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Abstract—This paper describes an adaptive parameter factor o, there is no need for manual tuning [3]. In general,
tuning of a power oscillations damping (POD) controller for the value ofa depends on the actual operating conditions

the Thyristor Controlled Series Compensator (TCSC). The
adaptive control is based on pole shifting. In order to maintain
good damping over a wide range of operating conditions, the

which are identified automatically using Kalman Filtering
techniques. A similar approach has been applied to power

parameters of the POD controller are adapted on-line, based System stabilizers [4]-[6].

on the measured system input and output. Simulation results
are provided to demonstrate the effectiveness of the propode
controller.

Il. ADAPTIVE MODEL IDENTIFICATION

Index Terms - Power system oscillations, adaptive control, In general, the power system dynamics is non-linear and
power oscillation damping (POD), Kalman Filtering techniques, varies with the operating point of the power system. The pro-
pole shifting. posed approach to the adaptive control of FACTS is depicted

I. INTRODUCTION

in Figure 1. The considered model is linear, having single-

. i o ) ) input single-output (SISO) and time-varying parametelsp a
Satisfactory damping of power oscillations is an importapg|ieq AutoRegressive with an eXternal input (ARX-model).
issue addressed when dealing with the rotor angle stability The theoretical assumption is that the power system is wgrki
power systems. This phenomenon is well-known and obsegt,ng a certain operating point for a certain period of fime
able especially when a fault occurs. To improve the damping @hich enables the estimated coefficients of the time-varyin

oscillations in power systems, supplementary control le&rs |inear model to converge to the actual values. The considere

be applied to existing devices. These supplementary action
are referred to as power oscillation damping control.
The controllers obtained from conventional approach are si
ple but work often only within a limited operating range. In
case of contingencies, changed operating conditions azseca
poorly damped or even unstable oscillations since the set of
existing controller parameters yielding satisfactory garg
for one operating condition may no longer be valid for anothe
one. A more sophisticated controller which can maintaindgoo
damping over a wide range of operating conditions, is there-
fore needed. One solution of such controller is based olylate
developed algorithm for on-line detection of electromextal
oscillations based on Kalman filter [1]. It gives the infotina
about the actual dominant oscillatory modes with respect to
the frequency and damping as well as about the amplitude
of the oscillation obtained through on-line analysis ofnsilg
measured at appropriate places in the power system. This has
further been used as a basis for a direct adaptive tuningeof th
FACTS POD parameters based on residue method [2].

In order to apply the latter proposed method, the system
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Fig. 1. Considered adaptive control scheme for FACTS.

model has to be available in order to find optimal location f){ oy 10 del has in the time domain the form @

FACTS devices and consequently to calculate the values of
residues for the controller design. For the self-tuningticier
design technique proposed in this paper, no system model
is required. An adaptive control based on pole-shifting is
employed here. Allowing a self-tuning of the pole-shifting
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TABLE |

For the estimation error given by (2), equation (1) can be
VARIABLES OF THE ALGORITHM FOR PARAMETER ESTIMATION

written as (3).

(3) Variable | Descripti
N ny ption
g(k) = Z a;(k)y(k —1i) + Z bj(k)u(k — ) +e(k) y(k) | output measurement (desired response of model atA)me
i=1 j=0

u(k) | input measurement (controller output at tirke
4(k) | model output (response of model at tirkg
(k) | buffered measuremenis(k) € R("atny+1)x1
(k) = [y(k — 1), y(k — na), u(k), ..., ulk —ny)]
e(k) | estimation error at timé

The goal of the parameter estimation is to idengify, +n,+1)
coefficientsa; (k) andb;(k) of the model (1) so that the sum
of the squared prediction errors (4) is minimized.

J = mine?(k) = min [§(k) — y(k)}2 (4) p(k) | vector of estimated parametesgk) € R(ma+np+1)x1
ot , A(k) = [1,=p1(k), ., —pn, (k)] € R D1
Hence, for the model to be optimal fotk, its parameters B(E) = [P(na41)(K): -+, Png 1y 42 (K)] € RO HDX1
must be updated recursively once per sampling pefipdbr g(k) | Kalman-gain,g(k) € R"*1

each new measurementék) andy(k). The method employed (k) | correlation of estimation errois (k) € R™*"
here to track in real-time the values of the model parameters ¢,, | correlation of measurement nois@,, € R1x1
is based on techniques applied in [1] to monitor the dominant (), | correlation of process nois€), € R™*"

oscillatory modes. Unlike in [1], the input signal(k) is
measured here together with the outpik) and fed into
the estimated model here. From a theoretical point of view, m
the employed Kalman Filtering technique (KF) provides a
unifying framework for the complete family of recursive $ta
squares filters. The solution is computed recursively, apgl
without modification to time-varying or time-invariant env

ronments. From a practical point of view, KF has shown~ . hod le shifti hod deals with closed
an acceptable prediction error and short estimation tire (tass,|gnment method, pole shifting method deals with close

number of iterations necessary for the parameters to oge)/er|00p poles. The poles of the open loop system are first oltaine

in the presence of measurement noise (first results with-sinm?m characterlgtlc 'polynom|al and t.he'zn shifted toward the
lated and real measured data published in [1]). Moreover, gegIN of the unitz circle by a pole shifting factow.

enables to use both the measurement and process noiséydirect N

as tuning parameters. The set of the standard KF equations in ~ ——( )~ R (z1) |- [ s & |
a recursive form to be solved once per sampling pefigdis ) J

given by (5)-(8). The variables are described in Table I. The

theory of KF is well reviewed e.g. in [14].

