sm(G)l-j +Yy)

off-diagonal terms

i E: ~rbgV,;V ; sin (O,-j + V)

9 an‘ E: —rbgV;V;sin (@ij + y)

(V.32)

(V.33)

(V.34)

(V.35)

(V.36)

(V.37)

(V.38)

(V.39)

(V.40)

(V.41)

(V.42)

(V.43)

(V.44)

(V.45)

(V.46)

(V.47)

(V.48)

(V.49)

(V.50)
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Partial derivative 0J gyr / ol is given for one and the

convlg

only non-zero term

on-diagonal term

0 Ban H: S conv 1n

(V.51)
a[conv 1g Da Vi O SB

There are only four entries in the left and right singular
vectors actively participating in computation of the
sensitivity (V.18) with respect to » and ¥, and one entry
with respect to I.ui,. Due to largely sparse matrix
0Jgxr/0p, computational burden is significantly

decreased.

V.1.B Eigenvalue decomposition

When all eigenvalues are distinct, real and quadratic (n x n)
matrix A could be decomposed [106, 187, 189, 191, 393] as

n
A=ENF" =5 Ne, fiT,
i=1
where E denotes matrix whose columns are composed of
the right eigenvectors e;, F matrix of the left eigenvectors f;,
and A diagonal matrix whose entries are eigenvalues A,

(V.52)

The squares of the singular values 0; of matrix 4 are equal
to the eigenvalues A; of 4'4 or AA" as it follows

52(4)= A(a74)= A(aa7). (V.53)

Combining properties of the singular value decomposition
(V.1) with (V.52-53), the eigenvalue decompositions of
A'A, or AA" are given as

(V.54)
(V.55)

At 4 :V(ZTZ)VT,
447 :U(zzT)UT.

This shows that the eigenvectors of 4'4, or AA4" are equal to
the right and left singular vectors. Thereby, if 4 is real and
symmetric matrix, the absolute vales of the eigenvalues are
identical to the singular values
A (4)=0;(4). (V.56)
The eigenvalues may be complex or real. As one of the
critical indices in the voltage stability problem, the

eigenvalue whose real part crosses from negative to
positive half-plane is concerned.

The left and right eigenvectors of 4 corresponding to
different eigenvalues are orthonormal satisfying following
general relation

T, s 40 for i#j
ﬁej_dll {1 for i=j"

Similar relation is valid for e;* f» as well.

(V.57)



The fast procedure of the minimum absolute eigenvalue
and corresponding eigenvectors computation employs
following general relations

Ae, =A,e,,
Arfn :Anfn'

(V.58)
(V.59)

The fast computational procedure is given as

(e, part)

1. Initial guess for the vector e, in the first iteration,
2. Computing the second norm of the vector e,,”) s
3. Normalisation of the vector e,,”) s

4. Solving Aeli™D =

4 e,(li) in the i-th iteration,

5. Computing the second norm of the vector en(”l) s

6. Normalisation of the vector e, ",

7. Estimating A;S") = 1/SNRM2(e,(1[+1)) ’

8. Convergence checking in A‘,Si ) ,
9. Either solution achieved in e, part, or get back to 4

(fa part)

10. Initial guess for vector f,”” (=e,) in the first iteration,

11. Solving Arfrgiﬂ) = ,1(i) in the (i+7)-th iteration,
12. Computing the second norm of vector £,

13. Normalisation of vector f,",

14. Estimating A:l(i) = l/SNRMZ(f,fiH)) )

15. Convergence checking in A:l(i) ,

16. Either solution achieved in f, part,
or get back to 11

17. Exit from iterative part when convergence is achieved
(difference from two consecutive iterations smaller than
a pre-established threshold).

Besides fast computational procedure, the other methods
resulting in complete eigenvalue decomposition are used as
well.

Similarly to singular value decomposition applied to the

problem (V.5), the eigenvalue decomposition gives the
solution x, depending on input b, as

b =

—1 noe. £l
x=4p=(EAFT) bzze’}\fl
i=1 i

0iten () |

assuming that CA,_;C->[A,0 which holds especially in the
vicinity of the critical point.

(V.60)
-1
n e}’l

With respect to the particular steady state power flow
problem (V.7), the steady state load flow Jacobian matrix,
Jir, 1s decomposed as

Jp=ENFT=ENE" (V.61)
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The inverse of the matrix J;  then appears as

- 1 -
Jik=EAFT) 2EAT FT
(V.62)
= Aleatn

By introducing (V.62) in (V.60), the solution is given as

Rel= e, o]

By reasoning similarly to (V.11-12), following relations are
introduced

NO|_ ;-1
ol

-,

This approach is applied to the extended load flow
Jacobian matrix, Jgyr, and the state matrix, 4, as well.

(V.63)

(V.64)

(V.65)

Concerning sensitivity of critical eigenvalue [216, 220,
233, 258, 295, 359, 392], if following relation between A,,
ey, and Jexr
JEXT e, = Anen (V66)
is first differentiated with respect to parameter p, and then
pre-multiplied by £,', it gives

aJ Oe, oA Oe
fnr _iXT e, +fl’Z—JEXT dpn = nT dpn €n nr/\n ;f - (V.67)
By using relation
Tadexr =Mt » (V.68)

the sensitivity of critical eigenvalue with respect to the
parameter p is obtained from (V.67) as

Y
fr;r EXT e,
O _ ;# (V.69)
P fre,

If the sensitivity, given by (V.69), is defined with respect to
the control set of the UPFC parameters (7, V¥, Leoniq), it leads
to a very similar approach that is used in the case of the
singular value sensitivity.

V.1.C Participation factors

The sensitivity analysis, as seen from the viewpoint of
singular and eigenvalue decomposition, contributes to find
appropriate location and action of the UPFC. The UPFC
has rather unique capability of simultaneous series control
of branch power flow and shunt control of bus voltage
magnitude. By correlating branch and bus participation



factors obtained from the matrix decompositions [195], it is
possible to recognise location of its installation where
appropriate regulation characteristics could be extensively
used during voltage emergency situations.

Branch participation factors

Due to different models, branch participation factors are
defined for transmission lines and transformers separately.

Transmission line is represented by 1 model (Fig. V.1). It
has a series admittance g;+jb,, and two shunt ones jb./2.

grtjb
—— }—5—

~ [ibe2

TSE TRE

. _
SE jbe/2

Ve

Fig. V.1 Transmission line Ttmodel

Apparent power at the sending end of the line model, SSE,
is given as

SsE =Py + jOsp =V sl sk =

*
=VsE Eg; + jby )@SE - VRE)+ j 3‘ VSEE =
(V.70)
= [VszEgz ~ VsV re(g) cosOgp + by sinOgp )] +

.0 b . O
+J El VSZE@?I + ?c H‘* VsV re(by cosOgg — g SmOSR)E

where Og denotes angle difference (O - Ogg).

At the receiving end of the line model, the apparent power
SRE 1is given as

ERE =Prg + jOrg :?RE;RE =

Ijk:
g

[ .2 .
= [‘ Vregr *+VseVre(g c0sOgg — by sinOgp )] +

— — b —
=VRE§g1 +jb1)(;SE_VRE)_j?CVRE
(V.71)

.02 b . O
+J %RE@[ + ?C @‘ VseVrE (b cosOgp + g; SmeSR)E

Active and reactive power losses on a transmission line are
defined using (V.70-71) as it follows

line _ —
Floss = FPsg — Prp =

, (V.72)
_ 2 2
=g (VSE + VRE)_ 2g)VseVRrE cosOgp
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line _ _
Oloss = Ose ~Org =

(V.73)
_ bc 2 2 )
= ‘@71 + Y VsE +ViEe )+ 2bVspV e cos Ogp

By linearising (V.72) with respect to the set of variables
(Gsg, Org, Vse, Vi), which is given as

line
aPloss

00 g
aPllll’le

oSS

+

0Vge

aplline
AO© + 0ss
SE FYe)

AP]line —

oss T

RE . (V.74

0SS

RE

the differential change of the active power loss appears as

DR = 2g {[VsiV i sin(Ogg — O )|(AOg — AGgg) +
+[Vsg = Vi cos(@gg — Opp)|AVsg +

+[Vrg — Vg co9Og — Opp)|AVgg}

(V.75)

Similarly reasoning, the differential change of the reactive
power loss from (V.73) is given as

AQl/ine —
oss

b
+ % 2VSE§71 + EC @* Vg coOgg — eRE)gy/SEE"' (V.76)

H[2VsV rihy sin(Og — Opp)l(AOs — DGR} +

b
+ % 2VRE@’Z + EC Q‘* Wb codOg — ORE)%VREH

Differential change in transformer reactive power loss is
based on its model with injected powers (Fig. I1.13). Due to
the assumptions set in the model, there is no active power
loss since the series branch of the transformer model has
only a susceptance. For the sake of this analysis, the model
has been adjusted to account for changed direction of
current/power at the receiving end (Fig. V.2)

ibi

T—:

Sti

TRE

O

Tse

vSE §Tj vRE

O

Fig. V.2 Transformer injection model

Thereby, the apparent power at the sending end of the
transformer model, S5z, is given as

- 1 . . O
SSE = % e %ﬁ VseVrEsinOgg = bVspV g sinOgp B‘*
:

. 1 1 0
+JHJIE__%,gEE+_%VSEVRECOSOSRH (V77)
0 t, t,

2
+bVspVrE cosOgp — bIVSE}



At the receiving end of the transformer model, the apparent
power SRg is given as

- 1 . . O
SRE= % — %’lVSEVREsmeSR —bVsgVrpsinOgp
d (V.78)

. 1 > O
+j % ‘7 %7 VsV rECc0SOsg = bV spVpE cosOgp + blVREH
r

Then, the active and reactive power losses on a transformer
are defined using (V.77-78) as it follows

tra _ _
Bloss _PSE_PRE =0,

tra
Qloss

(V.79)

=0se —Ore =
(V.80)
0
= _blmg +V1§ED+2bIVS—EVRE COS@SR
@]tr O E t,

By linearising (V.80) with respect to the set of variables
(Osg, Org, Vg, Vie) similarly as it is done in (V.74), the
differential change of the reactive power loss is given as

12 . O
A= _%bl % Vegsin©gg — @RE)@AQ)‘E _A@RE)E*'

0
* %2@ V%E +2h %COS(OSE - @RE)@VSE%“ (V.81)
I g

1|

[N |12 O
+ % 2bVre+2h % co{Og — eRE)@WREE

7

Differential changes of the losses (V.75-76, V.81) are
considered as branch participation factors. They depend on
the set of variables (AGsg, AGgg, AVsg, AVgg). In order to
compute branch participation factors, this set is replaced
with four corresponding variables given by (V.11) for
singular value decomposition, or (V.64) for eigenvalue
decomposition of the extended Jacobian matrix Jgyr.
Symbolically written, the set of changes (AO, AV) becomes
replaced with another set given by (0,”v,) for singular
value decomposition, or (A,’e,) for eigenvalue
decomposition.

Branch participation factors enable recognition of network
branches that have higher participation in the power losses
during voltage collapse scenario. Thereby, they point out
an area where relieving actions should be taken from a
series power flow aspect.

Bus participation factors
Bus participation factors concern algebraic variables of bus
voltage angles and magnitudes, (O, V), within the extended

Jacobian matrix Jgyr.

If singular value decomposition is used, the participation of
algebraic variables (O, V) in the voltage stability problem
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is reflected through corresponding variables given by
(V.11-12). Having computed minimum singular value and
associated singular vectors, the entries of the vectors
indicate buses with higher participation during voltage
collapse. Similar reasoning applies for -eigenvalue
decomposition as well.

Bus participation factors enable recognition of network
buses that have higher participation in voltage decline.
Thereby, they point out buses where relieving actions
should be taken from a shunt voltage support aspect.

Generator participation factors

Generator participation factors concern state variables of
generators within the state matrix Ag. The participation of
the state variables in the voltage stability problem is
reflected through corresponding variables computed within
singular or eigenvalue decomposition (critical values and
associated vectors). The approach is similar to the one
previously applied to the bus participation factors. Also,
similar approach could be applied to the other power
system elements having state variables. Having computed
critical value and associated vectors, the entries of the
vectors indicate generator state variables with higher
participation during voltage collapse.

Generator participation factors enable recognition of
generators that have higher participation in the scenario.
Thereby, they point out generators where relieving actions
should be taken from an operational aspect.

V.2 PARAMETRIC SENSITIVITY

It is supposed earlier (IV.1-2) that the differential-algebraic
model of the system has following set of equations

dx _
E_f(x’y!p)! (V82)

0=g(x,y,p), (V.83)

where x and y denote state and algebraic variables, p
parameters, f'and g differential and algebraic equations.

By linearising (V.82-83) around an operating point, the set
of the linearised equations appears in general form as

D= fbe [+ Syl (V.84)

0=gAx+g,Ay+g,Ap. (V.85)

At any equilibrium point, the system (V.82-83) becomes

(V.86)
(V.87)

0=71(xyp),
0=g(x,y,p).

Therefore, linearisation of the system at any equilibrium
point results with



0=fibx+ [0y + f,0p,
0=g,Ax+g,Ay+g,Ap.

(V.88)
(V.89)

From (V.88-89), differentials Ax and Ay are obtained as

Ae==f7 (1,89 + /p). (V.90)

Ly —g;l(ngx + gpAp)-

(V.91)

By introducing (V.91) in (V.90), differential Ax becomes
| M)+ £ ] ’
Ax = fx [ fygy ngX+gp p+fp ] . (V9 )

Rearranging (V.92), differential Ax becomes dependent
only on Ap, as it follows in

ne= 451,858, - 1, o (v.93)
where Ay is the state matrix given as

- -1
Ag = [fx - (fygy gx]~ (V.94)

By introducing (V.93) in (V.91), differential Ay becomes
dependent on Ap as well

=~ o5 (15 e~ 1 )+ 2 0 (V.95)

Ay
Thereby, parametric sensitivities of state and algebraic
variables with respect to arbitrary parameters [98-99, 276]
are defined from (V.93, V.95) as

e 435 (re5'e, - 1), (V.96)
) O . -
ﬁ__gyl[ngSl(fygylgp _fp)+gp]' (V.97)

Parametric sensitivities dv/dp and dy/dp give a natural
measure of the sensitivity of the solution (x(p),y(p)) at an
operating point. In order to relate these parametric
sensitivities to stability, singular value decomposition of
the inverse state matrix As” is used first as

- -1 _ -
Ag! =(UzVT) =vstut=ovul. (V.98)
Then, projected parametric sensitivity of state variables is
written as

ox _ -1
=0, Vn”;(fygy Ep _fp)~

7 (V.99)

Projection of oJx/dp onto the particular (minimum)
singularsubspace of critical interest gives good information

for selecting the most influential parameters critical to
minimum singular value 0,,.
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Furthermore [210, 230], if measure of projected parametric
sensitivity onto a particular singularsubspace of interest,
M,yps, 1s defined as

T

m s (V.100)

=u, (fygy_lgp _fp)’

then the projected parametric sensitivity (V.99) becomes

(V.101)

Matrices f;, f,, g, and g, are defined in Chapter IV as parts
of the differential-algebraic model. In addition, it is
necessary to define matrices f, and g, in order to compute
parametric sensitivities. Among suitable parameters, the set
of UPFC control parameters (7, V; Lonvi4) 1S concerned.

In that case, matrix f, is equal to zero because differential
equations of the UPFC control system are not included in
the differential-algebraic model. Certainly, this enables
some further simplification of the expressions defining the
sensitivities.

Matrix g, is obtained as a three-column matrix (g, g
Ziconvig) by differentiating network equations (I11.66-69)
with respect to the set (v, ¥, leomiq). Therefore, column
vectors g, and g, have four non-zero entries, whereas
Ziconviq has one non-zero entry.

Non-zero entries of the column vector g, are given as

gt ==bgVV;sin(© +y) . (V.102)
g =bgl;sin(@ +y), (V.103)
g9 =—per? cosy, (V.104)
g% = bsViVjcos(©; +y). (V-103)

Non-zero entries of the column vector g, are given as

g}(,Pi) ==rbgV;Vjcos(©; +y), (V.106)
P.

g}(/]) :rbSViVjCOS(el]'+y)’ (V107)

gf,Qf) = rbSVl-2 siny, (V.108)

Non-zero entry of the column vector gy, 14 1 given as

S

g =V Scomin. (V.110)
B

By similar reasoning, matrices f, and g, are defined for any
other arbitrary parameter p. Especially load models from
Chapter Il are evaluated for their characteristics being
considered as parameters. Thereby, following set of
parameters appears given as p = [T, (PLO)DL, (QLO)DL, TREF
t. Dspus (PLO)SL, (QLO)SL], where T, denotes value of the



motor load torque at the speed w,y, (PLO)DL and (QLO)DL
static parts of the initial active and reactive power demands
of dynamic loads with non-linear recovery, Tpgr referent
temperature of the TCL load model, ¢, transformer ratio,
by, susceptance of the shunt capacitor, and (P.”)s;, (0.")s:
static parts of the initial active and reactive power demands
of static loads.

Fpr parameter 7,,, corresponding entries of f, and g, are
given as

:_m@ﬁw@;%m@;g E/2H Wi
(V.112)

For parameter (PLO) pr, and similarly (QLO) pL, corresponding
entries of f, and g, are given in a simplified way as

B BaB.x BeBe H V113
%”ZDVWEL P O pp% (V1)
g,=0. (V.114)

For parameter Tz, corresponding entries of f, and g, are

given as
fp =K /Tc (V.115)
g, =0. (V.116)

For parameter ¢, corresponding entries of f, and g, are
given as

f,=0, (V.117)
P.
Bl iszVV sin©;
N
a
0P 1 .
Da_tj = ——2bTVl»Vj sin @l-j
ar r
g, = Bﬁ o 2 (V.118)
2
Dat_l —3bTV bTVlV/ COS elj
or tr r
0
P9 _

bTV V;cos©;

Hatr r

Fgr parameter b, corresponding entries of f, and g, are
given as

(V.119)

(V.120)

For parameter (P,”)s;, and similarly (Q,")s;, corresponding
entries of f, and g, are given in a simplified way as
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s, =0, (V.121)
- EaP,0 :%(pZBV_nBZ K, B_H+K % (V.122)
Py @ Do O @0 O

V.3 FUNCTIONAL SENSITIVITY

Besides parametric sensitivity, at snapshots of time domain
simulations it is also possible to evaluate sensitivity of a
function with respect to arbitrary parameters. Throughout
the dissertation, this type of sensitivity is called functional
sensitivity. Total reactive power production of generators
[368-376] and total active power loss [319] are considered
as appropriate functions in the voltage stability problem
and in the power flow regulation problem, respectively.

Total reactive power production of generators

The sensitivity of a scalar quantity 1(x,y) to parameter p is
obtained as a system-wide indicator [368-376], given by

. \1@n/dx0O
ap [f gp](Jm) Bn/a)0 (V.123)
on _ _Lon’ an L0
Bl ThergE om

In the voltage stability problem, the scalar quantity n(x,y)
is represented by the total reactive power production of the
generators Og°, given as

nGEN nGEN,
QG - ZQGI - Z(Vdi]qi _tila’i)'

i=1

(V.125)

From (V.125), it is seen that the entries of dn/dx and 0n/dy
for the total reactive power production are given as

3—020, (V.126)
X
i)
GZ (- Vair Vais Lgis ~Ig). (V.127)

Arbitrary parameter p is represented by the static parts of
the initial active, (PLO)DL, and reactive, (QLO)DL, power
demands of dynamic loads with non-linear recovery. The
static parts are based on the ones given by (I.91) with
slight simplifying modifications

p)=r Y

0s(")=0l, 10 .

(V.128)
(V.129)
The entries of £, and g, are obtained based on (V.113-114).

This functional sensitivity involves the inverse of the

extended Jacobian matrix Jgyz. Therefore, it has larger
magnitudes as the critical point is approached with abrupt



change to opposite sign as it is crossed. The appearance of
the critical point represents a reliable sign of impending
voltage unstable situation and could trigger voltage support
from the UPFC.

Total active power loss

For being considered in the power flow regulation problem,
the total active power loss [319] is formulated as

Ploss (©,V) = Z Vi ZVk mk 08O . (V.130)

m=1

Since the loss minimisation is of concern, in the solution of
the problem min P,,.(x, ¥, p), the sensitivity (d P,/ d p) is
to be computed.

Change in the loss, AP, is expressed as

op,

o Tl pp (V.131)
o

Iosx

Ox

op,

Iovx

%

loxs(‘x Y p)_ Ax +—2= Ay+

Differentials Ax and Ay, with respect to Ap, are computed
from (V.93) and (V.95), respectively. The partial
derivatives are given as follows

opP opP

loss  — ; —_loss = 0 and
Ox dp
0P1055 — \ i
[ e = _2Z V, V.G, sin® (V.132)
0Ploxx — Q " k:m
oy "
dP/os\ =2 Vkak COSOmk
gov, 2

Finally, the sensitivity (d P,/ d p) is expressed as

T

dP,

loss

dp

OP,

loss

oy

g, [gt s fg) g, "

The set of UPFC control parameters (7, ¥; Lconviq) is used for
evaluating f, and g, according to (V.102-110).

V.4 SUB-OPTIMAL FORMULATION
USING SENSITIVITIES

If the objectives are set as either to minimise the total
active power loss or to maximise minimum singular value,
a simple sub-optimal formulation is proposed through the
objective functions [349]. The objective functions address
minimisation of the squares of the deviations, including
additional penalty term that corresponds to the control
variables.

The objective function in the power loss case is given as

)+gp] L(V.133)
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set

loss BZ +

— 1 Bploss
Floss = —
0SS 2 H PIZ:SX H
L1 H Apy BZ _
2 &P gy )
, (V.134)
3 dp, BZ
_ 1 EPIZi - lgss kz_l d}l:: A .
=50 D
2 ﬁ AV ﬁ
13 H ap; BZ
e

0 K .
where Py,  denotes base case loss, P desired value of

the loss (decreased), A" maximum permitted deviation of
a variable, p, ( £ = 1, 2, 3) one of the UPFC control
parameters, and w its participation factor.

The first term in (V.134) is aimed to bring the loss close to
desired lower value, whereas the second one ensures this to

be done with minimum control effort.

In order to minimise F},; with respect to the set of UPFC
control parameters Apy, it is stated that

Abp =B, (V.135)

where A4 is a 3x3 matrix of type 0 F,s / 0 Apy for k=1, 2,
3, and B is a residual 3x1 vector.

The entries of the matrix 4 are given as

Hossg
— Edpk + Whi :
J o]

(o
> (V.136)
dPlOSS dPlOSS
_ dpi _dp
Akl - k max l
(APloss )2
whereas the ones of the vector B as
set
Bk Iglou lo;s d[)loas . (V137)
(apz=) dpi

Solution of equation (V.135) gives a control movement Ap;,
determining the change in the UPFC parameters to
decrease total power system loss.

Similar formulation of the problem appears in the case of
maximising minimum singular value ¢, within the function
given as



(V.138)

Further procedure leads to a similar form of matrix 4 and
vector B, differing only in the main variable (g;) which
should be increased to a pre-set value.
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VI. NUMERICAL RESULTS ON THE UPFC VOLTAGE/POWER FLOW REGULATION

At the first instance, possible benefits of the UPFC
injection model are investigated within voltage/power flow
regulation problem on the multi-machine test system. By
using appropriate control system of the model it is made
possible to control simultaneously three transmission
system variables depending on the regulation mode (bus
voltage magnitude, power flow, series compensation, and
phase shifting). Before tackling voltage/power flow
regulation problem, dimensioning procedure is addressed.
By describing achieved results it is shown that the UPFC
could be useful transmission system controller in steady
state operation of power system. Furthermore, its injection
model with proposed control system help in recognising
each of potential operating modes.

VI.1 INITIAL RATING POWERS OF THE UPFC

In order to analyse impact of the UPFC to voltage/power
flow regulation problem, first it is necessary to estimate
rating powers of transformers and converters.

Initial dimensioning procedure is described in subsection
III.4.F. It considers the system in its steady state without
any system dynamics. Therefore, its basis is a steady state
load flow computation, where the loads have constant
values and are independent on bus voltage magnitudes.

According to the algorithm for optimal rating of the UPFC
(Fig. 111.20), the results concerning 7,,,, Ss, and max[P,,,,;00
are given in Table VI.1. Powers S5 and max[P,,,,;[Jare
obtained after optimising procedure is made with respect to
the maximum magnitude of the injected series voltage 7.,
(Fig. VL.1).

Table VI.1 Rating powers of the UPFC according to algorithm
for optimal rating (Fig. 111.20)

Tmax Ss max [Peonyi 0
(v (pw) (pu)
0.01 0.032 0.0316
0.02 0.066 0.0639
0.03 0.100 0.0974
0.04 0.135 0.1320
0.05 0.172 0.1678
0.06 0.211 0.2048
0.07 0.252 0.2432
0.08 0.294 0.2829
0.09 0.339 0.3240
0.10 0.385 0.3666
0.11 0.433 0.4108
0.12 0.484 0.4566
0.13 0.536 0.5042
0.14 0.591 0.5537
0.15 0.649 0.6050
0.16 0.709 0.6585
0.17 0.771 0.7141
0.18 0.836 0.7720
0.19 0.904 0.8322
0.20 0.974 0.8951
0.21 1.047 0.9608
0.22 1.123 1.0294
0.23 / /
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Fig. VI.1 Rating powers with respect to maximum magnitude

The powers are given in pu (1 pu = 100 MVA). The series
transformer reactance x; is set at 0.1 pu, and the system
base power is 100 MVA. The results are obtained for the
range of r,,, values between the lowest 0.01 pu and the
highest 0.22 pu for which the load flows have convergent
solution.

