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Abstract

The sub synchronous resonance (SSR) is a substantial problem in power system having a steam
turbine generator connected to a series compensated transmission system. Flexible AC transmission
systems (FACTS) controllers are widely applied to mitigate SSR. In this paper, a bus voltage and line
current (BVLC) supplementary subsynchronous damping controller (SSDC) is proposed to alleviate
subsynchronous resonance (SSR) and damping power system oscillations in a power system. Both
eigenvalue investigation and time-domain simulation results verify that the proposed method can damp
torsional oscillations of the power system with SVS bus voltage and line current (BVLC) supplementary
controller.The results demonstrate that the proposed controller has a successful performance in minimizing
the SSR.It is shown that the controller is able to stabilize all unstable modes. The study is performed on
the system adapted from the IEEE first benchmark model. All the simulations are carried out in
MATLAB/SIMULINK environment.
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1. Introduction

In electric power system series compensation in an AC transmission line is an effective
means to enhance power transfer capacity and improve transient stability. However, one of the
important problems in power systems employing series capacitors in AC transmission lines is
the interaction between mechanical system comprising various stages of steam turbines,
generator rotor and the series compensated electrical network. If any natural frequency of
oscillation of the combined torsional system matches with the complement of the resonant
frequency of the Iline inductance and series capacitance, growing oscillations of
subsynchronous frequencies result in the power system. This phenomenon is called
subsynchronous resonance. Two incidents of shaft failure occurred in 1970 and 1971.The SSR
phenomenon was discovered during the extensive analysis work following these events [1-2].

After these incidents, great effort was directed from the utilities to avoid the risk of SSR
during system operation. Subsynchronous oscillations due to the interactions of series
capacitors with turbine-generator mechanical shaft system lead to the failure of the entire shaft
system, causing electrical instability in a frequency range lower than the normal system
frequency. Flexible AC Transmission System (FACTS) is a technology-based concept that can
provide a full dynamic control over active and reactive power flow on transmission systems
based on the key control variables such as transmission line impedance, phase angle and
voltage. It also provides the needed corrections of transmission functionality in order to fully
utilize existing transmission system and therefore, minimizing the gap between the stability and
thermal levels. The concept of FACTS and FACTS controllers are high power electronics
devices used to control the power flow and enhance stability, have become, not only common
words in the power industry, but they have started replacing many mechanical control devices.
They are certainly playing an important and a major role in the operation and control of modern
power systems [3-6].

Successful application of Flexible AC Transmission Systems (FACTS) Controllers has
been reported in past to mitigate subsynchronous resonance [3]. One of the widely referred
examples of such applications is [7] where thyristor controlled VAR compensator is used for
damping subsynchronous oscillations. They used a thyristor controlled VAR compensator
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connected in shunt at the synchronous generator bus to damp subsynchronous oscillations
besides controlling the system voltage. A practical installation of SVC for SSR mitigation is
reported in [8-16].

The IEEE First Benchmark (FBM) model is considered for the analysis of SSR [17] and
the complete simulation of the power system is performed in the MATLAB/Simulink
environment. The study is carried out based on damping torque analysis, eigenvalue analysis,
and transient simulation. The results show that the suggested controller is satisfactory for
damping SSR. This paper is structured as follows. Section 2 describes the modeling of power
system. Section 3 introduces the development of supplementary controllers. Section 4
introduces the eigenvalues and time domain simulations. The major conclusions of the paper
are given in section 5.

2. Study System Model

The study system, as shown in Figure 1, consists of a steam turbine driven
synchronous generator supplying bulk power to an infinite bus over a long transmission line
(IEEE first benchmark model) [17]. An SVS of switched capacitor and thyristor controlled reactor
type is considered located at the central of the transmission line which provides continuously
controllable reactive power at its terminals in response to bus voltage and line current (BVLC)
supplementary controller. The series compensation is applied at the sending end of the line [18-
20].
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Figure 1. SMIB Study Power System with SVS [18]

2.1. Modeling of Generator

In the detailed machine model used in this paper, the stator is represented by a
dependent current source parallel with the inductance. The generator model includes the field
winding ‘" and a damper winding ‘h’ along d-axis and two damper windings ‘g’ and ‘k’ along g-
axis. The IEEE type-1 excitation system is used for the generator [21-23].
The rotor flux linkages ‘@’ associated with different windings are defined by:

