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Abstract: In this paper, a Neural network based PSS is proposed to control the low-frequency oscillation present in single machine
infinite bus system (SMIB). The Neuro-PSS consists of two neural networks: Neuro-ldentifier, which emulates the characteristics of
power flow and Neuro-Controller, which produce supplementary excitation signal. Proposed PSS helps in improving stability-
constrained operating limits in large generators. The action of proposed PSS is to provide damping to the oscillations of the
synchronous machine rotor through generator excitation. This damping is provided by an electric torque applied to the rotor that is in
phase with speed variation 4w, which is feedback input signal to proposed PSS. The control objective is Quadratic function applied by
neuro-controller over outputs produced by system plant and neuro- identifier.
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1.Introduction

DESIGN and application of power system stabilizers (PSS)
has been the subject of continuing development for many
years. The conventional PSS (CPSS) is an analog or digital
implementation of lead—lag networks. Many investigators
have treated power system stabilizer design as an eigen
structure assignment or pole placement [1]-[5]. This
involves obtaining a frequency response of the systems.

1.1 Low Frequency Oscillation

Low frequency oscillations (LFO) are generator rotor angle
oscillations having a frequency between 0.1 -2.0 Hz and are
classified based on the source of the oscillation. The LFO
can be classified as:

1.1.1 Intra plant Oscillations

Intra plant oscillations are confined within a plant when
generators oscillate against each other. The frequency of
oscillations in this mode is generally in the range of 2-3 Hz.
This is not very common and PSS is not designed to cope
with this mode.

1.1.2 Local Mode Oscillations

The frequency of oscillation in this mode is generally in the
range of 1-2 Hz. Experience has shown that these oscillations
tend to occur when a very weak transmission line exists
between a station and its load centre or when units are
required to operate at high steady state power angles between
the generator internal voltage and the infinite bus voltage.

1.1.3 Inter-Area Mode Oscillations

Inter area oscillations involve combinations of many
machines on one part of a system swinging against machines
on another part of the system. The characteristic frequency of
inter area oscillation is generally in range of 0.1-0.6 Hz. It is
lower than local mode frequencies because of higher
effective reactance of the tie lines between these large
systems. It is recognized that the normal action of voltage
regulators on generating units has the potential of

introducing negative damping in the excitation control
system. This may result in undamped modes of oscillations.

2. System Modeling

To study the control of power system oscillations, single-
machine system connected to infinite bus (SMIB) through a
transmission line, is taken. The SMIB consists of a
synchronous generator, a turbine, a governor, an excitation
system and a transmission line connected to an infinite bus.
The mathematical model for all the elements of the system is
developed using the Heffron-Phillips model. The model is
built in MATLAB/SIMULINK environment.

2.1 Modelling of Synchronous Machine

In developing equations of a synchronous machine, the
following assumptions are made [4].The stator windings are
sinusoidal distributed along the air-gap as far as the mutual
effects with the rotor are concerned.

a) The stator slots cause no appreciable variation of the rotor

inductances with rotor position.
b) Magnetic hysteresis is negligible.
c) Magnetic saturation effects are negligible.

Assumptions (a),(b) and (c) are reasonable, while (d) is made
for the convenience of analysis. The machine equations will
be developed first by assuming linear flux-current
relationships [4].

Fig.1 shows the circuits involved in the analysis of a
synchronous machine. The stator circuits consist of three-
phase armature windings carrying alternating currents. The
rotor circuit comprises field and amortisseur (or damping)
windings. The field winding is connected to a source of
direct current. The current in amortisseur may be considered
to flow in two sets of closed circuits: one set whose flux is in
line with that of the field along the d-axis and another set
whose flux is at right angles to the field axis or along the g-
axis.
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Figure 2.1: Synchronous Machine Diagram

2.1.1 Stator circuit equations
The voltage equations of three phases are:

dy, . .
€, = % - Rala = Pl.ba - Rala (21)
ep =3~ Raip = Py — Ry (2.2)
dy. . .
€q = ;I: - Rala = p‘l)c - Ralc (23)

The flux linkage in the phase a winding at any time is given
by

Yo = —laaly — laplp — lacic + lafdifd + lakatka +

lakqing (2.4)

Similar expressions apply to flux linkages of windings b and
C.

2.1.2 Rotor circuit equations
The rotor circuit voltage equations are:

€ra = PYPsra — Ryqifa (2.5)
0=pYyq— de'ikd (2.6)
0 = pYiq — Rigira 2.7)

The rotor circuit flux linkages may be expressed as follows:
lpfd = Lffdlfd + Lfkdikd — Lafd[ia cos @ + ib COoSs (9 -
273+ iccos6+273] (2.8)
Yia = Lixgisa + Likalra —
. . 2n . 2w
Lajalia cos® + iy, cos (@ - ?) + i, cos (0 + ?)] (2.9)
Yiq = Liqlig + Lakqlia Sin @ + 1, sin (8 —2%) +

icsin (6 +%)] (2.10)
3.dg0 Transformation
Direct axis is aligned with the rotor’s pole. Quadrature axis

refers to the axis whose electrical angle is orthogonal to the
electric angle of direct axis.

b axis d axis

g axis

v

C axis

3 axis
Figure 3.1: dg- axis.