The powers appear correspondingly in approximate range
between 3 MVA and 112 MVA. Larger values of r,,,
increase discrepancy between the powers due to
appearance of reactive power at the series side. For the
value of 7, equal to 0.15 pu, the corresponding powers Sg
and max[P,,,,;Jare equal to 64.9 MVA and 60.5 MW,
respectively. That value of r,,, is usually estimated to be
acceptable for voltage/power flow control purposes and is
used hereafter. Smaller values would be inadequate due to
decreased control regions, whereas the larger ones due to
increased voltage excursions and many non-convergent
cases.

Approximate value of power ratings equal to 65 MVA is
questioned due to a necessity of the UPFC usage in
operating modes other than series power flow regulation.
By subsequent repetitions of voltage/power flow control,
oscillations damping, and voltage stability support, it is
concluded that nominal ratings S, and Sey2, should be
equal to 185 MVA for r,,, equal to 0.15 pu in order to
satisfy voltage and damping criteria as well. Rating power
of the shunt side S,,,,;, is increased due to voltage control
allowance, whereas rating power of the series side Sco2n
due to damping overload allowance. This makes nominal
ratings nearly 3 times larger than initial ones equal to 65
MVA for series power flow regulation solely. Reasons for
increased ratings are described within subsequent sections
and paragraphs concerning voltage and damping issues.

Steady state load flow computations are compared to the
approach employing dynamic load flows. Latter approach
includes dynamic behaviour of synchronous generators and
rotational change of injected series voltage. The rotational
change is defined as a rotation of the injected series voltage



vector having constant magnitude » = 0.15 pu in the range
of angle values y=[0°: 360°].

The analysis is twofold. In the first case, influence of load
voltage dependency to the UPFC power ratings is
considered when the UPFC shunt part is inactive in
reactive power compensation (Zeomq = 0 pu). In the second
case, influence of the UPFC shunt part engagement to the
power ratings is analysed when the system has voltage
dependent loads (Z;on1 = +£0.9 pu).

In the first case (Figs. VI.2-5), system loads are modelled
by using static ZIP model either as constant power loads, or
with active power part equal to constant current, and
reactive one to constant impedance.

Shunt and series converter powers are computed with
respect to the angle y. Concerned converter powers are
apparent, active and reactive power.

The results obtained in the first case of dynamic load flow
approach with constant loads (Fig. V1.2, Fig. VI.4) are
compared to the results from steady state load flows (Table
VI.1, Fig. VI.1). In both approaches the loads are set to be
independent on bus voltage magnitudes with the UPFC
shunt part being inactive in reactive power compensation.
Shunt converter reactive power, Q... is equal to zero
within the range of the angle y.

Series converter apparent power has a maximum value of
approximately 65 MVA, whereas shunt converter
maximum apparent power is slightly less than 60 MVA.
Obtained values closely match those computed for the 7,,,,
equal to 0.15 pu in Table VI.1. Only minor differences
exist due to changes of generator terminal voltages caused
by excitation systems.

Within the series converter, reactive power requirement,
Ocom2, €Xists in a significant amount. It keeps the apparent
power S.,,» at higher values when the active power P,
passes through zero values. At the shunt side, the apparent
power S is equal to the absolute value of the active
power P.,,;. The active powers of both converters are
mutually equal.

In the first case of the dynamic load flow approach, the
voltage dependency of loads is addressed to compare
converter power ratings. In both cases, the UPFC shunt part
is inactive in reactive power compensation (Q,n,,/=0 pu).
Both computational procedures start from the same point
(rmax: 0.15 pu, y= 00)'

Comparing shunt (Figs. VI.2-3) and series converter
powers (Figs. VI.4-5) without and with voltage
dependency, it is seen that after being introduced voltage
dependency of load causes decreased converter power
requirements.

The largest differences appear in the range of the angle y
between 90° and 270°, mostly affecting the active powers
P.ony; and P,,,». Around y= 180°, the UPFC series side bus
voltage magnitude, V;, has the lowest values, whereas the
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UPFC shunt side bus voltage magnitude, V;, has the highest
values. Adjacent to the series side bus there is BUS20 with
load twice as larger as the one at BUS19, which is adjacent
to the shunt side bus. Decreased bus voltage magnitude V;
also decreases actual power demand of voltage dependent
load at BUS20, which overwhelms increase of actual
power demand at BUS19. Locally, overall decrease of load
power demand imposes less stringent conditions to the
converter powers. Therefore, the powers have smaller
range of variations and smaller maximum values.

This discussion leads to a conclusion that load
characteristics influence maximum values of the converter
powers, and at least locally they should be included in
dimensioning procedure of the UPFC.

In the second case (Figs. V1.6-9), system loads are voltage
dependent and the influence of the UPFC shunt part
engagement is of concern.

The power ratings of the UPFC converters are analysed
when the shunt converter reactive current, I, 4, firstly is
equal to -0.9 pu capacitive, and secondly to +0.9 pu
inductive. Per unit basis of the current is given as the UPFC
converter nominal power instead of the system base power.
It means that 1 pu of the /,,,,;, produces 185 Mvar from the
shunt converter when the voltage V; is equal to 1 pu, and
there is no active power requirement from the series side.
Computational procedures start from different operating
points due to the opposite values of the Ico4, but with the
same settings of the series branch (7,,,,= 0.15 pu, y=0°).

Shunt (Figs. V1.6-7) and series converter powers (Figs.
VI1.8-9) are compared with respect to the initial capacitive
and inductive engagements of the UPFC shunt converter. It
is seen that maximum values of the apparent powers S,
and S.,,,,2 do not differ significantly within both aspects.

The shunt converter is highly loaded due to the initial
reactive power. The series converter loading is rather
similar to the loading in the previous analysis (Fig. VL5)
with the shunt part being inactive in reactive power
compensation.

It leads to a conclusion that initial loading of the shunt
converter does not impact significantly the maximum
loading of the series converter. Certainly, in case that a
larger voltage sensitive load is located adjacent to the shunt
side it is necessary to pay attention to the load impact as it
is done in the previous case.

Only minor differences are noticed in the powers due to
voltage sensitivity of loads. If the shunt converter is loaded
capacitively, the UPFC shunt side bus voltage magnitude is
somewhat increased causing slightly increased values of
the apparent power S,,,,;. If the UPFC shunt converter is
loaded inductively, the voltage is decreased causing lower
values of the S,,,,;. Dominant portion of the shunt apparent
power S,.; is the reactive power Q... The values of the
Seconv2 appear in a very similar range. Characteristic of the
P, 1s slightly lowered in inductive operation mode of the
shunt converter.
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VL2 VOLTAGE CONTROL OF
THE UPFC SHUNT SIDE

In order to analyse impact of the UPFC to voltage control
problem, the reactive power compensation of the UPFC
shunt side is addressed hereafter.

Having the UPFC series part inactive (» = 0 pu), the voltage
control of the shunt part is applied solely, according to the
considerations given in subsection I11.4.A.

The converter rating powers S.on;» and Sg,m2, are set equal
to 185 MVA, with 35% of short-term overload capability
of the shunt converter. Limiting action is defined by the
time constants 7,=7,=5 s, and 75=10 s (Fig. IIL.15).
Continuous operation limit is set equal to x.,,~1 pu. The
slope setting is defined using the value of the AV equal
to zero (no slope). The time constants and gain of the shunt
side voltage control model are given as T,,=0.5 s, T;,=0.02
s, and K;,=5 (Fig. I11.16). The loads are modelled by static
ZIP model that has active power part equal to constant
current, and reactive one to constant impedance.

The simulations start from a steady state operating point
given by V; = 0.9516 pu, where the UPFC is at no-load
conditions. The sequence of changes of the referent voltage
Virer 1s defined as step-up — step-back — step-down — step-
back, finishing at the initial point. The values of the step
changes are [0.96 pu; 0.94 pu], [0.97 pu; 0.93 pu], [0.98 pu;
0.92 pu], and [0.99 pu; 0.91 pu].

The variables of the UPFC shunt side, Vi, Oconvr, and Lonyig,
define initial voltage control range with limiting conditions
employed.

Time responses of the UPFC shunt side bus voltage
magnitude, V;, depict that it is freely controlled in the
approximate range of +0.025 pu (Fig. VI.10). Outside of
that range the limiting conditions are activated.

Maximum overload limiting conditions are set through the
UPFC shunt side reactive current as /.., = £1.35 pu on
the shunt converter nominal power base 185 MVA. The
time responses of the /., depict that from the 35%
maximum limit the overload is ramped down to the
continuous operating limit defined by I.omig = £1.00 pu
(Fig. VL.11).

In the same time, the UPFC shunt side reactive power
QOconvi depends not only on the /.4, but on the bus voltage
magnitude V; as well (Fig. VI.12). The reactive power
QOcomvi 18 given on the system basis 100 MVA. This is the
reason for not having the Q,,,; at the exact value of 250
MVA (35% overload limit), and 185 MVA (continuous
operation limit), but at closely related values.

If the power ratings Sconin and Seonz, Would be defined
equal to 65 MVA, as it is given by the initial optimal
dimensioning algorithm which accounts only for series
power flow regulation, then the magnitude V; could be
freely controlled in significantly smaller range of +0.010
pu. That comes out from the time responses of the reactive
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power QO.,n1, and the reactive current /.4, Where only the
first sequence of Vigr step changes [0.96 pu; 0.94 pu]
could be satisfied. For the other changes, the overloading
could appear afterwards. The range of +0.010 pu in that
case is considered to be inadequate from the voltage
control perspective. Since it is estimated that the voltage
control range of £0.025 pu suits the voltage criterion better
than the range +0.010 pu, the rating power of the UPFC
shunt converter is increased roughly 3 times in comparison
with the ratings given by the initial optimal algorithm.
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Control and system characteristics are evaluated as the
second issue within the UPFC shunt side voltage control.
The variables of the UPFC shunt side, Vi, Oconvr, and Leonyig,
are employed again. The impact of the slope setting is
analysed by computing the characteristics with the values
of the AV equal to 0%, 5%, and 10%. The overloading
capability is disabled here and the rest of the parameters are
the same as previously.

Operating points at the control characteristics are computed
by keeping the UPFC shunt part in the constant voltage
regulation mode while changing active and reactive power
demand of the system loads. The system characteristic is
computed by keeping the UPFC shunt part in the voltage
regulation mode while changing the referent voltage Viggr.

In the V; = f (Oconvy) domain (Fig. VI.13), the system
characteristic is computed for the initial referent voltage
Virer set equal to the voltage V; from the no-load steady
state operating point of the UPFC. Control characteristics
are computed for 3 different values of AV (0%, 5%, and
10%). The same results are shown in the V; = f (Loni1q)
domain (Fig. VI.14). Corresponding general characteristics
are described in subsection I11.4.A (Figs. I11.13-14).

It is clearly seen that within allowed limits of the current
Leomvig (£1 pu), the voltage magnitude V; is controlled
depending on the slope setting. By increasing the slope
setting above 0%, the voltage magnitude V; is no longer
equal to the referent voltage Viggr.
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At the limits, the current /,,,;, becomes constant, whereas
the reactive power Q..,,; linearly changed due to changes
of the voltage magnitude V.. In the capacitive region of the
limiting conditions, maximum reactive power decreases
with increased value of the AVgy.

Having the slope setting increased, an operating point at a
crossing of the control and system characteristics becomes
easier to achieve.

As the third issue within the UPFC shunt side voltage
control, the trajectory of the operating point is evaluated
showing well-defined capability of the UPFC shunt side
control system (Fig. I11.16).

The results are depicted in the V; = f (I.on14) domain (Fig.
VI.15). Control characteristic is computed by setting AV
equal to 5%. The trajectory is defined by employing the
step changes of the referent voltage Vizer equal to [0.99 pu;
0.91 pu], with the other parameters being the same as
previously.

The simulation starts from the steady state operating point
by stepping-up the referent voltage Viggr to 0.99 pu. Due to
the slope of the control characteristic introduced by AV
= 5%, the voltage magnitude V; is lower than the Viggr at
the end of the step-up. The step-back brings the operating
point back to the initial starting point.

The same happens with the step-down of the Viggr to 0.91
pu, when the V; becomes higher than the Vizgr. The step-
back again brings the operating point back to the initial
starting point.

The trajectory of the operating point is always situated
nearly to the system characteristic showing appropriate
settings of the gains and time constants within the UPFC
shunt side control system.

In comparison with the first issue discussed within this
section where AVgy; is equal to 0%, the range of allowable
values of Viggr is here as large as +0.050 pu, but the
controllable region is left unchanged, +0.025 pu. The
difference is in easier achievement of the operating point at
the crossing point of the characteristics.
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Fig. VI.15 Control trajectory of operating point in ¥; = f{I.om1,) domain



VL3 POWER FLOW CONTROL OF
THE UPFC SERIES SIDE

In order to analyse impact of the UPFC to the power flow
regulation problem, the capability of the UPFC series side
is addressed hereafter.

Having the UPFC shunt part inactive (Ieoniq = 0 pu), the
power flow control of the series part is applied solely,
according to the considerations given in subsection I11.4.B.

Series power flow regulation is viewed from two aspects
concerning type of the UPFC parameter changes, namely
rotational change and step change.

VI.3.A Rotational change

The rotational change is defined as a rotation of the

injected series voltage vector Vs having constant

magnitude r in the full circular range of angle values y =
[0°: 360°], (Fig. VI.16). The starting point of the injected
series voltage vector is defined by (r; ) = (0.15 pu; 0°),
and the ending point by (0.00 pu; 0°). Upon completion of
a full circle of the angle ), the magnitude r is changed in
rather small steps of 0.001 pu implying conditions similar
to the ones valid for continuous operation. The results are
written for the values of the magnitude » equal to 100%,
80%, 60%, 40%, 20%, and 0% (actually 0.001 pu) of the
maximum value 7, = 0.15 pu, and for the values of the
angle yequal to 0°, 90°, 180°, 270°, and 360°.

r=f(gamma) in polar coordinates
015
045 —

aqc
0:15

Figure VI.16 Rotational change in polar co-ordinates r = f'(’ w

The converter rating powers Sg,nz, and Sg,m2, are set equal
to 185 MVA, without any short-term overload capability of
the shunt converter. The loads are modelled by static ZIP
model that has active power part equal to constant current,
and reactive one to constant impedance.

Dependence of the UPFC shunt and series side bus voltage
magnitudes, V; and V), with respect to the rotational change
in (r, ) pair is analysed (Fig. VI.17-19). The third
parameter, O,,.,;, and thereby V;, is not controlled in this
case. It is shown that the voltage magnitudes have opposite
direction of changes. Since neither of the buses is voltage
controlled, one of them has magnitude increased when the
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Figure VI.19 Shunt and series side bus voltage magnitudes
in (V;, V;) =f(r, ) domain

other one is decreased, and vice versa. Similar effect could
be found in transformer operation in a network with a low
level of short circuit capacity. The distortion becomes more
pronounced whenever larger values are given to the
magnitude 7. As it is seen, it would be necessary to have
the operating region voltage limited due to low bus voltage
magnitude values.

The operating region of the UPFC series side is computed
with respect to the active and reactive power flows. Active
power flow at the series side, P;,, and reactive power flow
at the series and shunt side, O, and Q;;, are defined with
respect to the angle y(Figs. VI.20-22).

Dependence of the active power flow P;, on the angle y
depicts the region of possible active power flows at the
series side. With the UPFC in no-load conditions, the
active power Pj; is equal to -2.25 pu, whereas maximum
change in both directions is equal to £1.05 pu. It means that
by inserting the maximum value of the magnitude » (0.15
pu), the active power P;; could be changed by maximum
105 MW in each direction if the angle y is appropriately
adjusted. The maximum active power flow conditions
appear around 70° and 250°, being displaced by
approximately 180°.



Dependence of the reactive power flows O, and Q;; on the
angle yare given as well. The reactive power flow (), has
maximum changes equal to +2.10/-1.9 pu from a no-load
conditions given by the flow -0.40 pu. Maximum changes
of the reactive power flow Q;; are equal to +1.70/-2.3 pu
from a no-load conditions of +0.30 pu. Generally, if the
maximum magnitude r is inserted having the angle y at
appropriate value, the reactive power flows could be
changed by approximately 200 Mvar in each direction. The
maximum reactive power flows appear around 170° and
350°, being displaced by approximately 180°.

Active and reactive power flows are 90° phase-displaced.
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Previously mentioned variables are also shown in O, = f
(P;) and Q;= f (P;;) domains (Figs. V1.23-24). In both
cases, the diagrams that are obtained have approximately
circular characteristics. They are not properly rounded due
to non-linearity in the load characteristics and due to
impact of generator regulation circuits.
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The same case of the rotational (7, y) change is also shown
in V; = f(P;;) and V; = f (Pj;) domains (Figs. V1.25-26). In
the first case the UPFC series side bus voltage magnitude is
given with respect to the active power flow at the series
side, whereas in the second case dependence of the shunt
side bus voltage magnitude is given.

Diagrams show the range of the active power flow P, that
could be achieved with respect to the bus voltage
magnitudes within the rotational change. It is seen that the
bus voltage magnitude ¥} has values in the range between
0.88 pu and 0.97 pu with no-load conditions given at 0.93
pu (maximum changes -0.05/+0.04 pu). The bus voltage
magnitude V; has quite similar no-load conditions, but with
larger operating range between 0.85 pu and 1.02 pu
(maximum changes -0.08/4-0.09 pu).

In both cases, minimum and maximum values of the bus
voltage magnitudes appear at the angle y equal to 0° and
180°. Along this vertical voltage change, the active power
flow is controlled in a rather limited range (£0.35 pu).



Along horizontal voltage change (90° and 270°), the flow
of active power P;, has the widest controllable range (+1.05
pu). It shows that the active power flow control could be
achieved much easier by controlling the bus voltage angle
difference than by controlling bus voltage magnitudes.
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The same rotational change is used to analyse behaviour of
the minimum singular value o, of the extended Jacobi
matrix (Fig. VI.27). Besides, the sensitivities of the
minimum singular value with respect to the magnitude r,
and the angle y, d0,/0r and 00,/0y, are evaluated (Figs.
V1.28-29). The analysis of the minimum singular value is
considered in subsection V.1.A.

The minimum singular value is small in value, and
moreover numerically changes within rather small range.
This is the reason for its distorted appearance within
smaller values of the magnitude ». Larger values of the
magnitude 7 impose larger changes, and thereby the
computation is done numerically easier.

Maximum value of the minimum singular value is of
concern here. It is seen that the maximum value appears
around the angle yequal to 300°. Around the same value of
the angle Y, the sensitivity 00,/dy has nearly zero value,
whereas the sensitivity 00,/0r comes at the negative
minimum. This fact is employed within the sub-optimal
formulation, which maximises the minimum singular value.
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Besides in the analysis of the minimum singular value, the
same rotational change is used to analyse behaviour of the
total active power loss P as well (Fig. VI.30). The
sensitivities of the total active power loss with respect to
the magnitude r, and the angle V, dP,,/dr and dP,,s/dy, are
evaluated (Figs. VI.31-32). The analysis of the total active
power loss is considered in section V.3.

The total active power loss is changed within approximate
range of +2.5% from a middle level. Larger values of the
magnitude 7 impose larger changes of the P,.



Minimum value of the total active power loss is of concern
here. It is seen that the minimum value appears around the
angle yequal to 180°. Around the same value of the angle
¥, the sensitivity dP),/dy has nearly zero value, whereas
the sensitivity dP,,,/dr comes at the minimum. Similarly to
the previous case, this fact is employed within the sub-
optimal formulation, which minimises the total active
power loss.
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VI1.3.B Step change

The step change is defined as a change of referent values
within the UPFC control system. Parameters of the injected

series voltage vector V' s are controlled through feedback
regulation circuits from the UPFC series side. Two
regulation modes are analysed, namely P,<V; and

P = Qp.

In the first mode, P;; < V), the angle yis controlled through
the feedback of the series side active power flow P,
whereas the magnitude r through the series side bus voltage
magnitude V.

In order to achieve adequate time responses of the UPFC,
parameters of the PI regulators are adjusted before
encountering the problem. The time constants and gains of
the series side feedback are given as: Pj,-feedback, K,=0.05
and 7;~0.40 s, and Vj-feedback, K,=0.02 and 7;,=0.30 s,
(Fig. II1.12). The converter rating powers S;puyz, and Seonzn
are set equal to 185 MVA. The loads are modelled by static
ZIP model having active power part equal to constant
current, and reactive one to constant impedance.

The sequence of the step changes is composed of 5 steps.
Within each of the steps, one referent value is changed at
the time, while the other one is kept constant (Figs. VI.33-
35). There are 5 points defined (0-4). Point 0 is defined as a
starting point having » = 7, = 0.15 pu and y= 0°. Then,
the operation point is driven to the point 1 (P;; V}) = (-2.75
pu; 0.95 pu), and further on to the point 2 (-2.75 pu; 0.91
pu), point 3 (-1.75 pu; 0.91 pu), point 4 (-1.75 pu; 0.95 pu),
and finally back to the point 1 again.

Trajectory path is shown in the P, <V; domain (Fig.
VI1.33). Starting from the operating point 0, it is made
possible to move operating point around all four quadrants
(0-1-2-3-4-51). The operating point is always kept
inside allowed boundaries defined by 7,,.. The straight
lines depict the changes of the referent variables, while the
curvaceous ones give responses of the variables. It is seen
that for the changes of the referent voltage Vjggr, the
operating point is dominated by the control of the
magnitude . Trajectory path passes through the internal
part of the operating region. The magnitude » hits zero
value, and adds 180° to the angle y value. This activates y
control loop, which brings its value at approximately 135°
at the point 2. When the changes of the referent value
Piorer appear, the operating point is dominated by the y
control having rather circular trajectory path. These
differences appear due to different reaction times of the
regulation circuits being disturbed by single step change at
the time.

Besides depicting trajectory path in two dimensions, the
same case is shown in three dimensions as well (Figs.
V1.34-35). Dependence of the angle y and the magnitude r
during the step change scenario is shown respectively to
the (P2, V;) domain. The )~dependence has a spiral form,
whereas the r-dependence has a conical one. The operating
point is found at the surface of the bodies.
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In the second mode, P, < Q) the angle y is again
controlled through the feedback of the series side active
power flow P;,, whereas the magnitude » through the series
side reactive power flow Q),, (Figs. V1.36-38).

The time constants and gains of the series side feedback
differ from the previous case and are given as: Pj-
feedback, K=0.075 and 7;~0.40 s, and Q),-feedback,
K=0.000027 and T;p=15.0 s, (Fig. 1I1.12). The converter
rating powers and the load models are the same as in the

previous case.

The sequence of the step changes is similar to the previous
case. Simulation starts from the point 0 having » = 7, =
0.15 pu and y= 0°. Then, the operating point is driven to
the point 1 (P;2; Op2) = (-2.75 pu; -1.50 pu), and further on
to the point 2 (-2.75 pu; 0.75 pu), point 3 (-1.75 pu; 0.75
pu), point 4 (-1.75 pu; -1.50 pu), and finally back to the
point 1 again.
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Trajectory path is shown in the P;; < (Q;; domain (Fig.
VIL.36). Starting from the operating point 0, it is made
possible to move operating point around all four quadrants
(0-1-2-3-4-1). The operating point is always kept
inside allowed boundaries defined by r,,,. For the changes
of the referent reactive power flow Q)rer, the operating
point is dominated by the control of the magnitude r,
whereas for the changes of the referent value Pjpgp, it is
dominated by the ycontrol.

The same case is shown in three dimensions as well (Figs.
V1.37-38). Responses of the angle y and the magnitude r
during the step change scenario are shown respectively to
the (Pj;, O2) domain. The J~dependence has a spiral form,
whereas the r-dependence has a conical one. The operating
point is found at the surface of the bodies.



V1.4 SIMULTANEOUS CONTROL
OF THE UPFC AT BOTH SIDES

In previous sections, sole operation of either the shunt side
or the series side of the UPFC is analysed. Certainly, the
UPFC series power flow control needs its shunt part for
active power supply, but at the UPFC shunt side its bus
voltage magnitude has not been controlled. Hereafter, the
simultaneous control of both sides is set in focus.

Simultaneous operation of both sides is viewed from the
step change aspect. Having activated the UPFC shunt part
in reactive power compensation through bus voltage
magnitude control, the series side control is applied in
several different modes, namely series power flow control,
series compensation, and PAR/QBT phase shifting.
Functional sub-optimisation of the total active power loss is
given afterwards.

VI.4.A Shunt voltage and series power flow control

In this case, simultaneous control of all three UPFC
injection model parameters, (7; ¥; Ocomi), is employed. The
step change scenario is defined using changes of referent
values within the UPFC series side control system, while
keeping the bus voltage magnitude of the UPFC shunt side
at a constant value. At the series side, the regulation mode
Pj; = 0, is analysed. In that mode, the angle yis controlled
through the feedback of the series side active power flow
P;,, whereas the magnitude r through the series side
reactive power flow O;,. At the shunt side, the bus voltage
magnitude V; is kept constant through Q. regulation
circuit. This makes simultaneous three parameter control,

given as (Qj; Piz; V7).

