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Abstract

In the recent years, the addition of series capacitors in to the transmission lines
are increasing to get better transmission efficiency . The inclusion of series
capacitors incur serious problem in the entire power system .One such
problem is the self excited oscillations of the capacitors. Whenever this
oscillation interacts with the Generating Station there is the possibility of the
occurrence of Sub-Synchronous Oscillations in the system .These oscillating
frequency is in the range of about 10Hz to 40Hz . Due to the Sub-Synchronous
oscillations the turbine Generator shaft may get damaged ,repeated stress over
the shaft results in the shaft failure. An Induction Machine can be used as a
damping unit to control this oscillations .An attempt has been made to reduce
the peak torques aroused due to the addition of series capacitors in the system
.The peak torques are reduced by the tight coupling of the Induction machine
with the turbine- generator shaft. The results are obtained using the IEEE First
Benchmark Model using MATLAB Simulation.
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Introduction

The series compensation of line using capacitors in the transmission line results in
damage of shaft in USA in 1970.The effects and results are reported in [2]. From that
results it was identified as Sub-Synchronous Resonance (SSR) was the main cause for
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the shaft failure. There are several research work was carried on this domain to damp
out the oscillations. Researchers are trying to mitigate the sub synchronous voltage
and current components using power electronics devices[3]. Although the mitigation
of SSR was achieved. The auxiliary devices have to be installed in between the
Generating station and substation which incurs monetary losses. Some of the
researchers suggest that the use of excitation controller effectively damps the
oscillations , but design of controller was a tedious process. Some authors suggest that
the energy stored during the torsional oscillations can be dissipated by using the
Dynamic resistor bank[5]. Based on the combined active power and reactive power a
controller was designed in [9].The idea of using Induction machine as a damping unit
was proposed in [9][10] with the aid of many controllers. By using Induction machine
alone the Sub synchronous oscillations can be damped to certain level.

A. SubSynchronous Resonance

Subsynchronous oscillation in an electric system is a condition where the exchange of
energy takes place between the electrical system and the mechanical system at one or
more of the natural frequencies below the synchronous frequency of the system
following a disturbance from equilibrium. The equation of the resonant frequency of
the electrical system ( f,, )can be stated as

) B —
X X+ X,

f, - system frequency in rad/s.

X ¢ - capacitance of the line in per unit.

X" - Transient reactance in per unit .

Xe - Transmission line Reactance in per unit.

Xt - Reactance of the transformer in per unit.

Whenever there is a disturbance from the equilibrium operating point the stator
current produce rotor currents at sub synchronous frequency f, = f, - f,,

If the electrical system is negatively damped , the oscillations will tend to grow.

According to [4], the FBM has the six-masses in the turbine generator shaft. These
six-mass have five torsional mode frequencies. These frequencies are responsible for
the torsional oscillations. The self Induction Generator effect and Torsional
interaction effect causes a serious trouble in the turbine generator shaft.

Types of SSR

The current in the electrical system which has the resonant frequency component (fe)
was responsible for the rise of rotor current frequency(f;). Since the rotor magnetic
fields are rotating at a constant speed leads the slowly rotating sub synchronous mmf
in the armature. As a result of that sub synchronous torques are produced which has a
frequency component as difference of f, and fe,. There are two types of SSR have
been reported since, they are
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1. Self-Excitation
2. Torque amplification

A. Self-Excitation

The sub synchronous currents in the armature windings results in sub synchronous
rotor torques and induce rotor currents which has sub synchronous component in it.
Hence the sub synchronous armature voltage will allow the sub synchronous currents
which results in self excitation. Self Excitation can be divided in to two categories .
They are Torsional Interaction and Induction Generator Effect .

a) Induction Generator effect

This phenomena was influenced by the parameters of the electrical system alone .
Generator armature currents at sub synchronous frequency (fer) produces a rotating
mmf in air gap which has a velocity of 2zf,. Then the mmf acts together with main
field to produce sub synchronous torques which has (fo-fe) component in it .Since the
rotor is rotating more faster than rotating mmf ,the resistance to the sub synchronous
current when seen from the armature is negative. When this resistance surpass the
addition of the armature and network impedance will results in Induction Generator
Effect.

