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Abstract

This thesis presents the steady-state modelling of some Flexible Alterna-
tive Current Transmission Systems (FACTS) devices, namely, Static Var
Compensators (SVC) and Thyristor Controlled Series Capacitors (TCSC),
with their controls and limits. The proposed steady-state models are val-
idated by dynamical simulation of the equivalent circuit. Handling of
limits, control mode switching, and their implementation in the power
flow are presented and discussed.

Bifurcation analysis is applied in order to find the optimal location and
rating of these devices and a continuation power flow i1s used to evaluate
the effects of FACTS on the system loadability for several power systems.
Eigenvector analysis applied at the maximum loading point is used to
locate and design the FACTS devices such that the distance to this point
1s maximized.

The models and the methodology for placing and designing FACTS are
tested in a 12 bus ac system and a 173 bus ac/dc system. The results
are presented and discussed. Performance factors to evaluate the impact
of FACTS devices on the operation of a power system are proposed and
used to assess the efficiency of FACTS devices.
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Chapter 1

Introduction

1.1 Voltage Collapse

Alternative current power systems typically tend to be operated below the surge
impedance load of their transmission lines and considerably under the thermal rat-
ings of the lines. Increasing economic, legal and environmental pressures have forced
utilities to operate their power networks closer to their margin of steady-state stability.
The increased use of existing transmission is made possible, in part, by reactive power
compensation which is inherently less robust than “wire-in-the-air”. Power transmis-
sion capability has traditionally been limited by either rotor angle (synchronous)
stability or by thermal loading capabilities [1]. More recently, voltage instability has
been considered as another limiting factor to power transmission. Over the last ten
to fifteen years, the electric power industry has become increasingly concerned with
voltage instability and collapse. This concern is based on several voltage collapse
incidents as described in an IEEE report [2].

As some parameters in the system change, in particular the system load, the volt-
age magnitudes slowly decline. System operators usually control the voltages at some
buses by increasing reactive generation, capacitor switching and/or tap changing. As
some devices reach their limits, the ability of controling the voltages is lost; further-
more, at a certain loading of the system one type of instability that may occur is
voltage collapse. This phenomenon is characterized by a sharp and fast decrease in
voltage magnitude at some or all buses. This is now a major concern in planning and
operation of electric power systems.
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The main factor causing voltage collapse is the inability of the power system to
meet the demand for power [3]. A power system at a given operating state and
subject to a given disturbance undergoes voltage collapse if it is voltage unstable or if
the post-disturbance equilibrium values are below acceptable limits. The acceptable
limits are system and load dependent. Voltage collapse may be total (blackout) or
partial [3].

While voltage collapse can be associated with loss of synchronism for generators,
the phenomenon can also occur where rotor angle stability is not an issue. Different
mechanisms have been identified for voltage collapse. If reactive power control is
lost at the source due to manual control or field current limiters of the synchronous
machines, voltage collapse at the load may follow [3].

Voltage collapse can also occur in the case of increased stress on a load area where
voltage support is inadequate. Tap changers reaching limits and large induction motor
loads are factors which play an important role in voltage instability [3].

Another example of voltage instability is the case of an HVDC inverter oper-
ating at fixed extinction angle and supplying constant power to a weak ac system.
Voltage instability can occur during the recovery of the DC power following a severe
disturbance or when the DC power is increased beyond its critical level [3].

In the past few years, a great deal of attention has been given to develop various
methods for studying voltage stability. They range from the very simple to the highly
complex and can be classified mainly into static and dynamic approaches [5].

Voltage instability and collapse dynamics span a range in time from a fraction
of a second to tens of minutes. The phenomena associated with voltage dynamics
have been classified into transient and longer-term voltage stability. The time frame
for transient voltage stability is up to about ten seconds. Rotor angle instability
and voltage instability are associated, and aspects of both phenomena may exist.
Transient stability studies are performed to investigate this type of problem with
dynamical models of the system.

Longer-term voltage instability phenomena span over a time frame of minutes to
hours. This scenario involves high loads, generators, tap changers and other devices
hitting limits and eventually partial or complete voltage collapse [1].

Static voltage collapse phenomena are associated with loss of steady-state stabil-
ity for a power system. Steady-state stability refers to the dynamic system response
to small disturbances that continuously occur during the operation of a system. This
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problem can be studied by looking at the linearized dynamic equations of the system
at an operating point. Thus, a power system is steady-state stable for a partic-
ular operating condition if, following any small disturbance, the system reaches a
steady-state condition [4]. The stability condition is determined by calculating the
eigenvalues of the linearized system; if all real parts of the eigenvalues are negative,
the system is stable; otherwise, it is unstable.

From the many existing static techniques the continuation power flow is used
in this thesis [6]. This is a step-by-step or “snapshot” method that analyzes the
solutions of the power flow as a parameter in the system, namely the load, is discretely
increased. Adequate models for all devices including controls and limits are crucial
in order to obtain good results. Also, specific knowledge of the system, i.e., structure
and distribution of loads, is required in order to buildup a credible scenario. This
approach is computationally less intensive and provides significant insight into some
of the instability mechanisms, thus making it attractive for the study of large systems.

Today, virtually all power system transmission and generation planning, as well as
operating, is performed using assumed load distributions and growth rates based on
load forecasts; therefore, a stability margin obtained using load forecast information
may be in fact the most practical measure available to planners and operators [7].

1.2 FACTS devices

Todays power systems are large and widely interconnected, probably the most com-
plex man-built systems. The purpose of the transmission network is to pool power
plants and load centers in order to supply the load at a required reliability and maxi-
mum efficiency at a lower cost. In North-America, inter-regional power transfers have
been growing much faster than transmission capacity.

As power transfers grow, the power system can become increasingly more difficult
to operate, and the system becomes more insecure with unscheduled power flows
and higher losses. In this context, the Electric Power Research Institute (EPRI)
has put forward a concept called Flexible Alternative Current Transmission System
(FACTS). The objective of FACTS technology is to bring a system under control
and to transmit power as ordered by the control centre; it also allows to increase the
usable transmission capacity to its maximum thermal limits [8].

Power systems of today by and large are mechanically controlled. With mechan-
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ical devices, such as circuit breakers, control cannot be initiated frequently because
mechanical devices tend to wear out quickly compared to static devices. The central
technology of FACTS involves high power electronics, a variety of thyristor devices,
microelectronics, communications and advanced control centers [8].

Power flow through an ac line is a function of phase angle, line end voltages and
line impedance, and there is little or no control over any of these variables. The
consequences of this lack of fast, reliable control are stability problems, power flowing
through other than the intended lines, the inability to fully utilize the transmission
resources, undesirable var flows, higher losses, high or low voltages, cascade tripping
and long restoration times. With FACTS devices one can control the phase angle,
the voltage magnitude at chosen buses and/or line impedances. Power flow is elec-
tronically controlled and it flows as ordered by the control center [8].

The range of FACTS devices include:

Static Var Compensators (SVC)

Static Compensators (STATCOM)

Thyristor Controlled Series Capacitors (TCSC)
e Universal Power Flow Controllers (UPFC)

e High Voltage Direct Current Transmission (HVDC)

From these, this thesis will concentrate on the SVC and the TCSC, both of which
are currently applied.

1.3 Thesis outline

Chapter 1 introduces the reader to the voltage collapse phenomena and to FACTS
devices. Chapter 2 presents aspects of bifurcation theory as they relate to voltage
collapse phenomena. In Chapter 3, steady-state models of an SVC and a TCSC
are derived and compared to dynamical models, then different control strategies are
discussed for each of these devices.

A methodology to implement these FACTS devices in a power flow is presented in
Chapter 4 together with the continuation power flow, which is the chosen technique,
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in this thesis, to investigate voltage instability in a power system. Chapter 5 presents
a method of locating and designing these devices based on the bifurcation analysis
of a 12 bus ac system . The results of the studies performed on a 173 bus ac/dc
system are presented in Chapter 6, and a performance measure is proposed to assess
the effect of FACTS devices on the system. Chapter 7 presents the conclusions of
this thesis.



Chapter 2

Saddle-node bifurcations

2.1 Saddle-node bifurcations in

AC/DC power systems

Nonlinear phenomena such as jumping between modes, vanishing of periodic oscil-
lations, loss or gain of stability and chaos, arise in all fields of physics, chemistry,
biology and engineering. The classical mathematical discipline that treats this kind
of nonlinear phenomena is bifurcation theory [9].

In [10] the authors suggest that static voltage collapse may be explained as a
dynamic consequence of a generic saddle-node bifurcation. At this bifurcation, the
system state leaves the bifurcating equilibrium point and moves along a particular
trajectory. The authors consider a nonlinear dynamical power system model described
by a system of ordinary differential equations (ODE) of the type :

x = f(x) (2.1)

where a singular perturbation technique is used to obtain this model from the typical
differential-algebraic model of the power system, based on the idea that algebraic
equations are presumably idealizations of some unmodelled dynamics.

In [11] the authors use center manifold theory to study how the voltage collapse
problem occurs in power sytems. Saddle-node bifurcations are typically associated
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with dynamical models represented by differential equations [9, 11]; however, power
system models represented by differential equations with algebraic constraints (DAE)
have been shown to exhibit the same type of bifurcations [12].

The main condition for the bifurcation point in certain differential and differential-
algebraic models is the singularity of the power flow Jacobian, which is associated
with the voltage collapse phenomena in [7, 12, 13, 14]. The power flow equations are
actually a subset of the full steady-state equations [12].

Dynamic events such as large disturbances may drive the system to instability
without any bifurcation occurring in the system. In a bifurcation related voltage
collapse, the parameters in the system are changing quasi-statically. For these reasons,
voltage stability problems related to bifurcations have been labeled as “static” voltage
phenomena. It should be mentioned here that not all static voltage collapse problems
are caused by saddle-node bifurcations (e.g. [15, 16]).

In this thesis, voltage collapse phenomena are associated with saddle-node bifur-
cations of the dynamical model of the power system, and the equivalency conditions
[12, 13, 16] are used to detect the bifurcation point.

The scenario that is typically considered is that the load is discretely increased and
a series of load flows are solved, providing snapshots of the system trajectory. The
device limits and controls play an important role here. The snapshot approach is a
compromise between a detailed time domain simulation and a static approach. This
quasi-dynamic approach provides comprehensive information regarding the mecha-
nism of instability with lower CPU requirements. The snapshots will approximate
the time domain trajectory, disregarding the small oscillations due to the incremen-
tal changes in load. However, with proper models of the power system components,
including their controls and limits, the technique is able to determine if the final
operating condition is stable or not, and also provides information at intermediate
points along the system trajectory [7].