The time constants and gains of the series and shunt side
feedback are given as: Q),-feedback, Ky=0.05 and T;,=2.00
s, Pj-feedback, K,=0.05 and 7;,~0.10 s, and V-feedback,
K;,=0.50, T;,,=0.02 s, T,;=0.5 s, and AVsc=0, (Fig. 111.12).
The converter rating powers and the load models are the
same as in the previous cases. No overload within the shunt
side is allowed.

The sequence of the step changes consists of two
disturbance steps and two backward ones. Disturbance
steps lead the operating point to opposite directions, while
backward ones bring it back to the starting conditions.
Initial steady state period is defined by =0 pu, y=0°, and V;
being uncontrolled. Then, the sequence is activated to show
the series power flow control (O, P;;) by applying step
changes in referent values of each PI regulator
simultaneously (Figs. VI.39-40). In the same time, the
voltage magnitude V; is kept constant at its initial value
(Fig. VI1.41). Time responses meet general control criteria
showing that the control system parameters are
appropriately tuned.

The steady state operating point is defined by (O, P, V)
= (-1.01 pu, -2.93 pu, 09516 pu). Thus, the first
disturbance step is defined to bring the operating point
toward (-0.5 pu, -3.5 pu, 0.9516 pu) through (7, ¥, QOconv1)

52

feedback. Having this point achieved the backward step
follows to bring the operating point at the initial state given
earlier. The second disturbance step forces the operating
point to move in different direction given by (-1.5 pu, -2.5
pu, 0.9516 pu). The ending step brings the operating point
to the initial value.

It is shown that in addition to the UPFC conventional series
power flow regulation (0O, Pj), it is also possible to
control bus voltage magnitude V;, whenever there is enough
remaining reactive capacity of the shunt converter.

-0.4

T T

step back

-1.2

Reactive Power Flow Q_j2 (pu)

-1.4

-1.6

I

I

I

step 2

step back |

0 20

Fig. VI.39 Series side reactive power flow Q>

40

60

Time (s)

80

100

in simultaneous three parameter control of the UPFC

-24 T T T T
step 2
-2.6 1
=
g
N = . 4
; 2.8 back
2 steady-state step bac
o
[ 3+
o}
2
o
a
o 3.2 1
=
©
<
-34 + 4
3.6 | I I I
0 20 40 60 80 100
Time (s)
Fig. VI.40 Series side active power flow Pj,
in simultaneous three parameter control of the UPFC
0.965 T T T T
096} g
>
&
7
i 0.955 1
=] steady-state|||, step 1 step back step 2 " step back
= I W
c i
2 095} 1
=
[}
[o2}
8
£ 0945 | :
>
%)
>
@
0.94 1
0.935 L L L L
0 20 40 60 80 100
Time (s)

Fig. V1.41 Shunt side bus voltage magnitude V;
in simultaneous three parameter control of the UPFC



At the shunt side, bus voltage magnitude V; is kept constant
through Q,,.;-loop. At the series side, the power flows are
controlled influencing its bus voltage magnitude V;. Time
response of the magnitudes shows directions of their
changes (Fig. VI.42). Since the shunt side bus is voltage
controlled, the series side bus has voltage magnitude
decreased or increased whenever there is a change in the
power flows. Similar effect could be found in transformer
operation having one bus voltage controlled. Between the
magnitudes, a voltage difference exists due to the series
transformer reactance.
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VI1.4.B Shunt voltage control and series compensation

In this case, simultaneous three-parameter control is
arranged to achieve voltage control at the shunt side and
series compensation (SC) at the series side. The series
compensation mode is achieved according to the guidelines
provided in subsection I11.4.C. The Jloop is controlled to
keep the active power P,,,,» equal to zero, whereas the r-
loop is driven through the proportionality factor k., which
defines type and level of the series compensation.

The time constants and gains of the series and shunt side
feedback are given as: QOcomo-feedback, K.;=0.01 and
T.0=1.50 s, P.ono-feedback, K.,=0.25 and 7,,=0.25 s, and
Vi-feedback, K;,=0.50, T;,=0.02 s, T,;=0.5 s, and AVgyc=0,
(Fig. 11.12). The converter rating powers and the load
models are the same as in the previous cases. No overload
within the shunt side is allowed.

After initial steady state period, defined by arbitrary values
r=0.05 pu, y=150°, and V; being uncontrolled, a sequence
of steps operates the UPFC in shunt voltage control and
series compensation mode.

In the step 1, characteristic perpendicular form of V-7
diagram is introduced by forcing the active power of the
series converter P, to zero (Fig. V1.43). Thus, the angle
(y+¢) from the vector diagram (Fig. I11.17) takes value of
90° in the first step (Fig. V1.44), where the factor k. is
equal to +10 influencing the reactive power Q... (Fig.
V1.45). In the same time, the shunt side voltage magnitude
V; is controlled at 0.94 pu (Fig. V1.46).
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In the second step, the UPFC series side is still operated
from the series compensation mode, but the change to k. =
-10 forces the angle (y+¢) to become 270°. Thereby, the
character of the impedance that appears between shunt and
series side of the UPFC could be changed upon request
(capacitive/inductive). The bus voltage magnitude at the
shunt side is still kept constant at 0.94 pu.

In the third step, by setting k=0, the voltage vectors Vl
and V_/ become equal, neutralising any impedance between

the shunt and series side of the UPFC. Therefore, the
magnitude V., becomes equal to zero (Fig. VI1.47),
whereas the voltage magnitude V; becomes equal to V; at
0.94 pu (Fig. V1.48).
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It is shown that a conventional series compensation mode
could be achieved by governing the UPFC within pre-
determined conditions of the control system. Moreover, in
addition to the UPFC conventional series compensation
mode, it is also possible to control bus voltage magnitude
Vi, whenever there is enough remaining reactive capacity of
the shunt converter.

VI1.4.C Shunt voltage control and PAR phase shifting

In this case, simultaneous three-parameter control is
arranged to achieve voltage control at the shunt side and
PAR phase shifting at the series side. The series side phase
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shifting mode of Phase Angle Regulator (PAR) type is
achieved according to the guidelines provided in subsection
1I1.4.D. The Wloop is controlled to keep the UPFC bus
voltage angle difference @, equal to the referent value
Oyrer, whereas the r-loop is driven to equalise the UPFC
bus voltage magnitudes V; and V.

The time constants and gains of the series and shunt side
feedback are given as: V-feedback, K,,,=1.50 and
Tps=1.50 s, Oy-feedback, K,,=0.20 and T,,,~0.04 s, and
Vi-feedback, K;,=0.50, T;,=0.02 s, T,;=0.5 s, and AVsy=0,
(Fig. 1II.12). The converter rating powers and the load
models are the same as in the previous cases. No overload
within the shunt side is allowed.

After initial steady state period, defined by arbitrary values
r=0.05 pu, y=150°, and V; being uncontrolled, a sequence
of steps operates the UPFC in shunt voltage control and
series PAR phase shifting mode.

In the step 1, through the r-loop, the UPFC bus voltage
magnitudes V; and V; are forced to become equal (Fig.
V1.49), having the difference (V;-V)) set at zero value (Fig.
VIL.50). Through the y+loop, the UPFC bus voltage vectors

V. and Z are displaced in phase (©,=0-0)) by the value

1

of Oyrer equal to -4° (Fig. VI.51). In the same time, the bus
voltage magnitude V; at the UPFC shunt side is controlled
to be 0.94 pu. This also makes the magnitude V; at the
UPFC series side to have the same value in this mode. The
magnitude of the compensating voltage, Vo, is slightly
increased from approximately 0.050 pu to 0.065 pu in order
to adjust for introduction of this mode (Fig. VI.52).

In the step 2, at the UPFC series side the PAR phase
shifting mode is preserved, but with the opposite phase
displacement which now has a value of Ojrgr=14°. The
bus voltage magnitudes ¥; and V; are still controlled to be
constant at 0.94 pu, keeping the voltage difference (V-V))
at zero value. The magnitude of the compensating voltage,
Veomps 1 approximately the same as in the previous step, but
with opposite angle direction.

The simulation finishes with the step 3. By setting the
referent value of the voltage angle difference Oyzpr equal
to zero, and still keeping the voltage magnitudes V; and V;
equalised (V; being additionally controlled at 0.94 pu), the

voltage vectors J, and Z become completely equal. It

means that not only the magnitudes V; and V; are equal (and
set at 0.94 pu), but the angles ©, and G, are equal as well.
The voltage angle difference ©, and the magnitude of the
compensating voltage V,,,,, become equal to zero at the
end of the third step.

This analysis shows that a conventional PAR phase shifting
mode could be achieved by governing the UPFC series side
within pre-determined conditions of the control system.
Moreover, in addition to the UPFC conventional PAR
phase shifting, it is also possible to control bus voltage
magnitude V;, whenever there is enough remaining reactive
capacity of the shunt converter.
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VI1.4.D Shunt voltage control and QBT phase shifting

As the second case of the phase shifting mode, the QBT
type is analysed. Simultaneous three-parameter control is
arranged to achieve voltage control at the shunt side and
QBT phase shifting at the series side. The series side phase
shifting mode of Quadrature Booster Transformer (QBT)
type is achieved according to the guidelines provided in
subsection II1.4.D. The loop is controlled to keep the
compensating voltage angle Geomp €Qual to the referent

REF
comp

to keep the compensating voltage magnitude V,,,,, at a pre-
determined value.

value ¢ at either 90° or 270°. The r-loop is controlled

The time constants and gains of the series and shunt side
feedback are given as: V,,,-feedback, K,,,=0.01 and
Tps=1.50 s, @eomp-feedback, Kg,=0.20 and 7,,=0.03 s,
and V-feedback, K;=0.50, T;~=0.02 s, T,,~=0.5 s, and
AVsy6=0, (Fig. 111.12). The converter rating powers and the
load models are the same as in the previous cases. No
overload within the shunt side is allowed.

After initial steady state period, defined by arbitrary values
r=0.05 pu, y=150°, and V; being uncontrolled, a sequence
of steps operates the UPFC in shunt voltage control and
series QBT phase shifting mode.

In the step 1, the QBT phase shifting mode is introduced.
Through the r-loop, the referent value of the compensating

VREF

voltage magnitude, Vg »

is set equal to +0.07 pu (Fig.

VI1.53). Through the )loop, the referent value of the

compensating voltage angle, ¢ X" is set equal to 90° (Fig.

VI1.54). In the same time, the bus voltage magnitude V; at
the UPFC shunt side is controlled to be 0.94 pu (Fig.
VL55). Within the QBT type, the voltage magnitude V; at
the UPFC series side does not have the same value as V;
due to characteristic perpendicular voltage diagram.
Therefore, the difference in the bus voltage magnitudes
(Vi-V)) is not equal to zero (Fig. VI.56), whereas the angle
difference ©; has a value of approximately -4.5°. It means

that the UPFC voltage vectors 71 and V_/ are displaced in
which is defined by ¢*EF

comp *

phase by the value of O,
In the step 2, the QBT phase shifting mode is preserved at
the UPFC series side, but with the opposite phase

displacement. The value of ¢f." is made equal to 270° by

v REF

setting  Vomp

equal to -0.07 pu. The bus voltage

magnitude V; is still controlled to be constant at 0.94 pu.
The bus voltage magnitude V; at the UPFC series side has
different value than ¥, and their difference is still less than
zero. The angle difference O, has changed its value to
opposite direction and is approximately equal to +4.5°.

In the third step, by setting the referent value of the

v REF

compensating voltage magnitude comp

equal to zero, the

angle difference ©; becomes equal to zero as well. Since



the bus voltage magnitude V; is still controlled at 0.94 pu,
the bus voltage magnitude V; becomes equal to V. The

UPFC voltage vectors Vl and V_, become completely

equal, in magnitudes and angles. The voltage angle
difference, ©;, and the magnitude of the compensating
voltage, Veomp, become equal to zero at the end of the third
step.

This analysis shows that a conventional QBT phase shifting
mode could be achieved by governing the UPFC series side
within pre-determined conditions of the control system.
Moreover, in addition to the UPFC conventional PAR
phase shifting, it is also possible to control bus voltage
magnitude V;, whenever there is enough remaining reactive
capacity of the shunt converter.
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VI.4.E Functional sub-optimisation

As the last case in simultaneous three-parameter control,
the functional sub-optimisation is illustrated. The results
are provided for the total active power loss P being the
function for which the minimum is wanted. The functional
sub-optimisation is achieved according to the guidelines
provided in section V.4. Each of the loops, (7, ¥, Ocomi), 18
controlled by using the sensitivities (d P / d p). The
sensitivities are defined with respect to the set (v, ¥; Lonviq)
of the UPFC control parameters (V.133).

Analysing steady state behaviour of described functional
sensitivities, the results show the ability of the control
system to find a point of decreased total active power loss
Py, in the system (Figs. VI.58-59).

There are two different ways of reaching the ending point;
A) sequential change y—7 - I and B) simultaneous
change of all three parameters. In variant A, after reaching
a minimum point using one parameter, the procedure
continues with the use of other parameter, but keeping the
previous one at its constant value. In variant B, all three
parameters experience change in value simultaneously
during time span, where after the magnitude 7 hits zero, the
angle yis shifted for 180° enabling r to be increased, and
thereby kept in a non-negative range.



Procedures of finding the minimum point in both variants
start from the same point. The starting point is given by
r=0.1 pu, y=350°, and I~ O pu. The finish appears in
very close points (the ending point). Usually, minimum
loss points are located at approximately 180°, where the
sensitivity (dP, / d y) crosses zero. The sensitivity (d Py
/ d r) is displaced nearly 90° apart of it. Since the
sensitivity (d Py, / d r), at some values of the magnitude r,
crosses zero axis at the points that do not correspond to a
minimum, it is necessary to prevent its zero-crossing
impact in the vector B (V.135). Therefore, some heuristics
are applied in the procedure following the value of the
power loss and thereby determining the sign of changes in
control variables. Similar responses apply for the case
study of minimum singular value.
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VII. NUMERICAL RESULTS ON THE UPFC DAMPING CONTROL

At the second instance, possible benefits of the UPFC
injection model are investigated within damping control of
electromechanical oscillations in the multi-machine test
system. By using appropriate control system of the model it
is made possible to damp electromechanical oscillations by
simultaneous three-parameter control of the UPFC. Within
oscillations damping control, dimensioning procedure is
addressed especially from a viewpoint of the series side of
the UPFC. By describing achieved results it is shown that
the UPFC could be useful transmission system controller
not only in steady state operation of power system, but
during fast electromechanical transients as well.
Furthermore, the injection model with proposed control
system has been made to enable damping control of
electromechanical oscillations.

VII.1 DAMPING CONTROL

To analyse the UPFC benefits in voltage stability problem,
the voltage collapse scenario in the multi-machine test
system is established. The scenario is based on a slow
dynamics response of the system. It is assumed that the
disturbance, which triggers the period of the slow
dynamics, appears in the form of a three-phase short
circuit. The disturbance occurs on the line L17 closely to
the bus BUS15 (Fig. 11.1). It is cleared after 220 ms by
permanent line L17 outage. Afterwards, the voltage
stability problem is demonstrated through a slow dynamics
response of the system elements.

Meanwhile, during and shortly after the disturbance,
electromechanical oscillations are initiated between the
generators. With the UPFC being embedded between buses
BUS21 and BUS22 according to a voltage stability
criterion, which is given later in the text, this calls for its
possible utilisation in a damping control.

Besides the PI regulators being active in steady state and
voltage support modes, the control system of the UPFC
injection model allows oscillations damping control. The
damping control is of take-over type and is based on
transient energy function (TEF). The guidelines of the TEF
damping control by the UPFC injection model are given in
secton II1.4.E. Time derivatives of local variables from
both sides of the UPFC are used. The shunt part of the TEF
block uses information from dV/dt, whereas the series part
from dOydt (Fig. 111.12).

Immediately after the appearance of the disturbance, the
TEF block recognises increased values of derivatives dV/dt
and dOy/dt, and takes over the control. Since the control
system allows decoupled usage of the shunt and series part
of the TEF block, the achievements are clearly
distinguished between them. Usually, the damping level is
significantly larger when using the series part (especially in
a longitudinal-network case), whereas the shunt part
(especially with certain overloading capability) contributes
to the damping, but in rather smaller degree.
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The converter rating powers Scon;, and Sg,n2, are set equal
to 185 MVA. The shunt converter is allowed to have 35%
short-term overload capability (Zomi, = 1.35 pu) without
any slope setting (AVsyg= 0 pu). Maximum value of the
magnitude 7 is defined as 0.15 pu. In the period of
electromechanical oscillations, the loads are modelled by
static ZIP model that has active power part equal to
constant current, and reactive one to constant impedance.

Initial steady state period is defined by no-load conditions
of the UPFC (+=0.0 pu, y=0°, and V; being uncontrolled).
The TEF damping control operates the UPFC injection
model from the shunt and series side.

During and shortly after the disturbance, electromechanical
oscillations appear especially between generators GENS
and GENG6, influencing also the bus voltage magnitude V;
at the UPFC shunt side. Both parts of the TEF block are
used, series and shunt, respectively. The oscillations of the
rotor angle difference of the generators (Fig. VII.1), and the
shunt side bus voltage magnitude V; (Fig. VIL.2), are
damped according to the TEF action described by (II1.56-
63). Three cases are analysed, namely without any damping
control, with series TEF damping control solely, and with
series and shunt TEF damping control simultaneously.
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The simulation period concerns the time span between 0
and 20 seconds. At the time instant t=10 s, the disturbance
appears, and at t=10.220 s the line is switched off. The
responses are shown for the period between 9 and 20 s,
neglecting initial steady state period defined by constant
values of the variables.

From the responses of the rotor angle difference and the
bus voltage magnitude, it is seen that the UPFC damping
control is effective within oscillations that arise after large
disturbance appeared in the system. Damping level of the
rotor angle difference is dominated by the series TEF part,
whereas the bus voltage magnitude V; is better damped by
the shunt part (especially with certain overloading
capability). Contribution of the shunt TEF part in the rotor
angle difference damping is rather modest, as well as it is
the case with the series TEF part in the bus voltage
magnitude damping.

Damping control is achieved by introducing appropriate
changes of the UPFC set of control variables (¥, ¥, Leon1q)-

From the response of the magnitude r, it is seen that the
period with the largest engagement of the UPFC series part
appears immediately after the disturbance and lasts for
approximately 2 s (Fig. VIL.3). There is no larger difference
in its response between the cases with and without the
activity of the shunt part. In the period of the largest
engagement, the magnitude r is limited at its maximum
value. It leaves some space for considering increase of its
value. Toward the end of the simulation period, the
magnitude » exhibits decrease in value due to smaller
amplitudes of the rotor angle difference oscillations.

From the response of the angle ¥, it is seen that the injected
series voltage source opposes series active power flow
changes by adjusting the angle y at either (90° - ©,) or
(270° - ©y), (Fig. VIL4). Besides rather small phase
lagging, no other difference is noticed between the cases
with and without the shunt part being activated. As the
oscillations vanish, the angle yretains its appearance form,
but with smaller values of the magnitude r.

From the response of the current /,,,,,, it is seen that the
period with the largest engagement of the UPFC shunt part
appears immediately after the disturbance and lasts for
approximately 2 s (Fig. VIL5). In that period, the current
Leomvig 1s limited at its maximum value given by the short-
term overload capability (35%). Toward the end of the
simulation period, its value is decreased due to smaller
amplitudes of the bus voltage magnitude oscillations. The
response of the reactive power Q. exhibits
characteristics similar to the current I.,, but in
proportionality with the bus voltage magnitude V;. Due to
depressed voltage level immediately after the disturbance,
the reactive power is initially decreased as well. This is in
contrary with the response of the current /,,,,;4, which takes
maximum value during that initial period.

The UPFC activity is not blocked during the short circuit
period. However, its series part has certain initial delay in
response, whereas the shunt part is activated immediately.
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VIL.2 RATING POWERS IN DAMPING CONTROL

The UPFC damping control of -electromechanical
oscillations depends mostly on the maximum value r,,,, of
the magnitude ». The maximum value 7,,, influences the
series converter apparent power S.o,,2. Maximum value of
the power S, gives an estimate of its nominal rating
power S, Series converter should be adequately
dimensioned to enable damping control without possible
overloading.

Impact of the maximum value r,, to converters
dimensioning is analysed by employing two of its values:
0.15 pu and 0.25 pu. Both TEF parts are active in damping
control. Other aspects of simulations are kept the same as
previous.

From the responses of the rotor angle difference (Fig.
VIL.7), it is seen that the UPFC damping control is more
effective with larger value of r,,,. This is especially valid
for the initial period with the largest oscillations. Later on,
as the oscillations become smaller, the impact of increased
maximum value of 7,,, is not that pronounced.

From the response of the series converter apparent power
Secom2 (Fig. VIL8), it is seen that the increased maximum
value r,, causes larger peak of the power S, For
rmax=0.25 pu, this peak is approximately equal to 185
MVA, whereas for r,,=0.15 pu, it is approximately 120
MVA. Toward the end of the simulation period, the series
converter loading is decreased due to smaller amplitudes of
the rotor angle oscillations.

In the same time, from the response of the shunt converter
apparent power S.,.,; (Fig. VIL9), it is seen that different
values of r,, cause just minor changes of the shunt
converter loading. Since the current /,,,,, is limited at its
maximum value given by the short-term overload
capability (35%), the peak values in both cases are
approximately equal to 245 MVA. Toward the end of the
simulation period, its loading level is decreased due to
smaller amplitudes of the bus voltage magnitude
oscillations.

With the series converter being rated at 185 MVA, the
maximum value 7,,, could be set at 0.25 pu during period
of oscillations damping. Most probably, in voltage support
mode that maximum value would lead to unwanted voltage
excursions. Thereby, after oscillations period it should be
decreased. The shunt converter could have the same rating
power (185 MVA). Its short-term overload capability
contributes to the damping control, but in rather smaller
degree, which often could be neglected.
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VIII. NUMERICAL RESULTS ON THE UPFC SUPPORT IN VOLTAGE STABILITY

At the third instance, possible benefits of the UPFC
injection model and its belonging control system are
investigated ~ within  voltage  stability = problem.
Characteristics that are recognised in the voltage/power
flow regulation and oscillations damping are used to
alleviate voltage emergency situation. Two slow dynamics
scenarios are assumed in the problem evolving. Different
load models are analysed and their contributions to the
voltage stability problem are evaluated. Three-parameter
control of the UPFC injection model is employed. By
describing achieved results it is shown that the UPFC could
be useful transmission system controller in slow dynamics
period of power system operation. Furthermore, its
injection model with proposed control system has a
potential for relieving the problem.

VIIL.1 VOLTAGE COLLAPSE FROM A VIEWPOINT
OF DYNAMIC LOAD MODEL WITH NON-
LINEAR RECOVERY

In this section, the voltage stability problem is addressed
from a viewpoint of dynamic load model with non-linear
recovery. Its guidelines are given in subsection I1.3.B. Two
of the loads in the multi-machine test system are modelled
in this way. The voltage collapse scenario is established
first. Then, critical points of power system operation are
recognised. Adequate location for the UPFC is defined. At
last, the UPFC support is given to the bus voltage
magnitudes and power flow regulation in order to alleviate
voltage collapse.

VIII.1.A Voltage collapse scenario

In order to analyse possibilities of the UPFC support in
voltage stability problem, the voltage collapse scenario in
the multi-machine test system is established. The scenario
is based on a slow dynamics response of the system given
by mid-term recovery of initial load consumption.

The disturbance, which triggers the period of the slow
dynamics, is a three-phase short circuit. It occurs on the
line L17 closely to the bus BUS15 at time instant t=10 s,
and is cleared after 220 ms by line L17 outage (Fig. II.1).
The voltage stability problem evolves being dominated by
load recovery and insufficient generator voltage control
capability.

Loads are located in both of the two main areas (left/right).
The two of the loads in the right-hand area, at buses BUS19
and BUS20, are modelled to have a constant active and
reactive load power of the first-order dynamic load model
with non-linear recovery. The recovery is activated 30 s
after the disturbance, allowing for initially longer time of
the first LTC tap movement. The rest of the loads are of the
ZIP type (active power as constant current and reactive
power as constant impedance). The generators are equipped
with over-excitation limiters.
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The responses of the voltage magnitudes at buses BUS19
and BUS20 clearly indicate that the system undergoes a
voltage collapse at t=670 s (Fig. VIII.1). That happens after
generators GEN5 and GENG6 (and at the very end GEN4) in
the area with two recovery loads lost voltage control
capability due to the action of the OELs at t=123 s and 190
s, respectively (Fig. VIIL.2). Then, the reactive power
demand on the generators exceeded the generator field
current limit (Fig. VIIL.3).
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Time domain responses of dynamic loads clearly depict the
voltage collapse mechanism from a load viewpoint (Figs.
VIIl.4a-d). The responses are given in the ranges that allow
non-linear recovery to be best viewed. All of the loads have
constant initial power (active and reactive one) set as a
recovery objective.