. POLE SHIFTING CONTROL

Pole shifting method is based on pole assignment (place-
ment) method [5]. A controller based on the pole assignment
of a closed control loop is designed to achieve the pre-
Hefined poles of the characteristic polynomial [10]. Likdepo
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(1 ) Fig. 2. Considered closed loop control system for adaptiorei in time.

glk) = K(k=1)p(k) [¢" () (k= 1)(k) + Qm]~ S |
g(k) = T (k)p(k—1) (6) fTrP:efunC(.)ntrolled system is identified by a discrete model
pk) = plk 1) +[5() - y(®) g(h) @ oreem Ve B

To ensure good numerical robustness, the set of the standgfi# polynomials

equations (5)-(8) has been enhanced by (9) and (10). The o . L .
covariance matrixs (k) is enforced by (9) to remain symmet-A(z7 ) = 1+ a1(k)z7" +as(k)z7" + ... + an, (k)27 (12)
rical. For a better parameter tracking, a regularized eomst Bz =by(k)z 4 bo(k)z72 + ... + by, (k)27 ™ (13)
trace algorithm (10) has been employed with experimental
obtainedc; /c, = 10* and I being the unity matrix of the
same dimension a& (k) [13]. The tuning procedure of the
estimation with KF has been described e.g. in [1].

Where the system parameteais and b; are known from a
real-time parameter identification method for any timeThe
poles of the open-loop system are first obtained by solving
the open-loop characteristic equation from (12) frozentlier

K(k) K (k) + K7 (k) 9) actual timek:
ClK(]{Z) A(Z_l) =1+ alz—l + a22_2 +ot anaz_na —0 (14
o= tr(K (k) Tl (10) The discrete transfer function of the considered controNéh

As a result of the described adaptive model identificatic?ero reference value is given by
technique, the power system model (11) required for the Uiz™Y GG

—1 _ _
controller design becomes available at any tilne R(z") = E(z"Y) ~ F(z 1) (19)




where If the variable« in matrix L is fixed, one has a special case of

F(z-1) =1 44 fai 4 f 2 (16 the pole assignment control glgorlthm where the coeffisient
(") AR et i ,+ oy (16) of the controller transfer functiorf;(: = 1,...ny) andg;(: =
Gz ) =go+gz "+ g2+ 490,27 (A7) 1,..n,), can be calculated at every sample from (23) by
andnf:nb—l, ngzna—l, [6] R:M—IL (24)

The transfer function of the closed loop system, illustiaite

the block diagram in Fig. 2, than takes the form and the controk can be calculated, as shown in Fig. 2, by

V(" B(z"HG(z"") Uzl G(zY) .

EGT) - AGDFEO+BGEYGE T 8 BEGT) - Fih) B (25)
The transfer function of the closed loop system has to Bewritten in the time domain as
suitably adjusted by choosing a controller transfer fuorcti T
to guarantee the overall stability of the closed loop system u(k) = ¢ (k)R(k) (26)

According to pole assignment method, by choosing the chgyi, (k) derived in Table I.

acteristic polynomial Proper value of the pole shifting factor depends on the

. . operating conditions. From that reason it is desirable pad

Pz =1+ piz" (19)  the paramete on line. From (26) it is obvious that the control
=1 attimek, u(k), is a function of pole shifting factor at that time.

Sensitivity function can be calculated from (26) as

Np

in the polynomial equation

Pz = Az WF(z ") + Bz GGz (20) Su o OR o7
where n, = max(n, + ng,ny + ny), one should achieve oo oo
the pre-set poles. The characteristic polynomial (20) can Bubstituting (24) into (27) gives
defined by various algorithm [9]. In pole shifting algorithm Su SL
P(z71) takes the form of a polynomiali(z—!) multiplied S l - Mt Sa (28)
with an array ofa, 5
np Na o _ ol M~ [ay, 200, ..., ngay,, @™ 1 (29)
Pz =1+ Zpiz*i =1+ Z olagz (21) da
im1 =1 The modification factory is given by
where0 < a < 1 and the prescribed coefficients = 0 for du 4
i > ng. This implies that the resulting close-loop poles will Aa=K-| Sa [~ -Au (30)

be the roots of the characteristic equation given by
Pz =0 (22)

Substituting (12), (13), (16), (17) and (21) into (20) and
comparing the coefficients at the same power:of on the
both sides, gives:

where Av is the control margin defined as

Au:{ Umaz — W U >0 31)