2.2 System models

The ac system model is a transient stability model [6, 17, 18]. Generators may be
modelled as voltage sources behind transient reactances with q-axis transient voltage
dynamics included. For the transmission system a constant admittance model is
used and a voltage and frequency dependent model is used for loads [12, 19]. HVDC
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links are modelled assuming ideal harmonic filtering and balanced 3-phase operation

[18, 23, 24, 25]. All the equations and details pertaining to system models can be
found in [13].

Grouping all state variables defined by the differential equations of these models
in a vector z , and all state variables defined by the algebraic equations in u, the
system model can be described by

Mz = f(z,u,)) (2.2)
0 = g(z,u,)

where f(-) represents a vector function of all right hand side of the differential equa-
tions, g(-) groups all terms representing algebraic constraints, and M is a constant
positive definite matrix.

When the algebraic constraints g(-) have an invertible Jacobian D, g(-) along the
system trajectories of interest, the algebraic variables can be eliminated by using the
Implicit Function Theorem [20] and the system model can be reduced to

Mz = f(z,h(z,A),A) = s(z, A) (2.3)

A saddle-node bifurcation of the system (2.3) occurs when the Jacobian D,s(-) is
singular at the equilibrium point (zg, Ag) where two solutions of the system, stable
and unstable, merge and then disappear as the parameter A . i.e., the system load,
changes.

Of all the possible types of local bifurcations characterized by a singular Jacobian
at the equilibrium, i.e., saddle-node, transcritical, and pitchfork, only the saddle-
node bifurcation occurs generically so that it is expected to be typical in practice
[9, 10]. Then, under certain transversality conditions discussed in detail later, the
behavior of equations (2.3) about the degenerate equilibrium point can be reduced to
the following single variable one-parameter differential equation using a Lyapunov-
Schmidt reduction [27, 28]:

& =X—z’= f(z,N) (2.4)

Figure 2.1 shows a diagram of the equilibria for f(z,A) as the parameter A changes.
For A < 0 equation (2.3) presents no equilibria, whereas for A > 0 the vector field
has stable and unstable equilibrium points. For the special case when A = 0, the
linearization of f(z,A) at the equilibrium (0,0) is singular, i.e., f/0z|o = 0. Hence,
the saddle-node is characterized by two equilibria coalescing and then disappearing as
the parameter A changes. Notice also the quadratic shape of the bifurcation diagram



CHAPTER 2. SADDLE-NODE BIFURCATIONS 9

stable ——>

<=~ bifurcation

—2F

-3

unstable ——>
4l

-5

lambda
Figure 2.1: Bifurcation diagram for f(z,)) = X — z2.

close to the degenerate equilibrium point, which is a characteristic of saddle-nodes
that will be displayed in the behavior of actual ac/dc system bus voltage magnitudes
when plotted versus a varying parameter A representing load change.

2.3 Equivalence of saddle-node equations [12]

Bifurcation studies for some power system models can be performed based on the
eigenvalues of the power flow Jacobian, Jpr, which can be shown to be singular at
the same point where the Jacobian of the system dynamics Jrs = M~ D,s(zo, o)
becomes singular [6, 12, 13].

Linearizing f(-) and g(-) at the equilibrium point and eliminating the algebraic
variables, the Jacobian for the reduced system is obtained

M Jrs = D.f|o — Dufo Dugly* D.glo (2.5)

which is shown in [12] to lead to

det JPF

det(D_slo) = (_1)km

(2.6)
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Therefore, zero eigenvalues of the enhanced power flow Jacobian indicate a singularity
of the full linearized dynamics.

2.4 Zero eigenvectors

At the bifurcation point (zg,Ao), the Jacobian D,s(zg, Ao) has a simple and unique
corresponding zero eigenvalue. The right eigenvector v associated to the zero eigen-
value and the left eigenvector w satisfy the following conditions :

1. D,s(zo,Ao) has a simple and unique zero eigenvalue, with normalized right
eigenvector v and left eigenvector w, 1.e.,

D.s(zg,A0) Vv = O (2.7)
w’ D.s(zo, A0) = o?

T 0Js
2w B8l (2.8)
3. wl [D?s(zg, Ao) V]V # 0. (2.9)

Conditions 1 through 3 guarantee generic quadratic behavior near the bifurcation
point and are used to determine the collapse point [6, 15, 12].

The eigenvectors at the bifurcation point, provide information on the areas prone
to voltage collapse and the control strategies to most efectively prevent this problem

11, 17].

Using a result from center manifold theory [21], the maximum absolute entry
in v (the zero right eigenvector) shows which variable dominates in the Lyapunov-
Schmidt reduction of the center manifold. This information is used in the prognosis
of the system, i.e.. it indicates which area is more prone to voltage collapse. Similarly,
the maximum absolute entry in w (the zero left eigenvector) shows which derivatives
are changing the most and is used to identify the most efficient control strategy to
move away from the bifurcation [11, 17].

A similar approach is taken by the authors in [22], where the minimum singular
value of the power flow Jacobian matrix is used as a static voltage stability index, and
the right and left singular vectors are used to indicate sensitive voltages (and angles)
and the most sensitive direction for changes of active and reactive power injections.
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The continuation method [6], which is described in chapter 4, provides approx-
imate right eigenvector information close to the bifurcation point; it also provides
good initial guesses for the direct method [6, 17], which can be used for a more
precise determination of the zero eigenvectors.

It is important to mention that, depending on the static load model used to
represent the aggregated system loads, the location of a saddle-node bifurcation sig-
nificantly changes. For example, for a constant P-() load model one can show that
the maximum power transfer point, or maximum loadability point, is a saddle-node
bifurcation and it also corresponds to the tip of the P-V or “nose” curve [12].



Chapter 3

FACTS

3.1 Steady - state model for a SVC

3.1.1 Introduction and typical structure

Technology developments in power electronics together with sophisticated electronic
control methods, have made the implementation of fast Static var Compensators
(SVC) possible in the early 1970s. Today, there are hundreds of SVC installations,
worldwide [29].

These devices are characterized by rapid response, wide operational range and
high reliability. From the several possible approaches to generate and control reac-
tive power, presently thyristor valves are used almost exlusively in conjunction with
capacitor and reactor banks [29].

The main functionality of the SVC is to regulate the voltage at a chosen bus
by controlling the reactive power injection at that location. Maintaining the rated
voltage levels 1s important for proper operation and utilization of loads. Undervolt-
age causes degradation in the performance of loads such as induction motors, light
bulbs, etc., whereas overvoltage causes magnetic saturation and resultant harmonic
generation, as well as equipment failures due to insulation breakdown [29].

The maximum transmittable power for a simple two machine power system with
ideal mid-point compensator is twice the steady-state power limit of the uncompen-

12
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sated case [29]. This increase in the steady-state stability limit enhances the transient
stability of the system. In addition to voltage regulation and transient stability im-
provement, the fast controls of the SVC allow for power oscillation damping.

All of the above contributed to the popularity of this device. Detailed, dynamical
models are needed for transient stability studies; however, the steady-state behavior
of the device can be completely described by a fundamental frequency model including
controls and limits.

The most popular configurations of these shunt devices are the fixed capacitor
with a thyristor controlled reactor (FC-TCR), and the thyristor switched capacitor,
thyristor controlled reactor (TSC-TCR) [29]. From these two configurations, the
second (TSC-TCR) is implemented in order to minimize standby losses and it is
equivalent, from a steady-state perspective, to the FC-TCR. Therefore, the FC-TCR
structure presented in Figure 3.1 is analyzed below.

FACTS device

Xc e
4

N

it)

Xl

W_

-

ilt)

N A

Figure 3.1: Common structure for SVC and TCSC.
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3.1.2 The Thyristor Controlled Reactor (TCR)

The TCR consists of a fixed (usually air-core) reactor of inductance L and a bidi-
rectional thyristor valve (Figure 3.1). In a practical valve, many thyristors (typically
10 to 40) are connected in series to meet the required blocking voltage levels [29].
Applying simultaneously a gate pulse to all thyristors of a thyristor valve brings the
valve into conduction. The valve will automatically block approximately at the zero
crossings of the ac current, in the absence of a firing signal. Thus the controlling
element is the thyristor valve.

The TCR current is essentially reactive, lagging the voltage by nearly 90°. The
active component of the current is very small and the losses of the device are of the
order of 0.5 — 2 % of the reactive power; therefore, one of the modelling assumptions
is that the resistance of the inductor may be neglected. Another assumption that is
made here is that the voltage applied to the TCR. is sinusoidal, which for the SVC, a
shunt device, 1s reasonable as the supply voltage i1s the bus voltage.

The firing angle « is defined as the angle in electrical degrees between the positive-
going zero-crossing of the voltage accross the inductor and the positive going zero-
crossing of the current through it. The thyristors are fired symmetrically; therefore,
the maximum possible firing angle is 180°. Full conduction is obtained with a gating
angle of 90°. Partial conduction is obtained with gating angles between 90° and 180°,
with zero current at 180°. Firing angles less than 90° are not allowed, as they produce
unsymmetrical currents with a high dc component. The fundamental component of
the current is reduced as the firing angle increases [30]. This is equivalent to an
increase in the inductance of the reactor, reducing its current as well as its reactive
power.

In Figure 3.2, the voltage across the TCR inductor and the current through it
are shown at full conduction angle. The current lags the voltage by 90° , both the
current and the voltage being perfectly sinusoidal, the equivalent reactance of the
TCR i1s equal to the inductor reactance Xz. In Figure 3.3 the current and voltage
waveforms are shown for a firing angle of 120°. Ounly part of the sinusoidal voltage is
applied to the inductor, the current and the voltage are not sinusoidal anymore. The
fundamental component of the current is less than the current at 90° firing angle,
resulting in an equivalent reactance of the TCR higher than X. Figure 3.4 shows
the TCR current and voltage waveforms for a firing angle of 160°. The fundamental
component of the current through the inductor is very small and, the equivalent
reactance of the TCR is very high, at 180° it becomes practicaly infinite.
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The conduction angle o is defined as the angle, in electrical degrees, for which
the thyristor valve is conducting. The conduction angle ¢ and the firing angle «a are
related by the following equation :

c=2(m—a) (3.1)

The steady-state voltage waveform for a period is described by Equation 3.2.

vp(wt) = Vusinwt for 0 <wt<nm—a, a<wt<2n—a, n+a<wt<2n
L - 0 formr —a<wt<a, 2n —a<wt<nm+a«a
(3.2)
The voltage across an inductor and the current through it are related by
dig,
=L— 3.3

If the time origin is chosen to coincide with a positive-going zero-crossing of the
voltage, the current waveform can be found by integrating Equation 3.2 and it is
analytically described by the equations in Table 3.1 [30], where X7, is the fundamental
frequency reactance of the inductor, Iyy = Vir/Xpr, is the maximum value of the
inductor current, and w = 2« f, with f being the fundamental frequency of the
voltage waveform.

wt ir(a,wt)
wt € [0, 7T — a] Iy (— cos o — coswt)
wt € [T — a, a] 0
wt € [a, 2T — af Iy( cosa — coswt)
wt € [2m — a, T + a] 0
wt € [m+ a,27] | Iyy(— cosa — coswt)

Table 3.1: Inductor instantaneous current
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where X, is the fundamental frequency reactance of the inductor, Iy = Vi /Xy, is the
maximum value of the inductor current, and w = 27 f, with f being the fundamental
frequency of the voltage waveform.