Initially, a three-phase short circuit causes appearance of
electromechanical oscillations. Upon line outage, the bus
voltage magnitudes are established at new values, which
are at a lower level than the initial ones. Being depressed in
value, the bus voltage magnitudes cause lower dynamic
load consumption for approximately 2% due to a load
voltage dependency.

The recovery process starts 30 s after the disturbance
appeared. As the loads increase their consumption, the
generators are asked to increase excitation current levels
and provide more reactive power. The generators become
limited by the OELs action, and dynamic loads exhibit
changed recovery slopes. The first OEL action (GENS, at
t=123 s) makes somewhat slower recovery, but with its
positive slope. The second OEL action (GENG, at t=190 s)
introduces negative slope of recovery process. None of the
loads succeeded to achieve the initial value of load
consumption. They come close to it, but still the difference
exists. By the time passed, the mechanism of the loads that
intends to re-establish initial consumption leads the system
toward the voltage collapse.

It is seen that the bus voltage magnitudes at BUS19 and
BUS20 are rather constant up to the ending part of the
scenario. Therefore, it is necessary to establish a reliable
index other than value of voltage magnitude to assess the
severity of the voltage stability problem well before the
actual collapse occurs. From the responses of the dynamic
loads, it is seen that a critical point exists in a form of a
closest proximity to initial load consumption. Upon
recognition of the critical point during time domain
simulation period, preventative measures should be applied
soon enough to support voltages.

VIII.1.B Critical point recognition

During dynamic time-domain simulations, the extended
Jacobi matrix, Jgy7, and the state matrix, 4g, are evaluated
utilising linearised differential-algebraic model. Guidelines
on differential and algebraic equations of system elements
are provided in Chapter IV. Sensitivity analysis of the
matrices enables recognition of critical points during time
domain simulation period. Guidelines on sensitivity
analysis are given in Chapter V. The knee-points in well
known PV and/or QV curves are recognised denoting one
of the possible time instants when voltage support should
follow thereafter.

The voltage collapse scenario is followed through the
sensitivity analysis taken in time steps of 1 s. Time step for
solving differential equations is constant and equal to 0.005
s. Achieved results are written in steps of 0.1 s.
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Particular attention is paid to appearance of the critical
point. For that purpose, as a starting point serves a simple
idea for finding the knee-point. At that point, the derivative
of a PV and/or QV curve changes the sign making recovery
slope transferred from positive to negative.

Simple ratio between relative changes of bus voltage
magnitude and dynamic load active power is computed for
buses BUS19 and BUS20. The ratio is given as AV;o/AP
for BUS19 and AV,yAP,, for BUS20 (Fig. VIILS).
Similarly, the ratio is computed for dynamic load reactive
power at the same buses (Fig. VIII.6). These ratios are
obtained in a straightforward manner, simply following
values of the variables during time domain simulation.

Time responses of the ratios reveal the change of sign and
therefore the knee-point of the load curves. Upon vanishing
of initial electromechanical oscillations caused by the
disturbance, the load recovery starts at t=40 s. By
increasing dynamic load consumption toward the initial
one, the voltage magnitudes are decreased. This makes the
ratios being negative during that initial period. At t=123 s,
generator GEN5 becomes limited by its OEL action. First
limiting action causes the ratios and recovery slopes being
even more negative. Shortly after generator GEN6 becomes
also limited by its OEL action at t=190 s, the critical point
occurs and the sign of the ratios is changed. Having critical
point passed, actual dynamic load consumption decreases
when trying to re-establish initial consumption. The
voltages are still decreasing. This makes the sign of the
ratios being largely positive. Further intention to reach the
initial consumption leads towards the voltage collapse.

Besides following these simple changes, more
computationally involved index is used as well. The
intention is to match these ratios on the basis of the
sensitivity analysis. Thereby, the parametric sensitivity
dy/dp is used being defined as a sensitivity of an algebraic
variable with respect to an arbitrary parameter (V.97). As
an algebraic variable, the bus voltage magnitude is used,
while for an arbitrary parameter, the static part of the
dynamic load with non-linear recovery is chosen. The
parametric sensitivity is computed for each of the dynamic
loads at buses BUS19 and BUS20 given as dV;¢/0(Py 19)b1s

Vao/ d(P LZ()() pr, OV 19/ (7( QL]Q() pr, and 9V5y/ d( QLZ()())DL

From time responses of these parametric sensitivities, quite
similar behaviour to the simple ratios is recognised (Fig.
VIIL.7). Both instants of the OELs action are identified and
the critical point as well. The change of the sign is clearly
visible. They differ qualitatively only during steady state
periods. While the simple ratios have zero values in these
periods, the parametric sensitivities have negative ones
indicating position of an operating point at the upper part of
PV/QV curves. This position is often referred to as a stable
one, but in general its stability depends on a static load
characteristic. Having its constant power characteristic, the
point is considered as being stable. Therefore, the
parametric sensitivity gives some further insights than the
simple ratios. Slight difference appears in the final part as
well, where the parametric sensitivities end up closer to
zero value.
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Besides parametric sensitivities, the sensitivity analysis
comprises a functional one as well. The functional
sensitivity dn/dp is used here being defined as a sensitivity
of a function with respect to an arbitrary parameter
(V.123). As a function, the total reactive power production
of the generators is used, while for an arbitrary parameter,
the static part of the dynamic load with non-linear recovery
is chosen again. The functional sensitivity is computed
with respect to each of the dynamic loads at buses BUS19
and BUS20 given as dQGZ/d(Pngo)DL, aQGZ/ﬁ(PLg()O)DL,

006°/9(0119") i, and 00G7/0(01.20")pr.



From the responses of the functional sensitivities, it is seen
that the OELs activation and the critical point are registered
again (Fig. VIIL8). The change of the sign is clearly
visible. More appropriate responses are achieved for the
reactive power being chosen as an arbitrary parameter than
the active one. In the last part of the scenario, the
functional sensitivity with respect to the active power
crosses zero value again and changes the sign once more.
Therefore, within functional sensitivity evaluation it could
be said that the total reactive power production, as the
function, is better related to the reactive power load, as the
parameter, than to the active one.

In general, before the occurrence of the critical point, the
functional sensitivities have positive values. Afterwards,
the values become negative. It means that as the load
consumption is increased, the total reactive power
production is increased as well resulting with a stable
operating point (in general). Having critical point passed,
the actual load consumption starts to be decreased, while
the total reactive power production stays being increased.
Therefore, the same recovery mechanism is reflected with
the opposite signs of the parametric and functional
sensitivities. As in the previous case of the parametric

sensitivity, the functional sensitivity also gives an
evaluation for a steady state operating point.
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Fig. VIIL8 Time responses of functional sensitivity dQ*/0P and Q¢~/0Q
for dynamic loads at buses BUS19 and BUS20

Each of these sensitivities, which are based on a static load
power as a parameter, are considered to be successful in
finding the critical point and associated critical events.
However, besides them, eigen and singular value
decomposition of the matrices result with appropriate
indices as well.

Eigenvalue decomposition of the state matrix Ag gives
critical eigenvalue with maximum real part (Fig. VIIL.9).
Its transfer from negative towards positive half-plane
happens when generator GEN6 becomes OEL limited (Fig.
VIILI.10). The plane crossing point appears after the
oscillations are damped out, at t=190 s, and only within a
real mode. Complex mode is not induced. Thereby, the
critical point is again recognised as well as the other events
that are associated to. As the voltage collapse becomes
closer, the real part of the critical eigenvalue is increased. It
also gives certain measure of the proximity to the collapse.
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Singular value decomposition of the state matrix 4 results
with the minimum singular value, which is always positive
(Fig. VIIL.11). As the load recovery starts, the minimum
singular value decreases. Generator GEN5 OEL action
gives large stress to the system decreasing further
minimum singular value. The appearance of the critical
point is reflected when the minimum singular value hits
zero being ascended afterwards. In this case, generator
GENG6 induced discontinuity due to its OEL activation
causes the critical point. Therefore, since minimum
singular value is always positive, clear point of hitting zero
value is not visible, but is reasonably assumed. Having
critical point passed, the minimum singular value increases.
Minimum singular value also gives certain measure of the
proximity to the voltage collapse.

However, it is seen that in cases with discontinuities, it is
not clearly visible when the operating point becomes
unstable in general. That is a large advantage of eigenvalue
decomposition over singular one. In order to enable the
minimum singular value being more adequate when
recognising critical point, the measure m,,, of the projected
parametric sensitivity is evaluated (Fig. VIII.12). It is
computed with respect to BUS19 and BUS20 static parts of
dynamic load, (P,”)p; and (Q,")p,, respectively (V.99-101).
By projecting parametric sensitivities onto the minimum
singularsubspace, its measure follows the route of the
minimum singular value. But, a significant difference is
noticed that it can be negative especially after passing
through the critical point.
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The indices that are shown in this subsection are successful
in critical point recognition. However, the indices based on
matrix decomposition have an additional advantage. The
participation factors could be evaluated. By correlating bus
and branch participation factors to the shunt and series
branch of the UPFC, it is concluded about its appropriate
location in the system.

VIII.1.C Location of the UPFC

From a viewpoint of static aspects given by matrix
decomposition, the participation factors are very helpful in
identification of the most critical location in the system.
Then, the UPFC could be installed there to introduce the
most significant impact during voltage emergency
situations.

During time domain simulations, the linearised differential-
algebraic model is calculated in steps equal to 1 s. In the
voltage collapse scenario, the critical events and critical
point are recognised along system trajectory. Thereby,
characteristic time snap-shots are identified regarding
appearance of the critical events. Before and after each of
them, the participation factors are evaluated. The time
snap-shots are given in Table VIII.1 concerning initial
period of steady state operation, start of the load recovery,
generator GENS5 OEL activation, generator GEN6 OEL
activation, and final period of impending voltage collapse.
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At characteristic time snap-shots, components of the
singular vectors clearly depict system area with
pronounced voltage stability problem. The right-hand side
of the system, between buses BUS17 and BUS22 including
generating bus GENG6, has the largest participation during
voltage collapse scenario. The left-hand side does not
exhibit voltage-related problems. The largest bus
participation appears in the area where dynamic loads
exhibit non-linear recovery leading to OEL action of
nearby generators GENS and GENG.

If the same decomposition is carried out on the state matrix
As, the results belonging to the generator and load state
variables are achieved. Components of the right singular
vector, v,, related to the state matrix A4y, indicate sensitive
state variables (Fig. VIII.15). Components of the left
singular vector, u,, indicate sensitive direction for changes
of state variable derivatives (Fig. VIII.16). Maximum
number of state variables is equal to 59 (53 for generators,
2 for OELs, and 4 for dynamic loads). As the most
sensitive state variables are recognised the ones that belong
to the dynamic loads. The most sensitive direction, in
addition to the state variables of the dynamic loads, is also
orientated toward the ones that belong to the generators
GENS5, GEN6, and GEN4. Again, the same area is
recognised to have the largest participation within state
variables during the voltage collapse scenario.

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

Components of the Right Singular Vector v_n

0.1

0 . . . .
10 20 30 40
State Variables Numberings (max 59)

Fig. VIII.15 Components of the right singular vector v, at snap-shots
- decomposition of the state matrix As -

0.8

0.7
0.6
05
0.4
0.3

0.2

0.1

Components of the Left Singular Vector u_n

20 30 40 50
State Variables Numberings (max 59)
Fig. VIII.16 Components of the left singular vector u, at snap-shots

- decomposition of the state matrix As -

66

Besides through participation factors of the state variables,
synchronous generators are analysed by using their reactive
power production as well.

At the snap-shots, the reactive power production of the
generators is evaluated (Fig. VIII.17). It is seen, that as
generators GENS and GEN6 become constrained through
the OEL actions, generator GEN4 starts to increase its
reactive power production. Its engagement is the largest
among the other generators in the system during the
scenario.

In addition, generator reactive power, given by (V.125), is
linearised with respect to the additional generator algebraic
variables V,, V,, I;, and I, Then, the set of linearised
algebraic variables (AV,, AV,, Al,, Al,) is replaced with a
corresponding set obtained from singular value
decomposition of extended Jacobi matrix Jgyr. As a result,
differential change of generator reactive power with respect
to the minimum singularsubspace is computed. It is
evaluated for each of the generators in the system (Fig.
VIII.18). Again, as generators GENS and GEN6 become
constrained due to the OEL action, generator GEN4
exhibits the largest sensitivity during the scenario.

These results show that not only state variable participation
factors serve to recognise critical generators, but their
reactive power production is useful as well.
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Branch participation factors are used in order to identify
transmission network elements (lines and transformers) that
have the largest participation in active/reactive power loss.
During the scenario, total active power loss is computed
according to (V.130), (Fig. VIII.19).
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Fig. VIII.19 Total active power loss Py, during voltage collapse scenario

Then, at the snap-shots, total power loss is distributed over
network branches in order to be compared mutually (Figs.
VIIL.20-21). It is seen that lines L18-L25 have large shares
of power losses. Lines L.26-L27 (originally just L26), are
lightly loaded and thereby have lower losses, but they still
belong to the same power flow corridor at the right-hand
side of the system. Lines L20 and L21 have the largest
share of the losses due to their single-line performance.

Branch participation factors are given as differential
changes of branch power losses with respect to the
minimum singularsubspace of interest (V.74-75, V.81).
Concerning them as sensitivities, they indicate which lines
consume the most active/reactive power in response to an
incremental change in active/reactive load (Figs. VIIL.22-
23). The right-hand side of the system is again recognised
as the critical one. This area, which dominantly includes
lines L18-L25, has the largest branch participation factors
due to their heavy loading, whereas the lines L26-L27 have
low participation factors due to light loading conditions.

The UPFC is based on a power electronic voltage source,
and unlike series capacitor, does not need heavily loaded
line for efficient power flow regulation. The lines L26-L27
(originally just line L26) make a part of the same corridor
(L20 to L25). Therefore, even from the aspect of branch
participation factors, the UPFC could be located
appropriately at the mid-point between buses BUS19 and
BUS20. This causes introduction of two additional new
buses BUS21 and BUS22, and lines .26 and L27.

Bus and branch participation factors, accompanied by
generator participation factors, denote the area around
dynamic loads at buses BUS19 and BUS20 as being
appropriate for possible installation of the UPFC. Then, the
UPFC voltage support and/or power flow regulation
capabilities are utilised in order to alleviate the voltage
stability problem.
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VIII.1.D The UPFC support

Having decided upon its location in the system, the UPFC
is employed in voltage support and power flow control
mode in order to avoid the collapse.

The same voltage collapse scenario 1is retained.
Immediately after the disturbance, the UPFC TEF damping
control is applied in take-over mode leaving no room for
action of the PI regulators. Thus, upon expiration of the
oscillations, the UPFC TEF block is disabled leaving the
UPFC control system capable for voltage support. Until
activation of the voltage support mode, it is assumed that
the UPFC damping control period had expired leaving it at
no-load condition.

Having critical point recognised, the UPFC voltage support
is applied at several different time instants. They are equal
to t=250 s, 400 s, 550 s, 600 s, and 625 s. Upon its
activation, the shunt and series bus voltage magnitudes of
the UPFC are given as subjects to the change of their
referent values. The support is carried out by switching on
the regulation modes V; < Qo and V; 1 through equal
step changes in their PI regulator references. By setting
these referent values at 0.95 pu, bus voltage magnitudes
from both UPFC sides become equalised in successful
cases (Fig. VIIL.24). Initially unstable case collapses at
t=670 s, whereas in the late case of voltage support (t=625
s) the collapse appears at t=749 s with splitting of the
voltage magnitudes at the UPFC sides. In all other cases,
the stable operating point is established with more or less
dynamics involved. For the successful case applied at
t=600 s, dynamics is rather significant, whereas the other
cases experience it in a much smaller degree.

Upon establishing stable operating point by two-parameter
voltage control, there is the third parameter, the angle ¥, to
be used as well. At t=750 s, the UPFC load flow control
(LF) is applied through the yloop, while keeping previous
two-parameter voltage support still active. Thereby, the
UPFC bus voltage magnitudes are kept constant (Fig. VIII.
25), while the series active power flow is changed to
precisely -2.5 pu with yequal to 92.97° (Fig. VIIL.26). The
LF control is applied in order to increase minimum singular
value and decrease total active power loss, as it is described
later on.
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Activation of the UPFC simultaneous three-parameter
control is shown to be very effective in the voltage stability
problem. The UPFC set of variables (7, V; leomig) has
acceptable responses (Figs. VIIL.27-29). From the
responses of the magnitude 7, it is seen that in successful
cases without LF control the UPFC is loaded just
transiently in the periods of electromechanical oscillations
and upon the step changes. Rather small value of the
magnitude r is asked for voltage support solely. If LF
control is applied, the magnitude » becomes significantly
increased to respond to the power flow change. Besides in
the oscillations period, the angle y has a non-zero value
during LF control period as well. During two-parameter
voltage support period it is zeroed.
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From the responses of the UPFC current /.., it is seen
that a capacitive loading of the shunt converter is needed to
increase the UPFC shunt side bus voltage magnitude. The
loading level stays constant for all successful cases without
LF control. If the LF control is applied, the shunt converter
reactive current is decreased in absolute value. In damping
control mode, the short-term overload is allowed, whereas
later on in the voltage support mode it is not. Since the
current /..., is internal variable of the shunt converter, it
is computed on the basis of its nominal rating power S¢oy -
Therefore, it is limited at 1 pu in voltage support mode.

Nominal rating powers of the UPFC shunt and series
converters, S,y 1» and Seom2n, are defined to be equal to 185
MVA (1.85 pu on the system base power 100 MVA). The
responses of the converter apparent powers, S.,,; and
Seconv2, show that they are operated within nominal rating
limits (Figs. VIII.30-31). The only exception appears in
oscillation damping control mode when the shunt converter
is allowed to have 35% short-term overload capability.

In successful cases without LF control, loading level of the
shunt converter is much larger than the series one. The
UPFC shunt side controls bus voltage magnitude V;, while
the series side in that period just adds injected voltage
source at the shunt side magnitude. This is the main reason
for their disproportionate loading levels. They become
approximately equalised after LF control is applied within
the series converter.
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Responses of the shunt converter apparent power S.ou;
mostly follow the responses of the current I.omq.
Responses of the series converter apparent power S, are
rather similar to the ones of the UPFC magnitude r.

Shunt and series converter apparent powers, S.,,; and
Seconv2, are decomposed into active and reactive power parts,
Oconvis Peonva, and Qomz (Figs. VIII.32-34). Shunt converter
active power P,,,,,; is equal to P>

Responses of the UPFC shunt converter reactive power
Oconvi are similar to the ones of the current /.o, In
addition, proportionality to the shunt side bus voltage
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magnitude V; is recognised, especially during limiting
conditions. Loading level in successful cases without LF
control is rather high, showing quite small demand for
active power. In the case with LF control, reactive power
loading level is decreased.

From responses of the series (and shunt) converter active
power P, it is seen that a very low demand for active
power exists when the LF control is not required.
Therefore, in successful cases without LF control, the
UPFC shunt converter is loaded dominantly with reactive
power. When the LF control is applied, active power
demand arises, but shunt converter reactive power Q. ouy;
still has a larger portion in the apparent power S,,;-

Responses of the series converter reactive power Q.oma,
denote very low loading level in successful cases without
LF control. When the LF control is activated, not only
series converter active power P, is increased, but the
reactive one as well. Upon activation of y+loop, even larger
increase is noticed in series converter reactive power than
in the active one. It happens due to increase of the
magnitude r aimed to control bus voltage magnitude V; at
the value equal to V. Therefore, series converter reactive
power Q.2 then represents a larger portion in apparent
power S.,.» loading level. Change of active power flow at
the series side requires increase in series converter reactive
power if bus voltage magnitude at the series side should be
kept constant and equalised to the shunt one.

70

Described activity within the UPFC converters and control
variables leads to alleviation of the voltage stability
problem. Bus voltage magnitudes at buses BUSI9 and
BUS 20 denote initial case of voltage collapse,
unsuccessful case of voltage support due to its late
activation, and successful cases with and without LF
control (Fig. VIIL.35). Upon LF control, the magnitudes are
slightly changed due to the change in power flows.
Generator OEL voltages are brought to zero value in
successful cases of the UPFC voltage support (Fig.
VIIL.36). Generator excitation currents are decreased in
value when the UPFC starts to provide reactive power to
the system (Fig. VIII.37). Upon LF control, the excitation
currents become changed, with an increase in one and a
decrease in the other.
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In voltage support mode, obtained responses denote that
required engagement of the UPFC in terms of converter
loading level is rather constant, whereas a level of overall
system dynamics is decreased if the support is given
earlier. Preferably, the support should be given upon
critical point recognition. Otherwise, overall system
dynamics becomes more pronounced as it is seen in
generator excitation current responses for the case that is
applied at =600 s. Roots are found in dynamic loads
behaviour.

Dynamic loads have non-linear recovery of initial
consumption after being disturbed by change of bus voltage
magnitude. Example is provided for reactive power load
that is connected at bus BUS19 (Figs. VIII.38-39).

In successful cases, increase in bus voltage magnitude
appears due to the UPFC voltage support. As the bus
voltage magnitude is increased, actual reactive power
consumption is initially increased above its steady state
value if the voltage support is provided earlier during the
scenario. Then, it is decreased toward the initial
consumption value along trajectory with constant bus
voltage magnitude. If the support is provided earlier, time
constant of non-linear recovery process is much longer than
the time response of the UPFC voltage magnitudes at both
sides. The UPFC bus voltage magnitudes are decoupled in
a very short period of time. Therefore, it establishes
constant voltage profile much earlier than the load recovers
its initial consumption.
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If the voltage support is given later on, overall dynamics
level is increased. The UPFC needs longer time period to
establish constant voltage profile with largely decoupled
voltage magnitudes. For the last successful case of the
support given at t=600 s, that time period comes into the
range of the load recovery time constant. Actually, the load
is recovered first, but at the lower voltage magnitude than it
is desired by the UPFC step changes. Then, the voltage
magnitude is increased due to the UPFC intention to
equalise bus voltage magnitudes at both sides. As the
UPFC increases bus voltage magnitude, the load is changed
again. First, it is increased above steady state value. Then,
it recovers initial consumption, but this time at the higher
voltage magnitude. The LF control does not impose any
significant change in the load behaviour.

The UPFC voltage support has a large impact to the
behaviour of the indices aimed for critical point
recognition. Example is provided for reactive power
dynamic load at bus BUS19. Simple changes AV/AQ for
dynamic load at bus BUSI9 clearly indicate difference
between successful and unsuccessful cases (Fig. VIII1.40).
When the voltage support is successful, the ratio AV/AQ
becomes approximately equal to zero. It means that the
load is being recovered at its initial consumption and no
further change of bus voltage magnitude appears. Being at
zero value, the ratio does not give any estimate of a general
stability of an operating point. However, its parametric
sensitivity 0V/0Q gives a stability estimate as being
brought back to the negative side (Fig. VIIL.41).
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Increased level of overall system dynamics is visible in
responses of the parametric sensitivity as the voltage
support is given later on. The same happens with the
functional sensitivity of total reactive power production
with respect to the static part of the dynamic load (Fig.
VIIL.42). In successful cases, the UPFC voltage support
brings the functional sensitivity at positive value. It also
exhibits wanted characteristic of a sensitivity to give a
stability estimate of an operating point in steady state. The
LF control does not cause any visible impact to the
sensitivities.
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Eigenvalue decomposition of the state matrix Ag results
with critical eigenvalue with maximum real part.
Responses of that variable also clearly show difference
between successful and unsuccessful cases (Fig. VIIL.43).
In successful cases, real part of critical eigenvalue crosses
back to the negative half-plane upon timely voltage
support. As the support is given later, system dynamics is
increased. In the unsuccessful case, the support is provided
too late and the system loses stability.

The LF control again does not introduce any significant
effect within critical eigenvalue real part. However, if
particular time period around its activation is shown, it is
noticed that it has a small, but positive impact (Fig.
VIIL.44). Upon its activation, critical eigenvalue real part is
further decreased in negative direction. It makes the system
more secure from a voltage stability viewpoint.
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Concerning the LF control impact, singular value
decomposition exhibits the most sensitive response upon its
activation. Minimum singular value becomes largely
increased as the voltage support is provided. In each of the
successful cases, afterwards it has the same value. Then,
with the LF control activated, it is again significantly
increased. Its value becomes even larger than in the initial
steady state. Similar responses are found within the
measure 1, of the projected parametric sensitivity with
respect to the static reactive power part of the dynamic load
at bus BUS19 (Fig. VII1.46). In each of the successful
cases, the UPFC voltage support brings the measure m1,,
back to a positive value. Later on, the LF control further
increases its value denoting operating point as more secure.
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Total active power loss in the system is also influenced by
the UPFC voltage support. In each of the successful cases,
the loss is stabilised at the same value with more or less
system dynamics induced (Fig. VII.47). Impact of the LF
control is visible only if the period around its activation
point (t=750 s) is depicted solely (Fig. VIIL48). It is
noticed that after transients the LF control slightly
decreases total active power loss.
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The analysis of the UPFC voltage support and/or power
flow control describes its versatile characteristics that are
very useful in simultaneous three-parameter control. The
UPFC is very helpful in alleviation of the voltage stability
problem. In the same time, it is used to avoid voltage
collapse by providing voltage support, and additionally
either to increase voltage security index or to decrease total
active power loss by control of power flows.