Wi =aw +aw, +hV, +bl,
Wn = agy +a, +hl,
Wy =8y +agy, +hl,

l//k:a7l//g+a8l”h+b6lq (1)

Where V;is the field excitation voltage. Constants a; to ag and b4 to bg are defined in [24]. iy are
d, and g axis components of the machine terminal current respectively which are defined with
respect to machine reference frame. To have a common axis of representation with the network
and SVS, these flux linkages are transformed to the synchronously rotating D-Q frame of
reference using the following transformation:
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{Id} {cos& —sin 5} {ID} 2
I, singcoss | |lg
Where ip, ig are the respective machine current components along D and Q axis. & is the angle

by which d-axis leads the D-axis. Currents lgand I,, which are the components of the dependent
current source along d and q axis respectively, are expressed as:

lg = C1r + Copy
lqg = CaWg + CalWy (3)

Where constants c,- ¢4 are defined in [20]. The above nonlinear differential equations are used
in the power system modeling.

2.2. Modeling of Mechanical System

In the mechanical model detailed shaft torque dynamics [2] has been considered for the
analysis of torsional modes due to SSR. The mechanical system is described by the six spring-
mass model as shown in Figure 2. This shows the electromechanical mass-spring damper
system. It consists of Exciter (EXC), Generator (GEN), Low Pressure of two sections (LPA and
LPB), intermediate pressure (IP) and High Pressure (HP) turbine sections. Every section has its
own angular momentum (M) and damping coefficient (D), and every two successive masses
have their own shaft stiffness constant (K). All masses are mechanically connected to each
other by elastic shafts [25]. The data for electrical and mechanical system are provided in
appendix.
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Figure 1. Six Mass Spring Mechanical System (Typical SSR Studies) [18]

The leading equations and the state and output equations are given as follows:

8 = i=1,2,3,4,5,6
d 1
Ea’ :W[_(D11+Dlz)wl+Dlz w, — Ky (51_52)+TM1]
1 1
d 1
0 = [Dlz @, = (D, + Dy, + Dy) @, + Dy, — Ky, (6, —6,) +TM2]
a . M,
d

1
o = IR [Dzswz —(Dy + Dy + Dyy) @; + Dy, — Ky (65— 3,) =Ky, (03 —6,) +TM3]
3

d 1
aa’A = M [D34 @y — (D, + Dy, + Dys) @, + Dy — Ky, (0, — 65) K i5(6, — 9) +TM4:|
4
1
(T(‘)5 :W [D45w4 —(Dys + Dss + Dyg) @5 + Dyg @5 — K5 (35 —6,) — K5 (35 — 55) _Te]
5
d 1
&a)e = m [Dse @5 — (Dgs + Dgg) w5 — Kgs (95 — é‘5)]

Tez_xtljl (iDIQ_iQ ID) (4)
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Where 810203040506 are the angular displacements and ®,0,,03;,04,0s5,®¢are the angular
velocities of different shaft segments as shown in Figure 2.

2.3. Modeling of Excitation System
The IEEE type-1 excitation system [26] is described by the following equations:

Gy (KerSoy 1y
dt Te Te

i\/s =—va _ivs + Ke V, (5)
dt T T Te TTe

d K 1 K K

SV, = - DAV SV, - AVg 4 DAY

dt r TA S TA r TA g + TA REF

2.4. Modeling of T Network

The ac transmission line in this study system is adapted from the IEEE first SSR
benchmark system [17]. The transmission line is represented by standard lumped parameter T-
circuit. The network has been represented by its a—axis equivalent circuit, which is identical with
the positive sequence network. The governing equations of the a-axis, T-network representation
is derived as follows:

di,, -R. 1 1

= i+ —V,, - —V
dt L2 la LZ 2a L2 la
dlrx :LVI _&| _Lid dlia_ivél (6)
dt L, L, ¢ L, dt “
v, I 1.
== Ia_72a_7lla
dt C. C, C.
v, _ 1.
dt C,

Where Cn = CT + CFc,L1 =L+ LA'LZ =L+ LT2,LA = LT1 + L”nand R1 =R +Ra
Similarly, the equations can be derived for the B- network. The a-f network equations
are then transformed to D-Q frame of reference.

