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Abstract—1In this paper, a controller for a thyristor switched se-
ries capacitor (TSSC) is presented. The controller aims to stabi-
lize the power system by damping interarea power oscillations and
by improving the transient stability of the system. In addition to
this, a power flow control feature is included in the controller. The
power oscillation damping controller is designed based on a non-
linear control law, while the transient stability improvement fea-
ture works in open loop. The damping controller is adaptive and
estimates the power system parameters according to a simplified
generic model of a two-area power system. It is designed for systems
where one poorly damped dominant mode of power oscillation ex-
ists. In the paper, a verification of the controller by means of digital
simulations of one two-area, four-machine power system, and one
23-machine power system is presented. The results show that the
controller improves the stability of both test systems significantly in
a number of fault cases at different levels of interarea power flow.

Index Terms—Power flow control, power oscillation damping
(POD), thyristor controlled series capacitor (TCSC), thyristor
switched series capacitor (TSSC), transient stability.

1. INTRODUCTION

lexible ac transmission systems (FACTS) devices have,

during the last decades, arisen as an option to improve
the stability and to resolve congestions in today’s power sys-
tems, which are often loaded to levels close to their security
limits. These devices, which are based on power electronics,
operate by controlling reactive and active power injections in
the power system, or by altering the grid characteristics by con-
trolling line reactances or voltage angles at critical nodes. In
this paper, a controller for a thyristor switched series capacitor
(TSSC) is presented. This is a device capable of changing the
apparent reactance of a line in a number of discrete steps. The
controller is developed using a continuous approach, making it
suitable for use also with devices like the thyristor controlled se-
ries capacitor (TCSC) having continuous reactance control. The
proposed controller is a power-oscillation-damping (POD) con-
troller, which includes features for transient stability improve-
ment and power flow control. The main focus of this work is on
POD, which is a challenging task due to the changing nature of
the structure of the power system and the operating conditions.
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POD is traditionally performed by power system stabilizers
(PSS) connected to the automatic voltage regulators (AVR) of
the generators in the power system. Properly tuned, these can ef-
fectively damp both local and inter-area modes of power oscilla-
tion. However, in many power systems, supplementary damping
of the power oscillations may improve the system stability fur-
ther which can increase the transfer capability of critical lines in
the system. Many POD controllers have been presented during
the years. Most approaches are based on a power system model
with full or reduced complexity, which is linearized. In such a
system, linear control theory can be applied and the poles of
the closed-loop system can be placed such that the damping
of the critical oscillation modes is improved [1]. The down-
side of linearized approaches is that they are based on a spe-
cific operating point of the power system and a specific system
topology. Operation far from the point of linearization or with
a changed system topology, which is often the case after large
disturbances, may lead to insufficient damping of the power os-
cillations. To address these issues, other approaches for con-
trol design have been investigated. One approach is robust con-
trol, where H.-controllers in particular are popular [2]-[4].
Here, the possible changes to the system and the operating point
are classified as uncertainties of the transfer function. Another
approach is adaptive control, where gain-scheduling [5], mul-
tiple-model [6], and fuzzy-logic [7] approaches have been pro-
posed. In this paper, an adaptive controller based on a simple
generic system model is proposed. The controller is based on a
nonlinear control law that combines the demand of POD with
the demand of power flow control. The advantage of using a
generic system model is that it requires only limited knowledge
of the system data and that it can be used in many different sys-
tems as long as the basic assumptions hold. In this paper, the
main assumption is that the system exhibits electromechanical
interarea oscillations with one dominating mode of oscillation.

This paper is organized as follows. Section II describes the
generic system model, which is used for the control design, Sec-
tion III introduces the four-machine and 23-machine test sys-
tems, and Section IV introduces the principles for the design of
the damping controller. In Section V, the estimation process of
the system parameters is described, and Section VI introduces
the transient stability improvement approach. Section VII then
describes the complete proposed controller, and the simulation
results are discussed in Section VIII. Finally, the conclusion is
drawn in Section IX.
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Fig. 1. Generic system model used for control of the TSSC.

II. GENERIC SYSTEM MODEL

In order to design a POD controller, a system model is re-
quired. The nature of interarea oscillations is often such that
there is a dominant mode of oscillation, which is significantly
less damped than all other modes. With this in mind, a simple
way to reduce the total power grid is to view it as a system
split into two grid areas and the reactances of the lines intercon-
necting the areas [8], as seen in Fig. 1. Here, each area is rep-
resented by a single synchronous machine with a lumped mo-
ment of inertia. In this study, the model parameters are estimated
continuously by the controller as the controlled series compen-
sator (CSC) reactance changes, using the locally measured re-
sponses in the active power (Px) of the CSC line. This line
is represented by a variable, known reactance X, which is the
sum of the uncompensated line reactance X and the controlled
CSC reactance Xcsc. The model is characterized by four ad-
ditional parameters: one series reactance X, one parallel reac-
tance X.q, the frequency of the interarea oscillation fosc, and its
damping exponent o assuming the oscillation to be of the form
P(t) = et sin(27 fosct). The inner voltages of the machines
are described by voltage phasors of magnitudes /1 > and phase
angles 61 » while the terminal voltages of the machines are as-
sumed to be well controlled by AVR and described by voltage
phasors of constant magnitudes Uy » and variable phase angles
61,2. The transient reactances of the machines are denoted X/}
and X/,.