Its versatile characteristics are checked in the voltage
stability problem not only from a viewpoint of dynamic
load model with non-linear recovery, but from the
composite load model as well.
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VIII.2 VOLTAGE COLLAPSE FROM A VIEWPOINT
OF COMPOSITE LOAD MODEL

In this section, the voltage stability problem is addressed
from a viewpoint of the composite load model. Belonging
guidelines are provided in subsection II.3.A. Two of the
loads in the multi-machine test system are modelled in this
way (BUS19 and BUS20). The voltage collapse scenario is
established first. Then, critical load parameters are
recognised. Critical singularity point is detected. Finally,
the UPFC voltage support is given to the bus voltage
magnitudes in order to alleviate voltage collapse. The
analysis is aimed to indicate similarities and differences in
time domain responses of two different load models.

VIIL.2.A Voltage collapse scenario

In order to analyse capability of the UPFC to provide
support in voltage stability problem, the voltage collapse
scenario is established. The scenario is set to be as close to
the previous one as it is possible.

In the previous scenario, the loads at BUS19 and BUS20
are modelled as dynamic ones with non-linear recovery of
initial consumption. In this one, the composite load model
is used instead (Fig. 11.9). Buses BUS19 and BUS20 are
defined to be the HV buses. Respectively to the loads,
additional buses are introduced. Buses BUS23 and BUS25
denote the LV buses, whereas BUS24 and BUS26 denote
the LOAD buses. It makes total of 26 buses in this case.
Initial load flow computation is carried out in such a way
that voltage and power conditions at buses BUS19 and
BUS20 do not differ from the ones in the previous
scenario. The voltages at BUS19 and BUS20 have very
similar values of magnitudes and angles in both cases. The
power flows from BUS19 and BUS20 down to the loads
have also very similar values to the ones that belong to the
dynamic loads in the previous scenario.

Parameters of the individual elements of the composite
load model are provided in Appendices. The LTC
transformers control bus voltage magnitudes at the LV
buses as they are computed within initial load flow
procedure. Ratings of the shunt capacitors are defined with
respect to the voltage conditions set for the HV buses
BUS19 and BUS20 in the previous scenario. Equivalent
impedances of distribution feeders are set at values that do
not cause voltage magnitude drops larger than 3% for
initial load consumption.

At the LOAD buses, the induction motor load,
thermostatically controlled load and static load are
connected. Parameters of the induction motor loads belong
to prone to stall portion of weighted aggregate of
residential and industrial motors. Consumed active/reactive
power portions of the motors with respect to the total
power flowing to the LOAD buses are equal to 20.3/37.7%
(BUS24) and 22.2/39.2% (BUS26). Parameters of the
thermostatically controlled loads are chosen to initiate
recovery of initially consumed power in the time span
which is approximately similar to the previous scenario



(around 600 s). In reality their values may be even larger,
but in this scenario they serve for illustrative purposes
rather than for identification ones. Portions of their active
power consume amount to 49.3% (BUS24) and 47.3%
(BUS26). Parameters of the static loads describe active
power load as constant current and reactive one as constant
impedance. Portions of their active/reactive power
consumes are equal to 30.4/62.3% (BUS24) and
30.5/60.8% (BUS26). In general, the loads at the LOAD
buses are defined having the TCL active power consumes
approximately equal to half of the total load at the bus. The
other two loads (IM and SL) share the rest in
approximately equal amounts.

The disturbance, which triggers the period of evolving
voltage instability, is the same as in the previous scenario.
The three-phase short circuit occurs on the line L17 closely
to the bus BUS15 at time instant t=10 s, and is cleared after
220 ms by line L17 outage (Fig. II.1). The voltage stability
problem is again dominated by load recovery and
insufficient generator voltage control capability. In this
scenario, the recovery of the load consumption happens
due to the LTCs action and the TCLs control in a longer
term, whereas in a short term due to the IM dynamics. The
generators are still equipped with over-excitation limiters.

Time domain responses of the voltage magnitudes at buses
which belong to the composite load model clearly indicate
that the system undergoes a voltage collapse at t=589 s
(Figs. VIIL.49-50). Voltage collapse appears in the
oscillating form.
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Bus voltage magnitudes at the HV buses (V;9 and V,,
respectively) have faster rate of the magnitude decrease due
to the LTCs action. The LTCs try to keep bus voltage
magnitudes at the LV buses (V3; and V5, respectively)
within pre-specified thresholds at the expense of decrease
in bus voltage magnitudes at the HV buses. Bus voltage
magnitudes at the LOAD buses (V3 and Vs, respectively)
follow the values of the LV buses with a difference that
appears due to the equivalent distribution impedances.

Voltage instability is influenced by a lack of generator
reactive power production. Generators GENS5 and GEN6
(and at the very end GEN4) in the area with two composite
loads lose voltage control capability due to the action of the
OELs at t=84 s and 85 s, respectively (Fig. VIII.51). Upon
activation of the OELs, reactive power demands on the
generators exceed their field current limits (Fig. VIIL.52).
Having generators GENS and GENG6 limited by the OELs,
generator GEN4 takes the role of the reactive power
supplier until the very end. After certain time period, the
OELs can not stand for demands and the voltages collapse.
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With each LTC tap change, the burden on the OELs
becomes increased. Tap changing starts at t=40 s, after
approximately 30 s of initial time span has elapsed (Fig.
VIIL.53). The initial tap changes happen when the LTC
voltage errors become increased above 0.01 pu for pre-
defined initial time spans (Fig. VIII.54). Until nearly 300 s,
the LTCs succeed to keep the errors within pre-specified
threshold. Each time when the error comes within the



threshold, the LTC scheme is reset making the initial time
span active again. As the error stays out of the threshold,
subsequent tap changing appears, but now with smaller
time span (10 s). Due to having two different time spans,
two periods of the LTCs action are clearly distinguished.
The first one is slower, and the second one is faster. The
slower period is influenced by longer time span, whereas
the faster one by shorter time span. Transfer from one to
another appears slightly before t=300 s. The changes of the
LTC tap ratio are stopped at approximately t=485 s, when
the imposed *£15% regulation limits are reached.
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Time domain responses of the LTCs active and reactive
power flow from the HV bus to the LV bus denote the role
of the tap changing mechanism in recovery of initial load
consumption. These responses are related to the ones that
belong to the dynamic loads with non-linear recovery from
the previous scenario (Figs. VIII.4a-d).

Responses of the active power flow show recovery
intention followed by fast decrease in load consumption
due to collapse mechanism (Fig. VIIL.55). Responses of the
reactive power flow also exhibit recovery intention (Fig.
VIIL.56), but in the final part they differ significantly from
the responses of the dynamic load model with non-linear
recovery. Instead of decrease of reactive load consumption
in the final part, the reactive power of the composite load
model is first increased and then abruptly decreased
followed by oscillations. Overall level of the system
dynamics becomes highly pronounced.
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By decomposing the LTCs power flow, the impact of each
individual element of the composite load is recognised. The
impacts are mostly concerned with consumed power.

The shunt capacitors, SHUNT1 and SHUNT2, are
connected at the LV buses to supply reactive power locally.
Index 1 denotes the composite load model at BUSI19,
whereas index 2 at BUS20. Same notation is used for the
other individual elements. Responses of the shunt
capacitors reactive power clearly depict its quadratic
dependence with respect to bus voltage magnitude. Due to
constant value of shunt capacitor susceptance, the reactive
power is quadratically decreased when it is most needed.
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Static loads exhibit similar characteristics concerning their
dependence on bus voltage magnitudes. As the magnitudes
are decreased, active and reactive power of the static loads
are decreased as well (Figs. VIII.58-59). Due to constant
current type of active power load, it is decreased at
somewhat slower pace than the reactive power which has
constant impedance type (linear vs. quadratic). In general,
constant impedance type of a load has a relieving impact to
evolving voltage stability problem. Constant current type
imposes more stringent conditions, whereas constant power
type has the most stringent ones.
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Responses of characteristic variables belonging to
thermostatically  controlled loads reveal recovery

mechanism of purely resistive heating load.

As the bus voltage magnitudes are decreased due to initial
sequence of disturbances, the TCL conductances are first
slightly increased. Then, as the magnitudes are further
decreased, the conductances become significantly increased
(Fig. VIIL.60). Being linearly proportional to the
conductances and quadratically to the voltage magnitudes,
the TCL active power consumptions exhibit recovery
characteristics (Fig. VIIL.61).

These changes of the TCL conductances are consequences
of the TCL control schemes. The control schemes are
designated to keep the temperature of the heated area, 7, at
the pre-specified referent value Tgzr. Responses of the
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temperatures Ty reveal internal cause of recovery
mechanism (Fig. VIIL.62). Initial drop of the voltage
magnitudes first causes decrease of the temperatures 7.
Then, by feed-back control, the temperatures 1, are
increased towards the referent ones. Physical background is
provided through a fact that the TCLs stay connected to the
network within longer periods. After certain time elapsed,
the generators in the system become incapable of requested
reactive power delivery. The voltage magnitudes are
further decreased. The TCL control schemes try to keep the
temperatures Ty at their referent values, but unsuccessfully.
The voltages suffer even larger decrease and they finally
collapse accompanied with the temperatures.
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Time domain responses of characteristic variables
belonging to the induction motors reveal behaviour of the
total reactive power in the final part prior to the collapse.

Responses of the induction motors active power show that
with chosen parameters they have fairly constant
consumption closely up to the collapse (Fig. VIIL.63). As
the collapse is approached the active power is abruptly
decreased and it starts oscillating. Responses of the reactive
power exhibit characteristics similar to the ones noted for
the LTCs reactive power flow (Fig. VIIL.64). As the
collapse becomes closer, the reactive power is first
increased and then abruptly decreased with induced
oscillations. Such responses of the reactive power are
caused by the induction motors current drawn from the
system (Fig. VIIL.65). As the voltage magnitude is
decreased, the current is increased to provide enough active
power and therefore balance motor mechanical load power.
Responses of the speed of the induction motors show its
close couplings to the motor active power (Fig. VIIL.66).
Until the collapse, the motors succeed to keep rotor speed
at stable values. As the voltages collapse, the speed is
decreased toward lower levels and they finally stall. Stable
operating point in a well-known motor speed-torque
characteristic domain, (e, T,), is lost and the oscillations
are induced (Fig. VIII.67). Stability of an operating point is
lost following motor critical point being passed. Motor
critical point is determined by maximum electromagnetic
torque that could be developed. Its value is decreased as the
voltages are decreased.
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Analysed impacts of the individual elements within the
composite load model denote a need for careful modelling
of reactive power recovery process. It is especially
pronounced in the final part of voltage stability problem
due to the induction motor behaviour.

VIIIL.2.B Recognition of critical load parameters

Previously, static aspects given by matrix decompositions
are used to identify most critical location in the system.
Later on, the UPFC is installed at detected location to
provide maximum support in the voltage stability problem.



Besides using static aspects for determination of the UPFC
location, in this scenario they are used for detection of
critical load parameters as well. During time domain
simulations, the linearised differential-algebraic model is
calculated in steps equal to 1 s. By recognising critical
events along system trajectory during voltage collapse
scenario, characteristic time snap-shots are identified.
Before and after each of them, the participation factors are
evaluated. The time snap-shots are given in Table VIIL.2.
They concern initial period of steady state operation, start
of the LTCs slow tap changing, generators GENS5 and
GENG6 OEL activation, start of the LTCs fast tap changing,
halt of the LTCs tap changing, and final period of
impending voltage collapse which involves motor
dynamics.

Table VIII.2 Time snap-shots during voltage collapse scenario

No. time (s) description
1 5 steady state
2 35 before 1* LTC tap changes
3 80 before GEN5 & GEN6 OEL action
4 90 after GENS & GEN6 OEL action
5 130 slow LTCs and both OEL actions
6 170 1
7 210 1
8 250 1
9 275 1
10 285 fast LTCs and both OEL actions
11 295 1
12 300 1
13 310 1
14 320 1
15 350 1
16 390 1
17 440 1
18 480 1
19 500 no LTCs and both OEL actions
20 530 1
21 560 no LTCs, both OELs, motor instability starts

The singular value decomposition of the state matrix Ag is
carried out. The matrix decomposition results with the
right, v,, and left, u,, singular vectors associated to the
minimum singular value, 0,. Results are obtained for
characteristic snap-shots. They belong to the generator and
load state variables.

Components of the right singular vector, v,, related to the
state matrix Ag, indicate sensitive state variables (Fig.
VIIL68). Components of the left singular vector, u,,
indicate sensitive direction for changes of state variable
derivatives (Fig. VIIL.69). Multiplied components of the
singular vectors, v, x u, combine their corresponding
characteristics into overall participation (Fig. VIIL.70).
Components are given for the snap-shots, which come
behind the 4™ one. These snap-shots have the same,
maximum, number of the state variables, which enables
easier comparison. Maximum number of state variables is
equal to 65 (1-55 for generators, 56-61 for induction
motors, and 62-65 for thermostatically controlled loads).
Components of the right singular vector that belong solely
to the load state variables (induction motors and TCLs) are
given separately for a better overview (Fig. VIIL.71).
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As the most sensitive state variables, the ones that belong
to the TCLs are recognised. Especially, the TCL
conductances are detected to have the largest participation
among them. State variables of the induction motors have
lower participation. The most sensitive directions, in
addition to these of the TCL state variables, are also
orientated toward the ones that belong to the generators
GENS5, GEN6, and GEN4. Combined components also
point out the TCL state variables as most influential in
addition to the GEN6 and GEN5 OEL state variables. The
same area is recognised to have the largest participation of
the state variables during this voltage collapse scenario.
The area is characterised as being in close proximity to the
generators GENS5, GEN6 and GEN4, and around the
composite loads.

Instead of using participation factors of corresponding state
variables, highly participating generators are detected by
using their reactive power production as well. At the snap-
shots, the reactive power production of the generators is
evaluated (Fig. VIIL.72). It is seen that as generators GENS
and GEN6 become constrained through the OELs action,
generator GEN4 increases its reactive power production. Its
engagement is again the largest among the other generators
in the system during this scenario. As it is given in the
previous scenario, the differential change of generator
reactive power with respect to the minimum
singularsubspace is computed for each of the generators in
the system (Fig. VIII.73). Again, as generators GEN5 and
GEN6 become constrained due to the OELs action,
generator GEN4 exhibits increased sensitivity.
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Since the location of the UPFC is retained from the
previous scenario, given conclusions are reviewed within
following analysis of bus and branch participation factors.

Bus participation factors are evaluated through the singular
value decomposition of the extended Jacobi matrix Jgxr.
This decomposition again results with the singular vectors
associated to the minimum singular value. Components of
the right singular vector, v,, related to the sub-matrix g,; of
the matrix Jgyr, indicate sensitive bus voltage angles and
magnitudes (Fig. VIII.74). Components of the left singular
vector, u,, indicate sensitive direction for changes of active
and reactive power (Fig. VIII.75). Multiplied components
of the singular vectors, v,xu,, combine their corresponding
characteristics into overall bus participation (Fig. VIIL.76).
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Total number of network buses is now 26, which makes 52
algebraic variables in the sub-matrix g,;. These algebraic
variables correspond to the bus voltage angles and
magnitudes. In comparison with the previous case,
additional 4 buses are included in the system. They belong
to the composite loads connected at BUS19 and BUS20.
Buses BUS21 and BUS22 belong to the UPFC ones,
whereas the new ones are numerically placed behind them.

Computed components of the singular vectors again reveal
the same system area with evolving voltage stability
problem. The right-hand side of the system, between buses
BUSI15 and BUS26 including generating buses GEN5 and
GENG6, has the largest participation during this voltage
collapse scenario. The left-hand side does not exhibit
voltage magnitude related problems. The largest bus
participation appears in the area where the composite loads
exhibit recovery intention. Their behaviour lead to OELs
action of nearby generators GEN5 and GEN6. Combined
components clearly point out buses in this area as most
influential. Buses BUS16 and BUSI18 have lower
participation in the right-hand side of the system due to
their further (upper) location in the branch. Buses BUS15
and BUS17 are located nearer to the composite loads and
participate with larger intensity. Generating buses GEN5
and GENG6 join them upon the OELs action. Buses located
between BUS19 and BUS26 exhibit the largest
participation. They belong to the voltage troubled area with
the composite loads being connected to it.

Branch participation factors are computed here to revise
transmission network elements (lines and transformers) that
have the largest participation in active/reactive power loss.

As in the previous case, the total power loss is distributed
over network branches (Figs. VIII.77-78). In addition to the
lines L18-L25, there are also two equivalent impedances of
the composite loads which have large shares of active
power loss. They are placed at 28" and 29™ positions.
Lines L26-L27 (originally just L26), are rather short and
again lightly loaded. Thereby, they have lower active
power loss, but they still belong to the same power flow
corridor at the right-hand side of the system. Lines L20 and
L21 have large shares due to their single-line performance.
From a viewpoint of reactive power, there are lines L13-
L16, which take significant shares of the loss. Line L12
accompanies them.

Branch participation factors are given as differential
changes of branch power losses with respect to the
minimum singularsubspace of interest. They are regarded
as sensitivities indicating lines where the most
active/reactive power is consumed in response to an
incremental change in active/reactive load (Figs. VIII.79-
80). The equivalent impedances of the composite loads are
recognised as the most sensitive from a viewpoint of active
power. In addition to the right-hand side of the system
(L18-L25), there is an area around generator GEN1, which
is indicated to be sensitive as well. Interconnection lines
between two of the sides, L13-L16, have also increased
sensitivities. Line L12 accompanies them due to nearby
generator GEN1, whose step-up transformer has the largest
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sensitivity from a viewpoint of reactive power. LTC
transformers have also increased sensitivity of branch
reactive power loss.

The right-hand side of the system still has rather large
branch participation factors (lines L18-L25). The UPFC
does not need heavily loaded line for efficient power flow
regulation. The lines L26-L27 make a part of the same
corridor. The equivalent impedances are nearly situated.
Even from the aspect of branch participation factors, the
UPFC could be retained at the same location as in the
previous scenario. Eventually, its location at a distribution
level could be considered. Motivation is found in a need for
compensation of the equivalent impedance effects.

The participation factors again point out to the area around
buses BUS19 and BUS20 where the composite loads are
connected. Thus, the UPFC is retained there. Besides
determination of critical load parameters and their location
in the system, it is necessary to detect a critical point during
this voltage collapse scenario. Upon its detection, voltage
support from the UPFC is initiated.

VIII.2.C Critical point recognition

In order to detect a critical point, the static aspects given by
matrix decompositions are used in a way that is similar to
the previous scenario. During dynamic time-domain
simulations, the extended Jacobi matrix, Jgyr, and the state
matrix, Ag, are evaluated utilising linearised differential-
algebraic model. Singular and eigenvalue decompositions
are carried out resulting with critical singular and
eigenvalues. Sensitivity analysis of the matrices is
deployed resulting with parametric and functional
sensitivities. Parametric sensitivity of bus voltage
magnitude and load state variable is evaluated with respect
to characteristic load parameter. Functional sensitivity of
total reactive power production of generators is computed
with respect to initial load consumption. The sensitivities
enable recognition of critical events and critical point
during time domain simulation period.

Singular value decomposition results with minimum
singular value, which is treated as the critical one.
Response of the minimum singular value of the state matrix
As successfully denotes critical events and critical point
(Fig. VIIL.81). Minimum singular value is always positive.
As the LTCs start tap changing, the minimum singular
value first becomes slightly decreased. As soon as
generators GEN5 and GEN6 become limited by the OELs
action, the system is largely stressed, which is reflected by
sharp drop of the minimum singular value. Continued tap
changing of the LTCs in combination with the TCLs
recovery further decrease the minimum singular value. It
hits zero value at t=298 s denoting singularity point.
Afterwards, the minimum singular value is increased, but
from now on within unstable region. Recovery intentions
further lead the system to voltage instability. Shortly before
the voltage collapse, the induction motors lose stable
operating points and oscillations start. The minimum
singular value again exhibit sharp drop.
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In the previous scenario, the critical point appears due to
discontinuity, which is induced by the OEL action of
generator GEN6 (Fig. VIIL.11). In this scenario, the
appearance of the critical point is clearly visible due to
continuous trajectory. Generators GENS5 and GENG6 are
earlier limited by the OELs action. At the critical point, the
minimum singular value hits zero being ascended
afterwards. The appearance of the critical point
corresponds to the change of pace of the LTCs tap
changing and to the knee-point of the TCLs temperature 7.
Around the critical point, the LTCs start tap changing at
faster pace (Fig. VIIL.53), whereas the TCLs temperatures
start decreasing upon reaching maximum (Fig. VIIL.62).

Eigenvalue decomposition of the state matrix Ag results
with the critical eigenvalue with maximum real part (Fig.
VIIIL.82). Critical events and critical point are detected at
the same time instants as within singular value
decomposition. The real part of the critical eigenvalue is
transferred from negative to positive half-plane at t=298 s
when the minimum singular value hits zero. The plane
crossing point appears in the continuous part of the
trajectory after short-circuit oscillations are vanished and
generators GENS5 and GENG6 are limited by the OELs
action. Upon the plane crossing point, the real part of the
critical eigenvalue is further increased. It finishes in
oscillations after the induction motors lose stable operating
points. Thereby, the critical point is again recognised as
well as the other events that are associated to.
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Besides singular and eigenvalue decompositions, the
sensitivity analysis is also very helpful in detection of the
same critical events and critical point. Parametric and
functional sensitivity analysis is used hereafter.

Parametric sensitivity, dx/dp or ody/dp, is defined as a
sensitivity of a state variable or an algebraic variable with
respect to an arbitrary parameter. As state variables x, the
TCL conductance G and the IM rotor speed @), are chosen
to provide illustrative examples. As algebraic variable y,
the bus voltage magnitude ¥V is used. For arbitrary
parameters, the TCL referent temperature Tzzr and the IM
initial mechanical load torque 7, are chosen. In general,
the parametric sensitivity is computed for each individual
element of the composite loads, but illustrated just for the
mentioned ones.

For the TCL loads, parametric sensitivities dG/0Tzgr and
OV/0trer are evaluated. Responses of the parametric
sensitivity of the state variable with respect to the
characteristic load parameter, 0G/OTzgr, clearly depict
critical events and critical point (Fig. VIII.83). Generally,
around a stable operating point the increase of the
temperature Tpgr is achieved by the increase of the
conductance G, and vice versa. That is the reason for the
parametric sensitivity dG/0Tzgr being positive in the initial
steady state. The OELs action induces discontinuity and
sharply increases its value. Restorative intentions of the
TCLs and LTCs cause further increase. The sensitivity
involves the inverse of the state matrix. As the singularity
point is approached, the sensitivity becomes very large. At
the singularity point, it abruptly changes the sign becoming
negative. The singularity point is treated as the critical one.
Afterwards, further restorative intentions lead the system
toward the voltage collapse. The sensitivity approaches
zero value within unstable region. As the induction motors
lose stable operating points, the oscillations are induced.

Responses of the parametric sensitivity of the algebraic
variable with respect to the characteristic load parameter,
JV/0tger, also detect the same critical events and critical
point (Fig. VIIL.84). Around a stable operating point, the
increase of the temperature Tggr is achieved by the increase
of the conductance G, which causes increased active power
load consumption and therefore bus voltage magnitude
drops. The opposite is valid if the temperature is to be
decreased. Thus, the parametric sensitivity OV/0Tggr is
negative in the initial steady state. As the singularity point
is approached, the sensitivity becomes largely negative. At
the singularity point, it changes the sign and becomes
positive. Afterwards, it approaches zero value within
unstable region ending with the IM instability.

For the IM loads, parametric sensitivities de, /0T,y and
oV/oT,, are evaluated. Responses of the parametric
sensitivity of the state variable with respect to the
characteristic load parameter, daw, /07T,,, detect the same
critical events and critical point (Fig. VIIL.85). Within
responses of the parametric sensitivity of the algebraic
variable with respect to the characteristic load parameter,
OV/0T,,, the same is found (Fig. VIIIL.86).
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Generally, around a stable operating point the increase of
the mechanical torque 7,, causes the decrease of the rotor
speed @,. Due to increased load, the induction motor draws
larger current from the network, which causes bus voltage
magnitude drop. That is the reason for both of the
parametric sensitivities, dw, /0T,y and 0V/0T,,, being
negative in the initial steady state. As the singularity point
is approached, both sensitivities become largely negative.
Having the singularity point passed, they change the sign
and become positive. By further load restoration, they
approach zero value within unstable region ending with
oscillating instability.

