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Abstract

This paper solves the problem of power system stabilization by using the advanced static VAR compensator (STATCOM) to increase the
damping of the electromechanical and exciter modes of the power system. The dynamic oscillations are repressed by the proposed
STATCOM controller, which is designed using a two-level optimization output feedback control and the strip poles assignment method.
The linear quadratic regulator method does not require pre-specified weighting matrices. The two output feedback control schemes, designed
using the direct and minimum error excitation methods, respectively, are compared. To show the effectiveness of the dynamic oscillation
suppression, eigenvalue analysis and nonlinear simulation were used to demonstrate that the proposed STATCOM controller significantly

improves the dynamic performance of the power system. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Due to the increase in power requirements, it is important
to supply power more effectively. High voltage DC
transmission provides improved power transmission for
networks. The flexible AC transmission system (FACTS)
is a conventional AC transmission system with added
power electronic conditioners for greater efficiency.
Advanced static VAR compensator (STATCOM) is one of
the FACTS equipment packages. In 1992, an 80 MVA static
VAR generator (SVG) was developed for industry by Japan.
This was a proof that the SVG can increase system damping,
power system stabilization, and power transmission limits.
In 1994, the biggest SVG was equipped in the United States.
This unit decreased low frequency oscillation and made the
voltage more stable [1].

In a power system, oscillations occur when there are
disturbances in the system such as a change in load or a
fault in the system. The damping of the system should be
great enough that the synchronous generators can return to
a steady state after disturbances [2]. These oscillations can
injure the power transmission. Several studies have
provided various methods for oscillation damping, such
as excitation control [3], static VAR compensator (SVC)
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[4-6], the NGH scheme [7], static phase-shifters [8] and
superconducting magnetic energy storage (SMES) [9,10],
etc. STATCOM is a second generation FACTS equipment
based on a voltage source inverter. The major advantages of
STATCOM over the conventional SVC are, significant size
reduction and reduced number of passive elements due to
the development of supercapacitor technology and the
ability to supply required reactive power even at low bus
voltages [11].

This study examined the application of STATCOM for
damping electromechanical oscillation in a power system.
We considered a power system with static and dynamic
loads. When a disturbance occurs, the STATCOM control-
ler can provide a damping torque signal to improve the
system stabilization to make the system return to a steady
state quickly, make the system damping large enough to
decrease the oscillations, and pre-specify the system eigen-
values to a stable range for the desired relative stability. The
output feedback controller can be used to design a STAT-
COM controller for damping system oscillations under the
structure constrained in a practical system.

2. System model
This power system consists of a synchronous generator

connected to two parallel lines through a single line to the
infinite bus. A static, dynamic load and a STATCOM unit
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Fig. 1. System model.

are located at the load bus, as shown in Fig. 1. The dynamic
generator equation can be described as a two-axis model [2],
where the transient voltage equations are

=[~E§ — (Xg — X1 )T (1)
Eq=[Em — Eq+ (Xq — X))/ T4 )
The swing equations are
& = (P, — Dyw — P.)IM, 3)
5= wp(w—1) )

where P, = EL4I; + Eillq is the electromagnetic power of
the generator.

The system excitation for the synchronous generator was
selected as the IEEE Type-1 excitation system with a
constant prime mover mechanical torque, and a s-domain
block, as shown in Fig. 2 [12].

The static load is generally represented by voltage depen-
dent nonlinear functions. The load equations which describe
the active and reactive power are [13—15]

OL = ¢V} o)

where the weighted coefficient percentages ¢, and ¢4
describe the amount of power. The exponents, n, and ng,
identify the load characteristics and are usually determined
using measured load mixed data for the load buses.