III. TEST SYSTEMS

Two different test systems are used to study the performance
of the proposed controller. A four-machine system, as shown
in Fig. 2, and a 23-machine system, as shown in Fig. 3. The
four-machine system is based on a commonly used 230 kV/60
Hz system for studies of interarea oscillations [9]. Some changes
are made from the original system: one tie line is added and the
length of the lines interconnecting the two grid areas is stretched
to 300 km. Shunt compensation in node 8 is also inserted to
maintain a good voltage profile. The generators are equipped
with fast exciters and PSS units with an intentionally selected
low gain in order to give a system with a small positive damping
ratio. The test system has two local power oscillation modes
with a frequency in the range of 1 Hz with a reasonable damping
and one interarea mode of oscillation with a frequency in the
range of 0.6 Hz, which is poorly damped. One important goal
for the TSSC in this system is to improve the damping of the in-
terarea mode. The 23-machine system is the Nordic 32 system
built to model the dynamics of the Nordic power system [10].
This system is in its original form well damped, mainly because
of well-tuned PSS units connected to the system generators. A
discussion of the original system characteristics is found in [11].
The loads in the original system are modeled using voltage- and
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Fig. 2. Four-machine test system.
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Fig. 3. Twenty-three-machine test system—Nordic 32.

frequency-dependent load models. To challenge the damping
controller, all of the PSS units used in the system were discon-
nected and the load characteristics were changed to voltage-in-
dependent loads at nodes 2031 and 2032, and voltage- and fre-
quency-independent loads at nodes 41, 42, 43, 46, and 51. The
system was studied in the normal load case (1f029) and the peak
load case (1f028) described in [10]. In the peak load case, the
system has the least damped modes: o7 = —0.016, f; = 0.50
Hz; 0y = —0.21, f, = 0.74 Hz; 03 = —0.24, f3 = 0.88 Hz;
whereas in the normal load case, the least damped modes are
o1 = —0.09, f; = 0.54 Hz; 09 = —0.21, fo = 0.73 Hz; and
o3 = —0.27, f3 = 0.89 Hz. The least damped, critical mode,
corresponds to the generators in Finland (4071, 4072) and the
northern part of Sweden (4011, 4012, 1012, 1013, 1014, 1021,
and 1022) swinging toward the rest of the system. To improve
the damping of this mode, to improve the transient stability in
the system, and to control the power flows in the system, a TSSC
device is placed in series with the line 4011-4021, where the ob-
servability and controllability of the critical mode is good.

IV. PRINCIPLES OF POD

Consider an ideal CSC located on one of the tie-lines N§—N9
in the four-machine test system. Fig. 4 shows the result of a
time-domain simulation of a step change in the CSC reactance
when the system is initially in steady state. It can be seen that
an interarea oscillation is generated as a result of the action of
the CSC. If a three-phase to ground fault at node 8 is simulated
at ¢ = 1.0 s and cleared after 100 ms with no line disconnection
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Fig. 4. Four-machine system: Power on the CSC line, sum of the power trans-
mitted on the two lines N8—N9 parallel to the CSC line, total power transmitted
N8-NO, and level of compensation of the CSC line showing a step change in
the CSC reactance at t = 3.7 s.
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Fig. 5. Four-machine system: Power on the CSC line, sum of the power trans-
mitted on the two lines N8-N9 parallel to the CSC line, and total power trans-
mitted N8—N9 after a three-phase fault at N8-No supplementary damping.

and no action of the CSC, a poorly damped interarea oscillation
is established, as shown in Fig. 5. Figs. 4 and 5 raise the question
if it is possible to act with the CSC such that an oscillation in
antiphase of the one caused by the fault is generated. This would
then cancel out the oscillation in Fig. 5 totally by a single step
change in the reactance. Fig. 6 shows that this is indeed possible.
If the controller is limited to act only at times coinciding with the
high and low peaks of the oscillation, it is theoretically possible
to cancel out the oscillation at any given peak. However, Fig. 6
also shows that a very large change in the level of compensation
is necessary to fulfill the requirement resulting in a very high
level of the power transmitted on the CSC line. In order to find
a practical use of this principle, it is necessary to extend it to a
two-step practice. Fig. 7 shows this procedure. Here, the con-
troller acts twice on consecutive peaks in the power oscillation,
which results in an almost total cancellation of the interarea os-
cillation. With this technique, it is possible to control the final
power on the line with the CSC since the first step in the se-
quence can be chosen with an optional magnitude, whereas the
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Fig. 6. Four-machine system: Power on the CSC line, sum of the power trans-
mitted on the two lines N8—N9 parallel to the CSC line, total power transmitted
N8-N9, and level of compensation of the CSC line after a three-phase fault at
NB8-oscillation damping in one step.
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Fig. 7. Four-machine system: Power on the CSC line, sum of the power trans-
mitted on the two lines N8—N9 parallel to the CSC line, total power transmitted
N8-NO, and level of compensation of the CSC line after a three-phase fault at
N8-oscillation damping and power flow control in two steps.

second step can always cancel the oscillation according to the
single-step argument mentioned earlier. Now, what remains is
to find a way to determine the necessary step magnitudes of the
CSC action to fulfill the requirements. This problem is solved
assuming that the grid can be accurately modeled by the generic
system model in Fig. 1. First, in order to solve the problem of os-
cillation cancellation in one step, consider the differential equa-
tions describing the model:

d251 wo U1U2 Sin(91 — 92) Kdl d61
— = 5o (P — - ==
dt 2H1 Xtot wo dt
d252 wo U1U2 sin(92 — 01) Kdz d52
—m = (P - - =222 )
dt2 "~ 2H, Xiot wo dt

Here, wg denotes the electrical angular frequency of the system,
H, and H are the constants of inertia of the reduced machine
representations of the grid areas, K41 and K 45 are the damping
factors of each machine, while P,,,; and P,,,» denote the excess
mechanical power in each area. The excess mechanical power
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is defined as the power generated in each area, which is not con-
sumed by loads in the same area. The total reactance between
the grid areas is denoted

X Xeq 3)

Xiot = X; + ———.
tot +X+ch

When deriving (1) and (2) it was assumed that the power loss in
each machine can be neglected. The units of the parameters are:
6 (in radians), ¢ (in seconds), H (in seconds), f (in radians), w
(in radians per seconds), P, (in per unit), F (in per unit), U (in
per unit), X, (in per unit), and Ky [in per unit torque/per unit
speed].