A periodic function f(#) with period T can be expressed as a trigonometric Fourier
series of the form [31] :

A o0
f(8) = 70 + E(An cosnf + B, sinnf) (3.4)
n=1
where
]_ 27
Ay = - / £(8)d8
7w Jo
]_ 27
A, = — f(8) cosnbdb
7w Jo
27
B, = 1 f(6)sinnbd (3.5)
7 Jo
for n > 1.

Considering the analytical form of the inductor current, let § = wt. The TCR
instantaneous current is a symmetric and even waveform; therefore, the corresponding
Fourier series has Ay = 0 and B,, = 0 for all n. For the steady-state model only the
fundamental frequency term is considered, i.e.,

1 27
A = —/ i1(6) cos 6 (3.6)
0

™

substituting for ¢z, from Table 3.1

-[M T— 2n—« 27
A = — [— Ccos « (/ cos 8df — / cos 0df + / cos (9d0> —
0 T

T [ +a

T— 2r—a 27
/ cos20db —/ cos20db —/ c0529d9] (3.7)
0

@ T+

After calculations, the final expression for A; is

A = —I7M[2(7T — a) + sin 2a] (3.9)
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The fundamental frequency current laggs the voltage by 7; hence, it can be written
as

ir(wt) = Ipssin <wt — %) (3.10)

Substituting Ips in Equation (3.10) and expressing it as a cosine function, yields

ir(wt) = —;—M cos wt (3.11)
v

From the Fourier series, and from Equation 3.11, the controllable reactance of the

TCR, Xy, is then

7T
2(m — @) + sin 2«

Xy = Xp, (3.12)

For design reasons that will be explained in the next section, let Xy = 0.55X¢.
In this case, the reactance of the TCR, Xy, expressed in per unit with respect to
X, the fixed capacitor reactance, is shown in Figure 3.5 as a function of the firing
angle a. At 90° the TCR is in full conduction and its equivalent reactance is equal
to Xr. The inductive current flowing through the TCR is larger than the current
through the capacitor; therefore, the device operates in the inductive region absorb-
ing reactive power. At a = 113° the equivalent reactance of the TCR is equal to
the capacitor reactance. For firing angles larger than 113°, the device operates in
the capacitive region where the equivalent reactance of the TCR is larger than the
capacitor reactance. At @ = 180° the TCR reactance becomes practicaly infinite and
the SVC injects the maximum reactive power.

In a three phase system, three single phase thyristor controlled reactors are used
in delta connection. Under balanced conditions, the triplen harmonic currents (third,
ninth, fiftenth, etc.) circulate in the delta connected TCRs and do not enter the
power system. The magnitude of the other harmonics generated by the SVCs can be
reduced by multiphase and multibank circuits or by filtering [29].

For the TCRs arranged in delta, the maximum Total Harmonic Distortion coe-
ficient is less than 10 % [30]. A step down transformer is required in HV or EHV
applications as the TCR voltage is limited for technical and economic reasons to 50

kV or below [32].
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Figure 3.5: TCR equivalent reactance.
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3.1.3 Control and limits of the SVC

The steady-state control law for the SVC is the typical current-voltage characteristic

V = Veer + Xsr.1 (313)

Typical values for the slope Xz, are in the range of 0.02 to 0.05 p.u., with respect to
the SVC base. The slope 1s needed to avoid hitting limits for small variations of the
bus voltage. At the voltage limits, the SVC is transformed into a fixed reactance. A
typical value for the controlled voltage range is 10 % [32, 33].

The V-1 characteristic for the SVC is presented in Figure 3.6, where it 1s assumed
that the capacitive and inductive range of the SVC are the same, and the SVC current
is expressed in per unit with respect to the maximum current of the device (capacitive
or inductive).

For the FC-TCR SVC, the reactive power of the device ()sy¢ can be written as

V2 V2
Qsve = X X (3.14)

At zero var output, the capacitive and inductive currents become equal and thus the
capacitive and inductive var perfectly cancel each other. With a further decrease of
the firing angle a (see Figure 3.5), the inductive current becomes larger than the
capacitive current resulting in a net inductive var output.

From the V-I characteristic presented in Figure 3.6, the limits of the device are
+ Inrae for V ovarying from Vi, to Vagas, with Qsye varying from Qaree. t0 Qaras, -
The typical model for the device is a reactive power source behind the slope reactance
within QQsyc limits [32, 33]. The drawback of this approach is that it considers that
the device hits the reactive power limits at the maximum /minimum voltage. However,
the device is an adjustable reactance and the control limits are given by the firing angle
limits. From Equation (3.14), it can be seen that if a firing angle limit is reached at
a higher value of the voltage than the minimum controllable voltage (e.g., 0.95 p.u.),
then the reactive power injected by the device is in fact higher than the maximum
capacitive reactive power limit. Therefore, it is important in voltage collapse studies,
where the system is stressed and devices are expected to hit limits, to consider the
control limits, 1.e., limits on the firing angle which are known, and not limits on the
reactive power of the device which are voltage dependent.
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If the capacitive and inductive range are assumed to be equal for the SVC, 1.e.,
QMaze = QMaz, , With reactive power limits being reached at the voltage range limits,
the reactive power limits are then given by

QMazc — —min (315)

QMamL - - (316)

This equal power rating condition imposes a design constraint expressed by
X, =0.55X¢ (3.17)

Alternatively one could consider equal current rating, i.e., Ipfaz;, = Infaz. at the
voltage range limits, which results in the constraint

X1, = 0.53X¢ (3.18)

Another option is to specify the inductive range of the SVC to be different from
the capacitive range, as determined from power flow studies. In any of these cases,
the ratings of the inductor and capacitor are similar if not equal. The SVC can
be operated in steady-state in the capacitive or the inductive region; therefore, the
ratings of the inductor and the capacitor are similar. For voltages higher than 50 kV
the SVC needs to be connected to a step-down transformer. These two requirements
are specific to the SVC and have to be considered in the total cost of the SVC system.

3.2 Steady-state model for a TCSC

3.2.1 Introduction and typical structure

In typical operation of power systems, the magnitude of bus voltages is generally
controled to remain within maximum design limits and to prevent unacceptable volt-
age variations at the loads. For a certain power system, with fixed transmission
impedances, the degree of power control by adjusting the voltage is limited. One
has control over the power injected at generator buses and not on the angle between
the bus voltages. This type of control is usually achieved by relatively slow changes
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of rotor angles of synchronous machines, which is done by changing the mechanical
power input at the shaft of the generators. Dynamic stability considerations usually
limit the maximum permissible angles, and hence the transmitted power.

Shunt reactive devices have been used to increase power transfer capabilities. The
most common shunt devices are mechanically switched shunt reactors and capacitors.
Another shunt device allowing for a more versatile control of the voltage is the SVC.

Series capacitor compensation is another approach to improve stability limits and
increase transfer capabilities. The transmitted power through a line is inversely pro-
portional to the transfer impedance; thus, power transfer limits increase with the
compensation of the line. For example, considering other parameters constant, 50
% series compensation approximately doubles the steady-state transmitted power,
whereas 75 % series compensation would increase the transfered power to about four
times the original value.

Despite the large improvement on transmittable power, high levels of series com-
pensation are not typically used. The practical upper limit to the level of series
compensation is about 70 % [8], as higher levels of steady-state compensation may
generate uncontrollable variations in power for small changes in terminal voltages or
angles, and large transient currents and voltages during disturbances at series reso-
nant conditions.

In order to allow for the smooth variation of the series impedance in steady-
state, a TCR is used in parallel with a conventional series capacitor. This type of
scheme, called TCSC, has a capacitive and an inductive operating range. This type of
installation was implemented at the Kayenta substation by the Western Area Power
Administration (WAPA) in early 1992. The device is protected through the use of
gapless metal oxide varistors (MOV), with by-pass breakers as a back-up protection

[8].

From a steady-state perspective, the structure of the device is equivalent to a FC-
TCR SVC presented in Figure 3.1. The main difference from a SVC is that the TCSC
is series connected to the transmission line, whereas the SVC is shunt connected to a
bus. Another major difference is that the TCSC is directly connected to the line, as
opposed to the SVC which typically requires a step-down transformer. The rating of
the device is also different; the inductive range of the TCSC is used only in transient
operation where a bang-bang type of control is used to damp power oscillations; thus,
the rating of the inductor is much lower than the rating of the capacitor.A relatively
small (rating) device may be used to provide effective continuous control of the power
on the ac line over a wide range.
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As far as the fundamental components of the voltage and current are concerned,
the TCSC is a controllable impedance given by the variable reactance of the TCR in
parallel with the fixed capacitor. The equivalent impedance of the device is then

XeXL

Xe = .
Xo/m[2(m — a) + sin 2a] — X,

(3.19)

There is a value of the firing angle which causes steady-state resonance, i.e., Xy = X¢,
this value is dependent on the ratio r, = X¢/Xr. For example, Figure 3.7 depicts
the equivalent reactance of the device for a ratio X¢ /Xy = 10. The device can be
continuously controlled in the capacitive or inductive zone, avoiding the steady-state
resonance region; this type of control is called Vernier control.

3.2.2 Dynamical model and harmonics

In order to validate the steady-state model of the device, a dynamical model was
developed. The simplified model of the Kayenta TCSC [8] is presented in Figure 3.8.
An equivalent source Vs supplies power to an ac transmission line modeled as a series
Riine and Xj;,,. compensated by a TCSC with parameters X¢ and Xz,. The equivalent
voltage source represents the voltage drop across the compensated transmission line.
This simplified model is used to study the effects of firing angle and compensation
level on the harmonic content of the capacitor voltage vg and the line current ;.

