IEEE Transactions on Power Systems. Vol. 13. No. 4. November 1998

TCSC Controller Design for Damping Interarea Oscillations

Qinghua Liu
qzl1@pge.com
Student Member

James D. McCalley
jdm@iastate. edu
Senior Member

Towa State University
Ames lowa

1304
Ning Yang
yangning@iastate. edu
Student Member
Abstract— Thyristor Controlled Series Compensator

(TCSC), a prominent FACTS device, can rapidly modulate
the impedance of a transmission line, resulting in improve-
ment of system performance. The purpose of the work re-
ported in this paper is to design a controller to damp in-
terarea oscillations. We have applied the residue method to
the linearized power system equations and obtained a gen-
eralized form which is suitable for different controller input/
output channels and therefore suitable for different control
devices. This method, together with modal sensitivities, is
applied to TCSC to determine the location, feedback sig-
nal, and controller design. The damping result is illustrated
by comparing changes in damping ratio and identifying the
increase of transfer capacity.

Keywords— TCSC, control, interarea oscillations, eigenval-
ues, residue, transmission

I. INTRODUCTION

Damping of electro-mechanical oscillation between inter-
connected synchronous generators is necessary for secure
system operation. A large power system has numerous
modes of oscillation. These modes can be placed into two
categories, local modes and interarea modes. Interarea
modes are more difficult to analyze and damp, since they
are influenced by global states, and therefore their analysis
requires the detail of the interconnected system.

FACTS devices are capable of improving steady state and
dynamic system performance. Since system oscillations are
heavily influenced by line impedance, TCSC can be very
effective in providing additional damping.

Different control methods and signals [1], [2] have been ap-

plied to TCSC to damp system oscillations. The method
presented in this paper is based on modal sensitivity and on
functional sensitivity [3] from small signal stability analy-
sis. The functional sensitivity, or residue method performs
eigenvalue placement using the residue. It was applied to
PSS in [4], [5], [6].
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When we apply this method to various FACTS devices such
as TCSC or SVC, some issues have to be addressed. First,
since there are several possible input/output pairs, it would
be helpful to obtain a model for control design that is appli-
cable to all of them. Reference [2] provides one. This paper
provides another one which is attractive because of its com-
pact matrix representation. Second, in the case of TCSC,
since it can be considered as the combination of steady
state compensation and a small deviation of compensation
in the small signal stability analysis, simply calculating the
functional sensitivity as in [7], does not account for the in-
fluence of the TCSC steady state compensation.

In section II. we briefly review the basics of using residue
for control design. Section III provides a unified model of
power system control design that can be used for various
types of control devices at any location. Section IV applies
the model of section III to TCSC installation in a sam-
ple system that has been previously used in the literature.
Conclusions are made in section V.

II. THE RESIDUE METHOD
A. Functional sensitivity

Figure 1 shows the transfer function of the closed-loop sys-
tem, where:

G(s)=C(sI - A)™'B+D (1)

is the transfer function of original system, and K H(s) is
the transfer function of the controller. K is a constant gain.
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Fig. 1. Transfer Function

The transfer function between the kth input and the jth
output G, (s) can be expressed in terms of residues and
system eigenvalues as:

Gorls) = 3. 4 2

where Rjji is the residue associated with 4th mode, kth
output and jth input. R;j, can be expressed as:

Ryj, = Cjtiv; By, (3)

0885-8950,/98,/$10.00 © 1997 IEEE



where ¢; and v; denote the right and left eigenvectors, re-
spectively associated with the ith eigenvalue.

Additionally, the residue can be expressed in terms of
mode controllability and observability. The controllability
of mode ¢ from the jth input is given by:

The measure of mode observability of mode ¢ from output

k is given by:
obsvi, = |Crti) (5)

It is clear that
IRuk| = IC};ti’Uz‘Bﬂ = ObS'Ui]' -CO’Tlti]' (6)
Reference [3] shows that the residue associated with an

eigenvalue A; and a feedback transfer function ¢(s, K),
where K is constant gain of the controller, are related by:

O O¢(s, K
ol Ri,-k‘”—(sJ G

0K

Eqt. 7 is known as functional sensitivity [4]. It gives the
relation between the sensitivity of eigenvalue to feedback
loop gain and the open loop residue associated with the
same eigenvalue.