2.5. Modeling of Static Var System

The terminal voltage perturbation AV and the SVS incremental current weighted by the
factor Kp representing current droop are fed to the reference junction. Ty represents the
measurement time constant, which for simplicity is assumed to be equal for both voltage and
current measurements. The voltage regulator is assumed to be a proportional- integral (PI)
controller. Thyristor control action is represented by an average dead time Tp and a firing delay
time Ts. AB is the variation in TCR susceptance. AVg represents the incremental supplementary
control controller [27].

The a-B axes currents entering TCR from the network are expressed as:

di .
L, ﬁ+ Ril,, =V,,

di _
L, dztﬂ + Ry, =V

2" (7)

Where Rs, Ls represent TCR resistance and inductances respectively. The other equations
describing the SVS model are:

Z1= AVt —Zy + AVE
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z'zzi(sz—KDAiz)—iz2 (8)
TM TM
. K
Zs =—ﬁzl+&z2 —iz3 —ﬁAvm - =P AV,
T, T, T, T, Ts

AB = (Z3 - AB) Tp

Where AV2,Ai, are incremental magnitudes of SVS voltage and current, respectively, obtained
by linearizing.

2 2 2 =2 =2 =2
V, =V, +V2Q I, =lyp + 1y

3. Design of Subsynchronous Damping Controller
The supplementary controller U¢ is implemented through a first order supplementary
controller transfer function G(s), which is assumed to be:

XC = [AC]XC +[BC}JC
Ye Z[Cc]xc +[DC]UC

3.1. Bus Voltage (BV) Supplementary Controller
The SVS bus voltage can be expressed as:

V5 =\ +Vi ©)

Linearizing (9) gives the deviation in the SVS bus voltage AV,, which is taken as the
Supplementary control Controller:

AVZ = (\/ZDO /VZO)AVZD + (\/ZQO /VZO)AVZQ (10)

Where ‘0’ represents operating point or steady state values.

3.2. Line Current (LC) Supplementary Controller
The line current entering to SVS Bus from generator end bus is given by:

2 _ 2 2
i3 =i3p +i5q (11)

Linearizing (11) gives the deviation in line current:

o 0o

i . [ .
Ai= B2 Aj + iQ—" Ai, (12)
Where ‘0’ represents operating point or steady state values.

4. Results and Analysis

The study power system consists of 1110MVA synchronous generator supplying power
to an infinite bus over a 400kV, 600km. long series compensated single circuit transmission line.
The study system is as per the IEEE first bench mark model. The system data and torsional
spring mass system data are given in appendix. The SVS rating for the line has been chosen to
be 100MVAR inductive to 300 MVAR capacitive. 40% series compensation is used at the
sending end of the transmission line [28-29].
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4.1 Eigenvalue Investigation

The eigenvalue investigation has been carried using the linearized system modeling of
power system. The natural system damping has been considered to be zero in order to simulate
the weakest system conditions. Table 1 shows the eigenvalues without any supplementary
controller incorporated in the SVS. Mode 0 is unstable at 800MW. Table 2 shows the system
eigenvalues at P = 200, 500 and 800MW with BVLC supplementary controllerare stable. The
supplementary controller parameters are selected based on an extensive root locus.All the
electrical and electromechanical modes are found to be stable when the proposed
supplementary controlleris applied.

Table 1.System Eigenvalues without BVLC Supplementary Controller
Torsional ModeP =200 MWP =500 MWP =800 MW

Mode # 5 -0.0000£298.1i -0.0000+£298.1i -0.0000£298.1i
Mode # 4 -0.22236+202.88i -0.27157+202.84i -0.33712+202.78i
Mode # 3 -.010518+160.52i -.047052+160.53i -.096185+160.52i
Mode # 2 -.005104+126.97i -.010512+126.96i -.017161+£126.95i
Mode # 1 -.026618+98.757i -.030093+98.665i -.024943+98.517i
Mode # 0 -0.33922+4.0339i -.098976+4.2864i .078793+4.1284i
-13.132+833.01i -13.1334833i -13.1334833i