The dynamic load is constructed by a group of induction
motors [15—17]. For stability study purposes, these motors
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Fig. 2. Exciter.

can be combined into an equivalent one using the aggrega-
tion method [18]. A fifth-order dynamic model of the
induction motor was used in this study to obtain a more
detailed result. The dynamic equations are

d _

5[1] = [LI"'{ — [RII] + [V]} (6)
do, _

a (Tne = Trom)/2H (N
where

[I] [qsm Idsm Iqrm Idrm]T

[VI=[Veqa Vaa 0 O]
Lgs 0 Ly O
Lsgs 0 Ly

(L] =

Ly 0 L, 0

RS - wLSS 0 - wLM
(OLSS RS (ULM 0
[R] =
—(0— wr)LM R, —(0— wr)er
(w—w)ly O (w— o)L, R,

The = LM(IdsmIqrm - Idrm]qsm)

The STATCOM unit configuration, as shown in Fig. 3,
contains a Y — A/Y — Y connected transformer, a 12-pulse
cascaded bridge type converter/inverter, and a capacitor
bank parallel with the leakage resistance. The forced-
commutated GTO converter/inverter controls the firing
angles 6 of the cascaded converter/inverter and provides
the STATCOM with the ability to control the reactive power
flow in the three-phase AC bus.

The STATCOM mathematical model can be written with

30 AC
BUS
o ~
Y-NTY-Y
CONNECTED 12-PULSE
TRANSFORMER CONVERTER

Fig. 3. Schematic configuration of STATCOM unit.
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Fig. 4. STATCOM steady state performance.

the Iy, Iy, and Vg differential equation in the form [19]

: —Riw, Ky, w,
Iy = Tlsd - wlsq + TCOS(QS)Vdc - FVdA 3
. Rl w, Ko, . @y
Iy = wly — #1&4 + 7 sin(6,)V,. — ?qu 9)
. 3,
Vdc == EKC Wy, COS(OS)ISd
3 . w,C'
- EKc’wb sin(0,)1y, — R—,de (10)
P

where Iy and I are the active and reactive current flows
in/out bus A, and V. is the voltage of the capacitor. The
steady state characteristics of the three states of the STAT-
COM model are plotted in Fig. 4 as a function of the firing

Table 1
System eigenvalues

angle 6. It can be seen that the three states are nearly linear
around the operation point.

Combining the generator, excitor, and loads, we can
obtain a set of 12th-order nonlinear differential equations.
The system data are given in Appendix A. At the initial
operating point, all of the nonlinear differential equations
can be linearized to obtain linear differential state equations.
The stability of the system can be determined by examining
the eigenvalues obtained from those linear state equations.
All of the eigenvalues must be located at a distance from the
imaginary axis for better system damping.

The complete eigenvalues for the open-loop system,
without the STATCOM unit, are tabulated in the second
column of Table 1. The electromechanical mode and exciter
mode are located at —0.302 % j9.632 and —0.987 * j1.193,
respectively. It is observed that there is very low damping
on the low frequency oscillation, which is dominantly
affected by the electromechanical mode. When the STAT-
COM unit is incorporated into the power system, the system
eigenvalues are given in the third column of Table 1; the
electromechanical mode is still not sufficient. Therefore,
some additional control signals must be employed to repress
the low frequency oscillation under system disturbances.

3. STATCOM controller design
3.1. Strip-eigenvalue assignment

In this paper, a supplementary STATCOM controller
is proposed to increase the damping of the electro-
mechanical mode. The bus voltage V, feedback is
used to regulate the reactive power to damp the system
voltage stability. Applying the state feedback and output
feedback as the damping signal, the STATCOM control-
ler can provide a supplementary damping signal to the

Without STATCOM

With STATCOM but
without controller

With STATCOM and
state feedback

With STATCOM and output feedback

By direct method

By MEE method

Generator

Exciter

Induction motor

STATCOM

—1.918 *+ j2.846
—0.302 = j9.632%

—43.124
—0.987 +j1.193°

—43.146 *+ j391.285
—10.249 = j30.612
—14.758

—2.039 *+ j2.939
—0.304 *j9.467"

—45.187
—0.873 +j1.112°

—44.527 + j389.513
—10.249 + j30.098
—15.650

—212.550 * j47.581
—73.014 * j1466.687

—2.039 + j2.939
—2.264 * j9.383°

—45.187
—1.436 =+ j1.096"

—44.527 + j389.513
—10.249 *j30.098
—15.650

—212.550 * j47.581
—73.014 + j1466.687

—0.851 + j2.468
—2.820 * j9.562°

—48.427
—2.044 +j1.111°

—43.640 * j389.621
—10.048 = j29.846
~15.738

—255.550
—137.807
—71.740 % j1462.543

—1.459 +i2.278
—2.276 * §9.401°

—36.223
—1.435 +j1.509°

—44.947 + j390.530
—10.268 * 30.201
—15.614

—224.540
—193.327
—72.654 = j1472.289

* Electromechanical mode.