The feedback transfer function in Figure 1 is:

¢(s, K) = KH(s) (8)
Substitution of ¢(s, K') into eqt. 7, and assuming the gain
K is small, we have:

AN

K,I_{l = Ry H(A;) 9)

If K =0 in the initial operating point, AK is equal to K.
Therefore, adding the feedback to the system will cause a
change in 4th eigenvalue as:

AAZ = Rij}cKH()\i)
B. Control Design Approach

(10)

Eqt. 10 shows the relation between the change in the 7th
eigenvalue and residue associated with the ith eigenvalue.
For each oscillatory mode, A; has a complex conjugate,
and so does the corresponding residue. We can design a
lead /lag compensation controller to shift the residue to the
negative axis, as shown in Figure 2, so as to make the
real component of A); more negative. The form of the
compensator design is given in [6] as:

ST 1 —+ STI m
- 11
KH(s) K1+3T [1+5T2] (1)
where:
(b = 1800 - arg(Rijk)
T 1 sin(%)
o = —_—
Ty 1+ sin(2)
1
Tl - w,\/a
Tg = aT1
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T is the washout time constant (usually 5-10 sec.), w; is the
frequency of the poorly damped mode in rad/sec, K is a
positive constant gain, and m is the number of compensa-
tion stages. The angle compensated by each block should
not exceed 60°.

Direction of Rotation

TN
Jw Rijk
¢ arg(Ryy)
HOU Ry, °

Fig. 2. Concept of compensation

III. GENERAL APPLICATION IN POWER SYSTEM

In this section we provide an approach for controller de-
sign that is generalized in that it can be used for various
types of control device, at any location, by specifying only
the controller input and output signal. We assume in this
approach that the controller can be modeled in the form
given in eqt. 11.

A. System Modes

The equations to describe the oscillatory behavior of a
power system are composed of a mix of differential and
algebraic equations that can be expressed as:

X, =
0

f(leXZau)
g(leX27u)

(12)

where X, denotes system state variables, Xy denotes volt-
age magnitudes and angles, and u is an output signal for
any specific controller of interest. We define Y as the con-
troller input so that:

Y = h(X1, X2, u) (13)
By linearization, we obtain:
AX = AAX + BAu
AY CAX + DAu (14)

where AX = AX, is the vector of state variables.

Eigen analysis of the system A-matrix will produce system
eigenvalues A; and their corresponding right and left eigen-
vectors t;,v;, respectively. Some of the modes are defined
as local modes and others are interarea modes as indicated
by the frequency range and system states by which the
modes are affected. The aim of the design of the controller
is to increase the damping of the poorly damped interarea
modes.
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B. Influence of controller output signal

From the concept of residue we know that the controller
output signal (i.e., the input signal of the original system)
directly affects the controllability and the corresponding
residue. Different power system control devices have dif-
ferent output signals. As for PSS, the output of the con-
troller is mixed with V.ey as an AVR input; for some of
the FACTS devices, the output may be the thyristor firing
angle. Representing the controller output signal as u, the
linearization of eqt. 12 results:

AX, = ;)éaxl + (;é AX, + %Au

0 = 8—6)?—1AX1 + aa—)éAXg + g—iAu (13)
Some manipulation yields:
AX, —5‘2?2 o [8‘9;1 AXy + %Au} (16)
-1
AX, = L%f - %8%9 5‘79} AX,
~1

[g_f - %‘;79 g_g} Au (a7)

Comparison of eqt. 16 to eqt. 14 indicates that the matrix
A and vector B in eqt. 14 are:

8f  Of 8g ' dg
X1 0X,0X, 0X,
8f Of Og "'og

B o= 5 T ax, 0% ou (19)

4 = (18)

Eqt. 18 and 19 show that the choice of controller output
signal u only affects the B vector, and it has no influence
on the A matrix.

C. Influence of controller input signal

The controller input signal is related to the residue via the
observability. Generator frequency deviation, bus voltage
and real power flow are all good candidates for controller
local input signals. If one is willing to accept additional ex-
pense associated with communication, global signals such
as intermachine speed difference may be used. Represent-
ing these kinds of signals, global or local, as y, the lin-
earization of the output signal in eqt. 14 yields:

oh oh oh
Substitution of eqt. 16 results in:
_[0h  8h 9g ' 8g
Ay = [a—x*éza—;@ ax, | A%
dh  Oh Bg oy
= A
[au 0X, 9x;  ou] (21)

Comparison to eqt 14 indicates that:

Oh  Oh dg 1 dg
0X, 0Xy0X, 09X,
dh Ok Hg ~tag

b= du  OX,0X, Ou

c = (22

(23)

Therefore. different controller input signals result in differ-
ent C and D vectors.