-5632.8+3.3619i

-12.767+ 442 17i
-5.4252+311.97i
-34.282+189.06i

-532.82+4.4606i
-12.769+442 15i
-5.4245+311.97i
-35.515+£187.54i

-532.83+4.7221i
-12.769+442 16i
-5.4245+311.97i
-35.498+187.12i

-3.2239+187.16i -3.2602+188.75i -3.4007+189.12i
-567.127+86.317i -563.469+85.450i -52.804+85.669i
-25.634+24.258i -25.689+24.357i -25.744+24.309i
-39.674 -40.643 -40.979

-27.443 -31.073 -31.573

-2.5406 -2.8919 -2.9457
-0.5906+0.74682i -0.5662+0.79191i -.66527+0.84667i

Note: Bold values represent unstable mode.

Table 2. System Eigenvalues with BVLC Supplementary Controller

Torsional ModeP =200 MWP =500 MWP =800 MW

Mode # 5 -0.0000+£298.1i -0.0000£298.1i -0.0000+298.1i
Mode # 4 -0.27644+202.8i -0.27889+202.82i -0.32836+202.78i
Mode # 3 -0.00078+160.49i -0.01263+160.48i -0.03685+160.47i
Mode # 2 -0.00107+126.97i -0.00318+126.97i -0.00752+126.96i
Mode # 1 -0.01376+98.788i -0.02451+98.724i -0.05356+98.607i
Mode # 0 -0.32208+4.0334i -0.7+4.5633i -1.237445.1934i

-13.631+£832.76i
-5632.74+22.156i
-11.957+444 13i
-5.4375+311.87i
-30.693+£201.3i
-7.0629+196.4i

-13.678+833.14i
-5632.4+27.532i

-10.874+443.12i
-5.4377+311.84i
-33.749+ 206.43i
-3.4775+193.81i

-13.624+833.27i
-532.33+27.507i
-10.71+442.6i
-5.4344+311.85i
-35.228+206.2i
-1.9517+£192.73i

-123.69 -135.66 -130.69
-10.015+£32.411i -5.7679+35.243i -8.7622+37.527i
-27.866+24.192i -26.712+24.246i -26.528+24.247i
-28.713 -31.529 -31.749
-8.6611 -7.3559 -5.3472
-3.2366 -3.0933+0.0353809i -3.4477
-2.5602 -0.42708+0.73451i -3.0834

-0.46533+0.70103i -0.5233+0.79835i

4.2 Time Domain Simulations of SSR Study

A digital computer simulation study, using a nonlinear system model, has been carried
out to demonstrate the effectiveness of the BVLC supplementary controller under large
disturbance conditions. Applying a pulsed torque of 30% for 0.1 sec simulates a disturbance.
The simulation study has been carried out at P=800MW. The natural damping of the mechanical
subsystem is assumed to be zero in order to simulate the worst system conditions and to
demonstrate the damping effectiveness of the proposed SVS controller alone without
considering the already existing natural system damping [30-31]. Figure 3 to Figure 7 shows the

TELKOMNIKA Vol. 12, No. 9, September 2014: 6551 — 6559



TELKOMNIKA ISSN: 2302-4046 B 6557

response curves of the terminal voltage, SVS bus voltage, SVS susceptance, power angle and
angular velocity with BVLC supplementary controller after the disturbance. It can be seen that
there is tendency towards stability when BVLC supplementary controller is used in the SVS
control system. The torsional oscillations are stabilized and the BVLC SVS supplementary
controller attains a significant improvement in the transient performance of the series
compensated power system. The control strategy is easily implemental as it utilizes the locally
derived controllers from the SVS bus.
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5. Conclusion