® Exciter mode.
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Fig. 5. STATCOM controller.

firing circuit input of the STATCOM unit, as shown in
Fig. 5.

In order to determine the gain of the STATCOM control-
ler, the linearized state equations of the system, including
generator, exciter, loads, and STATCOM unit, are repre-
sented in the following compact form

X(t) = AX(¢) + BU@®), X(ty) = X, (11)

Y(t) = CX(¢) (12)

where

X(1) = [Aw, A8, AVgg, AEgp, AV, AEy, AE(, Al s, Ao,

Al gy, Mg, Awy, Alg, AL, AV, A9

q
is the system state vector, Y(¢f) = CX(¢) is the output
vector, U(f) = Uscom 1is the supplementary control
signal from the STATCOM controller. A, B, and C
are the coefficient matrices of the system with an appropri-
ate dimensions.

In the design of a conventional optimal control system, it
is desired to get U(f) such that the performance index J is
minimum, where

J= % Jo X" (1)0X (1) + U (t)RU(1)]dt 13)
The weighting matrices Q and R are n X n nonnegative and
m X m positive definite symmetrical matrices, respectively.
The optimal control vector is U°(f) = —F°X(f), where the
feedback gain is F° = R 'BK with K being a symmetric
positive definite solution of the matrix form Riccati equa-
tion in closed form

A"K + KA - KBR'B'"K + 0 =0, (14)

and the closed loop eigenvalues, denoted by A(A — BF°®) =
[A1s s A Aytets <o A, ], will lie in the open left-half plane
of the complex s-plane as the desired damping for the
system.

In conventional LQR problems, the optimal gain is
designed by selecting weighting matrices redundantly in
accordance with the desired practical application. For
simplicity, the matrices Q and R are usually chosen as dia-

gonal matrices. To improve the system performance, the
weighting matrix R is set as an identity matrix for equal
weighting of the m control inputs. The weighting matrix Q
must be determined previously, such that the controlled
eigenvalues A to A, will be selected and shifted to a desired
location.

For a large-scale system, it is difficult to pre-determine
the weighting matrices, Q and R. The repetitive trial-and-
error method is the most common approach for determining
the weighting matrices. To overcome this difficulty, a
unified countermeasure is proposed as follows, where the
closed-loop eigenvalues are shifted to a pre-specified verti-
cal strip without the need for weighting matrices.

Let £=0 be a real number, which represents the
prescribed degree of relative stability. We change the
system matrix to A=A + £I,, and the unstable system
eigenvalues of A will be shifted to their corresponding
locations with respect to the —¢ vertical line, where I, is
an identity matrix. The overall system eigenvalues of the
closed loop system, A, = A — BR™'B"K, are on the left side
of the —¢ vertical line of the complex s-plane, where K is
the solution for the following closed form Riccati equation
with Q0 = 0,, [20]:

A"K + KA—KBR'B'R+0=0, (15)

Assume that &, and &, are two positive real numbers
denoting the vertical strip of [—&,, —&;] on the negative
real axis of the complex s-plane. Given A =A + £,1,,
the control law is modified to U(f) = —F°X(t) =
—pFX(1) = —pR™'B'KX(r), where F° is the optimal
gain vector determined by the strip pole assignment
method, matrix K is the solution for the modified Riccati
equation:

A"K + KA — KBR'B'Kk =0, (16)
The gain p is selected by

52 - 61
tr(BF*)

a7

p=0.5(1+ 52_51)=05+

tr(A™)

where tr(A*)=—S", AF = 12uBF") and A (i=
1,...,n") are the unstable eigenvalues of A.

The optimal closed-loop system become X(f)=
(A — pBF)X(1), A(A — pBF) which denotes a set of eigen-
values located inside the vertical strip of [—&,, —&;]. As
mentioned in Eq. (16) for equal m control input weighting,
R can be a unity matrix. The proposed optimal strip
eigenvalue placement can be used to design the supplemen-
tary damping controller without the need for weighting
matrix Q.

3.2. Output feedback controller

Since the control signal from the optimal controller is
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a linear time-invariant combination of all states, it is
impractical in a real system. Some system states cannot
be measured. Consequently, we want an output feedback
controller with measurable signals:

US() = —P°Y(t) = —P5CX(t) = —FX(t) (18)

It is noted that U® (?) is also a linear time-invariant combina-
tion of the system states and a near optimal controller.