D. Determination of controller parameters

The controller gain K is computed as a function of the
desired eigenvalue location A; ges according to eqt. 10 so
that: \ )
1,des — N1
K R OO (24)
where we assume that the phase compensation of H(A;)
provides that K is real. Since eqt. 10 is derived under
the assumption that K is small, the eigenvalue after the
controller design may be different from the desired one.
Moreover we need to check that the influence of the con-
troller on the other modes is acceptable. If not, or un-
der the condition that we desire to damp more than one
mode. we mayv replace R;;; in eqt. 11 and eqt. 24 with
a weighted summation of the residue for all modes that
are to be damped, such that the least stable modes have
greater weight than the more stable modes. This approach
for damping multiple modes may require several iterations.

E. Location problem

From eqt. 10. it is easy to see that for the same gain of the
feedback loop. a larger residue will result in a larger change
in the corresponding mode. Therefore the best input and
output of the controller are those which give the largest
residue for the desired mode.

One practical consideration in choosing the input/output
pair is the cost of the compensator. Therefore, high residue
input/output pairs that require more than 60° phase shift
may be less desirable than the lower residue pairs that re-
quire less than 60° of phase shift, since 60° is an approxi-
mate phase limit for each compensator stage.

IV. ArpricaTiON TO TCSC
A. Calculation of system matriz of controller output
The design method mentioned above is suitable for appli-
cation to various controllers. Here, we apply it to TCSC.

We assume that the impedance associated with the TCSC
is:

Zrese = 2% se + AZresc(s) (25)
AZTresc

AZ - -0 26

rosc(s) TR — (26)

where Z;OC),SC is the steady state impedance of the device
and AZrcsc(s) represents the control influence on the



TCSC impedance. Trege is the time constant of TCSC
which is 0.015s, and AZ is the desired compensation of the
controller [8]. So the line impedance after installation of
TCSC is:
0

Ziine = Zjgne — Zre50 (27)
where Z,(?Tze is the line reactance in steady state. Since the
reactance of the line is constant, the change in total line
reactance is:

AZyine = —AZrcsc(s) (28)

Hence we can take the change of impedance of a transmis-
sion line as the output of the controller. By substituting
Zyine for uwin eqt. 19, the B matrix can be calculated. The
TCSC control loop is shown in Fig. 3.

+ AZ
u(s)

G(s) y(s)

1 AZ

1+8Tyege

KH(s) T

Fig. 3. Controller Loop of TCSC

B. Influence of different controller input

TCSC is more effective in damping interarea oscillations
when the controller input is a global signal. We have found
that the speed difference of two generators which oscillate
against each other gives a large observability, and so does
the change in tie line real power flow. So either of these
signals can serve as the input to TCSC controller.

Using speed difference as the controller input signal, since
the changes of speed are state variables, the output Y can
be expressed as:

AY = aAX; (29)

where: a = [0,0,---,0,1,---,~1,0,---,0} and 1 and —1
in the a vector corresponds to the speed difference as
Aw; — Awj. Therefore from eqt. 22 the C and D ma-
trices are: C =a and D = 0.

Interarea modes typically have high observability in the ac-
tive power of tie lines between areas involved in the inter-
area oscillation and high controllability in the susceptance
of the same line. So iz is efficient and practical to install
TCSC in a tie line and use the line active power flow as
the controller input.

The tie line active power flow is a function of voltage mag-
nitude and angle, which comprise X,. Therefore we may
write:

P = h(X,) (30)

By setting 5‘%?—] = 0 in eqt. 22, C and D can be easily com-
puted.
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C. Determination of Location

Because TCSC consists of a steady state, fixed value of
compensation together with control capability, identifica-
tion of the most effective TCSC location, in the most gen-
eral case, must be solved in two separate steps. In step
1, we identify the most effective location with respect to
steady state issues. These issues may include the effect on
small signal stability, voltage control and stability, subsyn-
chronous resonance, flow control, and others. In this paper,
we limit our consideration to the effect on small signal sta-
bility, and we assess this effect using modal sensitivity, as
described in subsection C.1 below. Once we identify one
or more possible locations for installation at fixed com-
pensation, then we proceed to step 2, where we identify
from among them the best possible control location. In
this step, we use the functional sensitivity approach, as de-
scribed in subsection C.2 below, where each location and
consequently each input/output pair is analyzed with the
fixed compensation installed for that location.

