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Abstract: In this paper, a novel approach is proposed by using optimal state feedback, based on the reduced — order observer
structure. The Linear Observer Method was adopted in this paper to study the SSR damping characteristics with TCSC. The
study system was modified from the IEEE Second benchmark model by changing a part of the fixed series capacitor to TCSC. It is
tried to stable torsional modes of turbine — generator units and improve their damping by using optimal linear control, with an
practical viewpoint. The proposed method is applied to the IEEE Second Benchmark system for SSR studies and the results are
verified based on comparison with those obtained from digital computer simulation by MATLAB.
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Introduction

Series compensation of power transmission
lines is an important way to improve power
transfer capability, especially where large
amounts of power must be transmitted
through long transmission lines. However,
when these techniques applied together with
a steam turbine-generator it may lead sub-
synchronous resonance (SSR) phenomena. It
means that, the interaction between the
electrical oscillation modes of the series
compensated network and the mechanical
oscillation modes of the turbine-generator
group may lead to oscillating torsional
torques.

The advantages of the series compensation
can be guaranteed without the danger of the
SSR phenomena if series FACTS (Flexible AC
Transmission System) devices is used. Some
techniques to mitigate SSR with series
FACTS devices can be found in the literature.
This technique can provide controllable series
compensation and reduce or eliminate the
effects of the sub synchronous resonance [1].

The series FACTS devices most analyzed and
applied to mitigate SSR is the Thyristor-
Controlled Series Capacitor (TCSC). Pilotto et
al. [2] have shown that TCSC operating with
local current control can efficiently mitigate
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SSR problem. However, they have also shown
that TCSC cannot damp SSR when it is
operating with large firing angle (between
and). Kakimoto and Phongphanphanee [3]
have also demonstrated that TCSC can damp
SSR if its firing angle is modulated with the
rotor angle variation. But in the practical
environment (real world), access to all of the
state variables of system is limited and
measuring all of them is also impossible. So
when we have fewer sensors available than
the number of states or it may be undesirable,
expensive, or impossible to directly measure
all of the states, using a reduced-order
observer is proposed. Therefore in this paper,
a novel approach is introduced by using
optimal state feedback, based on the reduced-
order observer structure. Note that, in the
simulation of this paper the IEEE Second
benchmark model are used based on three
cases, such as: a) fixed capacitor, b) With
TCSC and ¢) With TCSC using reduced-order
observer.

Based on comparison of these cases, it has
been observed that proposed method gives
good results and the peak deviations of SSO
is reduced by using this method with a
practical viewpoint [6-7].
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Method

A TCSC consists of a capacitor in parallel
with an inductor that is connected to a pair of
opposite-poled thyistors. An approximate TCSC
dynamic model is derived by representing the thyristor-
controlled reactor (TCR) (See Fig. 1) of the TCSC as an
equivalent variable inductance [4, 5]:

7.Lycr

LTCSC = 2( (1)

7 —a)+sin2a

Where Lrcr represents the fixed inductance of the
TCR branch and «is the firing angle of the
TCSC.

L =lmp Il/rr*c(*
1\

Fig. 1: Schematic representation of TCSC

The system under study is shown in Fig. 2.
This is the IEEE Second benchmark model,
with a fixed series capacitor and a TCSC
connected to it. This system is adopted to
explain and demonstrate applications of the
proposed method for investigation of the
single-machine torsional oscillations. The
system includes a T-G unit which 1is
connected  through a  radial series
compensated line to an infinite bus. The
rotating mechanical system of the T-G set is
composed of two turbine sections, the
generator rotor and a rotating exciter. The
system parameters are provided in [6].
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Fig. 2: Schematic diagram of the IEEE
Second Benchmark System.
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Using direct, quadrature (d-q axes) and Park’s
transformation, the complete mathematical model
that describes the dynamics of the system can be
found in [7]:

AXGen = AgAXgen + BgiAU; +Bg,AU, +Bg3AU5 +Bg, AU, (2)
AYgen = CGAXGen (3)

It is noted that Cg is an identity matrix. The
following state variables and input parameters
are used in (2):

T . . . . .
AX gen :[A' g Alg Al Al A'kq] (4)
AUgy =[AVe A8, Aw, AE] (5)

The shaft system of the T-G set is represented by
four rigid masses. The linearized model of the
shaft system, based on a mass-spring-damping
model is:

AX ptech = Ay AX yech + BmaAU w1 + By2AU (6)
AyMech = CM AX Mech (7)

Where, Cu is an identity matrix. The following
state variables and input parameters are used in
(6):

My’ =0, Aoy A6, Aoy AS, Ao, AS; Aws|  (8)

AU MechT = [ATm ATe] 9

It is available All parameters which in use (2) -
(9) at [6]. For finding mathematical model of
Transmission Line, we can assume:

AVc = AVyc +AVrcse (10)

Where, AVxc is variation of fixed series capacitor
voltage. Linearized model of a TCSC compensated
transmission line is:

AXTCSC = AFCSCAXTCSC + BTCSCAUTCSC (11)

The following state variables and input
parameters are used in (11):