Now, assume that the angle differences 61 — 61 and 62 — 07 are
small in magnitude compared to the magnitude of the phase angle
difference 1 — 02 between the machines. This is true if X/}, <
Xiot and X/, < Xiot. At the positive and negative peaks of the
power oscillation, the difference #; — 05 assumes its highest and
lowest values and the time derivatives of §; and 65 are both zero.
Since only one mode of power oscillations exists in the consid-
ered system, the time derivatives of ; and 6, can also be assumed
to be zero at these instants. In order to stabilize the system at one
of these instants in time, it is necessary to also force the second
time derivative of §; and 65 to be zero. If this is done, all higher
order derivatives of §; and §5 will also be zero and no interarea
oscillations will longer occur in the system. This can be achieved
by assuring that the right-hand sides of both (1) and (2) are zero.
In order to illustrate the damping process, the situation in Fig. 6
is used as an example. The value of P,,; = —PF,,2 = Pioto,
which is assumed to be constant during the change in the CSC
reactance is estimated immediately before the controller opera-
tion, as indicated in Fig. 6. This is done with the knowledge of
the grid parameters X and X.q by measuring the average power
(calculated over one oscillation cycle) on the line with the CSC,
Px,y and applying

Xeq+ X
X

eq

Ptot(] = PA\'av- (4)
Equation (4) is also valid for instantaneous values of the line
power Px and the total power P;.¢. In order to force the right-
hand sides of (1) and (2) to zero at the instant t+ = 3.7 s when
the power oscillation on the line has a negative peak, assume that
the angle difference 61 — f5 does not change during the change
in reactance, and that the terminal voltages of the generators
are constant. This can be motivated since the angle differences
61 — 0 and 89 — 65 are small, and the rotor angles §; and 6 are
governed by inertia and move only with a large time constant. In
this case, the product Uy Us sin(6; — 65), valid both before and
after the reactance step can be calculated in terms of the initial
power and reactance values. This yields
- U1U2 sin(Hl - 92) _ PtothtOt

P, = = . (5)
rot X‘got thot

Here, the total instantaneous power transmitted between the
areas before and after the step is denoted Pyot, and P/, re-
spectively, and the total reactance according to (3) initially and
finally is given as X, and X[, respectively. Py, is found
by measuring the power on the CSC line at the peak of the
oscillation Px, as indicated in Fig. 6 and applying (4). If P/,
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is forced to be equal to Pioo by choosing X/ , in a suitable
way, the right-hand sides of (1) and (2) will be zero, since the
time derivatives of ¢; and 0 are already zero at this instant.
The ratio of the total reactance before and after the reactance
change required for this can be found by setting (5) equal to
P, tot0- Thus

Xtot _ Ptot(]
7 = .
Xt Ptotp

(6)
ot
The required change in the total reactance can now be expressed
as

Pio
AXiot = X1y — Xiot = (# -

tot0

1) Xiot (N

and the required change in the initial CSC line reactance X
is found by applying (3) to the situation before and after the
reactance change. This gives the nonlinear control law

A)(tot (XO + Xeq)2

AX = .
XeZq - A)(tot)([) - A)(tot)(eq

®)

In order to solve the combined damping and power flow problem
in two steps, it is assumed that the total reactance according to
(3) before the first reactance step is X010, after the first step
Xiot1, and after the second step Xio¢2. The effective reactance
of the CSC line is denoted X initially, X; following the first
step, and X after the second step. It can be immediately rec-
ognized that the final compensation state given by X, can be
calculated since it is assumed that the initial average power on
the line is known as Py, as in the single-step case mentioned
earlier and the desired set point of the average power flow is de-
noted Pyp. The expression becomes

ch + XO)

9
X + Xo ©))

PXsp = PXav (
by current sharing of the parallel lines in the circuit assuming
that the average transmitted total power is constant during the
procedure (see [8]). By means of (3), Xiot2 is then known.
To calculate Xt,t1, denote the instantaneous total power trans-
mitted between the areas before the steps at the point where the
controller starts to act as P01, the total power after the first step
as Pp1, and the total power right before the second step as ;.
From (5), it is now found that

PtothtotO = PplXtotl- (10)

The value of the total power right before the second step can be
approximated by recognizing that the total power always oscil-
lates around its average value P;qto

" = (Proto — Pp1)e”™ /% + Proyo. (11)

Here, it has been assumed that the power oscillation can be de-
scribed by a sine function in time. The real part of the eigenvalue
corresponding to the interarea mode is given as o, and T is the
cycle time of the oscillation. Since it is known that the second re-
actance step must cancel the oscillation completely, the second
reactance step must fulfill

! Xtotl = PtotOXtotQ

pl

12)
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and bring the instantaneous total power value to equal the av-
erage level Piot9. Combining (10), (11), and (12) now yields

PioipXio o
<<Pmt,0 - Hp_tto) 7 Tose/2 + Pt0t0> Xiot1

X totl

= ProtoXtot2.-  (13)
Thus, the reactance X1 can be calculated, using (4) to cal-
culate Pyt and Pyoo from the measured values of the peak
power Py, and the average power Px,,, as indicated in Fig. 7.
By means of (3) and (13), X; is now known and since Xy is
known initially and X> has been calculated, the control law is
complete and the necessary reactance changes can be calculated
as AXl = X1 — Xo and AXQ = X2 — Xl.