C.1 Step 1

The system in eqt. 12 can be expressed in the form of eqt.
31,

B.X., = A.X. (31)
where B, is a diagonal matrix with entry ‘1’ for differential
equations and entry ‘0’ for algebraic equations, X, includes
both X; and X», and A, is the corresponding coeflicients

matrix.

Let ¢; and ; denote the right and left eigenvectors corre-
sponding to the generalized eigenvalue problem. The eigen-
vectors can be chosen so that the following conditions are
satisfied for each eigenvalue.

Ae¢i = NBeg; (32)
iAe = AhiBe (33)
ViBegs = 1 (34)

Using the formulation in [9], the sensitivity with respect to
line susceptance By is:

0A, OB,
»; EE;@ - Azwzg“B—l@

O\
dB, P Be s (35)
., 0B
and with 8_B, =0,
0A,
—a_)\i i 0B, ¢ (36)
0B, )i B i

. 0N,
We see from equation 36 that we may obtain 3?’ if we can
!

A . .
£ To this end, we note that state variables,

0B’

compute



1308

voltage magnitudes and phase angles are all dependent on
the line parameter By, i.e.,
Ty = h1 (Bl>
Tz = hy(By)
Therefore, by the chain rule for partial differentiation,
0A.

0A. 04,

0
N
oB, 9B Bi0,210,220 11 Bup, 210,220 77
9A. 972
6:1?2 BB[

Bio,z10,220

The partial derivatives 0z;/9B; and 0z,/0B; in eqt. 38
are regarded as indirect sensitivities and are obtained at
the equilibrium point of the system, i.e., for a given oper-
ating condition, as denoted by 10, z20 and Bjg.

The equilibrium point of the system can be expressed from
equations 12 as:

0= f(zl,ﬂfz,Bl)

39
O:g(zh:EQIBl) ( )

Taking the partial derivative with respect to B; for both
equations, we obtain:

8f (91‘1 65132
e — —_— 4
0B An 0B, + Alz@Bl (40)
89 8.T1 8T2
— — — 41
8B, Angp, *A2gp (41)
so that:
81’1 8f
Ay A 8B, | _ | 8B,
ol E- s @
0B 0B,

We use LU factorization to get the left-hand side of equa-
tion 42.

C.2 Step 2

In order to compare the residues associated with different
input and output signals, we form the B and € matrices.
These two matrices are related to the B and C vector in
eqt. 19 and eqt. 22. The kth column of the B matrix is
a specific B vector and denotes the influence of change in
susceptance of the kth line on the system state. The jth
row in the C matrix is a specific C' vector and represents one
possible combination of speed difference when the input to
the controller is the speed difference signal; for the input
of tie line flow, the jth row represents the line number
from which the power flow signal comes. Then, the residue
matrix can be calculated as:

R; = Ctyw;B (43)

The k£ and j associated with the location in R; of the largest
residue gives the best location and controller inpuz signal.

If the controller uses only local measurements. the inpurt
and output are associated with the same circuit. There-
fore, consideration of local signals requires that we choose
the largest element on the diagonal of the residue matrix
in eqt. 43.

Note that the line associated with the largest residue for
speed difference input signal may not be the same as the
line associated with the largest residue for tie line flow in-
put signal. This is because for each line the observability
factor for speed difference is not the same as the observ-
ability factor for tie line flow. In addition, we note that
when using a speed difference input signal, since there is
no local measurement of such a signal, we choose the ma-
chine speed differences that give the largest observability,
and we use the same speed difference signal for all lines
considered as potential locations. Therefore in the case of
speed difference signal, the observability factor is the same
for all candidate locations, and the TCSC effectiveness de-
pends only on controllability. On the other hand, when
using the tie line real power flow as TCSC input, a local
measurement, the input is unique to each candidate loca-
tion, and the effectiveness depends on both controllability
and observability of the same line.