A combined bus voltage and line current (BVLC) SVS supplementary subsynchronous
damping controller (SSDC) has been proposed and designed for improving the transient
performance of series compensated power system. The use of supplementary subsynchronous
damping controller (SSDC) is to improve torsional characteristics. This location of SSDC is an
electrical middle point of the transmission line. Damping of torsional modes is found stable with
SSDC for 40% compensation level is presented in Table 1 and Table 2. It can be seen that the
presence of the supplementary controller line in the network improves the damping of the lower
frequency torsional modes. Eigen value studies and time domain simulations demonstrates that
the BVLC supplementary controller improves the damping of the torsional electromechanical
oscillations due to sub synchronous resonance (SSR) in the series compensated power system.
The power angle ,terminal voltage, SVS bus voltage, SVS susceptance and deviation in angular
speed response curves shows poorly damped oscillations or growing oscillations dies out with
BVLC supplementary damping controller. It is shown that the use of SVS SSDC in the selected
location effectively damps SSR successfully in addition to control the line active power and
damping torsional oscillations. Eigenvalues investigation as well as nonlinear time domain
simulations in a MATLAB/Simulink environment are carried out.

Acknowledgements

The work presented in this research paper has been performed under the project
AICTE R&D, “Enhancing the power system performance using FACTS devices” in the Flexible
AC Transmission Research Laboratory at Delhi Technological University, Delhi (India).

References

[11 NG Hingorani, L Gyugyi. Understanding FACTS: Concepts and Technology of Flexible AC
Transmission Systems. IEEE Press, New York. 2000.

[2] YH Song, AT Johns, eds. Flexible AC Transmission Systems (FACTS). IEE Press, U.K., 1999.

[3] IEEE SSR Working Group. Countermeasures to Subsynchronous Resonance Problems. IEEE
Transactions on Power Apparatus and Systems. 1980; PAS-99(5): 1810-1816.

[4] KR Padiyar, RK Varma. Static Var System Auxiliary Controller for Damping Torsional Oscillations.
International Journal of Power and Energy Systems. 1990; 12(4): 271-286.

[56] KR Padiyar, RK Varma. Damping Torque Analysis of Static Var System Controllers. IEEE
Transactions on Power Systems. 1991; 6(2): 458-465.

[6] KR Padiyar. Facts Controllers in Power Transmission and Distribution. New Delhi: New Age
Publication, 2007.

[71 PM Anderson, BL Agrawal, JE Van Ness. Subsynchronous Resonance in Power Systems. |IEEE
Press, New York, 1990.

[8] IEEE Subsynchronous Resonance Working Group. Terms Definitions and Symbols for
Subsynchronous Oscillations. IEEE Trans. Power Apparatus and Systems. 1985; 5(6): 1326-1334.

[9] IEEE Committee Report. Reader’s Guide to Subsynchronous Resonance. IEEE Trans. on Power
Systems. 1992; 7(1): 150-157.

[10] IEEE Torsional Issues WG. Fourth supplement to a Bibliography for the Study of Subsynchronous
Resonance between Rotating Machines and Power Systems. IEEE Transactions on Power Systems.
1997; 12(3): 1276-1282.

[11] KR Padiyar. Analysis of Subsynchronous Resonance in Power System. Kluwer Academic Publishers,
Boston, 1999.

[12] RM Mathur, RK Varma. Thyristor-Based FACTS Controllers for Electrical Transmission Systems.
IEEE Press and John Wiley & Sons, New York, USA. 2002.

[13] A Ghorbani, B Mozaffari, AM Ranjbar. Application of subsynchronous damping controller (SSDC) to
STATCOM. Electrical Power and Energy Systems. 2012; 43(1): 418-426.

[14] IEEE Special Stability Control Working group. Static VAR Compensator Models For Power Flow and
Dynamics Performance Simulation. IEEE Trans. Power Syst., 1984; 9(1): 229-240.

[15] ZakieldeenElhassan, Li Yang, Tang Yi. A Novel SSR Mitigation Method Based on GCSC in DFIG with
Series Connected Compensator. TELKOMNIKA Indonesian Journal of Electrical Engineering. 2014;
12(7): 5022-5036.

[16] Le Ngoc Giang, Nguyen Thi DieuThuy, Tran ThiNgoat. Assessment study of STATCOM's
effectiveness in improving transient stability for power system. TELKOMNIKA Indonesian Journal of
Electrical Engineering. 2013; 11(10): 6095 - 6104.

[17] IEEE SSR Task Force. First benchmark model for computer simulation of subsynchronous resonance.
IEEE Trans. on PAS. 1977; PAS-96: 1565-1572.