The thyristors were modelled as a nonlinear resistor R,, controlled by the firing
angle. The control synchronizes with the zero-crossings of the capacitor voltage and
fires, 1.e., R, = “on”, at the given firing angle. The thyristors are switched off when
the current drops below the value of the holding current. A state-space model was
developed for this circuit using Kirchoff current and voltage laws (KCL and KVL), and
choosing the capacitor voltage and the inductor currents as the state-space variables
[34]. The state-space equations describing the circuit are presented below.
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Figure 3.7: Equivalent reactance of the TCSC.
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The equivalent circuit used for the simulations is presented in Figure 3.9 with the
following circuit parameters: C' = 176.84 uF', R,(on) = 0.001 Q, R,.(of f) =1 MQ,
L =6.8 mH, Rijne = 15.3 Q, Lyzp. = 153.8 mH, Viy = 64.5 kV and w = 1207 rad/s.
The steady state resonant point is reached at the value of a for which Xy = X¢, i.e.,

Olpes = 136°.

A damped trapezoidal integration method was implemented in order to handle
the oscillations caused by the switching [35]. The control function was implemented
within the integration method, since this provides easy access to the inputs, outputs
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Figure 3.9: Kayenta equivalent circuit.

and states along the trajectory of the system. The chosen simulation environment was
Matlab [36]. Typical waveforms for the inductive and capacitive region are presented

in Figures 3.10, 3.11, 3.12, and 3.13.

The circuit was energized from zero initial conditions leading to switch-on dynam-
ics during the first cycles. The transients settle down in 3 cycles for a firing angle in
the inductive region, i.e., @ = 120° (see Figure 3.10), whereas it takes about 8 cycles
in the capacitive region with o = 160° (see Figure 3.12). Also, the values of the
currents through the device and the line, and the capacitor voltage are considerably
higher in the capacitive region. This suggests a start up strategy with the TCSC be-
ing energized in the inductive region and then brought into the capacitive region. For
the inductive control, one can observe that the capacitor voltage is highly distorted
(Figure 3.11) but the line current remains close to sinusoidal (Figure 3.10). In the
capacitive region the capacitor voltage is almost undistorted (Figure 3.13) and the
line current remains relatively free of harmonics (Figure 3.12). The capacitor takes
a considerably higher current than the line current, which is an important constraint
on the rating of the device. From the waveforms of the inductor, capacitor and line
currents it can be seen that, for the capacitive region, the harmonic currents flow in
a loop inside the device and the resulting line current is practically sinusoidal. In
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Figure 3.13, the typical steady-state waveforms of the TCSC for a capacitive control
are presented; these results are consistent with those presented in [8] for the Kayenta

TCSC.

A harmonic analysis is done by using the Fast Fourier Transform (FFT) [31] on
samples taken from the last cycle of the simulated time range, after the device reaches
the steady-state region. The integration time step was chosen to be At = 1074,
yielding 166 sample points per period. Harmonics higher than 30th are ignored by
providing digital filtering to the high frequency numerical oscillations caused by the
trapezoidal method. The THD is calculated for the line current and TCSC (capacitor)
voltage from Equation (3.21) below [37].The simulation results are summarized in

Table 3.2.
1 30
THD = —\|Y_ V2 % (3.21)
‘/1 n=2

o [deg) | THDy,, (%] | THDvyeoo (%] X,
100° 2.3 29.9 inductive
120° 2.7 48.7 inductive
130° 3.9 43.7 inductive
140° 16.2 27.9 capacitive
143° 8.6 21.1 capacitive
150° 2.5 11.3 capacitive
160° 1.2 3.1 capacitive
170° 1.7 1.8 capacitive
175° 1.6 1.6 capacitive

Table 3.2: Total Harmonic Distortion factors for a TCSC
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Figure 3.11: Steady-state inductor current and capacitor voltage and current for o =

120°.
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Figure 3.12: Line current for a = 160°.
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TCSC waveforms
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Figure 3.13: Steady-state inductor current and capacitor voltage and current for a =

160°.
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From Table 3.2, one observes that in the inductive region the TCSC current is
almost undistorted (THD less than 5 %), whereas the TCSC voltage is higly distorted
(THD more than 30 %). Close to the steady-state resonant point both the voltage
and the current are highly distorted. At a = 143° the TCSC compensates 70 % of
the line impedance, which is typically the highest level of compensation. At lower
levels of compensation, the THD coefficient for both line current and TCSC voltage,
is less than 5 %, with the line current being less distorted than the voltage across
the device. Close to the steady-state resonant point the harmonics are considerably
higher, and in the inductive region they reach unacceptable levels for steady-state
operation. This i1s another reason why the inductive region is used only transiently.
For the typical operation of the device, in the capacitive region, the voltage harmonics
are low and can be neglected, validating the assumption that the capacitor voltage
and line current are sinusoidal. Hence, the same steady-state model, i.e., a fixed
capacitive reactance X¢ in paralell with a variable reactance Xy can be used for the

TCSC and the SVC.

3.2.3 Control strategies and limits

The power transmitted over a compensated ac line is primarily determined by the
magnitude of line end voltages, the phase angle difference between them, and the
equivalent line impedance. If one neglects the resistance of the line, which is typically
the case for medium and long lines, the transmitted power can be expressed by

A

e

P sin 012 (322)

where V; and V; are the line end voltages, X, is the equivalent series reactance of the
compensated line, and 6,5 is the angular difference between the two line end voltages.

The typical control law for the TCSC is reactance modulation, for example at
70 % compensation

Xrose = 0.7 Xiine (3.23)

From Equation (3.22), it can be seen that in order to control power with fixed re-
actance control through the specified corridor, i.e., the compensated line, one would
have to assume all of the parameters constant. Since the TCSC injects a certain
amount of reactive power into the line, it will affect the voltages at both ends and the
transmission angle. Therefore, the transmitted power will vary with these parameters.
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An alternative to this control strategy is power modulation, i.e.,

Presc = Pyet (3.24)

This control strategy allows the power system operators to specify a fixed amount of
power to flow through the line. Another similar control strategy is current modulation
(Equation (3.25)). This control mode allows the operation of the device close to the
line thermal rating, since the controlled parameter is the line current.

Iline — 1Lget (325)

Power and current modulation are typical transient control modes, used for power
swing damping [8, 38].

Transmission angle modulation can be used to increase the stability of the sys-
tem, by maintaining the angle at a low value. This control strategy is described by

Equation (3.26).

(912 — 038,5 (326)

The control mode can be switched from one law to another in order to maximize
the capability of power transmission of the system. For example, from a constant
compensation level, at a given loading of the line the control can be switched to
constant transmission angle.

The control limits of the device are given by the firing angle limits. For the
inductive region, which is not used in steady-state, acceptable values of the firing
angle are between @i, and ounee, , Where @i, = 90° and @uee; < Qpes, with the
resonant value of the firing angle being determined by the ratio r, = X¢/Xg, (Figure
3.7). The capacitive region is limited by @min. and @maz, Where umin. > Qs and
Qmae = 180°. The actual values of @4, and @i, depend on the ratio r, which
determines the resonant point, and on the chosen margin to avoid resonance. Other
factors such as recovery time after a fault will influence the operational limits.
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Power Flow

4.1 Introduction

The purpose of a power system is to deliver the required power to the customers,
within acceptable voltage and frequency limits and in a reliable and economic man-
ner. Since the reliability and economy of system operation are usually conflicting
requirements, the analysis of the power system has to provide an optimal solution for
a variety of conditions.

Power flow or load flow analysis is an important issue in system planning and
operation, and it is the most common of power system computer calculations. In this
analysis, the transmission system is modeled by a set of buses or nodes interconnected
by transmission links. Generators and loads connected to various nodes of the system,
inject and absorb power from the transmission system. The model considered in
power flow studies i1s appropiate for finding the steady-state powers and voltages of
the transmission system [39].

The ac/dc power flow problem consists of finding the equilibrium points of the
differential-algebraic equations (DAE) briefly described in Chapter 2 (Equations 2.2).
The problem can be reformulated as solving a system of nonlinear algebraic equations
of the form:

o

{ f(Xae, Yac) = (4.1)

g(XaC7 ch) =0

37
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where f(X4c,¥a.) = 0 describes the ac network equations, g(X,.,y4.) = O represents
the dc system equations, X,. is the vector of ac system variables and yg4. is the vector
of dc system variables. There are basically two main approaches to solve this problem,
the sequential approach and the unified approach.

The sequential approach starts with an initial guess (x°.y9 ) and keeping y9,
fixed, solves for x., from Equation f(X4.,y4.) = 0, then solves for y3, from Equation
g(Xac, ¥de) = 0 with x, fixed. The method continues to solve one set of equations
after the other with the initial guess given by the previous solution until it converges,
i.e. both equations are satisfied within the specified precision. If (x},,y5.) is the
solution of the ac/dc system, the convergence criterion can be expressed by

1 (%ze: ¥ao )
18(%ae: ¥

eac

<
S €de (42)

where €,. and ¢4, are the specified precision margins for the ac and dc equations.

The sequential method is used by commercial packages, such as CYMFLOW [40],
mainly due to the fact that ac power flows were readily available and the method
allows for the implementation of dc systems without major modifications to the ac
solution. If the Newton-Raphson (N-R) method is used to solve the ac and dc set
of equations, the computational cost of the factorization is of order %nzc + %nzc for
each ac/dc iteration [41]; the final cost is %niter(nzc +n3.), where ng. and ng. are the
number of ac and dc equations and mg., is the number of iterations required by the

method to converge.

The unified approach is to solve the system of equations simultaneously, that is
to lump the ac and dc variables into a vector z and solve the system

s(z) =0 (4.3)

where s represents the ac/dc network equations. The system described by Equation
4.3 is solved using a N-R algorithm with initial guess z° for the vector of system
variables, 1.e., voltages, angles, active and reactive powers and dc variables.

The N-R algorithm provides an approximate solution to the nonlinear problem
described by Equation 4.3, by solving for Az’ in the linear problem JAz' = —s(z'),
where J = D,s(z). The method starts from an initial guess z° and updates the
solution at each step, i.e., z°t1 = z’ + Az’ where i represents the step. This iteration
scheme works if the initial guess is relatively close to the solution and the sequence
of Jacobians evaluated at each iteration is not singular for any ¢ [39].
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The computational cost of the factorization for the unified method is of order
%(nac + ndc)3§ therefore, it depends on how many ac/dc iterations are necessary to
compare the efficiency of the two methods. However, from a convergence point of
view, the unified approach is superior because it has control over limits at each it-
eration and the interaction between the ac and dc systems is better represented.
Another advantage of the unified approach is that new equations, for example equa-
tions representing FACTS devices, can be added to the original ac/dc set and the
same numerical method (N-R) can be used to solve the enhanced system. Thus, the

unified approach is the preferred method in this thesis.