Here the attempt has been made to analyze the Induction Generator effect and the
Torsional interaction separately .The Eigen value analysis for the above two
phenomena was obtained using the following system model . However the digital
simulation of the FBM deals with the combination of the both the effects.

b) Torsional Interaction

This phenomena includes the parameters of electrical and mechanical system.
Generator rotor oscillates at a torsional frequency (f,) induce sub synchronous
frequency componenet(fe, =fo-fy) in the armature voltage .When fe, matches with the
electrical system resonant frequency (fer), the rotor oscillations will be sustained .

System Model

It consists of model of the generator , network and the model of the turbine generator
shaft . Both the generator and network parameters is enough to analyse the induction
generator effect of the Sub Synchronous Resonance .To analyse the torsional
interaction phenomena all the three models are necessary.

a) Generator Model
The generator was modeled as it had two windings in the direct axis of the alternator
and two windings on the quadrature axis of the alternator

The flux developed across the windings are given as :

vy = Lol

Wa = Lgly + Lapie + Laplp

We = Laplg + Ll + Lypip
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Wo = Laplg + Laple +Lpip
Wq = Lyiy + Lagle + Laglg
z//G:LAqu+L| +LAQQ

W = LAqu + Laols + Lolo

where

Q and G are the windings present in the direct axis of the machine

F - field winding

D - damper winding in the quadrature axis

Based on the above flux equations the generator model was developed to study the
SSR

The angular velocity of the rotating machine was give as :
Y Yo Vq Ve Yq o T,

+Idp—+ldD— lyg———lgg=>—loo—"-D—+—"

=1
“oH 2H 2H Y2H ®2H 2H T2H 2H

b) Network model
The network model consists of the simple electric network which has a series
capacitor in the transmission lines.

The voltage and current equations of the simple electric system for phase a is given

as .
e, =Ri, .
i —cd
dt

where v, is the voltage across the capacitor
R and L is the resistance and inductance of the transmission lines.

c¢) Mechanical model
The entire turbine generator shaft was modelled as a lumped mass system .The mass
of each section was modelled as capacitance and the spring constant between the
various sections of the turbine was modelled as inductance and the damping of the
section was modelled as resistance. The differential equations of the mechanical
system was given as:

0, =w; 1=1,2,3,4,5,6

o1

o, = W[_(Dlz)wl + Dy,0, — Ki,(8, = ,) + Ty, ]

1
@, = Mi[Dlza)l - (D12 + D23)a)2+D23w3 - K12(52 _51) +Ty 2]

. 1 .. - e
03 :W[Dzawz = (D3 + Dyy)@3+Dy,00, — Kp3(05 = 5,) = Ky (65 = ,) + Ty
3

. 1 .
@y :W[D34(03 —(Dyy + Dys)@,+D 505 — Ky (84 = 33) = Kys (84 = 35) + Tyl
4

s :i[DAS(UA = (Dys + Dgg )5+ Dggr5 — K y5(05 = 6,) — Ky (05 — 36) + T, ]
M

5
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1

g M [Dssws — (Dsg)ws—Kss(Ss — 55)1
6

d) Induction Machine Damping Unit

The induction machine damping unit was a special type of machine designed to damp
out the torsional oscillations. It damps the maximum peak torque arises in the shaft .It
was designed as low power rating machine ,but it must be capable of delivering
maximum energy over a short period of time .

The high energy low power induction machine was designed on the basis of the
slip- torque characteristics of the induction machine . From the slip- torque
characteristics it was evident that by reducing the value of rotor reactance and rotor
resistance ,the maximum torque can be produced by the induction machine .

Figure 1: Slip-Torque characteristics of Induction machine

The torque developed by induction machine depends on the value of slip s. The
slip was between the rotating magnetic field and the flux induced in the rotor.

Operation of IMDU

Induction machine was attached firmly to the one section of the turbine generator
shaft .The induction machine was fed by the voltage generated from alternator .The
addition of series capacitor in the transmission line causes sub synchronous
components both in the stator windings of the alternator and also in the
electromagnetic torque developed aross the alternator . This was responsible for
oscillation of the shaft between the sections of shaft .

Whenever the slip of the induction machine is positive the machine acts as a motor
thus tries to accelerate the shaft. Whenever the slip is negative the induction machine
acts a generator which tries to decelerate the shaft.