T . -
MXrese = [AVTCSC(d) AVrcseq)  Alrer) A'T(:R(q)] (12)
Arese” =[Ny Al Ao, Ad] (13)

The expressions of matrices Arcsc and Brcsc can
be found in Appendix A. Mathematical model of
Transmission Line without TCSC can be written:
d

EAVXC(d) = @gkspm XcAlg + @AVxc (q) (14
d .
EAVXC(q) = woKsgy XcAlg — @pAVyc (g) (15)
Where Kspmis represented by:

2 2

Ksau :J Rip” +Xip
2 2
(RL1+RL2) +(XL1+XL2_XC) (16)
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By combining (10)-(15), Linearized model of
transmission line is given by:

AX Line = ALine®X Line + BLineAU Line 17

T . .
AX Line :[AVC(d) AVe(g)  Abrere) A'TCR(q)] (18)

Note that, in (17), Matrix AULire 1s similar to
AUrcsc. The excitation system model is given in
Fig. 3. This includes a static exciter containing an
automatic voltage regulator (AVR) and a PSS.
The PSS contains a washout circuit and a lead-lag
block in addition to a limiter. The input to the
PSS is angular velocity of generator (Awg). From
Fig. 3, the exciter state space Linearized equation
can be written as:

d d

T DX + Xy =Ty oy (19)
d d

T 5 Vs +AVs =TyKs =My + K5Oy (20)
d

Ty o A+ AE = Ka AV, +AVs —AV,) 21)

Proposed Approach

Optimal control must be employed in order to damp out
the sub synchronous oscillations resulting from the
negatively damped mode. For the linear system the
control signals U which minimizes the performance
index:

J= JA[AXTotaI-r (t)QAXTotalt(t) + AuTotaIT R,uAuTotal(t)]dt (2§

1s given by the feedback control law in terms
of system states:

U(t):_K ‘AXTotaI(t) (23)

K= R/fl'BT()talT P (24)
Where P is the solution of Riccati equation:
ATotalT P+P Aot — I:"BTotaIR/.:_lBTotalT P+Q=0 (25)

In this paper to improve damping of sub
synchronous oscillation (SSO) pragmatically,
reduced order observer method is proposed,
but to have a complete research, optimal full
state feedback control is designed and the
results are compared. When feedback control
law is U (t) = -K. AX 1otal, if some of the state
variables in vector Ax Total 1s not measurable,
observers may be used.

A full order observer estimates all the states
in a system, regardless whether they are
measurable or not but when some of the state
variables are measurable using a reduced-
order observer is so better. By assumption
AXGen1=AXGenT. N Gen1 and AXwmech1=AXMecnT. H) Mech1
the state variables are unmeasurable, are
given by:
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T 5T
MXops' =[AXgem Myegn Miine Mpxe |=AX (26)

The Luenberger reduced-order observer is
used as a linear observer in this paper. The
general diagram of control model and block
diagram of this reduced-order observer is

e 3 el
*— AT‘. Cn A - 1
—g——n— b i

; Mech. Syste
LA ch. System :
Al 1
\.'\‘T :
Ap_‘): :

: AS. 1
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|}
AX R !
|}
)
1
Ay AV, s
Fig. 4: The block diagram of the excitation
system

Fig. 5: Shematic Diagram of State Feedback
Using Luenberger Reduced Order Observer

Simulation Results

Eigenvalue analysis is a fast and well-suited
technique for defining behavioral trends in a
system that can provide an immediate
stability test. The real parts of the eigenvalue
represent the damping mode of vibration, a
positive value indicating instability, while the
imaginary parts denote the damped natural
frequency of oscillation.

As mentioned earlier, the system considered
here is the IEEE Second benchmark model
(IEEE-SBM). It is assumed that the fixed
capacitive reactance (XC) is 77% of the
reactance of the transmission line (XL1=0.48
P.u). For the nominal operating point, the
TCSC firing angle is chosen such that the
total series capacitive compensation is 60% of
trans- mission line reactance.
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Simulation studies of IEEE-SBM carried out
on MATLAB platform is discussed here. The
following cases are considered for the
analysis.

o Case-1: Without TCSC (compensation only
by fixed capacitor, XC = 0.3696 using linear
optimal controller).

e Case-2: With TCSC (XC=0.0816,
XTCSC=0.288 without linear observer).

e Case-3: With TCSC (XC=0.0816,
XTCSC=0.288 using reduced-order
observer).

Fig. 6 observes the variations of torque of the
rotating mechanical system of the T-G set for
cases-1, 2 and 3. It 1s noted that, with case-1,
amplitude of oscillations i1s maximum. Its
SSO is damped in a longer time. Also it
illustrates that, with case-3, amplitude of
oscillations is minimum. Its SSO is damped
in an earlier time. It is observed that, Using
the proposed method the torque deviation of
case-3 have a better dynamic response in
comparing with the other cases.

Variation of Torque Low Presuure Turbin-High Presuure Turbin
T T

01f

- Fixed Series Capacitor with Linear Optimal Controller |
-:===== TCSC without any Controller
””” TCSC with L}.lenberger's Reduced—Order Observer

T(LP-LPH)
=

: : L : L : : L :
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Time(sec)
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