4.2 Implementing FACTS devices

in the power flow

The model used for the ac/dc system is briefly discussed in chapter 2. In this case the
Jacobian of the ac/dc system, used by the N-R method, has the following structure

1 B O U1 YUnge

fi
: AC

J = fo (4.4)
9 DC

gndc

FACTS devices are implemented in the power flow by lumping the equations
describing their behavior with the ac/dc set. This will increase the dimensionality of
the ac/dc Jacobian by ng, where ng is the number of suplimentary system variables
and equations introduced by the FACTS devices. The new structure of the system
Jacobian is then
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L1 oo Tpge U1 YUnge. 71 T'nF

AC

DC

Fy FACTS

(4.5)

wherer = [r; ... rnF]T 1s the vector of all FACTS variables and F is the vector function

of all FACTS equations.

4.2.1 SVC

The SVC steady-state model is presented in Chapter 3. Typically the SVC is con-
nected to the transmission system bus through a step-down transformer, which will
be treated similarly to the other transformers in the system. The SVC with its pa-
rameters is schematically presented in Figure 4.1. Typically the controlled voltage is

Vi.
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Equations 4.6 describe the SVC connected to bus k with bus voltage V4.

v
—Veer — Xs1, (Vka—X—k>—|-Vl = 0
c
Vi 2
———+ViBy +Qsyvc = 0
Xc

—nXLBy +2(m —a) +sin2a = 0

where By = 1/Xy.

Bv,a

Figure 4.1: SVC connected to the system.
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where the three additional SVC variables are rsyc = [Qsve By a]T. Equations (4.6)

can be represented as Fgyc(rsye) = 0, and the Jacobian structure is then

V;c e w e QSVC BV «
AQy AC/DC X
S
Fsyen X X X
Fsyea X X X
Fsyes X

(4.6)
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where X stands for a nonzero SVC Jacobian entry.

The initialization of the SVC variables in the N-R routine is done either from a
“flat start” or from a user defined initial guess. The “flat start” is based on the initial
values of ac variables and the equivalent reactance characteristic (Figure 3.5). Since
for Xy = X¢, Qsye = 0, this is a valid starting point. The firing angle « is initialized
at 92°, which provides good results for test systems, 1.e., convergence, for the base load
and other loading conditions. Therefore, r%,» = [Q%y o By aO]T =[01/X¢ 1.606]",
a in radians. Notice that the susceptance of the TCR, By, is used instead of its
reactance, Xy ; this is due to better numerical properties of the SVC equations with
respect to By (Figure 4.2), as By varies between 1/X and 0, whereas Xy varies
between X, and infinity (Figure 3.5).

Bv [pu] (wrt 1/XL)
o© o° o© o© © o
w ES ol ()] ~ [00]
I I I I T I
| | | | | |

©
N
T
|

0.1 -

| | | | | | I L

0
90 100 110 120 130 140 150 160 170 180
alpha [deq]

Figure 4.2: SVC' equivalent susceptance.
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A “WSCC type” format is proposed for the SVC power flow input data in Ap-
pendix A. This format is consistent with the WSCC format [42], allowing the user
to specify the location, the structure and the control characteristics and limits of the

SVC.

SVC limits are considered as limits on the firing angle a, i.e., ae[a,,, ay], where
Qy, 18 the minimum firing angle and ajs 1s the maximum firing angle. If there is
no solution within the limits for «, the firing angle is fixed at that limit and Vepgr
becomes a variable. This procedure, depicted in Figure 4.3, allows for the use of
the same set of equations when the SVC is at its limits. Moreover, by calculating
the additional variable Vpgr when a hits a limit, the SVC may regain control of the
voltage if the interaction with the rest of the system brings V; within the controlable
region.

a=adn a =0y
Vret > Vr%f 0 <Vref<vr?ef
Vi< Vr%f a >0y
a<am Vret >Vr%f

t Om<0O <0y

- Viet =V et <

Figure 4.3: Handling of SVC limits.

4.2.2 TCSC
The TCSC steady-state model 1s discussed in Chapter 3. The TCSC is assumed to

be connected between buses k and m (Figure 4.4). The device model is lossless; thus,
the active power P injected in the TCSC from node k is equal to the power injected
by the device in node m. The device i1s then represented by the following set of
equations:
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P, Qg P, -Qn
— —
Vi &y | // Vi Bm)
‘ /
Be,a, &

Figure 4.4: TCSC between buses k and m.

ViViuB.sin (s — 6m) — P = 0 (4.7)
~VZ2Be + WViuBecos (B — b)) — Qr =
~V2B. + Vi,V,uBecos (O, — 0,) — Qe =
1 (27 — 2a + sin 2a)

— - —Be = 0
XC 7TXL
VP2+Q: -1V, =
Op — 0, — 6 =

where B, = 1/X,. The control mode is defined by either one of the following equa-
tions:

e Constant reactance control
Xsgr —Xe = 0
e Constant power control

Psgr—P = 0

e Constant current control.

Isgr—1I = 0
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e Constant transmission angle control.
dsgr — 0 = 0

seven additional TCSC variables form a vector of variables rr¢sc, where rrose =
[P Qr Qn B. a [ 5t]T. Similarly as for the SVC, the equivalent susceptance of the
device is used rather than the equivalent reactance. Equations 4.8 may be written
in the form Freosc(rresc) = 0. The structure of the system Jacobian for all control
laws is presented below

ek Hm V}c Vm P Qk Qm Be a I 5
AP, X
AP, X
: AC | DC
AQ, X
AQnm X
F X X X X X X
F, X X X X X X
Fs X X X X X X
Fy X X
Fy X X X X
Eg X X X
F; X X X X
(4.8)

where nonzero TCSC Jacobian entries are represented by X.

The initialization of the TCSC variables (“flat start”) is based on its design con-
straints, the equivalent reactance characteristic and the firing angle limits. The TCSC
initial guess uses an initial value of 2.6 radians for a and calculates the rest of the
TCSC variables based on the initial values of the ac variables and Equations 4.8.
The initial value of the firing angle was determined such that it is not close to the
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limits. This initial guesses provide a robust starting point for a wide range of loading
conditions. The range for Psgr, Isgr and dsgr can be obtained from preliminary
power flow studies performed with different compensation levels.

TCSC limits are considered as limits on the firing angle a. If « hits a limit,
the firing angle is fixed at that limit and the control mode is switched to reactance
control. The compensation level is given by the TCSC reactance at that firing angle.

Similarly to the SVC, a “WSCC type” format is proposed for the TCSC input
data, as shown in Appendix A; it allows the user to specify the location, the structure,
the control law and limits for the TCSC.

4.3 Continuation Power Flow [6]

For a given operating point and load increase direction, the loadability margin of a
system is defined as the amount of power, in MW, that the system can supply before
it undergoes voltage collapse. Assessing the loadability margin with conventional
power flows has two major drawbacks: first it needs manual intervention, i.e., running
a series of power flows with modified loads, and second, the steady-state voltage
collapse point is determined by the nonconvergence of the conventional power flow.
This nonconvergence is associated with the power flow Jacobian becoming singular;
however, near the singularity point the Jacobian is almost singular, causing numerical
problems. Therefore, the maximum loadability point depends on the method used,
the specified error margin, and the maximum number of iterations. Thus, it is to be
expected that results obtained with different power flow programs would be different,
and one can not be sure about the precise location of the voltage collapse point. The
determinant of the power flow Jacobian is highly nonlinear with respect to the loading
factor [43]; therefore, conventional power flows cannot determine the voltage collapse
point. Furthermore, right and left eigenvectors can be used to determine the most
sensitive bus and the most efficient control strategy to avoid voltage collapse only if
they are associated to the zero eigenvalue of the Jacobian at the exact singularity
point. In [43] the authors show that the critical bus, i.e., the one associated with the
minimum eigenvalue of the system, changes location with system loading. All of this
further indicates the need for a precise determination of the voltage collapse point,
which cannot be done with power flow programs only.

Continuation methods are typically used to determine the proximity to saddle-
node bifurcations in dynamic systems; a thorough description can be found in [9].
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Continuation power flows trace the solution of the power flow equations s(z, ) = 0,
where the parameter A stands for the loading factor. A continuation power flow is
presented in [6] and [16]. The method can be summarized in three steps:

1. Predictor: Given an initial operating point find the next point in system vari-
ables and parameter space by choosing the tangent to the system trajectory and

a step length. Mathematically this can be expressed by solving for the tangent
dz/dp, Az and Ap in

dz Js
DzS(Z07p0)d_ = - a_p
0
k
Ap = ——
|dz/dpl||
d
Az = Apd—z (4.9)
14

where D,s(zo,po) is the system Jacobian calculated at the initial point, and
0s/0p|, is the vector of partial derivatives of the system equations with respect
to the parameter p. The parameter p is set initially to A and & is typically set
to 1; as the bifurcation point is approached, p is changed according to step 3.

2. Corrector: Using as the starting point the solution of the previous step (pre-
dictor), find the intersection between the perpendicular plane to the tangent
vector and the system solutions trajectory, i.e., solve equations

s(z, p)
Ap(p —po — Ap) + AzT(z — 29 — Az) = 0 (4.10)

where Ap and Az come from the predictor, and the initial guesses for z and p
are Zg + Az and pg + Ap. If a solution can not be found, the steps Az and Ap
are cut in half until convergence is reached.

3. Parameterization: Checking the relative change in all the system variables, p is
interchanged with the variable that presents the largest variation. That is,

s e

Z;
Z;

p<—>maw{
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fore=1...n.

The Jacobian of Equations 4.10 is nonsingular at the voltage collapse point, even
for p = A [6, 12]. The method goes around the bifurcation point, allowing to trace
the “unstable side” of the solution trajectory.

The continuation method presented above is implemented in a robust power flow
program called PFLOW [17], using portable C code. The program reads WSCC [42],
EPRI [25] and Common Format [44] input files and produces a variety of ASCII files,
according to user defined options. It uses a N-R iterative process with automatic step-
size adjustement to solve the ac/dc power flow. The factorization routines were taken
from the Sparse Matrix Manipulation System (SMMS) [45]. The voltage collapse
point for any given system can be determined with a variety of operational limits.



Chapter 5

Placement and design of FACTS

5.1 Location of FACTS

A 12 bus ac system [6] is used to study a methodology for the placement and design
of a SVC and then a TCSC. The test system is presented in Figure 5.1, where the
slack bus is considered to be bus 11.

The behavior of the system is investigated with and without FACTS devices under
different loading conditions. Generator limits are ignored, and a typical P(Q) model is
used for the loads. Voltage stability studies are performed by starting from an initial
stable operating point and increasing the loads by a factor A until the singular point
of the power flow linearization is reached. The loads in this case are defined as

PL — /\PO
Qr = AQo (5.1)

where Py and (g are the active and reactive base loads, whereas Pr, and () are the
active and reactive loads at a bus L for the current operating point as defined by A.