3.2.1. Directed method

Let F° = pF, then the output feedback gain designed by
the directed method can be obtained from Eq. (18). The
output feedback gain vector is

PS =F5C* = pFC* (19)

where C* is the pseudo-inverse of matrix C. If there is
only some feedback signal same as the states of the
system, the output feedback gains are same as the
state feedback gains which correspond to the measurable
states.

3.2.2. Minimum error excitation method

If F$ = F° = pF, the near optimal controller is optimal.
However, this rarely occurs in practical systems. Therefore,
we defined the state error vector

e)=X() =~ X°(0),  elty) =0 (20)
where Xs(t) is the sub-optimal state vector, and X°(¢) is the
optimal state vector. Differentiating both sides of Eq. (20),
and substituting Eq. (11) in Eq. (20), we get

é(t) = (A — BFS)e(t) + B(FS — FO)X°(r) (1)
Let the excitation error vector be

h(t) = (F° = F)X°(0); (22)
then

é(1) = (A — BFS)e(t) + Bh(t),  e(ty) =0 (23)

To minimize the effect of /(#) in the time span, a quadratic
excitation performance index J is defined as follows:

~ 1 (*® ~

T=3 j R (O)Rh(t)dt (24)
0

Minimizing the excitation performance index yields the

output feedback sub-optimal controller in Eq. (18) [21],
where P® is the output feedback gain and

PS = F°LCT(cLCT)™! (25)

L is the solution of the matrix equation
(A — BF)L + LA — BF®)T = —1 (26)

The closed loop system with the output feedback sub-
optimal controller is

X() = (A = BF)X(),  X(1) = X, 27)
The output feedback controller designed using the second
optimization approach only guarantees a minimum excita-
tion performance index, but does not ensure a stable system.
It is necessary to check that all eigenvalues of (A — BF %)

have negative real parts and the pre-determined modes have
adequate damping.

4. Results and simulations

Eigenvalue analysis is usually employed to investigate
the small signal stability of a system. The pole configura-
tions are utilized to verify the amplitude and the location of
the dynamic modes of the studied system. The results are
tabulated in Table 1, and the corresponding pole configura-
tion is shown in Fig. 6. To improve the electromechanical
modes damping of the studied system, we selected
[, =8 1=1[-4.1,—-1.1] to design the STATCOM
controller under two different control schemes as follows.
The output vector ¥ = [Aw, AS, AV,, Al,] is chosen for this
study.

Scheme A: optimal STATCOM controller designed using
the optimal strip eigenvalue assigned method.

Uscom(®) = —10.855Aw — 0.040A8 — 0.039AVgxg
— 0.050AEgp + 0.337AV, + 0.011AE}
- O.402AE{1 — 0.111Al 4, + 0.0002A144,
— 0.113A7;,, + 0.00004Al4,, — 0.053Aw;
— 0.001A74 — 0.002A7, + 0.001AV,
+ 0.012A0,
Scheme B: output feedback controller designed using
the direct method. The feedback gain is the same as

optimal feedback gain with the directed measurable
state.

Ulcom(® = —10.855A0 + 0.175A8 — 0.229AV, — 0.190A1,
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Scheme C: output feedback controller designed using the
minimum error excitation method.

Ut om(H) = —8.669Aw — 0.049A8 — 0.518AV, + 0.040Al,

The eigenvalues of the system with the proposed opti-

Angular speed devilation of genertor, p.u.
=]
:

=
[N
w R
N
w
=

time,sec

mal STATCOM controller are tabulated in the fourth
column of Table 1. The pole configurations are plotted
in Fig. 6. It is observed that all of the eigenvalues are
shifted to the vertical strip in [—4.1, — 1.1]. The elec-
tromechanical mode and exciter mode shifts to
—2.264 £79.383 and —1.436 *j1.096, respectively.
The damping ratio of the dominant mode can be
improved to the pre-specified level for the desired
system. It should be noted that the optimal STATCOM
controller does not destroy the other mode shapes in the
system. The eigenvalues with the output feedback exci-
tation controller are given in the fifth and sixth columns
of Table 1. The poles are also plotted in Fig. 6. The
damping effect of the output feedback scheme is little
smaller than that for the state feedback scheme, but the
eigenvalues of the electromechanical mode and exciter
mode are also near the vertical strip. The output feed-
back controller was designed using the minimum error
excitation method. The system mode shapes were
destroyed somewhat more than those in the state feed-
back scheme. The damping effects are as acceptable as
the original state feedback control scheme. The mini-
mum excitation error method is better than the direct
method.