The damping and power flow control methods proposed here
are believed to be original work even though discrete, time-op-
timal methods for damping of power oscillations by means of
CSC have been described earlier [13]-[15].

V. ESTIMATION OF THE SYSTEM MODEL PARAMETERS

In this study, the controller is designed based on a generic
system model. This means that the model parameters must be
estimated to fit the current situation in the grid in order for the
controller to be successful. Since a typical power grid is far more
complex than the system model and due to the physical limi-
tations of the CSC device, the real controller will never work
in the ideal way, which is described in the previous section. In-
stead, the two-step control law will have to be reapplied until the
power oscillation is canceled out. The controller is time discrete
in nature, which enables the parameter estimation routines to be
developed based on the open-loop step response of the reduced
system in Fig. 1 to changes in the CSC reactance. In [16], the
equations governing the step response of the system when it is
initially subject to an electromechanical oscillation are derived,
assuming that the CSC is ideal. The relations between the initial
instantaneous value of the power on the CSC line, Px and the
instantaneous value of the same line power after the step P4
as well as the average values (calculated over one oscillation
cycle) of the CSC line power before and after the step, Pxay
and P%,y, respectively are derived as

Xeo + X
P)/(av<X):PXaV <X q+X/> (14)
eq
X+Xe Xtot
Py =Px | ——2 . 15
* X<X’+Xeq> Xlot ()

Here, X and X' denote the initial and final values of the CSC
line reactance, and X and X[, denote the initial and final
values of the total reactance. These relations can be directly ap-
plied to derive nonlinear estimation relations for the grid param-
eters X; and X, . These are used to estimate the grid parame-
ters based on the measured instantaneous and average values of
the line power of the line where the CSC is placed before and
after each new step during the CSC operation and the known
values of the apparent CSC line reactance before and after the
reactance step. In the implementation of the controller, consec-
utive estimates of the system parameters are averaged in order
to give a more robust performance. One motivation for using a
nonlinear estimation technique instead of a linear one such as a

recursive least squares (RLS) algorithm is that the damping con-
trol law is nonlinear, which may lead to large deviations from
the linearization point of the system equations, which in turn
may lead to errors in the linear estimation.

VI. PRINCIPLES OF TRANSIENT STABILITY IMPROVEMENT

In this study, an open-loop strategy is used to improve the
transient stability. The background of the strategy is given in
[17]. The goal is to maximize the transient stability of the system
when a fault that threatens the stability is detected. The scheme
is enabled directly when the fault is detected and acts in two
stages during the first swing of the generator angles. It can (after
it has been initiated) be concluded in the following compact
form:

Xosc = Xcscmin (85— 6,) >0 (16)

Xese = Xosomin (0s — 6,) <0, (0, — 6,) >90°  (17)
Xesc = ¢Xcscmin

(0, —0,) <0, (6, —6,) <90°,¢el0,1]. (18)

Here, the electrical angles of the reduced machine equivalents
in the sending and receiving area of Fig. 1 are denoted ; and
0., respectively, and the minimum value of the CSC reactance
(maximum amount of compensation) is given as X cscmin- The
scheme selects the maximum compensation level at fault clear-
ance and reverts to a lower level of series compensation as the
angle difference declines after the first swing. The switching in-
stant of the scheme is determined from the local signals at the
TSSC location in a manner described in [16].

Following the transient control scheme operation in two
steps described earlier, the damping controller is commonly
initiated. Even if the system is transiently stable and survives
the first swing, provided that the pre-programmed scheme is
used, the system may still exhibit transient instability if the
series compensation level is significantly reduced during one
of the subsequent swings. In order to maximize the transient
stability during subsequent swings, the controller is required to
maintain the maximum possible degree of compensation when
the angle separation 65 — 6,. is increasing. To achieve this goal
without exceeding the short-term overload limit of the CSC
line, the transient controller alters the set point of the power
flow control function, which is included in the POD controller.
The set-point Pxp, is changed such that it equals the short-term
overload limit Pj;p;:. A conservative choice of Pjjp;: is the
active power level on the CSC line, which can be allowed for
the time, it takes for the transmission system operator to redis-
patch the system to comply with the N-1 criterion of the new
conditions (15-30 min). The transient capability can be further
improved if the system allows Py, to be chosen higher than
the thermal limit during the time when the damping controller is
active after a fault. An even larger improvement of the transient
stability can be achieved if the operating range of the CSC is
limited during the damping event. In this case, a maximum
limit of Xcgc, Xcscum other than the physical limit of the
device can be set when the transient scheme is triggered. For
example, it may be coherent to choose Xcsclim = ¢XcSCmin
such that Xcsomin < Xcsc < ¢Xcscmin, ensuring the same

minimum level of compensation of the CSC device during the
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Fig. 8. Block diagram of the TSSC model with the proposed controller.

whole controller operation. This reduces the risk of transient
instability even though limiting the operating range of the
device decreases the effectiveness of the damping controller,
which makes the method a tradeoff between transient stability
improvement and oscillation damping enhancement.

Detection of faults threatening the transient stability of the
system is not addressed in this study. However, a comprehen-
sive literature study of the research on on-line transient stability
assessment is found in [18]. In the simulations presented in this
paper, it has been assumed that the transient control scheme is
triggered at clearance of all the studied faults, regardless of their
severity. In the less severe faults, this may give a somewhat less
effective damping of the power oscillation, while the scheme
is essential for the transient stability of the severe faults. A sim-
ilar transient stability improvement strategy as the one proposed
here is described for a shunt-connected FACTS device in [19].