Parametric sensitivity dy/dp is evaluated not only for the
loads, but for the LTC transformers as well. The same
critical events and critical point are detected within
responses of the parametric sensitivity of the LTC bus
voltage magnitudes with respect to the tap ratio, dV/0 ¢,
(Fig. VIIL.87). Generally, around a stable operating point
the decrease of the tap ratio ¢ causes the increase of the LV
bus voltage magnitude, and vice versa. That is the reason
for the parametric sensitivity dV/0 ¢. being negative for the
LV buses in the initial steady state. The sensitivity of the
HV bus voltage magnitude is significantly smaller and
close to zero during that period. It has even opposite sign
due to the fact that the increase of the LV bus voltage
magnitude is achieved at the expense of the decrease of the
HV bus voltage magnitude. As the OELs action induces
discontinuity, the sensitivities of both magnitudes (HV and
LV) sharply become increased at positive values. After
that, the decrease of the tap ratio does not increase the LV
bus voltage magnitude. Both magnitudes are decreased due
to restorative intentions. As the singularity point is
approached, the sensitivity becomes very large. At the
singularity point, it abruptly changes the sign becoming
negative. Afterwards, by further restorative intentions the
sensitivities approach zero value within unstable region.
The induction motors lose stable operating points and
oscillations appear.
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Besides parametric sensitivities of state and algebraic
variables, the sensitivity analysis is defined as functional
one as well. As in the previous scenario, the functional
sensitivity dn/dp is defined as a sensitivity of a function
with respect to an arbitrary parameter. As a function, the
total reactive power production of the generators is used,
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while for an arbitrary parameter, the initial value of the SL
reactive power load is chosen. The functional sensitivity is
computed with respect to each of the static loads at the
LOAD buses (BUS24 and BUS26) given as

dQGZ/ 19( QL24())SL and dQGZ/ (7( QL26())SL~

Generator excitation currents dominantly determine the
response of the total reactive power production of the
generators in the system Qg” (Fig. VIIL88). After the initial
disturbances, the total reactive power Qg is first sharply
increased. Then, the LTCs and TCLs restorative intentions
gradually increase the power Og”. As the LTCs start faster
tap changing, the power 05" also experiences faster
increase. As the LTCs are halted, the power QGZ 1S
decreased finishing in oscillations.

In responses of the functional sensitivities (Fig. VIIL.89),
the critical point is detected again. The change of the sign
is clearly visible. Before the occurrence of the critical
point, the functional sensitivities have positive values. As
the load consumption is increased, the total reactive power
production is increased as well resulting with a stable
operating point (in general). Afterwards, the functional
sensitivities become negative, closely approaching zero
within unstable region. Having critical point passed, the
actual load consumption starts to be decreased, while the
total reactive power production Qg” is still kept increased.
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Singular and eigenvalue decompositions, as well as
parametric and functional sensitivities are useful in critical
point recognition. Upon its detection, the UPFC voltage
support is initiated to alleviate voltage collapse.

VIIL.2.D The UPFC support

The UPFC is retained at the same location as in the
previous scenario. Upon establishing the new one in
subsection VIIL.2.A, the location is justified within
subsection VIIL.2.B. Critical point is detected within
subsection VIII.2.C. Upon its detection, the UPFC voltage
support is provided in order to avoid the collapse. Since the
UPFC is thoroughly analysed in the previous scenario,
hereafter the analysis is dominantly orientated toward
behaviour of the composite loads. The same initial
disturbance is retained. Benefits of the UPFC TEF damping
control are shown within previous scenario. Due to
simplicity, it is not applied in this one. In the period prior to
the UPFC activation, the device is at no-load condition.

During this scenario, the UPFC voltage support is applied
at several different time instants with respect to the critical
point recognition. The time instants are equal to t=250 s,
310 s, 340 s, and 380 s. Initial voltage collapse scenario
(without the UPFC support) is also retained. Upon
activation of the UPFC two-parameter support, the shunt
and series bus voltage magnitudes of the UPFC are given
as subjects to the change of their referent values. The
support is again activated by switching on the regulation
modes V; « Qconi and V; - r through equal step changes in
their PI regulator references set at 0.95 pu.

The UPFC bus voltage magnitudes become equalised in the
final part of each successful case (Fig. VIIL.90). Initially
unstable case collapses at t=589 s, whereas in the
unsuccessful case of voltage support (t=380 s) the collapse
appears at t=781 s with splitting of the voltage magnitudes
at the UPFC sides. In successful cases, the stable operating
point is established with more or less dynamics involved.
For the successful case applied at t=340 s, dynamics is
rather significant and it takes approximately 400 s to bring
bus voltage magnitude V; at defined 0.95 pu value. Bus
voltage magnitude V; is regulated significantly faster. The
other cases experience dynamics in a much smaller degree.
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Step changes of the UPFC voltage references lead to
alleviation of the voltage stability problem in successful
cases. Responses of bus voltage magnitudes at buses
belonging to the composite loads connected at BUS19 and
BUS 20 clearly denote benefits (Figs. VIIL.91-92). The
initial case of voltage collapse, three successful cases, and
the unsuccessful case of voltage support due to its late
activation are illustrated. Bus voltage magnitudes of the
composite load connected at BUSI9 exhibit larger
magnitude excursions than the ones belonging to the
composite load at BUS20. Since bus BUS19 is nearly
located to the i-side of the UPFC, bus voltage magnitude V;
is closely related to the magnitudes of this load. Therefore,
the magnitudes of the composite load at BUS19 need
longer time to settle down at new steady state values in
comparison with those related to BUS20.

1t

0.9 f

0.8

0.7 { successful

BUS19 Composite Load Voltage Magnitudes (pu)

0.6 H | 4
05 | L 1
04 :
0.3 { 1
021 ) ) ) ) initial  unsuccessful |
0 100 200 300 400 500 600 700 800 900 1000
Time (s)

Fig. VIII.91 Bus voltage magnitudes of composite load at BUS19

1 T T T T T T T T T

0.9 |

0.8 {

0.7 f successful

0.6 {

0.5 {

i

04 i ]
unsuccessful
| )

BUS20 Composite Load Voltage Magnitudes (pu)

initial
0O 100 200 300 400 500 600 700 800 900 1000
Time (s)
Fig. VIII.92 Bus voltage magnitudes of composite load at BUS20

n

The other reason for the magnitudes of the load at BUS19
being largely disturbed is found in behaviour of the LTCs
tap ratio. Responses of the tap ratio and voltage error of the
LTCI, which is related to BUS19, reveal behaviour of the
magnitudes of the composite load at BUS19 (Figs. VIII.93-
94). Responses of these variables are provided for the
LTC2, related to BUS20, as well (Figs. VII1.95-96). By
comparing corresponding responses of the LTCs, it is seen
that the LTCI is disturbed largely than the LTC2. Tap ratio
of the LTC1 in successful cases exhibits larger and longer
changes due to larger voltage error. The changes of the
LTC2 are smaller and the variables are settled down faster.
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In successful cases, the voltage errors are brought within
pre-specified dead-bands equal to £0.01 pu. New steady
state is achieved with the tap ratios two steps smaller than
the initial ones due to slightly negative corresponding
voltage errors. The initially unstable and unsuccessful cases
suffer large changes of the errors leading to instability.

Behaviour of the UPFC and the LTCs influence responses
of generator OEL voltages and excitation currents.
Generator OEL voltages are brought to zero value in each
successful case of the UPFC voltage support (Fig. VIIL.97).
In the last successful case, the OEL voltage of generator
GENS has large change prior to settling down due to its
near location to the BUS19 and the i-side of the UPFC. The
OEL voltage of generator GEN6 needs shorter time to
achieve zero value.

Generator excitation currents are decreased in value when
the UPFC starts to successfully provide reactive power to
the system (Fig. VIII.98). Responses are influenced by the
LTCs action as well. In each successful case, the final
values of the excitation currents are mutually the same for
each generator. New steady state value of generator GENS
excitation current is larger than the one of GENG6. It also
needs longer time to be decreased below pre-specified
current limit. In the unsuccessful case, the excitation
currents are not brought down below the limits, and the
collapse appears in oscillating form similarly as in the
initially unstable case.
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The UPFC voltage support is proven to be capable to
alleviate the voltage stability problem in presence of the
composite loads. Responses of the UPFC set of variables
(. ¥, lcowiq) 1s thoroughly analysed within previous
scenario (Figs. VIII.27-29). In this one, responses of the
UPFC shunt and series converter apparent power, S,,,; and
Secomv2, are provided only to justify already established
conclusions. Nominal rating powers of the UPFC shunt and
series converters, S.om;, and Sg.on, are the same as
previously (185 MVA or 1.85 pu on the system base power
100 MVA).

Responses of the converter apparent powers, S.,,; and
Seconv2, show that they are operated within nominal rating
limit (Figs. VIIL.99-100). Since the TEF oscillation
damping control mode is not activated, the UPFC is at a
no-load condition prior to the voltage support activation.

Responses of the UPFC shunt converter apparent power,
Scomvi (Fig. VIIL99), largely depend on the current I o4
and, especially during limiting conditions, on the bus
voltage magnitude V;. Upon the voltage support activation,
the initially forced loadings of the shunt converter become
very high and close to the rated maximum value. As the
voltage support is applied later during the scenario, the bus
voltage magnitude V; becomes deeply depressed.
Therefore, the forced loading level becomes smaller. The
loadings are slightly below rated power. In the last
successful case, applied at t=340 s, the shunt converter is
forced at maximum value for approximately 400 s. Due to
operation at the ceilings, the bus voltage magnitude V;
needs the same time period to achieve referent 0.95 pu
value. At the final steady state after the LTCs action, the
loading level of the shunt converter is the same for each
successful case. It takes rather high value that is
approximately twice less than the initial forcing ones.

Responses of the series converter apparent power S, are
rather similar to the responses of the UPFC magnitude »
(Fig. VIII.100). It is seen that the series converter has large
loadings upon activation of the voltage support. Later on,
the loading level is decreased to a very low value since the
yloop control of the series active power flow is not
currently applied. The loading levels of the series converter
are significantly lower than the rating one.
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It is seen that the loading level of the shunt converter is
significantly larger than the series one. The UPFC shunt
side controls bus voltage magnitude V;, while the series
side in that period just adds injected voltage source at the
shunt side magnitude. This is the main reason for their
disproportionate loading levels.

While establishing this voltage collapse scenario
(subsection VIII.2.A), time domain responses of the LTCs
active and reactive power flow from the HV bus to the LV
bus are provided. They reveal restorative intentions of the
composite loads and are related to the dynamic loads with
non-linear recovery. Hereafter, they illustrate the impact of
the UPFC voltage support to the composite load
consumption.

Responses of the active power flow illustrate combined
restorative intention of the composite load (Fig. VIIL.101).
Responses of the reactive power flow also exhibit the same
intention (Fig. VIII.102). In the final parts of the initially
unstable and unsuccessful cases, they again differ from the
responses of the dynamic load model with non-linear
recovery. Instead of decrease of reactive load consumption
in the final part, the reactive power of the composite load
model is first increased and then abruptly decreased ending
with oscillations. Overall level of the system dynamics is
highly pronounced due to the impact of the induction
motors. Since the LTC1 has larger and longer changes of
the tap ratio, the power flow that belongs to BUS19
exhibits longer excursions prior to final settling down.
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The LTCs power flow is decomposed in order to recognise
dynamic behaviour of each individual element of the
composite load when the UPFC voltage support is
provided.

The shunt capacitors, SHUNT1 and SHUNT2, are
connected to supply reactive power locally at the LV buses,
which belong to the composite loads at BUS19 and BUS20,
respectively. Responses of the shunt capacitors reactive
power illustrate its quadratic dependence with respect to
bus voltage magnitude. The reactive power is quadratically
decreased when it is most needed. In successful cases, it is
recovered nearly to initial value due to the UPFC voltage
support. The SHUNT1 is an element of the composite load
at BUS19. In the final part, after being regulated the LV
bus voltage magnitude of the LTCI1 is first increased and
then decreased (Fig. VIIL.91), due to combined action of
the UPFC shunt converter and the LTC1. Therefore, the
SHUNT!]1 reactive power exhibits certain changes in value.
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The static loads, SL1 and SL2, are similarly related to bus
voltage magnitude. Active and reactive power of the static
loads are decreased as the magnitudes are decreased (Figs.
VIII.104-105). Responses depend on a constant current
type of active power load and a constant impedance type of
reactive power. The SL1 static load is connected to the
LOAD bus of the composite load at BUS19. The LOAD
bus voltage magnitude is closely related to the LV one.
Therefore, responses of the SL1 active and reactive power
become accordingly changed in the final part of the last
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successful case. This situation is explained within the
analysis of the SHUNT1 responses.

Characteristic variables belonging to thermostatically
controlled loads are provided to give better insight to the
restorative mechanism of resistive heating load.

As the UPFC voltage support is activated, the LOAD bus
voltage magnitudes are increased and kept controlled in
successful cases. The TCL conductances are brought back
to the values similar to the initial ones (Fig. VIII.106). The
TCL active power consumptions are linearly proportional
to the conductances and quadratically to the LOAD bus
voltage magnitudes (Fig. VIII.107). In each successful
case, their initial values are closely restored. The TCL
control schemes keep the temperature of the heated area,
Ty, at the pre-specified referent value Tzgr. In each
successful case, the temperature 7y is successfully
controlled (Fig. VIII.108). In the unsuccessful case, the
TCL control schemes are incapable to keep the
temperatures Ty at their referent values. The voltages
collapse together with the temperatures as in the initially
unstable case.

The TCLI1 is related to the LTC1 tap changing action.
Since its active power consumption is quadratically
proportional to the LOAD bus voltage magnitude, large
excursions of the active power and the temperature appear
in the final part of the last successful case.
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Characteristic variables of the induction motors are
illustrated as well.

Responses of the induction motors active power again point
out to fairly constant consumption closely up to the
collapse (Fig. VIII.109). As the collapse is approached, the
active power is abruptly decreased ending with oscillations.
In successful cases, the active power is preserved. In the
unsuccessful case, the UPFC voltage support is given too
late and the collapse appears similarly as in the initially
unstable one. Responses of the reactive power are similar
to the ones noted for the LTCs reactive power flow. As the
collapse is approached, the reactive power is first increased
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and then abruptly decreased ending with oscillations (Fig.
VIIL.110). By successful support, the reactive power is kept
at lower demand. In the final part, the LOAD bus voltage
magnitude of the IM1 influences transient behaviour of the
reactive power, but it does not introduces visible impact to
the active power. The induction motors current that is
drawn from the system mainly dominates responses of the
reactive power in that final part (Fig. VIII.111). Responses
of the speed of the induction motors are closely related to
the motors active power (Fig. VIII.112). Up to the collapse,
the motors keep the speed at stable values. As the voltages
collapse, the motors are stalled. The IM stability is lost
passing through the speed-torque critical operating points.
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The UPFC voltage support has proven impact to the
behaviour of the indices aimed for critical point
recognition. Preferably, the support should be given upon
its recognition or otherwise overall level of system
dynamics becomes more pronounced. Critical singular and
eigenvalues, parametric and functional sensitivities are
evaluated hereafter. They illustrate benefits of earlier
critical point recognition and trigger the voltage support.

Singular value decomposition of the state matrix Ag
exhibits sensitive responses upon the voltage support
activation. Its minimum singular value, which is regarded
as the critical one, becomes largely increased in each
successful case as the voltage support is timely provided
(Fig. VIIL.113). It is essential to activate the UPFC upon
critical point recognition or even before it. Later on, it takes
significantly longer time to establish stable final steady
state due to increased level of overall system dynamics. In
the final steady state, the minimum singular value is the
same for each successful case. In the unsuccessful case, the
support is provided too late. The attempt to restore the
minimum singular value is insufficient. The voltages
collapse and the motors lose stable operating points.
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Eigenvalue decomposition of the state matrix Ag also
results with sensitive responses to the UPFC voltage
support. Upon successfully applied support, the real part of
the critical eigenvalue is kept within the negative half-
plane, which is regarded as the stable one (Fig. VIII.114).
Transfer from the positive half-plane to the negative one is
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made possible if the support is given shortly upon critical
point recognition. In the final steady state, the real part is
the same for each successful case. As the support is given
later on, due to increased level of overall dynamics the
system suffers from instability ending in oscillations.

0.0005 T T T T

unsuccessfulq

initial

0.0004 H

0.0003 H

0.0002 H

0.0001 { successful

Real Part of State Matrix Critical Eigenvalue

400 600 800
Time (s)
Fig. VIII.114 Real part of state matrix critical eigenvalue

1000

Besides critical singular and eigenvalues, the results of the
UPFC voltage support comprise the ones that are achieved
by the sensitivity analysis as well. With reference to the
previous subsection, VIII.2.C, the parametric sensitivity is
illustrated hereafter. The sensitivity involves the inverse of
the state matrix. As the singularity point is approached, the
sensitivity becomes very large. At the singularity point, it
abruptly changes the sign to the opposite one and moves
towards zero within unstable region. The singularity point
is considered as the critical one.

Parametric sensitivity, dv/dp or dy/dp, is evaluated for the
TCLs and the IM loads. The TCL conductance G, the IM
rotor speed ),, and the bus voltage magnitude V are
retained as state and algebraic variables to provide
illustrative examples. The TCL referent temperature Trgr
and the IM initial mechanical load torque 7, serve as
arbitrary parameters.

For the TCL loads, parametric sensitivities dG/0Tzgr and
OV/0Tger are evaluated with the UPFC voltage support
provided at the same time instants. Responses of the
parametric sensitivity 0G/OTzgr illustrate the way of
establishing a stable operating point in successful cases
(Fig. VIIL.115). Around a stable operating point the
increase of the temperature Tggr is achieved by the increase
of the conductance G, and vice versa. Therefore, the
sensitivity 0G/0Tgzgr is positive around a stable operating
point. As the UPFC voltage support is timely provided in
successful cases, the sensitivity dG/0Tzer is brought to a
small positive value that is close to the initial one. As the
support is given later on during the scenario, it takes longer
time to achieve new steady state. In the unsuccessful case,
the system eventually collapses in oscillations. Responses
of the parametric sensitivity dV/01zgr also denote stability
of an operating point (Fig. VIII.116). Around a stable
operating point, the increase of the temperature Tpgr is
achieved by the increase of the conductance G, which
increases active power load consumption, and therefore bus
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voltage magnitude drops. Thus, the parametric sensitivity
OV/0Trer is negative around a stable operating point. In
successful cases of the UPFC wvoltage support, the
sensitivity dV/0tggr is brought to a small negative value
that is close to the initial one. Giving this support later on
in the scenario, new steady state becomes harder to
achieve. In the unsuccessful case, the system collapses in
oscillations.

For the IM loads, parametric sensitivities dew, /0T, and
oV/oT,,, are evaluated in presence of the UPFC voltage
support. Responses of the parametric sensitivity 9, /0T,
detect stability of an operating point (Fig. VIIL117).
Responses of the parametric sensitivity dV/0T,,, provide the
same (Fig. VIII.118). Around a stable operating point, the
increase of the mechanical torque 7,,) causes the decrease
of the rotor speed @),. The induction motor draws larger
current from the network, and its bus voltage magnitude
drops. Both of the parametric sensitivities, dw,, /0T,,, and
oV/oT,,, are negative around a stable operating point.
Therefore, in successful cases of the UPFC voltage support,
these sensitivities are brought to small negative values that
are close to the initial ones. Final values of the sensitivities
are the same for each successful case. If the support is
given too late as in the unsuccessful case, the system
collapses with induced oscillations.

Parametric sensitivity dy/dp is also illustrated for the LTC1
transformer in presence of the UPFC voltage support.
Responses of the parametric sensitivity dV/0 ¢, are provided
(Fig. VIIL119). Around a stable operating point, the
decrease of the tap ratio ¢, causes the increase of the LV
bus voltage magnitude. The parametric sensitivity dV/0 ¢, is
negative for the LV bus around a stable operating point.
The sensitivity of the HV bus voltage magnitude is
significantly smaller. It is close to zero and even has the
opposite sign. In successful cases of the UPFC voltage
support, the sensitivity dV/0 t. for the LV bus is brought to
a negative value that is close to the initial one. The
sensitivity of the HV bus voltage magnitude is brought
close to zero with the opposite sign. Final values of the
sensitivity are the same for each successful case. By giving
the support too late, the system collapses with induced
oscillations as in the unsuccessful case.
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As the last one among the sensitivities, the functional
sensitivity dn/dp is illustrated in presence of the UPFC
support. As a function, the total reactive power production
of the generators, Qg°, is retained. For an arbitrary
parameter, the initial value of the SL reactive power load is
kept. The functional sensitivity is computed with respect to
each of the static loads at the LOAD buses.

Responses of the total reactive power production 0 are
dominated by generator excitation currents (Fig. VIII.120).
As the UPFC successfully provides voltage support, the
total reactive power Qs> becomes decreased. It is brought
down approximately to a value prior to the first LTCs tap
changes. In successful cases, the final value of the power
0¢” is the same. If the UPFC support is given earlier, new
steady state is achieved faster. In the unsuccessful case, the
system ends up in the collapse. Responses of the functional
sensitivities also reveal stability of an operating point (Fig.
VIII.121). Around a stable operating point, if the load
consumption is increased, the total reactive power
production is increased as well. Therefore, the functional
sensitivities are positive around a stable operating point. If
the UPFC voltage support is successfully applied, these
sensitivities are brought to small positive values that are
close to the initial ones. Final values of the sensitivities are
the same for each successful case. Transfer from negative
to positive values occurs with more or less dynamics
involved, depending on the time instant of applied support.
In the unsuccessful case, the support is given too late.
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As the last case, the UPFC three-parameter control is also
illustrated in this scenario. The successful case of two-
parameter voltage support applied at t=250 s is retained for
comparison. It denotes the case without LF control. The
third parameter control of the angle y is applied
additionally at t=750 s. Its referent value is changed from
0° to 80°, 85°, and 87.5°. These changes increase the series
side active power flow P;; from -1.84 pu to -1.91 pu, -1.97
pu, and -2.05 pu (Fig. VIII.122). The UPFC bus voltage
magnitudes are successfully controlled at 0.95 pu (Fig.
VIII.123). The third parameter y control slightly decreases
the total active power loss in the network (Fig. VIII.124).
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IX. CONCLUSIONS

The voltage stability problem, as it is seen from FACTS
perspective, represents main concern in this dissertation. In
order to deal with the voltage stability problem, solutions
with FACTS-controllers must provide voltage support
and/or appropriately co-ordinated control actions. The
thesis goal is stated as to show how it is possible to
alleviate voltage stability problem by using modern, power
electronics based FACTS device named the Unified Power
Flow Controller (UPFC).

In elaboration of stated thesis, a computer analysis of
power system voltage stability has been carried out. Own
computer program aimed for mid-term time domain
simulation of multi-machine power system is developed.
By combining dynamic and static aspects of analysis, it is
primarily focused on off-line simulation of voltage
emergency situations using differential-algebraic model of
power system with the UPFC included.

Findings that have come out from the research work are
divided in four main parts, namely, introduction,
modelling, numerical results, and conclusions.

In the introductory part, the guidelines are provided for the
voltage stability problem and FACTS devices. Current
activities in both fields are noted. Their correlation is
established. Upon recognition of mutual causalities, the
objectives are defined. Sequence of the dissertation is
explained along with phases of the thesis elaboration. Main
contribution of the dissertation is stated as well.

In the modelling part, the multi-machine test system is
described. It contains the model of synchronous generator
with excitation system and speed governor - turbine
system. Load models are included. Details of the composite
load model and the dynamic one with non-linear recovery
are clearly separated. An overview of network modelling is
provided as it enables key system eclements to be
connected. The UPFC is embedded in the system. Its
injection model is derived along with appropriate control
system. Ways to include the UPFC injection model in load
flow computation are explained together with nominal
rating procedure. Upon embedding the UPFC in the
system, the differential-algebraic system model is
established. Overall differential and algebraic equations are
first combined, and then linearised around an operating
point. The state and extended Jacobi matrices are defined
enabling analytical procedures to be carried out.
Introducing basics of their sensitivities, the modelling part
is rounded. Based on singular and eigenvalue
decompositions, bus, branch and generator participation
factors are defined. Parametric and functional sensitivities
are derived. Sub-optimal formulation using sensitivities is
set either to maximise minimum singular value or to
minimise total active power loss in the network.

In the numerical part, the results are given according to
three areas where the UPFC has large impact to the system
operation.
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In the first area, the results of the UPFC voltage/power
flow regulation are described to illustrate capabilities of the
UPFC in general steady state operation of the multi-
machine test system. By using appropriate control system
of the model, it is made possible to control simultaneously
three transmission system variables depending on the
regulation mode (bus voltage magnitude, power flow,
series compensation, and phase shifting). Before tackling
voltage/power flow regulation problem, dimensioning
procedure is addressed. Rating powers are discussed with
respect to the optimal algorithm. Then, independent
operation of the UPFC shunt and series branch is analysed.
Afterwards, simultaneous three-parameter control of the
UPFC injection model is illustrated. By describing
achieved results it is shown that the UPFC could be useful
transmission system controller in steady state operation of
power system. Furthermore, its injection model with
proposed control system help in recognising each of the
potential operating modes.

In the second area, the results of the UPFC damping
control are provided. The voltage collapse scenario is based
on a slow dynamics response of the system, which is
initiated by a three-phase short circuit. Since the
disturbance initially induces electromechanical oscillations,
possible utilisation of the UPFC injection model in
damping control is analysed. By using appropriate control
system of the model, it is made possible to damp
electromechanical oscillations by simultaneous three-
parameter control of the UPFC. Within oscillations
damping control, dimensioning procedure is addressed
especially from a viewpoint of the series side of the UPFC.
By describing achieved results it is shown that the UPFC
could be useful transmission system controller not only in
steady state operation of power system, but during fast
electromechanical transients as well. Furthermore, the
injection model with proposed control system has been
made to enable damping control of electromechanical
oscillations.