As the power flow solutions trajectory is traced for a load increase, the stable and
unstable solutions come closer until they merge at the bifurcation point, as explained
in chapter 2. The shape of this trajectory, known as the voltage profile or “nose”
curve, is quadratic near the bifurcation or maximum loading point, as the bifurcation

49



CHAPTER 5. PLACEMENT AND DESIGN OF FACTS 50

O 138KV

Busl __|
138KV W L
Bus 3 Bus?2
Y\ y
Bus4

* Bus5 550KV

Bus7

* T Bus6

550 KV

13.8 KV

550 KV

Bus10

* Bus12 Busll

13.8 KV
550 KV

Figure 5.1: 12 bus test system.
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1s generically a saddle-node. At the bifurcation point the right and left “zero” eigen-
vectors can be used to identify the bus(es) most prone to instability and the state
variables which affect the system the most [10, 6, 19]. This information is used here
for the system without FACTS devices, in order to find the optimal location and type
of FACTS device to be placed within the system [46], as explained below.

1.05

0.95

Z 09 |
(%]
Q
D
8
20.85 1
N
0.8 V6 N \\ B
- -V7
0.751 V9 i
- - V10
07 1 1 1 1 1
1 1.1 1.2 1.3 1.4 15 1.6
lambda [pu]

Figure 5.2: Voltage profiles for the test system without FACTS (Apiy = 1.533).

The voltage profiles for chosen buses are presented in Figure 5.2 assuming a uni-
form load increase at all buses for P and Q. Voltage V; is the voltage at bus ¢, and
A is the load increase parameter. At the bifurcation point, which corresponds to
the maximum parameter value Ag ~ 1.53 in Figure 5.2, the voltage collapses. Us-
ing eigenvector analysis at the bifurcation point, the three most sensitive buses in
terms of reactive power were identified as buses 6, 5, and 10, in that order. This
result is consistent with the typical approach of voltage sensitivity factors [47, 48],
i.e., AV/AQ, which yields the same results in this case. Based on these results, the
optimal location of the SVC was chosen to be bus 6. In order to compare the effects
of placing a SVC at various locations, another location was considered at bus 10.



CHAPTER 5. PLACEMENT AND DESIGN OF FACTS 52

In [49] the authors use a similar approach based on modal analysis to determine the
optimal location of an SVC. It is shown in the paper that for a real system the voltage
itself 1s a poor indicator of proximity to voltage collapse conditions, particularly when
generator limits are considered. The sugested methodology is to use a continuation
power flow together with eigenvector analysis.

For the test system, the left “zero” eigenvector indicates that the most sensitive
bus, in terms of active power is bus 7. Therefore, a TCSC is placed on the most
heavily loaded line, i.e., line 5-7; first at bus 7 and then at bus 5. In order to evaluate
the effect of various locations of the TCSC, two other lines were considered, namely,

line 7-10 and line 5-6.

5.2 Design of FACTS

5.2.1 SVC

After the optimal location of the SVC was determined to be at bus 6, the ratings
of the SVC have to be chosen. It is to be expected that by introducing a SVC at
that location, the voltage profiles will be flatter and the loadability margin of the
system will increase. Assuming a typical control range for the voltage at that bus,
i.e., £ 5 %, one can treat that bus as a PV bus with the voltage fixed at 0.95 p.u.
This means placing a reactive power source, 1.e., a synchronous compensator, at that
bus. Considering that the SVC has to control the voltage at a loading level where
the system without the SVC collapses, the required reactive power injection at that
bus is found from the power flow. This is the maximum capacitive rating of the SVC.
From Equation (3.15), the capacitive reactance of the SVC is

0.95?

Xo = G e ol

(5.2)

If the inductive power rating of the SVC is considered equal to the capacitive rating
at 1.05 p.u. bus voltage, then the inductive reactance X of the SVC is 55 % of the
capacitive reactance X¢ as shown in Equation 3.17. Considering equal current rating
at the voltage range limits, a similar value of the inductive reactance is determined

(Equation 3.18).

Another way of determining the inductive rating of the SVC is to solve the power
flow at “minimum” load, with the SVC bus voltage fixed at 1.05 p.u. The reactive



CHAPTER 5. PLACEMENT AND DESIGN OF FACTS 53

power injection at that bus is the maximum inductive power of the SVC at the
specified voltage. The minimum load is system dependent and has to be defined from
historical data for that system. For the test system considered, the minimum load is
assumed to be zero; this leads to a value of the SVC inductive reactance X1 = 0.6 X¢.
The choice of SVC parameters is consistent with existent devices, such as Hydro-
Quebec’s Nemiskau FC-TCR SVC [33]. The slope of the control characteristic is
chosen to be 5 % with respect to the SVC base.

The load is increased from the base case to the bifurcation point causing a drop
in bus voltages; therefore, the capacitive range of the SVC is used to provide reactive
support to the system. Zero reactive power is provided at a = 112°, where Xy = X¢.
A 175° value of the maximum firing angle was chosen to avoid numerical problems
caused by the 180° value. At the maximum capacitive limit, the SVC is transformed
into a fixed reactance X¢.

5.2.2 TCSC

A chosen ratio 7, = 10, where r, = X¢ /Xy, determines the steady-state resonant
point of the TCSC at a,., = 143°. This is a typical value for r, [8]; other values of
r, will shift the TCSC equivalent reactance characteristic to the right or to the left
but the shape of the characteristic remains the same.

The TCSC equivalent reactance X, is controlled in the capacitive region between
the minimum value X¢ and the maximum value, reached at 100 % line compensation.
For the given value of the line impedance, the maximum (100 % compensation) value
of the equivalent reactance is chosen to be X.,,,, = Xrivg = 3X¢. This value is
chosen based on the TCSC equivalent reactance characteristic, presented in Figure
5.3, such that «,, provides a suficiently large margin to resonance and acceptable
harmonic content, even at high compensation levels. The minimum firing angle is
then a,, = 148°, and the maximum limit of the firing angle is chosen at ap = 175°,
where the equivalent reactance is practically X, with a suficient margin to avoid
numerical problems at a &~ 180°. For each new location, the TCSC was redesigned

such that it can be controlled from minimum to 100 % line compensation.
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Figure 5.3: TCSC equivalent reactance and firing angle limits.

5.3 Example

5.3.1 SVC

The voltage profiles for the sytem with the SVC at bus 6 are shown in Figure 5.4.
As expected, the bifurcation for the system with the SVC placed at bus 6 occurs at a
higher load value, i.e., Ao & 1.63 (6.5 % larger than for the system without the SVC).
Also, the voltage profiles are much flatter within the control limits of the SVC, which
are reached by design at approximately the previous bifurcating value A a~ 1.53.

The nose curves for the system with the same SVC located now at bus 10 are
shown in Figure 5.5. The controlled range of the voltages is considerably less than for
the SVC placed at bus 6. Furthermore, the bifurcation occurs at a lower load value
of Ag & 1.61 (only 5.2 % larger than for the system without the SVC).
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Figure 5.4: Voltage profiles for the test system with the SVC at bus 6 (A = 1.633).

In order to evaluate the performance of the system with the SVC in place, the
following performance measure f,, is proposed based on the loadability margin

AN MW i

QSVC

fo (5.3)

where MW ;,;: is the total active load at the initial operating point, QQsy¢ is the
SVC rating, and AX is the difference between the values of A at the bifurcation for
the system with and without the SVC. This performance measure can be changed to
reflect the desired control voltage range, by defining A\ as the difference between the
values of A for the system with and without the SVC, at a voltage value of 0.95 p.u.
limit. Using either of these performance indices to evaluate the performance of the
SVC within the system, it was determined that placing the SVC at bus 6 is the most
cost effective for the test system.
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Figure 5.5: Voltage profiles for the test system with the SVC at bus 10 (Ayiy = 1.616).

5.3.2 TCSC

The voltage profiles for a TCSC placed on line 5-7 at bus 5 are shown in Figure 5.6.
The bifurcation in this case occurs at A ~ 1.62, almost at the same point as for the
SVC located at bus 6; however, the voltage profiles are not as flat as in the SVC case.
Placing the TCSC at bus 7 yields practically the same bifurcation point. Locating
the TCSC in the less heavily loded line 5-6 produces a lower value of Ay ~ 1.53; a
TCSC in line 7-10 gives Ag ~ 1.55 (Figure 5.7).

Using fixed power control with the TCSC located at bus 5, on line 5-7 with the
power set at the same level as given by the 70 % compensation at the base load,
the same bifurcation point is reached; however, the voltages drop faster within the
controlled region as shown in Figure 5.8. This control strategy is more attractive
when a specified corridor is to be used for a certain amount of power. In the case of
fixed impedance control, 70 % compensation means a 333 % increase in the maximum
power that could be transfered through the line.
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Figure 5.6: Voltage profiles for the test system with 70 % TCSC compensation in line
5-7, at bus 5 (/\bif = 1616)

In order to obtain the power set point, an initial analysis has to be performed
with different compensation and loading levels. The power flow through the line with
a fixed reactance control provides valid set points for the constant power control.
Constant current control yielded almost identical results as the constant power case.
The power flow results for the test system with the TCSC placed at bus 5, on line
5-7 are summarized in Table 5.1, where the last entry at each compensation level
corresponds to the bifurcation point. For each compensation level the system was
loaded from the initial point (A = 0.8) to the maximum loadability point.

These preliminary studies are necessary in order to get the range of controllable set
points, 1.e., active power, line current and transmission angle. The transmission angle
varies with the loading level between 7° and 14° for the noncompensated line, whereas
for the 90 % compensated line it varies between 1° and 2°. Notice that the power flow
through the line increases with the compensation and the loading level. However, the
increase in the TCSC power 1s not proportional to the increase in the compensation
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A 40 % | 70 % [ 90 % | 95 % | 100 %
Ps_ 7| Ps_7 | Ps_7 | Ps_7| P5s_7

0.8 | 27.8 | 30.2 | 32.0 | 32.5 | 33.1
0.9 | 296 | 32.2 | 34.2 | 34.7 | 35.2
1.0 | 315 | 342 | 36.3 | 36.8 | 37.4
1.1 | 33.3 | 36.2 | 384 | 39.0 | 39.6
1.2 | 35.2 | 38.2 | 40.5 | 41.2 | 41.8
1.3 | 37.1 | 40.2 | 42.7 | 43.3 | 44.0
1.4 | 39.0 | 42.3 | 44.8 | 45.5 | 46.2
1.5 44.4 | 47.0 | 47.7 | 48.4
1.6 46.6 | 49.2 | 49.9 | 50.7
1.616 47.0 | 49.6 | 50.3 | 51.1
1.641 50.3 | 50.9 | 51.7
1.646 51.1 | 51.8
1.652 52.0

98

Table 5.1: Power flow in p.u. through line 5-7 at various compensation and load

levels.
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Figure 5.7: Voltage profiles for the test system with 70 % TCSC compensation in line
7-10, at bus 7 (Ayig = 1.552).

level, as it would be expected when assuming that the line end voltages and angles
are kept constant. For example, if the initial power flow through the noncompensated
line 1s Ps_7 = 28.34 p.u. at the base load, from Table 5.1 it can be seen that at 100
% compensation level the power flow through the line increases only by about 32
%. This is due to the fact that the TCSC injects reactive power into the system,
changing the line end voltages in magnitude and angle. The power flow through the
line is system dependent and can only be determined from preliminary power flow
studies. The approximate formula of Equation (3.22) yields eroneous results in the
case of high compensation levels (e.g., at 90 % compensation the error margin is 18

%).