VII. COMPLETE CONTROLLER

A block diagram of the controller and TSSC models is shown
in Fig. 8. The controller utilizes only locally measured quan-
tities measured at the TSSC location. Generally, a fault in the
system first leads to a risk of transient instability, which initiates
the transient controller. When this controller has performed its
sequence, there is commonly a power oscillation in the system,
which is detected by an RLS algorithm [20]. The RLS algorithm
is based on the assumption that the line power is composed of a
zero frequency component (the average value) and a component,
which has a known frequency range (the dominant power oscil-
lation frequency). The algorithm utilizes an expected oscillation
frequency when no oscillations are at hand. At any event that
causes power oscillations, the frequency parameter is adapted
to the actual oscillation frequency by a Pl-controller. The al-
gorithm gives a real-time estimation of the average line power
(Pxay), oscillation amplitude (Pxosc), frequency (fosc), and
phase (©osc). The RLS algorithm is necessary in order to de-
termine the input and timing for the damping controller and the
parameter estimator. The bandwidth of the RLS algorithm is de-
termined by the demands of the controller, which state that it is
necessary to gain information of the oscillation phase and am-
plitude as well as the average value of the line power within one
half of a power oscillation cycle after a step in the TSSC reac-
tance. A higher bandwidth naturally means faster response but
also a larger sensitivity to noise. The RLS estimator used here
has been tested with a noise level of 1% of the input signal with
good results.

When an oscillation with an amplitude exceeding a certain
level is detected by the RLS algorithm, the damping controller
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is enabled. The damping controller is based on the control law of
damping and power flow control in two time steps presented in
Section IV. Since the damping controller/fast power flow con-
troller is only active when power oscillations are present, a sep-
arate slow PI-controller with power reference value Pt is nec-
essary for long-term power flow control. These controllers con-
tribute with the terms Xpop, XTRr, and Xpj to the desired re-
actance of the CSC-Xcgc. All controllers use the active power
Px of the CSC line or estimations of it as input signals. The
transient controller also uses the current magnitude of the CSC
line Ix as an input signal. The focus of this paper is to study
the damping and transient control performance of the controller,
and the long-term PI power flow controller is thus omitted in the
implementation. For practical reasons, the TSSC is modeled as a
discrete controllable reactance with the dynamics of a first-order
low-pass filter of time constant Trcsc = 15 ms. In reality, the
delay of a TSSC is variable between 0 and 20 ms [21]. This mod-
eling difference is of minor importance, since the power oscilla-
tions, which are subject to damping have much slower dynamic
properties.

VIII. RESULTS AND DISCUSSION

A. Four-Machine System Study

Here, a TSSC equipped with the proposed controller was im-
plemented in the four-machine system of Fig. 2 and studied
in digital simulations, using the software SIMPOW from STRI
AB. The system exhibits poorly damped inter-area oscillations
with a frequency of about 0.6 Hz when it is subject to a distur-
bance. The TSSC, which is placed on one of the interconnecting
lines N8-N9 to damp the inter-area mode, is selected to consist
of three switched series-connected capacitive elements. This ar-
rangement gives the TSSC an operating range, where the in-
serted reactance can be varied in eight discrete equidistant steps
between the minimum reactance X tcascmin, Which was chosen
to be —50% of the initial reactance of the TSSC line, and the
maximum reactance X1cscmax, Which is 0.

The controller performance was studied by simulation of four
different contingencies for a high-(200 MW/line) and a low-(60
MW/line) loading situation of the tie lines N7-N9 between the
grid areas. The loads used for the loading cases (high/low) were
PL7 = 967/1367 MW, QL? = 100/200 MVEII', and PLg =
1967/1367 MW, Q19 = 100/200 Mvar, and the active power
generation of generators 1 and 2 was 1600 MW in total. Simu-
lated measurement noise with a standard deviation of 1% of the
input signal value was added to the controller input. All loads
were modeled as voltage dependent with constant current char-
acteristics for the active power and constant impedance charac-
teristics for the reactive power load. The studied fault cases were
as follows.

A) A three-phase short circuit (SC) at node 8 cleared with no

line disconnection after 200 ms.

B) A three-phase SC at node 8 cleared by disconnection of

one N8-NO line in parallel to the CSC after 200 ms.

C) A three-phase SC at node 8 cleared by disconnecting one

of the N7-N8 lines after 200 ms.

D) A load disconnection at node 7 :

AQ = —50 Mvar.

AP = -250 MW
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Fig. 9. Four-machine system, 600-MW interarea power transfer, fault B: CSC
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Fig. 10. Four-machine system, 600-MW interarea power transfer, fault B: (a)
terminal voltages in phase A of generators G2 and G4 with the controller en-
abled (Uagac, Uagac) and disabled (Uagane, UttGanc), (b) generator ter-
minal voltage phase differences between G2 and G4 with the controller enabled
(BG2. — Ba2c) and disabled (BGane — Baone).

An example of the controller performance in fault B for the
high-load case is given in Figs. 9, 10, and 11. The results of all
the studied cases are concluded in Table I. From Fig. 9, it can
be seen that the transient controller is activated at fault clear-
ance at t = 1.2 s and disengaged at ¢ = 1.7 s. The damping
controller is engaged at ¢t = 2.3 s. At first, the grid parame-
ters are unknown and the parameters are reset to a safe state.
As the system parameters are estimated with better accuracy,
the damping is gradually more effective. The damping of the
oscillation is completed at £ = 5.5 s and the power flow on
the line is stabilized close to the set-point 350 MW, which is
assumed to be the short-term overload limit of the line in this
case. In most of the studied cases, this power flow target cannot
be reached and the TSSC reactance saturates at its maximum
capacitive value following the damping event. In Fig. 10, the
terminal voltage magnitude and phase angle in phase A of G2
and G4 are plotted. Here, the damping effect of the controller
on the generator angles is clearly seen. Fig. 10 also shows the
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Fig. 11. Four-machine system, 600-MW interarea power transfer, fault B: es-
timated system model parameters .X;, X, and fos., TSSC controller enabled.

influence of the reactance steps of the TSSC on the generator ter-
minal voltages. Since the assumptions of the controller are that
the generator terminal voltages and phase angles are piecewise
constant during each reactance step, the variations seen from
Fig. 10 will influence the stability of the controller. This issue
will be discussed in Section VIII-C.