In the third area, the results concerning centrally positioned
topic come out after recognising possible regulating actions
of the UPFC from previous two areas. More particularly,
the role of the UPFC in alleviation of the voltage stability
problem is explained by using characteristics that are
recognised in the voltage/power flow regulation and
oscillations damping. Two slow dynamics scenarios are
assumed in the problem evolving. The voltage collapse
scenarios are analysed from two aspects given by the
dynamic load with non-linear recovery, and by the
composite one. Characteristic load parameters are singled
out. Critical points of power system operation are
recognised. The UPFC is accordingly located and initiated
to provide adequate support. Three-parameter control of the
UPFC injection model is employed. By describing
achieved results, it is shown that the UPFC could be useful
transmission system controller in a slow dynamics period
of power system operation. Furthermore, its injection



model with proposed control system has a potential for
relieving the problem.

Conclusions of the dissertation follow two main directions,
namely the voltage stability problem and the UPFC model.
These main directions are also combined by analysing
possible utilisation of the UPFC within each of the
established scenarios.

From the viewpoint of the voltage stability problem, the
static aspects of the linearised differential-algebraic power
system model are shown to be very useful. They concern
properties of the state and extended Jacobi matrices
according to singular and eigenvalue decomposition,
sensitivity analysis, and participation factors. Static aspects
are proven to be capable to recognise appearance of the
voltage stability problem and the critical point during time
domain simulation. Sensitivity analysis of the minimum
singular value, total active power loss, and total reactive
power generation is carried out to recognise the critical
point of power system operation during voltage collapse
scenario. Often, the sensitivity involves the inverse of the
state or the extended Jacobi matrix. Therefore, it has larger
magnitudes as the critical point is approached with abrupt
change to opposite sign as it is crossed. The appearance of
the critical point represents a reliable sign of impending
voltage unstable situation. It gives valuable information on
preventative action time instant.

Furthermore, it is shown that the static aspects contribute
not only to the determination of preventative action time
instant, but also to finding of appropriate location of the
UPFC. The UPFC has rather unique -capability of
simultaneous series control of branch power flow and shunt
control of bus voltage magnitude. By correlating that
unique capability of the UPFC to branch and bus

participation  factors obtained from the matrix
decompositions, the location of its installation is
recognised. At that location, appropriate regulation

characteristics of the UPFC are extensively used during
voltage emergency situations.

The UPFC characteristics are recognised by using its
injection model with appropriate control system. In its
general form it can provide simultaneous, real-time control
of all basic power system parameters (transmission voltage,
impedance and phase angle) and dynamic compensation of
ac system. It has been studied concerning its capability to
help voltage stability problem solved. It is shown that the
model fulfils functions of reactive shunt compensation,
voltage regulation, line power flow regulation, series
compensation, PAR/QBT phase shifting, and damping
control. By analysing each of these functions, it is
recognised how it is possible to alleviate the voltage
stability problem by using the UPFC. Being established,
the multiple control objectives are fulfilled by simultaneous
three-parameter control of the UPFC injection model.

The sensitivity analysis is applied with respect to the set of
the UPFC control parameters. Since the voltage support
capability of the UPFC is achieved by using two of its
parameters, there is an additional advantage of its design,
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which enables simultaneous control of the third parameter
as well. By the third parameter being controlled, the
voltage support is combined with the power flow regulation
that as an objective may either to maximise minimum
singular value or to minimise total active power loss.

Special attention is paid to load modelling, since the load is
considered to be the driving force of the voltage stability
problem. After being shortly disturbed with a consequence
of permanently decreased voltage magnitude level, by its
mid-term recovery process of re-establishing initial power
consumption, the loads could bring generators under over-
excitation limiting conditions and/or cause transmission
system being incapable of requested power delivery.
Therefore, several different load models (static and
dynamic) are analysed regarding its contribution to voltage
collapse. Besides static ZIP load model, there are included
dynamic models of induction motors and thermostatically
controlled loads in presence of the LTC transformers, and
first order non-linear recovery loads. Besides to the set of
the UPFC control parameters, the static aspects and the
sensitivity analysis are applied to the -characteristic
parameters of the load models as well. By analysing load
characteristics, the most influential loads that drive the
system to the collapse are recognised along with critical
parameters.

As for the conclusions, following fundamental
characteristics of the dissertation are stated:

The differential-algebraic model of the multi-machine
power system is developed. It is useful in time domain
simulation with combined dynamic and static elements
of the analysis. The analysis concerns dynamic
phenomena of mid-term transient periods of decreased
voltage security level.

The UPFC injection model with adequate control
system is developed. The role of the device and its
regulation capabilities useful in the voltage stability
problem are defined. Methodology of rating, locating
and activation timing of the UPFC is established using
simultaneous three-parameter control.

Methodology aimed to recognise critical points of
power system operation is established. It uses matrix
decompositions and the functions that are
characteristic for appearance and evolution of voltage
stability problem. The sensitivities are computed with
respect to the load parameters and to the UPFC set of
control parameters.

By describing these fundamental characteristics of the
voltage stability problem and the UPFC, it is shown that
the UPFC is useful transmission system controller thanking
to its versatile regulation capabilities. Furthermore, the
UPFC injection model with proposed control system
satisfactorily enables these capabilities to be evaluated.
Upon their thorough exploration, the UPFC is proven to be
capable to alleviate the voltage stability problem.



X. FUTURE WORK

Future work is seen from the scope of the research work
that has led to this dissertation. It is basically determined
by the issues resulted from the computer analysis. Field
activities are not covered. Only those elements that are in
tight connection with the thesis goal are forwarded.

Future prospects basically follow decoupled concerns given
on the voltage stability issues and the UPFC (or FACTS in
general) ones. Some concerns are raised within their
coupled issues as well.

Exploration of the voltage stability problem has been
carried out intensively within past decade. Still, there exists
strong urge for improving models of relevant power system
elements.

It is especially valid for a load modelling. Aggregate load
characteristics and mid-term recovery process call for
being further investigated. Recovery of the reactive power
load needs to be related to recovery of the active power. In
the dissertation, they are treated separately in the voltage
collapse scenario that employs dynamic load model with
non-linear recovery. Their causality should be modelled
noticing eventual differences in time responses. Also, the
impact of the induction motor should be included in
restorative intention of the reactive power.

The other important element of the voltage stability
problem is related to generator limiters. Only over-
excitation limiter is employed in the dissertation, whereas
some voltage collapse scenarios have pointed out the need
for combining it with generator stator current limiter. It can
also have certain impacts to time domain responses.

Proper identification of parameters is of large concern.
Well-defined parameters should be provided to relevant
models.

Besides improving single models, further methods are
sought for analysis of a large system. By making transfer
from a rather small test system towards larger real power
system configuration, some answers of practical value
could be obtained. Perhaps, numerical problems could be
associated with the matrix decompositions of a large
system and clustering formulation could be considered.
Indices that need less computational involvement and are
less demanding to an operator still deserve attention. Not
only detection of a critical point is important, but its
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prediction is as well. Indices that predict proximity to a
critical point are sought for.

From the FACTS viewpoint, future prospects are mostly
dependable on a number of practical applications of the
FACTS-controllers. Expecting increased number of their
installations, raised concern appears within their co-
ordination in overall planning and operational procedures.
Systems with several FACTS devices are to be analysed.
Possible overlapping or interactions between control
systems are to be investigated. Value-added increase of
transmission capacity by using FACTS device is to be
compared with other solutions. In the dissertation, control
system of the UPFC injection model is made to enable
regulating capabilities of the device. Advanced approach is
needed in determination of the parameters that belong to
each individual proportional-integral regulator. In this case,
for each operating mode of the UPFC, a different set of
gains and time constants is needed. More robust solution is
to be found, which could be effective for wider spectrum of
the UPFC operation. The UPFC injection model is to be
compared with the other existing models.

Being embedded in the multi-machine system, the UPFC
needs adequate position in the overall differential-algebraic
model. In this dissertation, the UPFC is included only in its
algebraic part. By including differential equations of the
UPFC control system in the differential part of overall
system, more advanced analysis of its control system could
be enabled. The voltage collapse within analysed scenarios
is avoided by using the UPFC, which provided voltage
support and at the end power flow control to increase
voltage security index. The analysis has not resulted with
any scenario where a voltage collapse would be avoided by
redistribution of power flows solely. Perhaps some other
test systems exhibit that property of the UPFC operation.
Generally, other test systems are sought for, especially the
ones that are adequate to reveal other problems, which
could be solved by using the UPFC. Other problems
concern loop flows, line overloading, cable compensation,
corridor of power transmission...

It is seen that many other questions still need answers even
within such a narrowly stated field of research. A lot of
work is still out there to be done. Further technology
development will certainly bring us new surprises.



Table A.1 Synchronous generator data

APPENDICES.

TEST SYSTEM DATA

Table A.6 Data of dynamic load with non-linear recovery

generator | GEN1 | GEN2 | GEN3 | GEN4 | GEN5 | GEN6 load BUS19 BUS20
S, (MVA) [ 2100 | 1200 | 1200 | 2100 | 1200 [ 1200 P’ (pu) 10 20
U, (kV) 25 26 26 25 26 26 Ky 1 1
cos@, 0.9 0.9 0.9 0.9 0.9 0.9 Tp (s) 30 30
r (pu) 0.0021]0.0010[0.0010 [ 0.0021 [ 0.0010 | 0.0010 kp 350 700
x; (pu) 0.228 [ 0.135 [ 0.135 | 0.228 | 0.135 | 0.135 0/’ (pu) 3.106 6.212
xq (pu) 1693 | 1.79 | 1.79 [ 1.693 [ 1.79 | 1.79 Ky 1 1
x, (pu) 1.636 | 1.715 | 1.715 [ 1.636 | 1.715 | 1.715 Ty (s) 30 30
xd' (pu) 0346 | 022 [ 022 [ 0346 | 022 | 0.22 ko 110 220
x,' (pu) 0.346 | 0.40 [ 0.40 [ 0346 | 0.40 | 0.40 a 2 2
H (s) 2.00 [ 2.00 [ 2.00 | 2.00 | 2.00 | 2.00 Vo (pu) 0.96667 | 0.93722
T’ () 6.58 | 430 | 430 | 6.58 | 430 | 430 B (®) -44.01 -47.41
T, (s) 150 | 090 | 090 [1.50 | 0.90 | 0.90
Table A.7 LTC transformer data
Table A.2 Excitation system data
transformer LTC1 LTC2
excitation | GENI | GEN2 [ GEN3 | GEN4 | GEN5 | GEN6 FROM BUS19 BUS20
K. (pu/pu) 10 10 10 15 15 15 TO BUS23 BUS25
T, (s) 0.05 | 005 | 005 | 005 | 0.05 | 0.05 ¢ 1 1
Vimax (pu) | 4.62 | 4.80 | 4.80 | 4.62 | 4.80 | 4.80 br (pu) -120 -240
Vi (pu) | -4.16 | -4.32 | -4.32 | -4.16 | -432 | -4.32 S, (MVA) 1200 2400
Usp; (kV) 400 400
Us: (kV) 35 35
Table A.3 Over-excitation limiter data U, (V) 400 400
U, (kV) 35 35
over-exc | GENI | GEN2 [ GEN3 | GEN4 | GEN5 | GEN6 Prr.ro (pu) 10.008 20.005
Trrvr (pu) 37 | 384 | 384 | 37 | 3.84 | 3.84 Orrro (pu) 3.100 6.208
T (pu) | 231 [ 240 | 240 | 231 | 240 | 2.40 DB (pu) 0.01 0.01
LM2(pu) | -3.85 | -3.85 | -3.85 | -3.85 | -3.85 | -3.85 Ty (s) 27.5 27.5
Tor (3) 10 5 5 10 5 10 Ty (s) 7.5 7.5
K 0248 | 0.2 02 [0248 ] 02 [0.248 T, (s) 25 2.5
K; 2 2 2 2 2.5 2 1y 0 0
M +24 +24
i 24 24
Table A.4 Speed governor - turbine system data Lu (%) 5/8 5/8
gov-tur | GENI [ GEN2 | GEN3 | GEN4 | GEN5 | GEN6
R 0.04 0.05 0.05 0.04 0.05 0.05 Table A.8 Shunt capacitor data
Py (MW) | 1890 | 1085 | 1085 [ 1890 [ 1085 | 1085
7 (s) 0.18 0.10 0.10 0.18 0.10 0.10 shunt SHUNTI! | SHUNT2
T, (s) 0.0 0.0 0.0 0.0 0.0 0.0 BUS BUS23 BUS25
T (s) 0.04 | 020 | 020 | 0.04 | 020 | 0.20 Vsuu (pu) 1.00 1.00
7, (s) 020 | 0.10 | 0.10 | 020 | 0.10 | 0.10 Ostu (pu) -1.90 4.5
75 (5) 500 | 872 | 872 | 500 | 872 | 872 Vo (pu) 0.94389 | 0.91396
F 0.3 0.3 0.3 0.3 0.3 0.3 Osio (pu) -1.693 -3.759
Table A.5 Generator step-up transformer data Table A.9 Equivalent impedance data
generator | GEN1 | GEN2 | GEN3 | GEN4 | GEN5 | GEN6 impedance Yeqi Yo
FROM BUS7 |BUS13[BUS10|BUS14 |BUS15 | BUS20 FROM BUS23 BUS25
TO GEN1 | GEN2 | GEN3 | GEN4 | GEN5 | GEN6 TO BUS24 BUS26
i, 1.050 | 1.050 | 1.050 [ 1.063 [ 1.063 | 1.013 Pro.rz (pu) 10.008 20.005
by (pu) 210 | -120 [ -120 [ -210 | -120 | -120 Oro.rr (pu) 3.814 7.886
S, (MVA) | 2100 | 1200 | 1200 | 2100 [ 1200 | 1200 Prp.10 (pu) -9.857 -19.679
Us; (kV) 400 | 400 [ 400 [ 400 | 400 | 400 Orr-r0 (pu) -3.208 -6.583
Us; (kV) 25 26 26 25 26 26 Zeg (PU) 50 100
U (kKV) 25 26 26 25 26 26 beg (pu) -200 -400
U,“&V) | 420 | 420 [ 420 | 425 | 425 | 405
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Table A.10 Static load data Table A.12 Induction motor data

load SL1 SL2 motor M1 M2
BUS BUS24 BUS26 BUS BUS24 BUS26
P, (pu) 3 6 V0 (pu) 0.91352 | 0.88201
K,i 1 1 Sumot (MVA) 320 700
kp 350 700 Sumot”(MVA) 233.6 507.4
0.’ (puw) 2 4 Ponot (PU) 2.000 4.367
K, 1 1 Qemor (P 1.208 2.583
Vo (pu) 0.91352 0.88201 Xinag (PU) 3.08 3.08
H (s) 0.833 0.833
X (pu) 0.087 0.087
Table A.11 Thermostatically controlled load data X, (pu) 0.162 0.162
Rs (pu) 0.029 0.029
load TCL1 TCL2 R, (pu) 0.034 0.034
BUS BUS24 BUS26 A 0.8 0.8
Py (pu) 5.82 11.97 C 0.2 0.2
Vo (pu) 1.00 1.00 T, (pu) 0.635 0.635
Percro (pu) 4.857 9.312 Wy (pu) 1.00 1.00
V0 (pu) 0.91352 | 0.88201
Kp 0.1 0.1
K; 0.5 0.75
Tc(s) 138 138
T, (s) 50 50
1, (°C) -5 -5
Trer (°C) 20 20
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NOTATION

generator rotor speed

generator damping coefficient

constant proportional to generator inertia
transient time constants of open circuits in d-axis
transient time constants of open circuits in g-axis
stator resistance

d-axis synchronous reactance

g-axis synchronous reactance

d-axis transient reactance

g-axis transient reactance

1/(r+jx',) generator internal admittance

EXCITATION SYSTEM

Epp generator excitation voltage

Ky regulator gain in excitation system

Ty regulator time constant in excitation system
Viuax T regulator maximum output value

Vv regulator minimum output value

Vrer excitation referent voltage

Voer output voltage of over-excitation limiter
OFF1  offset value

Irp generator excitation current

e short term operation limit of excitation current
Irp continuos operation limit of excitation current
K,, K;  gains in over-excitation limiter

Toer time constant in over-excitation limiter

SPEED GOVERNOR - TURBINE SYSTEM

Ty

generator mechanical torque

GOV1, GOV4, GOVS, T,, state variables of speed

PmO

OREF
R

governor - turbine system
referent power
referent rotor speed
droop

ABREVIATIONS

AC alternating current

AC/DC alternating current/direct current
BUS bus

CONV1  shunt converter of the UPFC
CONV2  series converter of the UPFC

E external

FACTS flexible ac transmission system
GEN generator

HV high voltage

I internal

™M induction motor

L line

LOAD load

LTC load tap changer

LV low voltage

MOT motor

OEL over-excitation limiter

PAR phase angle regulator

PI proportional-integral

PST phase shifting transformer
QBT quadrature booster transformer
SC series compensation

SL static load

SNRM2  second norm of vector

TCL thermostatically controlled load
TEF transient energy function
TEF-(r, y) series part damping control
TEF-, shunt part damping control
UPFC unified power flow controller
ZIP static load model (impedance/current/power)
VARIABLES

GENERATOR

Vn generator terminal bus voltage vector
v, magnitude of voltage vector V',
o, angle of voltage vector V',

;n =V4 +jV, generator terminal voltage with d

and g-axis components

E; voltage vector behind generator admittance

E’gen = E;l + jE;] corrected generator internal voltage with

d and g-axis components

E generator induced voltage vector
Eg g-axis component of induced voltage E
E; magnitude of generator g-axis component £

}gen =1, + jl, terminal current with d and

g-axis components
P,, O, generator nominal active and reactive power
o angle between referent and generator g-axis

Pyrax, Pygy  turbine power limits
T;t0 T; time constants

F constant determining aggregate
type (hydro/turbo)

TRANSFORMER

t, transformer tap ratio

yr transformer series admittance

U transformer short circuit voltage

Yo transformer shunt admittance

iy transformer no-load current

1 current behind ideal transformer

Ii, 1 j currents at i and j sides of transformer
Vi, v j voltages at i and j sides of transformer

I1i, 7T] injected currents at i and j sides



Sti 5 grj injected apparent powers at i and j sides
Py, Ori» Pry» Ory
at i andj sides of transformer

LTC SCHEME
yre voltage magnitude of transformer
secondary j side

AV voltage difference

DB dead-band

£ directional sensitivity tolerance

e output of measuring element

T, (T,>T,,) time delay constants of time delay element

b output of time delay element

T, time constant of motor drive unit and tap changer
mechanism

An output of motor drive unit and tap changer
mechanism

n; tap position in next step

An; tap change

ey current tap position

Au per unit voltage change

n Au requested tap position

Us;, U, primary and secondary side base voltages
U,;, U,> primary and secondary side nominal voltages

SHUNT CAPACITOR

Ostin nominal reactive power of shunt capacitor bank
bsy shunt susceptance

DISTRIBUTION FEEDER

Zeg equivalent impedance of distribution feeder

INDUCTION MOTOR

Vin=Vgq = jV, motor terminal voltage vector with d and
g-axis components
Emot = E;j - jE,'] motor internal voltage vector with d and

g-axis components
Imor =14 = jI, motor terminal current with d and

g-axis components
Ve equivalent voltage vector

}S , I, stator and rotor currents of motor

Smot motor nominal power
Sp system base power

Pt » Qomos €lectrical active and reactive powers

AP ooty Ao pOWer changes between two
consecutive iterations

&p, &  pre-established thresholds of powers
Py, motor shaft power

Py, motor air-gap power

P rotor power loss

injected active and reactive powers

s motor slip

Wys per unit value of stator frequency

W, per unit value of rotor speed

T, T,, electromagnetic and mechanical torques
S Temax maximum point slip

Tomax maximum point torque

a,b,c  quadratic equation coefficients

Tmo load torque at speed @,

A, B, and C coefficients of quadratic, linear and
constant terms

D,am  factors of initial torque.

R,.(s)+jX,(s) initial equivalent impedance

Rs, R, stator and rotor resistances

X, X, stator and rotor leakage reactances

KXinag magnetising reactance

R, equivalent series resistance

X, equivalent series reactance

g;+jb;  admittance between external and internal bus

RstjX'  motor impedance

Ry stator resistance

X derived reactance

X reactance

T 0, constant

H motor inertia constant

TCL LOAD

G conductance of TCL

V, bus voltage magnitude of TCL

P,rcr  active load power of TCL

Kp, K;  gains of proportional-integral
leading TCL branch

Tc integral time constant of proportional-integral
leading TCL branch

Guax maximum conductance value

TREF referent temperature

Ty temperature of heated space

T, lag term time constant

Ty ambient temperature

K,GV,’ term proportional to active power consumption

K; gain

STATIC LOAD

v, bus voltage magnitude of static load

4f bus frequency change of static load

Voo bus voltage magnitude at initial steady state

P,’ active power demand at ¥,

K,., K,,, K,, proportionality coefficients for

voltage dependent part of power
K, ny;, and n,,y; proportionality coefficients of

voltage/frequency dependent parts
(PLO)SL and (¢ QLO)SL static parts of initial active and reactive
power demands of static loads.

DYNAMIC LOAD MODEL
WITH NON-LINEAR RECOVERY

Py consumed dynamic active power



Tp time constant of recovery process

Py static active power characteristic
V, bus voltage magnitude

kp(V,)  voltage dependable function

Xp state variable of load active power
PuV) active power transient function

dxp/dt  derivative of state variable

APy initial change of consumed active power

Vo, Vao+ bus voltage magnitude before and
immediately after disturbance

AP, final change of consumed active power

V., Voo initial and final values of
bus voltage magnitude 7,

(PLO)DL, (QLO)DL static parts of initial active and reactive

power demands of dynamic loads with

non-linear recovery

NETWORK

nguUs number of network buses

neen, Nyor number of internal generator/motor buses

n total number of network and internal
generator/motor buses

[Y]=[G] + | B bus admittance matrix

Gim, Bin  clements of bus admittance matrix
Pgr, Op;  active and reactive power flows from
external to internal bus
UPFC
Xg reactance seen from terminals
of series transformer
Xy series transformer reactance
bs series branch susceptance
Vs injected series voltage vector

r magnitude of injected voltage vector

Fimax maximum per unit value of injected
voltage magnitude
Yy angle of injected voltage vector
Scom1  apparent power of shunt converter
Seomvin ~ Nominal rating power of shunt converter
Seonvi actual value of shunt converter apparent power
Peoni active power of shunt converter
Oconvi reactive power of shunt converter
Scom2  apparent power of series converter
Secomv2n ~ Nominal rating power of series converter
Sconv2 actual value of series converter apparent power
Poonv2 active power of series converter
Qconv2 reactive power of series converter

Ss initial estimation for series converter
rating power

Sis, S js series voltage source apparent power
injections into buses
Ps;, Os;» Fsj, Og;  active and reactive power

injections out of buses

P,0; active and reactive power flow into 7 bus

Piy, Ojp
Is
;convl =1

Iconvln

max
Iconvlq

Ij
I, 9

Oand V
Vi

~.

ESh

I ST OO0 NION

vV comp

Vcomp

¢comp

1 convlgREF
Ay

convlp

active and reactive power flow into j bus

Norton equivalent current

+ jlcomy1g total current of shunt converter

with active and reactive parts
nominal rating current

maximum reactive current capability

of shunt converter

current flowing through the
injected voltage source

magnitude and angle of current 7;7

voltage angles and magnitudes
shunt side network bus voltage
shunt side bus voltage magnitude
shunt side bus voltage angle

series side network bus voltage
series side bus voltage magnitude,
series side bus voltage angle

angle difference between G, and G,

voltage vector behind voltage source

compensating voltage vector

compensating voltage magnitude
compensating voltage angle

reference value of shunt reactive current
voltage change of full range

shunt reactive power compensation

Viow and Vypp voltage limits

Vim)m
X

xC‘Oﬂl

xmax

t

T17 TZ; T3
Kivi

Tivi

T vis

ke

ajREF
REF
comp

REF
Vcomp

K., Ty
Virer
Ky Tiy
Piorer
Ko, Tig
O)2rer
KZQ: T. z0
sz: T. zp
Krpsts T, rpst
Koo T,

gpsts L gpst

VirV;
dvy/d
dOy/dt

V sh
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nominal shunt side bus voltage magnitude
current overload level

continuous operation limit

maximum short-term limit

time variable

time spans

gain of shunt proportional-integral regulator
time constant of shunt
proportional-integral regulator

lagging time constant of shunt feedback
proportionality factor

referent angle difference of ©;-feedback

referent value of angle ¢,

referent value of voltage V..,

gain and time constant of V-feedback
referent voltage magnitude of V-feedback
gain and time constant of Pj-feedback
referent active power flow of Pj,-feedback
gain and time constant of O),-feedback
referent reactive power flow of O;,-feedback
gain and time constant of Q,,,,»-feedback
gain and time constant of P,,,,,-feedback
gain and time constant of PST feedback
gain and time constant of PST feedback
voltage magnitude difference at i and j-side
derivative of shunt side bus voltage magnitude
derivative of bus voltage angle difference

shunt part damping control function



ki, ki shunt damping factors

Al yrer shunt reactive current damping output
\)S or series part damping control function
ki, k; series damping factors

Arrgr series magnitude damping output
AYrgr series angle damping output

DIFFERENTIAL-ALGEBRAIC MODEL

X state variables

y algebraic variables

p arbitrary parameters

f differential equations

g algebraic equations

dx . .