U— Upin © <0

The variable pole shifting factory(¢), can be calculated by

M-R=1L (23) alk) = alke) + Aa (32)
where wherea(ty) is any value between 0 and 1.
1 0 0 b 0 . 0
ay 1 0 by b . 0 IV. CASE STUDIES
. ay . . by .. Using the described tuning algorithm, TCSC POD controller
Mo | e . 1 by, . . b was implemented in two different power systems described in
o 0 an, ay 0 by, - b this section. Nonlinear simulations presented in thisisect
0 . 0 were obtained using MATLAB/Simulink.
0 0 . 0 0 b, A. Two Area System
B Two area system, introduced in [11] as a benchmark system
[ ] ar(a—1) i for inter-area oscillations studies, consists of two gatoes on
. as(a? —1) each area, connected via a 220 km tie line. All generators are
. equipped with DC exciter models and modeled with transient
n— Iny |, I_ models. The on-line diagram of the test system is given in
| 9 ’ | an, (@™ —1) Fig. 3. TCSC used in the simulations are modeled using
. 0 the current injection model, [2]. The first question has to be
) ) answered is, which signal to choose as a feedback signal. The
| In, | 0 ] proposed method is applied so far just for PSS, [3]-[8]. kénli




to PSS, for TCSC application, there are a few approprigparameters of POD controller and without POD controller.
signals to be used as the feedback. Since the FACTS deviE&s 5 shows the time variations of the pole shifting varabl
are located in transmission systems, local input signéiks lic. On startup,a can have any value between 0 and 1, but it
power deviationA P, bus voltages or bus currents, are alwaywill achieve its appropriate value after some period of time
preferable. In this paper\P is used as feedback signal. As
in a case of choosing the feedback signal, the optimal gitti¥- New England System
of the FACTS device is also very important. Here, the TCSC In order to check ability of the proposed POD controller on
is located in line 8-9 as shown in Fig. 3, [12]. bigger system, the New England test system is investigéted.
In order to check controller ability to stabilize the systenpne-line diagram of the New England test system is given in
the Fig. 6. The power flow data for this system can be found
by o7 8 0w 3 in [10]. For this test system, the optimal sitting is invgated
based on the residue method, wit as the feedback signal.
Here, the most effective location means the best locatigheof
POD controller, while the compromise has to be found for the
location of both, the power flow control and POD controller.
G2 G4 To find the best siting for the TCSC different location in the
test system are tested. Residues associated with criticdé m
are calculated using the transfer function between the TCSC
active power deviatiod\ P and the TCSC input, that is control
variable, characterized by the compensation dedxég, i.e.
o ‘ ‘ ‘ the compensation in p.u. of the line reactance. According to
/ [2], the line 34-37 has the largest residue and therefore the
most effective location to apply the feedback control.
Fig. 7 and Fig. 9 show direct comparison between the active

Fig. 3. Two-area system single line diagram.

— with POD control
: without POD control
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Fig. 4. Active power flow in the controlled line 8-9 with andttwut damping
control after three phase fault is applied in parallel line.
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Fig. 6. System configuration for the case study.

o
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power flow response of the system to the fault with fixed
POD parameters and adaptive tuned parameters of the POD
controller, for two different cases. The fixed POD paranseter
are tuned using the residue method. The results given in this
figures show that the oscillations of the system are damped
out efficiency and demonstrates the ability of the system to

Pole shifting factor
o
=

o
w

o
N

0.1 i i i
0 5 10 15 20

time [s] adapt to a new operating conditions. Fig. 8 and Fig. 10 show
the pole shifting variablex.
Fig. 5. Variation of the pole shifting factoty. One more result of the adaptive model identification is shown

on Fig. 11 and Fig. 12. Fig. 11 shows the poles of the closed
a fault is applied in the parallel line 8-9. The fault is clegr loop system with the POD parameters tuned using the residue
after 100 ms by opening the faulted line. method, in the case with the fault applied in the line 25-35
Fig. 4 shows direct comparison between the active powand line 33-34 out of service, frozen for actual titneFig. 12
flow response of the system to the fault with adaptive tunathows the poles of the characteristic polynomial equation o



- fixed POD
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Fig. 7. Active power flow in controlled line 34-37 after faalpplied to line
12-26 with line 29-30 out of service.
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Fig. 8. \Variation of the pole shifting factoey, for case in Fig 7.
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Fig. 9. Active power flow in controlled line 34-37 after faalpplied to line
25-35 with line 33-34 out of service.
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Fig. 10. Variation of the pole shifting factos, for case in Fig 9.
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for case in Fig 9.

Imaginary axis

15

* %

% *

-0.5

0 0.5 1
Real axis

15

Fig. 12. Poles of the closed loop system with adaptive tur@B Bontroller
for case in Fig 9.

the system closed with an adaptive tuned POD controller, (22)

frozen as well for actual timé.

V. CONCLUSION

a priori the actual parameters of the power system model in
order to design the controller. This is a practical advaataiy

This paper presented a adaptive tuning method basedtba presented method. Simulations showed that the proposed
pole shifting approach, applied to TCSC. Using the proposetethod led automatically to an improvement of the damping
indirect adaptive control scheme, there is no need to knaharacteristic under different operating conditions.
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