Fig. 11 shows the evolution of the system model parameters
Xi, Xeqs and fosc in fault B for the high-load case. The system
exhibits a dominant interarea mode of oscillation in the range
of 0.51-0.74 Hz, depending on configuration. The initial guess
of fosc is chosen to be 0.6 Hz. The parameters X; and X.q
are updated whenever a reactance step response in the power
of the TSSC line above a certain magnitude is detected. It can
be seen that the parameters stabilize close to X; = 0.17 p.u.
and X.q = 0.15 p.u. on a 100 MW, 230 kV base after a few
time steps. The estimated value of X.q is close to what could
be expected judging from the line length and inductive reac-
tance characteristics of the remaining line N8—NO in parallel to
the TSSC line. The estimated value of X; is somewhat higher
than what could be expected from the line characteristics. This
is a general pattern, which is seen in most simulation cases. The
reason for this may be the simplicity of the system model, which
causes various unmodeled dynamics of the generators and AVR
to be included in the X; parameter. The PI-controller tuning fosc
is continuously active as long as the power oscillation exceeds
15 MW in amplitude. It is judged difficult to continuously es-
timate the damping exponent ¢ in a reliable manner. Thus, this
parameter is set to zero. Since power systems are rarely oper-
ated such that negative damping of power oscillations is likely,
this is a worst-case assumption. This means that the controller
will be based on a correct assumption in the worst case, where
it is needed the most. If negative damping can be expected, o
can be set to a positive value, ensuring optimal performance in
the worst case on the expense of the performance in noncritical
conditions.

The results of the studied fault cases are concluded in Fig. 12
and Table I. Fig. 12 shows the amplitudes of the total inter-
area power oscillation in the four high-power transfer cases as
a function of time measured by an RLS phasor estimator im-
plemented in the simulator. It can be seen that the improvement
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TABLE I
SIMULATION RESULTS OF THE FOUR-MACHINE SYSTEM, FAULTS A-D FOR
INTERAREA POWER TRANSFERS OF 180 AND 600 MW

A B C D
fosc 067Hz | 0.54Hz | 0.51Hz | 0.68Hz
600 MW G 0.071% 1.9% 2.7% 1.3%
APyse | 210MW | 160MW | 150MW | 60MW
(rssc 8.3% 17% 8.8% 21%
T; 720s 56s 33s 27s
TTSSC 8.2s 5.65 9.6s 2.3s
fose 0.73Hz 0.68Hz 0.68Hz | 0.74Hz
180 MW Gi 1.4% 1.7% 1.9% 2.8%
APose | 110MW | 100MW | 110MW | 40MW
{rssc 7.3% 15% 9.3% 13%
T; 30s 33s 26s 14s
Trssc 7.4s 5.3s 6.9s 5.3s
§ 300 case A
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Fig. 12. Four-machine system, 600-MW interarea transfer: total oscillation
amplitudes for case A (solid), case B (dashed), case C (dash-dot), and case D
(dotted) with TSSC controller (a) disabled and (b) enabled.

of the system damping is substantial when the proposed con-
troller is used. In Table I, the maximum amplitude of the total
power oscillation is given as A P,s. (MW), and the damping ra-
tios with the damping controller disengaged and engaged are
given as (; and (rgsc, respectively. (; is the small-signal value
for the postfault system with no controller, while (rssc is a
value calculated for comparison from the time-domain simula-
tions with the controller. The value is obtained by studying the
amplitude of the total power oscillation initially and after the
damping event. These two values are then fitted to a decaying
exponential curve and the equivalent damping ratio is thus cal-
culated. This is done since the controller is adaptive, and the
small-signal value of the oscillation eigenvalue does not take
into account the adaptive merits of the controller. The postfault
frequency of the system eigenvalue corresponding to the inter-
area mode is given as f,s. for each case. The required time after
fault clearance for the power oscillation amplitude measured on
the TSSC line to settle below 5 MW in the time-domain simu-
lation is given for each fault for the undamped system as 7T;; (s)
and for the damped system as Trgsc (s). It can be seen from
Table I that the damping of the interarea oscillation mode is sig-
nificantly improved to satisfactory values in all of the studied
cases.
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B. Twenty-Three-Machine System Study

In order to test the CSC controller in a more realistic power
system, the controller was implemented with a TSSC placed in
the Nordic 32 system, as shown in Fig. 3. In this system, the
southwest and the external areas are essentially self-supporting,
while the central region imports half of its power consumption
from the northern area. Here, the goal for the CSC controller
was to improve the damping of the critical interarea oscillation
mode, where the external and north regions oscillate with the
rest of the system. The mode has an oscillation frequency of ap-
proximately 0.5 Hz. Mode shapes of the least-damped modes
of the Nordic 32 system can be found in [11]. The system was
studied using SIMPOW in time-domain simulations of four dif-
ferent severe contingencies at two different power flow levels
of the north-central intertie. In the normal load flow case (1f029
in [10]), the power transfer between north and central is about
2800 MW, and in the peak load flow case (1f028 in [10]) about
3300 MW is transferred between the regions. The studied faults
were given as follows.