To examine the damping effect of the proposed
controller during a dynamic period, we performed
time domain simulations based on the nonlinear differ-
ential equations, which describe the system behavior
under disturbance conditions. The nonlinearity, such as
exciter ceiling voltage limit, must be included. A
100 ms, transmission line 1 open-fault was used as the
power system disturbance. The dynamic responses of
the power system are shown in Figs. 7-9. Fig. 7 shows
the dynamic responses of the system under various con-
trollers. Fig. 8 shows the dynamic responses of the system
with the STATCOM controller, which was designed using
the MEE method. Fig. 9 is the dynamic responses under

Rotor angle deviation of generator, p.u.

8 L L L L '

time,sec

Fig. 7. Dynamic responses of the system for 100 ms, 1% mechanical torque change of generator. — — —: open system, —.—.—.: System with STATCOM and
output feedback controller (direct), system with STATCOM and output feedback controller (MEE).
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various load conditions. The significant observations are
summarized as follows:

1. The system with the optimal STATCOM controller can
shift the electromechanical and exciter modes to a pre-
specified vertical strip without affecting the other modes.

2. The systematic design method is very simple and does
not involve weighting matrix pre-specification.

3. The sub-optimal STATCOM controller used only the
available states as the feedback signals. The mini-
mum error excitation method is better than the direct
method because it does not destroy the generator mode

shapes.

4. The mode shapes of the system with a sub-optimal output
feedback STATCOM controller destroyed more states than
the optimal STATCOM controller. The electromechanical
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and exciter mode damping were improved to an accep-
table region.

5. Conclusions

In this paper, a systematic approach was used to design a
STATCOM controller to damp the electromechanical mode
oscillations in a power system. The state feedback gain of
this controller was designed using the proposed LQR
method, and does not involve choosing the weighting
matrices. The output feedback gain was obtained using the
direct and minimum error excitation methods. Eigenvalue
analysis and dynamic simulations show that the proposed
STATCOM controller can provide adequate electro-
mechanical mode damping for a power system under
disturbance. The decentralized STATCOM control, which
is designed to increase the damping of the multimachine
power system by the multiple constraint minimum error-
excitation method, is currently under study and will be
submitted later.

Acknowledgements

The author would like to thank the Fu-Jen Catholic
University Cross-Cultural Center (0202-General-1999-1.0-
0141) for the financial support to the study, and the Fu-Jen
Catholic University and SVD section for the support of
computing facilities.

Appendix A. System data

Generator and transmission line.

Rated 160 MVA, rated voltage 15 kV, power 1.0 p.u.,
power factor 0.85 lag, X; = 0.265 p.u., Xy = 1.72 pu, X, =
1.66 p.u., R, =0.001296p.u., D, =0.0, M, =474s,
Tho=0075s, Th=590s, w,=37Trads ', R, =
ReZ =0.03 p-u., Lel = Le2 =0.6 p-u., Re3 =0.05 p-u.,
L = 0.05p.u.

Exciter. Ky = 13.0,Ty, = 0.21s,Kg = 0.05s,7g = 1.0 s,
Kg = —0.0497, Ty =0.185s, AEX =0.0013, BEX =
0.553

50% static load.Cp =0.25,C;=0.12

Induction motor load [18].

Rated 1500 HP, rated voltage 2.3 kV, Rs = 0.056 (),
R, =0037Q, L,=00537H, L, =0.0537H, M=
0.0527H, J = 44.548 kg m?. 20 motors are used to repre-
sent 50% of dynamic load.

STATCOM unit [19].R, = 0.01 p.u., L' = 0.15 p.u,K =
4.0/m, €' =0.85p.u., R, =100kp.u.”", 60 =0° T, =
0.024 s, K, = 1.0

Initial operating conditions.Py = 1.0 p.u., V; = 1.0 p.u.,
P.F.=0.85 lag.
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