D. Numerical Ezample

A 3-area. 6-machine sample system [10] presented in Fig-
ure 4 is used to illustrate the siting and control approach.
This system gives 3 local modes and 2 interarea modes. Al-
though this is a test system, it well serves to illustrate the
approach. which remains the same for large systems. The
upper line between 10-11 is an equivalent line [10] (which
has impedance smaller than the lower one) and therefore
not a candidate for compensation. These two lines serve as
a tie line that connects area A with the others. Stressing
the system by increasing the load at bus #10 and gener-
ation at bus #6, one interarea oscillatory mode becomes
unstable, as indicated in Table 1.

TABLE I
Interarea modes before static compensation

Real Load at Bus #10 | 100 MW | 500 MW
Mode 1 f(Hz) 0.8774 0.8157
&% 1.6896 -1.5741
Mode 2 f(Hz) 1.1236 1.0841
&% 8.0260 7.5929

‘We compute the modal sensitivities for the unstable mode
to the line susceptance and list in Table II in rank order the
most effective lines. Since line #10 to #11 has the largest
sensitivity, it is a good candidate to install TCSC. This
line is compensated to 40 %. After this compensation, one
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Fig. 4. Sample System

TABLE II
Modal sensitivities to line susceptance
Rank Line Value
1 10-11(1) | 0.1142
2 9-12 0.0713
3 6-11 0.0107
4 4-9 0.0071
5 8-10 0.0044

mode is still unstable as in Table III. The mode shape of
the unstable mode is shown in Figure 5. It clearly shows
that the group of generators 3 and 4 oscillate against the
group of generators 5 and 6.

In Table V, we compare the residue of the two interarea
modes for the input/output pairs of Table IV. The phase
of mode 1 and 2 are close for each controller input; also it
is shown in Table III that the frequency of these two inter-
area modes are close to each other. Therefore, a controller
designed using either of these two modes will also improve
the other. Since mode 1 is unstable, we will use the residue
and frequency of mode 1 for the controller design.

Setting the desired damping ratio £ for mode 1 as 20 %,
we use eqt. 24 to calculate the gain K. The two interarea
modes are shown in Table VI, where the load at bus #10
is 500 MW. For the same mode 1 damping ratio, the con-
troller using tie line flow signal has smaller feedback gain.
The difference between desired and calculated damping ra-
tio is due to the fact eqt. 10 is exact only for very small

Interarea modes after static compensation

TABLE III
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Real Load at Bus #10 | 500 MW

Mode 1 f(Hz) 0.8882

&% -0.2475

Mode 2 f(Hz) 1.1349

&% 6.8664

x10°

"
0.8+
0.6F
0.4
Q.21
E o

06 08 1
x107

Fig. 5. Mode Shape of Mode 1

feedback gain, which we verified through calculation. In
addition, we observe that the other interarea mode (mode
2) has not been degraded significantly by either controller,
our result (not shown) also indicates no significant degra-
dation occurs in the local modes as well.

The performance of the controller can also be shown in
terms of the increase of transfer capacity. Without TCSC,
the maximum load at bus #10 is 400 MW. When TCSC
with controller using difference of speed deviation input
is installed, the maximum load is 5650 MW. When TCSC
with controller using line active power input is installed,
the maximum load is 800 MW, which is twice that of the
load without TCSC. Therefore, the TCSC controller yields
an expanded secure operating region, and we find that use
of tie line flow input signal is more effective than use of
speed difference input signal.

V. CONCLUSIONS

This paper presents a unified model for various in-
put/output pairs in the power system. Application of
modal and functional sensitivity to this model provides
that we can locate and design different kinds of power sys-
tem controllers. The method is illustrated by applying it
to TCSC controller design for damping interarea oscilla-
tions. A two step procedure is developed identifying the
most effective location for fixed and controlled compensa-
tion. A numerical example illustrates the effectiveness of
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TABLE IV
Residues of Different Controller Input

Speed diff. | Tie line flow

Residue,qz 0.1537 0.3342

Input Slgnal Aw4 - Aws APm‘ﬂo,ll

Location Line 10-11 Line 10-11
TABLE V

Residues of Two Interarea Modes

Speed diff. Tie line flow
Model | Mode2 | Model | Mode2
Residue 0.1537 | 0.0286 | 0.3342 | 0.3342
Phase(Residue) | 20.258 | 51.129 | 89.756 | 67.771

TCSC damping performance. Also it shows that for this
test system, the tie line flow signal is more effective than
speed difference signal as the input of TCSC. Use of tie line
flow rather than speed difference as TCSC input signal is
attractive since it is based on local measurements only.
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