TELKOMNIKA Vol. 12, No. 9, September 2014: 6551 — 6559



TELKOMNIKA ISSN: 2302-4046 B 6559

[18] N Kumar. Development of a new scheme for damping torsional modes in a series compensated power
system. Journal of IE(l). 2006; 87: 23-28.

[19] Fouad AA, Khu KT. Damping of torsional oscillations in power systems with series compensated lines.
IEEE Trans. on PAS. 1978; PAS 97(3): 744-753.

[20] Edris Abdel-Aty. Series compensation schemes reducing the potential of sub synchronous resonance.
IEEE Transaction on Power Systems. 1990; 5(1): 219-226.

[21] E Lerch, D Povh, L Xu. Advanced SVC control for damping power system oscillation. IEEE Trans.
Power Systems. 1991; 6(2): 524-535.

[22] RS Ramsaw, KR Padiyar. Generalized System Model for Slip Ring Machines. IEE Proc., Part C. 1973;
120(6): 647-658.

[23] RK Varma, A Moharana. SSR in Double-Cage Induction Generator-Based Wind Farm Connected to
Series-Compensated Transmission Line. IEEE transactions on power systems. 2013; 28(3): 2573-
2583.

[24] SK Gupta, Narendra Kumar, AK Gupta. Damping subsynchronous resonance in power systems”, IEE
Proc. on Generation, Transmission, and Distribution. 2002; 149(6): 679-688.

[25] Narendra Kumar, MP Dave. Application of static VAR system auxiliary controllers to improve the
transient performance of series compensated long transmission lines. Electric Power Systems
Research. 1995; 34: 75-83.

[26] P Kundur. Power System Stability and Control. McGraw Hill Inc, 1994.

[27] Narendra Kumar. Damping SSR in a series compensated power system. IEEE Proc. of Power India
Conference, New Delhi, 2006.

[28] Narendra Kumar, MP Dave. Application of auxiliary controlled static var system for damping sub
synchronous resonance in power systems”, Electric Power System Research. 1996; 37:189-201.

[29] N Kumar. A SVS control strategy for damping torsional oscillations due to SSR in a series
compensated power system.|E (1) Journal-EL. 2011; 91: 9-17.

[30] AE Hammad, M El-Sadek. Application of a Thyristor Controlled VAR Compensator for Damping
Subsynchronous Oscillations in Power Systems. IEEE Trans. on Power Apparatus and Systems, Jan.
1984; PAS-1-3(1): 198-212.

[31] AE Hammad. Analysis of power system stability enhancement by static var compensators. |IEEE
Trans. Power Systems. 1986; PWRS-1(4): 222-227.

Appendix

Table 3. Supplementary Controller Parameters
SVS SupplementaryKg,T1T»

Controller
Bus Voltage (BV)-0.845 0.008 0.5
Kz TaTs
Line Current (LC)-0.039 0.390.2

The data for electromechanical system concerning to IEEE FBM is given below. All the
data are in per unit (p.u.) on 1110 MVA base.

Generator data:

Power rating=1110 MVA,V =22 kV,R,= 0.0036, X, = 0.21 pu

Stab|I|ty data: Tuo =6.66 sec, T,,=0.44 sec, Tuo -0.032 sec, TVO =0.057 sec
Xy = 1.933 pu, X, = 1.743 pu, X, =0.467 pu, X, = 1.144 pu, X, =0.312, X, = 0.312 pu
=314 rad/sec.

IEEE Type 1 Excitation system:

Tr=0, Ta=0.02, Te=1.0, Te=1.0 sec, Kx=400, Kg=1.0; Kr=0.06 pu

VFmax=3-91 VFmin =01 VRmax=7-3a VR min=— -7.3

Transformer data: Ry = 0, X7=0.15 pu (Generator base)

Transmission line data:

Voltage=400 kV, Length = 600 km, Resistance R=0.034 Q/km, Reactance X=0.325

Q/km, Susceptance, B.=3.7y mho/km

SVS Data (Six-Pulse Operation)

SVC rating: Q. = 100 MVAr and Q¢ = 350 MVAr.

TM=2.4, Ts=5, Tp= 1.667ms, K= 950, Kp = 0.5, Kp = 0.01.
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