The fixed transmission angle control provides the maximum loadability margin
if it is set at a low value. For example, d5_7 = 2.41° yields a bifurcation point at

Ao &~ 1.64 (Figure 5.9).
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Figure 5.8: Voltage profiles for the test system with fized power TCSC control in line
5-7, at bus 5 ()\bif = 1616)

In order to increase the loadability margin of the system another control strategy is
considered. The TCSC is operated initially in the typical constant reactance control,
at 70 % compensation level. As the system approaches the bifurcation point (Ao ~
1.61 for this control mode) the control is switched to 95 % compensation level. This
control strategy provides the largest loadability margin with Ay ~ 1.646 (Figure
5.10). The jump in the system trajectories is due to the control mode switching; it
is assumed here that the system reaches another steady-state stable operating point.
The system trajectories are switched from one manifold to another, corresponding to
the two different control modes. Similar results were obtained when the control is
switched to constant transmission angle, constant power or constant current. From
these different strategies, the constant transmission angle provided the best results.
However, all these control strategies required preliminary studies in order to get valid
set points and initial guesses at the switching point.
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Figure 5.9: Voltage profiles for the test system with fized transmission angle control
for the TCSC in line 5-7, at bus 5 (Apiy = 1.641).
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Figure 5.10: Voltage profiles for the test system with 70 % and then 95 % line com-
pensation for the TCSC in line 5-7, at bus 5 (Apiy = 1.646).



Chapter 6

System studies

6.1 Software and System

The software that was used to analyse the 173 bus ac/dc system is PFLOW [17, 6, 13],
and 1t was briefly described in Chapter 4. This program was enhanced by including
SVCs and TCSCs using the models derived in Chapter 3, and the methodology pre-
sented in Chapter 4. The program is capable of handling any size ac/dc/FACTS
systems, limited only by the available memory and swap space.

Figure 6.1 shows the one-line diagram corresponding to the 173 bus ac/dc system
used in this thesis. This system is a simplified version of a real bus network, with ac
transmission voltage levels of 500 kV, 345 kV and 230 kV. Both rectifier stations are
weakly coupled through a long 500 kV transmission system, whereas the inverter ends
are tightly coupled through a 500 kV-345 kV-230 kV ac network. The dc link on
the left of Figure 6.1 is a 12 pulse bipolar HVDC system with a +500 kV dc voltage
level and 3000 MW capacity; the second HVDC system is also a 12 pulse bipolar
dc link designed for £500 kV and 2000 MW nominal levels. The ac system has 29

generators, 203 transmission lines and transformers, and 52 series capacitors [13].

Typical V and Q) limits are included, as well as tap limits for the regulator trans-
formers. In all cases, HVDC control switching and limits were considered; however,
VDCOL was not included in the analyses. For all bifurcation analyses, constant load
power at all buses was assumed to increase keeping the initial power factor unchanged.
Also, all generators were given a participation factor according to their power capac-

63



CHAPTER 6. SYSTEM STUDIES

d
N

75

1
I
O

O
L
g

64

:
i

[y
=
]

[

L% o

v
Il

=

Figure 6.1: 173 bus ac/dc system.
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ity so that generation was evenly distributed across the networks (distributed slack

bus) [13].
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Figure 6.2: Voltage profiles for 173 bus ac/dc system, without FACTS.

6.2 Results

The voltage profiles at chosen buses are shown in Figure 6.2. These are the 4 voltages
that change the most with respect to the loading of the system. The total active load
for the base case is Piotq; = 56,216.91 MW. The active and reactive load is increased
discretely, according to the load model. The PV diagrams are used to show the voltage
profiles versus the total active load, since active power is the most “useful” component
of the load, and can be assigned a monetary value. Notice that the voltage profiles
in the PV diagram (Figure 6.2) are quite flat, which means that there is significant
voltage suport in the system. The bifurcation point is reached at high values of the
voltages, close to 1.0 p.u., which indicates that the voltages itself is a poor indicator
of voltage collapse. At the bifurcation point, which is reached at Ptboi,;zl = 57,656.06
MW, the stable and unstable manifolds meet with a maximum Q-limit manifold [10].
This is due to several generators hitting () limits. The continuation method traces
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the stable manifold of the system, goes around the bifurcation point and traces part
of the other manifold.

Eigenvector analysis applied at the bifurcation point provided the 2 buses that
lack voltage support the most as buses 114 and 101. Bus 75 has a lower priority and
it 1s used to show the importance of SVC location. The optimal choice for the SVC
location is bus 114.

To design the SVC, bus 114 was changed into a PV bus with the voltage fixed
at 0.98 p.u. The solution to the power flow at the loading level where the original
system bifurcates, i.e., Ptboifal = 57,656.06 MW, indicates that the required reactive
power injection is about 200 Mvar. The inductive rating of the SVC is assumed to be
equal to its capacitive rating; therefore, Q)syc = £200 Mvar. The slope of the SVC
is 2 %. The rated voltage at bus 114 is 500 KV, and the SVC is connected to that
bus through a step-down transformer. The low voltage of the transformer is chosen
as 26 KV and its equivalent reactance as 10 % with respect to its own base, which
1s the same as the SVC base. These are typical values for a SVC and the associated
step-down transformer [33].
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0.9r b

088 1 1 1 1 1
5.65 5.7 5.75 5.8 5.85

Pt [MW] % 10°

Figure 6.3: Voltage profiles for 173 bus ac/dc system with Qsye = +£200 Mvar,
slope=2 %, Vrgr = 1.0, at bus 114.



CHAPTER 6. SYSTEM STUDIES 67

The bifurcation diagram for the SVC placed at bus 114 is presented in Figure 6.3.
The bifurcation occurs at Ptboi,;zl = 58,431.86 MW, which is 3.94 % more than the
base load. The performance factor is fp = 11.075. The system with the SVC placed
at bus 114 is capable of delivering 2,214.95 MW of additional power for a +200Mvar
rating of the SVC. An estimate of the monetary value may be done by assuming that
one makes use of 10 % of the additional margin for 1 year. Considering further a cost
of 0.02 USD /KWh to produce the energy and 10 % profit, a profit of approximately

3.9 milion USD /year can be estimated for a +200 Mvar SVC investment.
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Figure 6.4: Voltage profiles for 173 bus ac/dc system with Qsye = +200 Mvar,
slope=2 %, Vrgr = 1.04, at bus 101.

Figure 6.4 shows the voltage profiles for the same SVC placed at bus 101. The
maximum load that can be delivered in this case is Ptboi;l = 57,956.63 MW, which is
0.85 % less than for the same SVC placed at bus 114. Notice that the voltage at bus
101 1s very high as compared to the other voltages; therefore, the reference voltage

for the SVC is set at 1.04 p.u.

Figure 6.5 presents the voltage profiles for the same SVC placed at bus 75. The
maximum loadability point is reached at Pblfl = 57,802.23 MW, which is 1.12 % less

tota
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Figure 6.5: Voltage profiles for 173 bus ac/dc system with Qsye = +£200 Mvar,
slope=2 %, Vrgr = 1.0, at bus 75.

than for the SVC placed at bus 114. The results presented in Figures 6.3, 6.4, and 6.5
show the effect of SVC location on the loadability margin of the system and validate
the information obtained from eigenvector analysis.

Bifurcation analysis is performed on the system with the SVC placed at bus 114.
The analysis indicates that voltage support is again mostly needed at bus 114. The
same design method as previously shown is used and the amount of additional reactive
support is about 100 Mvar; therefore, a SVC of ratings QQsyc = £300 Mvar is placed
at bus 114 replacing the 4200 Mvar SVC. The same transformer is used with a new
rating equal to the new SVC rating. The voltage profiles are shown in Figure 6.6.
The maximum load is now Ptboi;l = 58,856.29 MW, or 0.72 % more than for the £200
Mvar SVC at the same bus. It can be concluded that this improvement is marginal
with respect to the base case, where the +200 Mvar SVC was placed at bus 114.
This is better revealed by using the proposed performance factor. For the +200 Mvar
SVC placed at bus 114 the performance factor is fp; = 11.075, whereas for the +300
Mvar SVC placed at the same bus the new performance factor is fps = 8.798, which
1s considerably lower. In other words placing the 4200 Mvar SVC at bus 114 is more
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Figure 6.6: Voltage profiles for 173 bus ac/dc system with Qsye = +£300 Mvar,
slope=2 %, Vrgr = 1.0, at bus 11/.

(cost) effective than placing an additional +£100 Mvar at that bus by rating the SVC
at +300 Mvar.

Another location is chosen at bus 60 for a second SVC rated at 100 Mvar. This
corresponds to the extra +100 Mvar added to the SVC at bus 114. The voltage
reference is set at 1.02 p.u. due to the initial voltage profile at bus 60. This is the
inverter bus for one of the HVDC links and it was ranked lower than bus 114 or 101,
by the eigenvector analysis. Figure 6.7 presents the results for this 2 SVC case. The
maximum load is P:Zggl = 58,437.47 MW, or 0.01 % higher than for the +200 Mvar
SVC placed at bus 114. This result is once again consistent with eigenvector analysis.

Eigenvector analysis performed on the original system also indicates that there is
a lack of active support at buses 65, 66, in that order, and 77, 75 with a lower priority.
For the system configuration with fixed generation, power flow through lines 66-75
or 77-75 is fixed and cannot be affected by series compensation because there are
no alternative routes for the power to flow (Figure 6.1). The next buses with lack of
active support are buses 136, 54 and 114. The most heavily loaded lines are lines 114-
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Figure 6.7: Voltage profiles for 173 bus ac/dc system with Qsyc1 = +£200 Mvar,
slope=2 %, Vregr = 1.0, at bus 114 and Qsycs = £100 Mvar, slope=2 %, Vrgr =
1.02, at bus 60.