The torque produced by the induction machine reduces the shaft twist between the
LPB-GEN shaft to a certain level. The IMDU operates only when there was a
deviation of speed from reference synchronous speed. It has the capability to reduce
the torsional mode frequencies .Since the IMDU has negligible mass and attached
firmly with the LPB section of shaft. The mass of the system remains same since it
has negligible mass. The torque (Tim )developed by Induction machine is given as :
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3s
Tim = ' ' "\ 2
oL {1+(sX,/1,)°}

where s = (0, —®,)/ o,
o, - is the angular velocity corresponding to mass i.

Results and Discussions

Based on the equations stated in section Il a state space model was developed for
both the induction generator effect and the torsional interaction effect of SSR. Based
on the flux equations of the generator model eigen value analysis reveals that
increasing the compensation levels of the transmission lines leads to the instability of
the system. On increasing the compensation flux developed between stator and rotor
has a sub synchronous component in it .This flux is responsible for the induction
generator effect as stated in section II.

Table 1: Eigen Value Analysis For Various Capacitance Values

Xc (in | Eigen Eigen | Eigen | Eigen | Eigen Eigen

pu) value 1 value 2 | value 3 | value 4 | value5 | value 6

0.05 -7.03 +|-7.03 -|-3.67 +|-3.67 -| -37.50 -0.84
477.33i 477.33i | 276.03i | 276.03i

0.1 -741 +| -741-|-228 +| -2.28 - | -39.48 -0.89
519.18i 519.18i | 234.37i | 234.37i

0.15 -766 +|-7.66 -|-0.86 +|-0.86 -| -41.76 | -0.96
551.27i 551.27i | 202.55i | 202.55i

0.20 -7.84 +|-784 -|0.67 +| 0.67 -|-44.36 -1.04
578.33i 578.33i | 175.91i | 175.91i

0.30 -812 +]-812 -| 415 +| 4.15 -| -50.56 -1.25
623.71i 623.71i | 132.04i | 132.04i

0.35 -823 +|-823 -|6.05 +|6.05 -| -53.98 |-141
643.52i 643.52i | 113.53i | 113.53i

On analyzing the mechanical system response for the various compensation levels
it is evident from Table 2 and the eigen value plot of whole system shows the
excitation of torsional modes. This results in shaft oscillations at various sections of
the turbine generator shaft .



Analysis and Suppression of Ssr Using Induction Machine Damping Unit et.al. 20861

Table 2: Unstable Eigen value analysis for combined system (electrical and

mechanical )

State variables | NO LOAD LOAD AT 0.9 Pu | Oscillating frequency (Hz)
Ed’ -4.43+j616.53 | -4.49+j616.53 98.123

Sm -3.01+j136.36 | -3.23+j136.08 21.657

Sip 0.00+j298.18 | 0.00+j298.18 47.456

T 0.04+j202.74 | 0.02+j202.70 32.260

Sip 0.13+j160.17 | 0.29+j160.12 25.483

T 0.03+j127.21 | 0.06+j127.32 20.263

Shp -0.05+j99.72 | -0.16+j99.94 15.905

d 1.38+j9.58 1.05+j9.53 1.518
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Figure 1: Eigen value plot for Induction Generator effect

From Fig 2 and 3 we can conclude that the tight coupling of the induction machine
to the LPB section of the turbine generator shaft brings the system to the stable

equilibrium state .
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Figure 2: Eigen value plot for the combined system without Induction machine

damping unit
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Figure 3: Eigen value plot for the system with Induction machine

| | ! I
2% 3 3 [ 45 5 6
T T T
H
H J
£

Figure 4: Torsional modes of the FBM System
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Figure 5: Torque oscillations at various sections of the Turbine-Generator shaft
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Figure 6: Oscillations of the shaft
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Figure 7: Oscillations of the Turbine Generator Shaft with IMDU

The time domain analysis was done in MATLAB. The turbine shaft oscillations
shown in Fig 5 reveals that the shaft oscillations between the LPB and generator has
maximum peak shaft torques compared to the other shaft sections. On coupling of
additional mass to the LPB -Generator shaft the maximum peak torques are reduced
to a certain level.

Conclusion

The eigen value analysis and time domain simulations of the First Benchmark model
shows that the system state for more than 50% percent series compensation of the
transmission lines will become unstable. This condition tends to SSR which will
further leads to shaft failure .In order to avoid shaft failure the Induction machine
damping unit was tightly coupled between the LPB section of the shaft and the
generator section of the shaft . It can be concluded that addition of IMDU in the
system reduces the peak shaft torques which damps the system positively.
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