7 state variable derivative
t
dx . . . .

AE differential of state variable derivative

Ax , Ay, Ap differentials of state, algebraic

and parameter variables

Jx Oy . e
——, —— parametric sensitivities of state and
dp dp
algebraic variables with respect to
arbitrary parameters

Jx» fy» [ partial derivatives of differential

equations with respect to state, algebraic
and parameter variables
gy, &y, &p partial derivatives of algebraic equations

with respect to state, algebraic and

parameter variables
Jexr extended Jacobian matrix
81> &2, 83 » 8y« Minor sub-matrices of g,
g ordinary Jacobian load flow matrix
1817 sub-matrix of ordinary steady state
Jacobian matrix
As state matrix

g,and A, critical singular and eigenvalues

Un, Vi, fr €, associated left and right critical vectors
o, minimum singular value.

U matrix of left singular vectors u;,

V matrix of right singular vectors v;,

> diagonal matrix of singular values o;

7]

sensitivity of minimum singular value

with respect to parameter p
00,/0r, 00,/0y sensitivities of minimum singular value
with respect to magnitude r and angle y

0J pxr/0p partial derivative of extended Jacobi matrix

with respect to parameter p

A critical singular value.
E matrix of right eigenvectors e;
F matrix of left eigenvectors f;
N diagonal matrix of eigenvalues A,
oA, e iy .
sensitivity of critical eigenvalue
op
with respect to parameter p
gtjb; transmission line series admittance
jb./2 transmission line shunt half-admittance
SsE sending end apparent power
Osg sending end bus voltage angle
Org receiving end bus voltage angle
Ogr bus voltage angle difference (Osg - Og)
Vs sending end bus voltage magnitude
VirE receiving end bus voltage magnitude
SRE receiving end apparent power

Ii ; . . .
pline " olineJine active and reactive power losses

APfine - pgfine differentials of line active and

reactive power loss
Myps measure of projected parametric sensitivity
(8> 8y Qiconviq) three-column matrix g,

g,(,P" ), gin' ) , gﬁQ") , gﬁQf ) non-zero entries of
column vector g,

g)(,Pf ) g)(,Pf ) , gf,Qf) , g§,Qf ) hon-zero entries of
column vector g,

gECQ(;,)M q non-zero entry of column vector gjeom 4

nex.y) scalar quantity

on

sensitivity of scalar quantity

dp

on/ox, 0n/oy partial derivatives of scalar function with
respect to state and algebraic variables

0s” total reactive power production of generators

Poss total active power loss

(d P, / d p) sensitivity of total active power loss with
respect to parameter p

dP,,./dr, dP,,./dysensitivities of total active power loss

with respect to magnitude  and angle y

Floss objective function in power loss case
Ploss’ base case loss

P desired value of power loss

A maximum permitted deviation of variable
pr(k=1,2,3) one of the UPFC control parameters
Wk participation factor

Ay » Ay entries of matrix 4 in power loss case

By entries of vector B in power loss case

Fy objective function in 0, case

n
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ABSTRACT AND KEYWORDS

Unified Power Flow Controller in alleviation of voltage stability problem

ABSTRACT: The problem of voltage stability with
voltage collapse as its final consequence is an emerging
phenomenon in planning and operation of modern power
systems. The increase in utilisation of existing power
systems may get the system operating closer to voltage
stability boundaries making it subject to the risk of voltage
collapse. This possibility in association with several
incidents throughout the world have given major impetus
for analysing this problem with increased interest in
modelling of generation, transmission and distribution/load
levels of electric power systems.

Since the rapid development of power electronics has made
it possible to design power electronic equipment of high
rating for high voltage systems, the problem resulting from
transmission system may be, at least partly, improved by
use of the well-known FACTS-controllers. The de-
regulation (restructuring) of power networks will probably
imply new loading conditions and new power flow
situations. This is an additional reason to face the FACTS.

In order to deal with the voltage stability problem, the
solutions with FACTS-controllers must provide voltage
support and/or appropriately co-ordinated control actions.
Apart from several larger rating prototypes of Static Var
Generator, as an improved version of Static Var
Compensator, no other modern FACTS-controller
application has been considered to help solve the voltage
stability problem. This is considered to be a new impetus,
since the most often the analyses are concentrated only on a
power flow regulation and damping methods of
electromechanical oscillations.

Therefore, a work on this dissertation has been launched

aiming to fulfil following general objectives:

e set a comprehensive explanation of voltage stability
problem and mechanism of voltage collapse in a multi-
machine power system,

e develop analytical methods useful in the problem
solving by early recognition of impending voltage
collapse within combined dynamic and static
approach, and

e develop preventative measures and actions using
adequate FACTS-controllers (especially Unified
Power Flow Controller, UPFC) to alleviate the
problem and increase transmission throughput.

The thesis goal is stated as to show how it is possible to
alleviate voltage stability problem by using modern, power
electronics based, FACTS device named UPFC. In the
elaboration of the thesis, a computer analysis of power
system voltage stability has been taken. In order to analyse
dynamic phenomena, a FORTRAN computer program for
mid-term time domain simulation of multi-machine power
system is developed. By combining dynamic and static
aspects of analysis, its prime focus is in off-line simulation

of voltage emergency situations using differential-algebraic
model of power system. In-house developed program is
tested and verified on the basis of other commercially
available software. Eventually, it could be installed in a
control centre serving for voltage security evaluation of a
power system.

There have been several phases in the thesis elaboration.

In the first phase of its development, the program for time
domain simulation has been made. It has featured different
generator models with generic excitation and speed
governor - turbine control systems, models of static and
dynamic loads, induction motors, LTCs, transmission lines
and buses... Computational methods that have been
included have comprised fast de-coupled transient load
flow along with Gauss-Seidel and Jacobi load flows, sparse
matrix techniques, and 4™-order Runge-Kutta method of
solving differential equations by using constant step-size
integration.

In the second phase, the static aspects of linearised
differential-algebraic power system model have been
included, concerning properties of state and extended
Jacobi matrices that are useful in general stability analysis
(singular and eigenvalue decomposition, sensitivity
analysis, and participation factors). Static aspects are very
helpful in recognition of voltage stability problem, while
modern means of voltage support are sought for should it
be applied thereafter.

Thus, the third phase of the thesis elaboration has been
initiated turning out the need for modelling of the FACTS
device. The UPFC injection model has been set up along
with its control structure. The UPFC in its general form can
provide simultaneous, real-time control of all basic power
system parameters (transmission voltage, impedance and
phase angle) and dynamic compensation of ac system.

While the static aspects help the voltage stability problem
being recognised through the matrix decompositions, the
UPFC, heart and soul of the thesis, represents source of
voltage support and power flow control. The UPFC has
been studied concerning its possibilities to help voltage
stability problem solved. Combined static and dynamic
approach is used to analyse the control system of the UPFC
injection model. It fulfils functions of reactive shunt
compensation, voltage regulation, line power flow
regulation, series compensation and PAR/QBT phase
shifting meeting multiple control objectives. The injection
model enables three parameters to be simultaneously
controlled, namely the shunt reactive power, Q.,,,;, and the
magnitude, 7, and angle, ¥, of the injected series voltage.

The control system is of de-coupled single-input single-
output type. The selection of input/output signals depends
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on the predetermined control mode, which could be

changed during simulation. At external level, following

locally measured variables of the UPFC are controlled:

e shunt side bus voltage magnitude, V;, (by changing
Qconv]):

*  series side bus voltage magnitude, /;,

* reactive power flow into series side bus, O,

e reactive power requirement of the series converter,
Qconv2a or

*  compensating voltage magnitude, V,,,,, (by changing
r), and

* active power flow into the series side bus, Pj,

e active power requirement of the series converter,
P conv2s

*  bus voltage angle difference, @, or

*  compensating voltage angle, ¢.,,, (by changing }).

In the model, the shunt side is controlled only in the
voltage mode V; & Qonvi, emphasising that O, represents
reactive power loading of the shunt converter. The series
side is controlled through the 7 < y pair in several different
modes: bus voltage and active power flow V; = P;,, reactive
and active power flow QO <P, series compensation
Ocomv2 = Peom2(=0), phase shifting of Phase Angle Regulator
(PAR) type V; (=V;) = ©y, and phase shifting of Quadrature
Boosting Transformer (QBT) type Veomp < @comp(=TV2). The
variables are chosen satisfying general V'« O and © - P de-
coupling. Damping of electromechanical oscillations based
on transient energy function is implemented in the model
as well. The strategy is of take-over type using time
derivatives of local variables from both sides of the UPFC.
The shunt part of TEF block uses information from dV/dt,
whereas the series part from dOy/dt.

The sensitivity analysis, applied in more general sense,
contributes to find appropriate location and action of the
UPFC. The UPFC has rather unique -capability of
simultaneous series control of branch power flow and shunt
control of bus voltage magnitude. By correlating branch
and bus participation factors obtained from the matrix
decompositions, it is possible to recognise location of its
installation where appropriate regulation characteristics
could be extensively used during voltage emergency
situations. Since the voltage support capability of the
UPFC is usually achieved by using two of its parameters,
there is an additional advantage of its design, which
enables simultaneous control of the third parameter as well.

Sensitivity analysis of the minimum singular value, total
active power loss, and total reactive power generation is
carried out to recognise critical points of power system
during voltage collapse scenario. It serves to show
capability of having all three UPFC parameters controlled
simultaneously. Often, sensitivity involves the inverse of
the state and the extended Jacobi matrix. Therefore, it has
larger magnitudes as the critical point is approached with
abrupt change to opposite sign as it is crossed. The
appearance of the critical point represents a reliable sign of
impending voltage unstable situation and could trigger
voltage support from the UPFC. Therefore, if the
sensitivity analysis is applied with respect to the set of the

UPFC control parameters it is possible to define its
adequate regulating action.

Within the thesis, special attention is paid to load
modelling, since the load is considered to be the driving
force of the voltage stability problem. After being shortly
disturbed with a consequence of permanently decreased
voltage magnitude level, by its mid-term recovery process
of re-establishing initial power consumption, the loads
could bring generators under over-excitation limiting
conditions and/or cause transmission system being
incapable of requested power delivery. Therefore, several
different load models (static and dynamic) are analysed
regarding its contribution to voltage collapse. Besides static
ZIP load model, there are included dynamic models of
induction motors and thermostatically controlled loads in
presence of the LTC transformers, and first order non-
linear recovery loads. Besides to the set of the UPFC
control parameters, the static aspects and the sensitivity
analysis are applied to the characteristic parameters of the
load models as well. This helps to conclude about the most
influential loads and their critical parameters that drive the
system to the collapse.

Benefits of the proposed methodology are explored by

analysing a multi-machine test system using in-house

developed computer program. According to the established
general objectives, it is possible to point out the main
contribution and achievements of the thesis as follows:

e development of the differential-algebraic model of the
multi-machine power system useful in time domain
simulation with combined dynamic and static elements
of analysis in order to study dynamic phenomena of
mid-term transient periods of decreased voltage
security level,

¢ development of the UPFC injection model with
adequate control system in order to define the role of
the device and its regulation capabilities useful in the
voltage stability problem, as well as to define the
methodology of rating, locating and timing of the
UPFC action with simultaneous three-parameter
control, and

e development of the methodology aimed to recognise
critical points of power system operation using matrix
decompositions and functions characteristic for
appearance and evolution of voltage stability problem,
as well as to compute their sensitivities with respect to
the load parameters and the UPFC set of control
parameters.

Future prospects are mostly dependable on a number of
practical applications of the FACTS-controllers. Expecting
increased number of their installations, the analysis could
be very important in overall planning and operational
procedures. By making transfer from the test-system
towards larger real power system configuration, the
answers of practical value could be given. To achieve that,
the proposed analysis should be implemented on a regular
basis within EMS paradigms in a control centre.
KEYWORDS: power system voltage stability, load
modelling, FACTS, UPFC, sensitivity analysis
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SAZETAK I KLJUCNE RIJECI

Objedinjeni regulator toka snage u izbjegavanju nestabilnosti napona

SAZETAK: Problemi prijenosa elektri¢ne energije i
stabilnosti napona elektroenergetskog sustava medu
glavnim su izazovima pri planiranju i pogonu ees-a. Jedan
od osnovnih uzroka povecanog zanimanja za probleme
stabilnosti napona nalazi se u opasnom priblizavanju
mnogih sustava granicama stabilnosti napona uslijed
poveéanog optereCenja sustava koje nije praceno
odgovaraju¢im povecanjem prijenosne moci. Globalna
pojava vise slomova napona ees-a uspostavila je problem
stabilnosti napona kao jednu od najznacajnijih i

Problem stabilnosti napona prijenosnog sustava moguce je
ublaziti  koriStenjem  suvremenih FACTS naprava
zasnovanih na energetskoj elektronici, koje posljednjih
godina pored teorijskih razmatranja dozivljavaju i svoje
prve praktiéne primjene. Liberalizacija trziSta elektricnom
energijom vjerojatno ¢e utjecati na pojavu novih uvjeta i
tokova snaga u prijenosnom sustavu. To je svakako dodatni
razlog potrebe za suocavanjem s FACTS napravama.

U svrhu izbjegavanja stanja nestabilnog napona, rjeSenja
koja ukljucuju koristenje FACTS naprava trebaju pruziti
podrsku  naponu  i/ili  odgovaraju¢e  koordinirano
upravljacko djelovanje. Osim nekoliko vecih prototipova
statickog generatora jalove snage kao poboljSane izvedbe
statickog kompenzatora jalove snage, ostale FACTS
naprave do sada nisu razmatrane u rjeSavanju problema
stabilnosti napona. Budu¢i da su do sada najcesce
razmatrani problemi vezani uz regulaciju toka snage i
prigusenje elektromehanickih oscilacija, izbjegavanje
stanja nestabilnog napona svakako predstavlja novi poticaj.

Stoga su u okviru rada na ovoj disertaciji postavljeni

slijedeci opcentiti ciljevi:

e objasniti problem stabilnosti napona i mehanizam
sloma napona u viSestrojnom ees-u,

e razviti analiticke metode korisne pri rjeSavanju
problema kako bi se ranije prepoznao nadolazeci slom
napona koriStenjem kombiniranog dinamickog i
statickog pristupa, i

e razviti preventivne mjere i upravljacka djelovanja
koristenjem odgovaraju¢ih FACTS naprava (posebice
objedinjenog regulatora toka snage, UPFC) u svrhu
izbjegavanja problema i poveéanja prijenosne moci.

Osnovna teza disertacije moguénost je izbjegavanja
problema stabilnosti napona koriStenjem UPFC-a,
suvremene FACTS naprave. U razradi postavljene teze
koristi se racunalna analiza stabilnosti elektroenergetskog
sustava. U razmatranju dinamickih pojava u uvjetima duzih
prijelaznih perioda smanjene razine sigurnosti, koristi se
vlastiti racunalni FORTRAN program za simulaciju
viSestrojnog sustava u vremenskoj domeni. Kombiniranjem
dinamickog i statickog aspekta analize, provodi se off-line
simulacija stanja snizene sigurnosti napona koriStenjem

diferencijalno-algebarskog modela ees-a. Program je
testiran 1 verificiran usporedbom s ostalim trzisno
dobavljivim programima. U konacnici, program moze biti
primijenjen u dispecerskom centru u svrhu procjene
sigurnosti napona sustava.

Razrada postavljene teze podijeljena je u nekoliko faza.

U prvoj fazi, razlic¢iti modeli generatora s generickim
upravljackim sustavima uzbude i brzine vrtnje povezani su
s proracunima tokova snaga. Uklju¢eni su staticki i
dinamicki tereti, asinkroni motori, LTC transformatori,
prijenosni vodovi i ¢vorista... Medu metodama proracuna,
uz proracune tokova snaga prema Gauss-Seidel i Jacobi
metodama, nalazi se i brzi neulanceni proracun prijelaznih
tokova snaga, metoda rada s rijetko popunjenim matricama
i Runge-Kutta metoda 4. reda za rjeSavanje diferencijalne
jednadzbe koristenjem konstantnog koraka integracije.

U drugoj fazi razrade, staticki aspekti lineariziranog
diferencijalno-algebarskog modela ees-a ukljuceni su u
svrhu razmatranja svojstava matrice stanja i proSirene
Jacobi matrice. Staticki aspekti su vrlo korisni u opcoj
analizi stabilnosti (dekompozicija po singularnim i
vlastitim vrijednostima i vektorima, analiza osjetljivosti,
faktori participacije...). Dekompozicija matrica od velike
je pomo¢i u prepoznavanju problema stabilnosti napona.
Nakon prepoznavanja, napori su usmjereni prema
definiranju poZeljnih svojstava i modeliranju suvremenih
naprava za regulaciju napona i toka snage.

Stoga je u tre¢oj fazi razrade iniciran postupak modeliranja
UPFC-a. Postavljen je nadomjesni model s injektiranim
snagama i odgovaraju¢i upravljacki sustav. UPFC, u svom
op¢em obliku, omoguéava istodobno upravljanje sa svim
osnovnim  varijablama sustava (iznosom napona,
impedancijom i faznim kutem) te dinami¢ku kompenzaciju
izmjeni¢nog sustava.

Dok staticki aspekti analize pomazu prepoznavanju
problema stabilnosti napona putem dekompozicije matrica,
UPFC, kao osnova disertacije, podrzava napon i regulira
tok snage. Definirane su potencijalne mogucnosti UPFC-a
u rjeSavanju problema stabilnosti napona. Kombinirani
dinamicki i staticki pristup koristi se u analizi upravljackog
sustava modela UPFC-a. Upravljacki sustav omogucava
popre¢nu kompenzaciju jalove snage, regulaciju napona,
regulaciju toka snage u vodu, serijsku kompenzaciju i
PAR/QBT regulaciju kuta prijenosa uz istodobno
zadovoljavanje viSestrukih ciljeva upravljanja. Time je
omogucena istodobna regulacija sa sva tri njegova glavna
parametra; s popre¢nom jalovom snagom Q.,,,;, t€ iznosom
r 1 kutem yinjektiranog serijskog napona.

Upravljacki sustav UPFC-a neulancenog je oblika i tipa
"jedan ulaz-jedan izlaz". Izbor ulaznih/izlaznih signala
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ovisan je o vrsti upravljanja koju je mogucée promijeniti

tijekom simulacije. Na vanjskoj se razini upravlja sa

slijede¢im lokalno dostupnim varijablama UPFC-a:

*  iznos napona ¢vorisSta poprecne strane, V;, (promjenom
Qconv] ):

*  iznos napona Cvorista serijske strane, V},

» tok jalove snage prema CvoriStu serijske strane, O,

e potrebita jalova snaga konvertera na serijskoj strani,
Qconv2a ili

*  iznos napona kompenzacije, V,,, (promjenom r), i

* tok djelatne snage prema ¢voristu serijske strane, Pj,

e potrebita djelatna snaga konvertera na serijskoj strani,
P conv2s

e razlika kuteva napona cvoriSta poprec¢ne i serijske
strane, O, ili

*  kut napona kompenzacije, @comp, (Promjenom }).

Na poprecnoj strani modela upravljanje se izvodi samo u
obliku regulacije iznosa napona V; e Qg pri cemu je
potrebno naglasiti da je Q.,; jalova snaga konvertera
poprecne strane. Na serijskoj strani, upravljanje putem para
varijabli 7 < y izvodi se na nekoliko razli¢itih nacina; iznos
napona i tok djelatne snage V; = P;,, tok djelatne i jalove
snage (), < Pj,, serijska kompenzacija Qcomz = Peom2(=0),
fazni PAR zakret V;, (=V)) =0y i fazni QBT zakret
Veomp = @Peomp(=TV2). Varijable su odabrane u skladu s
uvjetima opée Ve Q i O P neulancenosti. Prigusenje
elektromehani¢kog njihanja u modelu je zasnovano na
funkciji prijelazne energije (TEF). Odabran je oblik
potpunog preuzimanja regulacijskog sustava koriStenjem
derivacija po vremenu lokalnih varijabli s obje strane
UPFC-a. Na poprec¢noj strani koristi se derivacija dV/dt, a
na serijskoj strani dO,/dt.

Analiza osjetljivosti, primijenjena u opcem obliku,
doprinosi pronalazenju odgovarajuce lokacije i djelovanja
UPFC-a. UPFC ima jedinstvenu mogucnost istodobne
uzduzne regulacije toka snage kroz prijenosni element i
popre¢ne regulacije napona u ¢évoriStu. Staticki pristup
prema matricnim dekompozicijama rezultira s faktorima
participacije uzduznih i popre¢nih prijenosnih elemenata
(vodovi i cvoriSta). KoriStenjem slicnosti prepoznatih
osobina UPFC-a i statickog pristupa, uvelike se doprinosi
postupku dimenzioniranja, lociranja i djelovanja UPFC-a u
stanjima poremecenog napona. Budu¢i da se regulacija
napona s obje strane UPFC-a postize koristenjem dva
parametra, otvorena je moguénost istodobnog koristenja i
njegovog treceg parametra.

Analiza osjetljivosti minimalne singularne vrijednosti,
ukupnih gubitaka djelatne snage i ukupne proizvodnje
jalove snage generatora u sustavu provodi se u svrhu
prepoznavanja kriticnih to¢aka u tijekom scenarija sloma
napona. Razmatraju se radi pronalazenja moguénosti
istodobnog koriStenja sva tri regulacijska parametra UPFC-
a. Osjetljivost Cesto ukljucuje inverziju matrice stanja ili
prosirene Jacobijeve matrice te stoga poprima veée iznose
u blizini kriti¢ne tocke uz naglu promjenu predznaka nakon
njezinog prolaska. Pojava kriticne tocke predstavlja
pouzdan znak nadolazeéeg stanja nestabilnog napona i
poticaj je za ukljucivanje naponske podrske UPFC-a.

Analizom osjetljivosti obzirom na skup UPFC-ovih
upravljackih parametara moguce je definirati odgovarajuce
regulacijsko djelovanje.

U okviru disertacije, osobita je pozornost povecena
modeliranju optereenja obzirom na njihov doprinos
scenariju sloma napona. Nakon pocetnog poremecaja koji
za posljedicu ima trajno snizenje iznosa napona, oporavak
tereta i ponovno uspostavljanje pocéetne potro$nje mogu
pribliziti generatore podru¢ju naduzbudnog ogranicenja i/ili
smanjiti prijenosnu mo¢ sustava. Stoga je analiziran utjecaj
nekoliko razli¢itih modela tereta (statickih i dinamickih)
obzirom na scenarij sloma napona. Osim statickog ZIP
modela, razmotreni su dinamicki modeli asinkronog
motora i termostaticki upravljanog tereta ¢iji se naponi
reguliraju transformatorom s promjenjivim prijenosnim
omjerom pod optereéenjem. Analiziran je i nelinearni
model prvog reda oporavljajuceg tereta. Osim obzirom na
skup UPFC-ovih varijabli, staticka analiza te analiza
osjetljivosti primijenjene su i obzirom na karakteristiéne
parametre tereta. Osjetljivost obzirom na njihove parametre
od velike je pomoc¢i u prepoznavanju onih tereta koji u
najvecoj mjeri vode sustav prema slomu napona.

Iskoristivost predloZzene metodologije istraZzena je analizom
na viSestrojnom test-sustavu  koriStenjem vlastitog
raCunalnog programa. Prema postavljenim ciljevima,
moguce je istaknuti slijede¢a glavna postignuca disertacije:

* razvoj diferencijalno-algebarskog modela viSestrojnog
sustava korisnog za provodenje simulacija u
vremenskoj domeni kombiniranjem dinamic¢kog i
statickog aspekta analize, a u svrhu razmatranja
dinamickih pojava u uvjetima duzih prijelaznih
perioda smanjene razine sigurnosti napona,

e razvoj nadomjesnog modela i upravljackog sustava
UPFC-a u svrhu definiranja uloge i regulacijskih
svojstava, metodologije dimenzioniranja i odredivanja
lokacije i vremena djelovanja naprave uz istodobnu
regulaciju sva tri upravljacka parametra obzirom na
analizu problema stabilnosti napona,

e razvoj metodologije prepoznavanja kriticnih tocaka
pogona koriStenjem matricnih  dekompozicija i
funkcija ees-a karakteristicnih za nastanak i razvoj
problema stabilnosti napona te proracuna njihovih
osjetljivosti obzirom na parametre modela tereta i
UPFC-a.

Mogucnosti nastavka istrazivanja uvelike ovise o broju i
vrsti praktiénih primjena FACTS naprava. Ocekujuci
povecéani broj njihovih instalacija, predlozena analiza vrlo
je znacajna sa stajaliS§ta planiranju i pogona sustava.
Prijelazom s manjeg test-sustava na neku od vecéih
konfiguracija mreze postigli bi se vrlo prakticni odgovori
na stvarne probleme pogona. U tu bi svrhu predlozenu
metodologiju trebalo primijeniti u okviru rada dispecerskog
centra na vodenju ees-a.

KLJUCNE RIJECI: stabilnost napona elektroenergetskog
sustava, modeliranje opterec¢enja, FACTS, UPFC, analiza
osjetljivosti
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