106, 114-110 (short) and 114-110 (long), in that order. All of these lines are already
series compensated. Bus 114 is connected to bus 110 through 2 lines, a shortline and
a long line. Figure 6.8 shows the voltage profiles for a TCSC placed on line 114-110
(short), at bus 114. The control is reactance control with 90 % compensation level
(the base case had 52 % compensation on this line). The maximum load in this case
18 Ptboi;l = 58,744.42 MW, or 4.5 % higher than the base case. Figure 6.9 shows
the results for the same TCSC with power control fixed at the corresponding power
flowing through the line at base loading and 90 % line compensation. The maximum
load 1s P;Z;l = 58,646.04 MW, or 4.3 % higher than the base case. In Figure 6.10
the voltage profiles are presented for the same TCSC with current control set at
the value of the current corresponding to base loading and 90 % line compensation.
The maximum load is Pfoi;l = 58,555.53 MW, or 4.16 % more than the base case.
In Figure 6.11 the PV diagram is presented for constant transmission angle control,
set at the angle corresponding to base loading and 90 % line compensation. The

maximum power is in this case Pfoij;l = 58,605.00 MW, or 4.25 % higher than the
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Figure 6.8: Voltage profiles for 173 bus ac/dc system, TCSC on line 114-110 (short),

90 % compensation.

base case. From the 4 control strategies presented, constant reactance, which is the
typical control strategy, provided the maximum loadability margin.

Figure 6.12 presents the results for a TCSC placed on the line 114-110 (long), with
constant reactance control, at 90 % compensation level. The original compensation
was 66 %. The maximum load is P:ngll = 58,422.29 MW, or 3.92 % increase. This is
lower than the 4.5 % increase obtained for the short line, with the same compensation
level.

In Figure 6.13 the voltage profiles for 2 TCSCs, placed on lines 114-110, are pre-
sented. The control is constant reactance at 90 % compensation level, for both lines.
The maximum load in this case Ptboi;l = 58,990.65 MW, or 4.93 % increase. Figure
6.14 shows the results for a TCSC placed on line 114-106 with constant reactance
control at 90 % compensation level. The original compensation level is 74 %, which
motivated the 90 % compensation level chosen for all cases. The maximum load in

this case is Ptboi,;zl = 58,306.49 MW, or 3.72 % increase.

Another location, with a lower priority in the eigenvector analysis, 1s chosen to
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Figure 6.9: Voltage profiles for 173 bus ac/dc system, TCSC on line 114-110 (short),

power control.

place a TCSC, namely, at bus 136, on line 136-64. The initial line was uncompensated.
The control mode is reactance control at 90 % compensation level. The maximum load
in this case is Ptboi,;zl = 57,708.90 MW, or 2.65 % increase with respect to the base case.
The voltage profiles for this case are presented in Figure 6.15. This example shows
the effect of TCSC placement on the loadability margin of the system, validating the

information provided by eigenvector analysis.

In conclusion, eigenvector analysis combined with the continuation power flow and
FACTS design methodology, provided promising results for the 173 bus ac/dc system,
which are consistent with the results obtained for the 12 bus test system. The effect
of FACTS devices is to increase the loadability margin of the system, with SVCs
giving flatter voltage profiles. The placement of FACTS using eigenvector analysis is
certainly a usefull tool for maximizing the loadability margin in a system.
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Figure 6.10: Voltage profiles for 173 bus ac/dc system, TCSC on line 114-110 (short),

current control.
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Figure 6.11: Voltage profiles for 173 bus ac/dc system, TCSC on line 114-110 (short),

transmission angle control.
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Figure 6.12: Voltage profiles for 173 bus ac/dc system, TCSC on line 114-110 (long),

90 % compensation.



CHAPTER 6. SYSTEM STUDIES 76

1.04 —=

1.02} b

0.92

0.9

088 1 1 1 1 1 1
5.65 5.7 5.75 5.8 5.85 5.9

Pt [MW] % 10°

Figure 6.13: Voltage profiles for 173 bus ac/dec system, TCSC1 on line 114-110 (long),
90 % compensation, TCSC2 on line 114-110 (short), 90 % compensation.
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Chapter 7

Conclusions

Voltage collapse phenomena and FACTS devices are reviewed together with bifurca-
tion theory. Steady-state models of an SVC and a TCSC are proposed and compared
to dynamical models. Different control strategies and handling of limits are then
discussed for each of these devices.

A methodology to implement these FACTS devices in a power flow is presented
together with the continuation power flow, which is the chosen technique to investigate
voltage instability in a power system. A method for placing and designing these
devices, based on bifurcation analysis, is also discussed. The results of the studies
performed on a 12 bus and then on a 173 bus ac/dc system are presented, and a
performance measure is proposed to evaluate the effect of FACTS devices on the
system.

The major contributions of this thesis can be summarized as follows:

1. Steady-state models of a SVC and a TCSC, including controls and limits, are
proposed.

2. A methodology to implement these devices in a power flow is presented.

3. A method for placing and designing SVCs and TCSCs, within a system, such
that its loadability margin is increased in a most efficient way is presented.

4. SVCs and TCSCs were implemented in PFLOW [6, 17], enhancing the capabili-
ties of this software and allowing the methodology to be tested in large systems.
A “WSCC type” format for SVCs and TCSCs is proposed, since currently there
is no standard for SVC and TCSC power flow data.

79
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5. A performance measure to evaluate the effect of FACTS on a power system is
proposed and discussed for a 173 bus ac/dc system.

6. The models and the methodology are tested for a 12 bus and then for a realistic
173 bus ac/dc system with promising results.

Most of the ideas presented in this thesis have been summarized in [46].

Considering other FACTS devices such as the Static Compensator (STATCOM)
or the Universal Power Flow Controller (UPFC) is worth further study. The imple-
mentation of these devices, with their controls and limits, in PFLOW would allow
for the evaluation of the effect of different FACTS devices on a system, from an
operational and planning perspective. The proposed performance measures can be
extended to the new devices and if specific information for a system is made available,
a monetary value can be derived.

Another idea which could be considered is the optimal design of a FACTS device,
with generic controls, such that the loadability of the system is optimal [16].



Appendix A

SVC and TCSC data format

Al SVC

The format used to input SVC data is a “WSCC type” format. It uses 80 characters
per item, and the information regarding the type of data card, ownership, bus name(s)
and KV is consistent with the WSCC format for branch data. The data card with

an example for SVC data is presented in Table A.1.

T O | Namel | KV1 Name2 | KV2 | X¢ | X | am | ap | X | MVA | Vg | KVL

Xin

FS 1 BUS_3 500 BUS.3 500 .96 .45 90 175 2 50 1.0 26.0

0.1

Table A.1: SVC power flow data format.

A description of the meaning for each column of the card follows

1 Card type (A1) — F for all FACTS cards.
2 Sub-type (A1) — S for SVCs.
3 Not used.

4-6 Ownership code (I3) — may be used for losses summarry.

81
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7-18 Bus Namel (A12) — alphanumeric in columns 7-14 and base KV1 in columns
15-18. Name of the system bus where the SVC is connected (directly or through
a transformer).

19 Not used.

20-31 Bus Name2 (A12) — alphanumeric in columns 7-14 and KV2 in columns 15-
18. Name of the system bus at which the SVC controls the voltage (can be
different from Bus Namel).

32-39 X (F8.6) — p.u. reactance of SVC capacitor, with respect to the SVC base,
i.e., MVA and KV1.

40-47 X (F8.6) — p.u. reactance of SVC inductor, with respect to the SVC base,
1.e., MVA and KV1.

48-50 ayin (I3) — minimum value allowed for the firing angle, in degrees (default
90°).

51-53 apraz (I3) — maximum value allowed for the firing angle, in degrees (default
180°).

54-55 X, (I2) — SVC control slope, in % with respect to the SVC base, i.e., MVA
and KV1.

56-59 MVA (F4.1) — SVC maximum rating in MVar (capacitive).
60-63 Vzgr (F4.2) — p.u. value of the reference voltage in the control characteristic.
64-67 KVL (F4.2) — low voltage of the step-down transformer, in KV.

68-75 X, (F8.6) — p.u. value of the step-down transformer equivalent impedance,
with respect to the SVC base, i.e., MVA and KV1.

76-80 « (F5.1) — initial value of the firing angle, in degrees (blank if not known).

A.2 TCSC

The data card for the TCSC uses the same “WSCC type” format. The data card
with an example for TCSC data is presented in Table A.2.
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T O Namel KV1 Name2 | KV2 Xc X am | apg | ctrl | M | MVA | « | M1
FC 1 BUS_3A 500 BUS.3 500 .0075 .00075 144 175 70 X 4.

Table A.2: TCSC power flow data format.

A description of the meaning for each column of the card follows

1 Card type (A1) — F for all FACTS cards.

2 Sub-type (A1) — C for TCSCs.

3 Not used.

4-6 Ownership code (I3) — may be used for losses summary.

7-18 Bus Namel (A12) — alphanumeric in columns 7-14 and base KV1 in columns
15-18. Name of the system bus 1 where the TCSC is connected. Power flow is
by convention from bus 1 to bus 2, if the direction of the power flow is opposite
to this convention, the power through the TCSC has a negative sign. (To avoid
this interchange Bus Namel and Bus Name?2).

19 Not used.

20-31 Bus Name2 (A12) — alphanumeric in columns 7-14 and KV2 in columns 15-
18. Name of the system bus 2 where the TCSC is connected.

32-39 X¢ (F8.6) — p.u. reactance of TCSC capacitor, with respect to the TCSC
base, 1.e., MVA and KV1.

40-47 X (F8.6) — p.u. reactance of TCSC inductor, with respect to the TCSC
base, 1.e., MVA and KV1.

48-50 ain (I3) — minimum value allowed for the firing angle, in degrees (default
90°).
51-53 apraz (I3) — maximum value allowed for the firing angle, in degrees (default

180°).
54-61 ctrl (F8.3) — TCSC control value, in % if X mode, in MW if P mode, in KA

if I mode and in degrees if D mode.

62 M (A1) — control mode (character). X for constant reactance mode, P for con-
stant power mode, I for constant current mode and D for constant transmission
angle mode.



APPENDIX A. SVC AND TCSC DATA FORMAT 84

63-66 MVA (F4.1) — TCSC maximum rating in MVA (equal to system MVA if not
specified).

67-71 « (F5.1) — initial value of the firing angle, in degrees (blank if not known).

72-74 M1 (I3) — design value for the TCSC, defining the control range of the TCSC,
ie., X, = M1X¢e = Xpne at 100 % compensation and X, = X, = Xjpn. /M1
at minimum compensation level. This information is needed in the X control
mode, since the control value is specified in % of the line reactance. M1 is the
ratio between the line reactance and the TCSC’s capacitor reactance.
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