A) A three-phase SC at node 4011 for 100 ms cleared by

disconnection of the line 4011-4012.
B) A three-phase SC at node 4011 for 100 ms cleared by
disconnection of the line 4011-4022.
C) A three-phase SC at node 4012 for 100 ms cleared by
disconnection of the line 4012—4022.
D) A three-phase SC at node 4041 for 100 ms cleared by
disconnection of the line 4031-4041.
The TSSC was selected to consist of four series-connected ca-
pacitive elements, each equipped with a parallel bipolar switch.
This gives the TSSC an operating range where the inserted re-
actance can be varied in 16 discrete equidistant steps between
the minimum reactance XTcscmin, Which was chosen to be
—T70% of the initial CSC line reactance, and the maximum re-
actance X 1csCmax, Which is zero. The TSSC was installed on
line 4011-4021 close to node 4011, where the observability and
controllability of the critical oscillation mode is high. No simu-
lated measurement noise was used in this study.

An example of how the controller operates is shown in
Figs. 13 and 14. Here, fault B is studied in the normal load
case. It can be seen that the TSSC controller effectively damps
the interarea oscillations in the system within approximately
7 s. The postfault power flow set-point used by the transient
controller was in this study set to 1000 MW, which is a conser-
vative setting close to the thermal overload limit of the line. In
this case, the set level cannot be reached and the TSSC satu-
rates at the highest possible compensation level after the event.
It can be noted that the transient stability controller fails to
determine the instant for the second switching in the open-loop
scheme during this fault case. This occurs occasionally due
to interference of other oscillation modes in the RLS-based
detection scheme. This does not degrade the transient stability
improvement of the controller, but it generally gives a slightly
less effective damping of the oscillation mode. The adaptive
controller estimates the system parameters according to the
generic system model, and the evolution of the parameters is
shown in Fig. 14. Here, the reactance parameters X; and X.q
are seen to stabilize close to X; = 0.032 p.u. and X.q = 0.065
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Fig. 13. Twenty-three machine system, normal-load case (1f029), fault B:
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Fig. 14. Twenty-three machine system, normal load case (1f029), fault B: esti-
mated system model parameters X;, X, and fosc, TSSC controller enabled.

p-u. on a base of 100 MW and 400 kV, while the estimation of
the oscillation frequency is less stable in the range 0.5-0.6 Hz.
It should be noted that the interarea oscillation frequency is
dependent on the level of series compensation in the system.
A fixed value should, therefore, not be expected during the
time when the damping controller acts. “True” values of the
reactance parameters are not straightforward to calculate, but
it can be concluded that the estimates are in the right range,
considering the line reactance characteristics of the system
given in [10]. The simulation results of the TSSC controller
performance in the different fault cases are shown graphically
in Figs. 15 and 16 and compiled in Table II. The amplitude of
the total power oscillation across the intertie consisting of the
lines 4011-4021, 4011-4022, and 4012-4022 in the system
was measured with an RLS phasor estimator for the system
with the TSSC controller and the uncontrolled system. This is
the narrow power corridor connecting the external and north
regions to the central region where the TSSC is placed, and the
interarea oscillation is very clearly observable. The results of
the simulations are given in Fig. 15 for the normal-load case and
in Fig. 16 for the peak-load case. During the first few seconds
after a fault, the RLS estimation of the oscillation amplitude is

s ' '
g sool case A
3 A ; - ——caseB
3 NN -——-caseC
g‘ 200F ' ..‘_ W} - N N - case D
E : <o <= S
S | | T e TS T
0 : ' '
S 0 5 10 15 20
Time(s)
R (b)
% wool T ' case A
= - ——caseB
©
g -— —-case C
‘_E’- 200k case D
©
o P
S 0, 5 10 15 20

Time(s)

Fig. 15. Twenty-three machine system, normal-load case (1f029): total oscilla-
tion amplitudes for case A (solid), case B (dashed), case C (dash-dot), and case
D (dotted) with the TSSC controller (a) disabled and (b) enabled.
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Fig. 16. Twenty-three machine system, peak-load case (1f028): total oscillation
amplitudes for case A (solid), case B (dashed), case C (dash-dot), and case D
(dotted) with the TSSC controller (a) disabled and (b) enabled.

not reliable due to the interference with other modes. This is
clearly seen in Fig. 15, where the estimated amplitudes show
violent variations during the first 3—4 s after the fault, but then
stabilize to reveal a slowly decaying oscillation amplitude.
Fig. 15(a) shows the situation when no TSSC controller is
used, and Fig. 15(b) illustrates the case when the TSSC con-
troller is enabled. It is seen that the controller improves the
damping of the interarea mode significantly for all the studied
contingencies. Fig. 16 illustrates the more severe case when
the transmitted power between the north and central regions
in the system is increased. Here, it is seen that in the case
without damping controller, cases B and C [marked with (1) in
the figure] exhibit transient instability, while case D [marked
(2)] shows oscillatory instability after a few seconds. Case A
is stable, but it exhibits a very poor damping of the interarea
mode. When the controller is enabled, the system is stable and
the controller shows a good damping performance in all cases
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TABLE II
SIMULATION RESULTS OF THE 23-MACHINE SYSTEM, FAULTS A-D FOR THE
NORMAL AND THE PEAK-LOAD CASE

A B C D
fose 0.49H =z 0.45Hz 0.42Hz 0.44H~z
Peak i 0.3% —-1.0% —-2.3% —3.0%
Cpost 1.5% —0.6% | —0.03'% | —0.9%
AP,sc | 300MW | 300MW | 300MW | 225MW
(rssc 8.0% 6.4% 6.0'% 6.2%
T; 260s N.S N.S N.S
Trssc 9.7s 13.5s 17.6's 15.7s
fose 0.54Hz | 0.51Hz 0.49H z 0.51Hz
Normal i 2.5% 2.3% 2.0% 1.8%
Cpost 2.8% 2.8% 2.7% 2.4%
AP,sc | 300MW | 300MW | 300MW | 225MW
(rssc 11% 12% 12% 19%
T; 24s 28s 36s 19s
Trssc 8.2s 6.4s 6.7s 4.4s

(1)—Indicates the controller performance if the TSSC reactance is limited
between 37 and 70% of the uncompensated CSC line reactance after the
fault. With the original controller setting, the system is unstable in this case.
N.S.—Not stable.

except for case C [marked by (3)], which is unstable. In this
case, it can be shown that a TSSC controller, which limits the
reactance operation region of the TSSC after a severe fault, is
beneficial. If such a controller is used, limiting the degree of
compensation of the TSSC to a band between 37% and 70%,
case C can also be stabilized [marked by (4)] provided that the
line can sustain a temporary power flow of up to 1200 MW
during the time of oscillation damping.

In Table II, the data of each simulated fault are given with the
same denotations, which were used in Table I. T; (s) and Trssc
are here given as the required times after fault clearance for
the power oscillation amplitude measured on the TSSC line to
settle below 15 MW for the undamped and damped system. The
damping ratio of the mode improves slightly with an increased
level of fixed series compensation, especially in the peak-load
case. Since the controller changes the level of compensation in
order to control the power flow, the damping ratio is thus im-
proved even if the influence of the damping controller is not
taken into account. Therefore, the small-signal damping ratio of
the system is also given at the compensation level corresponding
to the selected power flow set point in each case, (post. The fast
power flow controller is, in this study, able to reach within 2% of
its set point of 1000 MW for the TSSC line in all of the peak-load
cases, which can be stabilized with the original controller. In the
normal-load cases, the set point can typically not be reached and
the TSSC reactance ends up at its maximum capacitive value
after the damping event.

A larger study of the proposed controller implemented for a
TCSC device in the 23 machine system was presented in [16].

C. Stability of the Proposed Controller

The stability of the controller has been studied by time-do-
main simulations of one small test system with only one inter-
area mode of oscillation and one larger test system with several
interarea modes in a number of different operating conditions
with good results. Simulated measurement noise with a standard
deviation of about 1% of the signal magnitude was added to the
controller input in one of the studies. This was seen to yield
small changes in the controller operation but no notable perfor-
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mance degradation. An additional study was made to investi-
gate the sensitivity of the controller to errors in the assumption
of constant voltage magnitudes at the generator terminals. Here,
the variation of the voltages at the generator terminals resulting
from changes in the TSSC reactance was studied. Studies of the
four-machine system in cases A-D (see Fig. 10 for case B) show
that the generator voltage magnitudes may vary up to 1%, while
the angle differences between areas may vary up to 1.5° as a re-
sult of a large step in the TSSC reactance. An analytical study
was done, assuming that the four-machine test system is accu-
rately modeled by the system model with generator terminal
voltages, which were assumed to be variable within the limits
found for the four-machine system. No limitations in the TSSC
operating range were considered. The study showed that the in-
fluence of variations on the estimator may cause the damping
performance of a two-step damping event measured as the re-
duction of the amplitude of the power oscillation to drop from
the ideal 100% to 75% in the worst case. The direct influence of
the variations on the control law was seen to reduce the perfor-
mance to about 60% in the worst case. If these effects are com-
bined, a worst-case performance of about 45% may be expected.
The worst case is here when the power oscillations are small in
magnitude compared to the total power transmitted across the
interconnection, and the transmitted power is large compared to
the total generated power in the areas. Considering the normal
requirements of a damping controller, damping 45% of a power
oscillation within one cycle of the oscillation is a good per-
formance, especially if the performance is improved when the
power oscillations are large.

One important conclusion from the study is that the controller
is sensitive to variation in the generator voltage magnitudes, and
that the validity of the assumption must be checked when the
controller is implemented into a new system. In order to im-
prove the stability, several measures have been taken. Estima-
tion is only allowed if the step response in the line power has a
certain minimum amplitude, and only estimations within a rea-
sonable range for each parameter are allowed. The estimated
reactance parameters are also averaged with earlier estimates.
Furthermore, the estimator is initialized with parameters, which
correspond to a situation with a high controllability and ob-
servability of the interarea mode from the local variables. This
makes the controller move cautiously initially until the grid pa-
rameters are known with higher accuracy.

IX. CONCLUSION

The main contributions of this work can be summarized as

follows.

1) A discrete nonlinear control law has been derived for POD
and power flow control by means of a TSSC/TCSC in a
system described by a generic system model.

2) An adaptive controller based on the control law has been
developed and tested in two different test systems.

3) A concept to combine the developed damping controller
with a transient control scheme has been introduced and
tested.

The main advantage of the controller is that it is based on a
simple, generic system model, which simplifies the implemen-
tation of the controller and reduces the amount of power system
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data, which is required during the controller design dramatically
when compared to a conventional controller. Another benefit is
that the controller utilizes only locally measured signals at the
FACTS device as inputs. The deficiencies of the controller are
that it is not suitable for systems where several oscillation modes
require supplementary damping. Moreover, the controller does
not take into account voltage variations in the power grid areas,
and this is shown to decrease the performance of the damping
controller. Future work on the controller includes replacing the
nonlinear estimator with a linear estimator for the system model
parameters to test if the sensitivity of the controller to modeling
and input signal errors can be decreased.
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