Stator quantities (Sa Of current, voltage and flux can be
converted to the quantities (Sqqo) referenced to the rotor. This
conversion comes through K matrix.

quo =K Sabc (211)
Sane = K™Sg (2.12)
Where
[ cos(0,,,.) cos(0,, — %ﬂ) cos (Bme + 2?")
2 - . 2 . 2

K:§| —sin(0,,,) —sin (Bme — ?") —sin(0,,, + ?n)

| 1 1 1 |
2 2 2

(2.13)
[ cos(Ome) —sin(0,,.) 1)
2n

K1z | cos(0,,e — ?) —sin (gme - Z?n) 1| (2.14)
[cos (Ome + 2{) —sin(0,,, + %n) 1]

3.2.1 Stator Voltage Equation in dgo Components
Eq.2.1to 2.3 is basic equations for phase voltages in terms of
phase flux linkages and currents. By applying the dgo
transformation of equation 2.11, the following expression in
terms of transformed components of voltage, flux linkages
and currents result:

ed = PPy — P 0. — R, iy (2.15)
e, =pYq+ Yap0 — R,i, (2.16)
€, = plpo - Raio (217)

The angle 6, as defined in Fig. 1.1, is the angle between the
axis of phase a and d-axis. The term p6 in the above
equations represents the angular velocity w, of the rotor.
With time in per unit equation 2.15 to 2.18 can be written as:

ed = P4 — P 0, — R, iy (2.18)
eq = p'lpq ~Pgw, —R, iy (2.19)
ed' = pytpo —R,i, (2-20)

The per unit derivative appearing in the above equations is

given by:
r_d_ 1 d_ 1
P=w~

p (2.21)

Wpgse dt Whase

3.2.3 Per Unit Rotor Voltage Equation

From equation 2.5 to 2.7, we can obtain per unit field voltage
equation:

efd’ = prll}fd + Rfd ifd (222)

0=pPYra +Ryairag (223)0 = pPyq + Ryqiyq (2.24)

3.4 Dynamics of SMIB System

The single machine connected to infinite bus through an
external reactance X and resistance R, is widely used
configuration and armature resistance is equal to zero [7].
Figure 2.3 shows the SMIB system without controller.

D I

- XT
Figure 3.2: Single Machine Connected to Infinite bus.

E'q + X'did = Vq
Xqlqg = Vg
The complex terminal voltage can be expressed as:

(2.25)
(2.26)
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Vo+JVp = (Vg +jVae = (i +jig) (R, + jXopp)e™ +
Vg <0 (2.27)
which is given as:

(Vg +iVa) = (7 +jig)(Re + jXops) + Ve (2.28)
Separating real and imaginary parts, equation (2.28) can be
express as

Vq = Reiq — Xeffid + VB cos o (229)

Vq = Reid - Xeffid + VB siné (230)
Substituting equation (2.29) and (2.30) in equation (2.25)
and (2.26), we get

X'y -R, ] [ld] [VB cos 6.— E'q] (231)

—R, —(Xq+Xepf) —Vgsiné
The expressmn for iy and iy are obtained from solving
equation (2.31) and are given below:

iq= 7[RVgsind + (X, + X.r)(V cos 8 — E';)] (2.32)
ig= 7[(X'g+ Xer)Vpsind — R,(Vpcos § — E'y)]
(2.33)

Where

A= (X'qg+ Xepr)(Xg + Xeps) + RE (2.34)

Linearizing equations (2.32) and (2.33) we get:
Aig— = C1Ad + C,E', (3.35)
Aig— = C3A6 + C4E'; (2.36)

Where
C1 = 7[RV cos 8y — (Xg + Xepy)Vp sin 8y] (2.37)
1
C; = —5(Xg + Xepr) (2.38)
C3 = [(Xy + Xop)Vp cos 8o + R,V sin 60] (2.39)

C,= == (2 40)
Linearizing equation (2.25) and (2.26), and then substltutlng
from equation(2.35) and (2.36), we get
AV, = X'4C1A8 + (1 + X'4C)AE', (2.41)
AVy = —X,C308 — X,C4AE'; (2.42)
It is to be noted that here the subscript ‘o
value of the variable.

> indicates operating

341 ROTOR MECHANICAL EQUATIONS AND
TORQUE ANGLE LOOP
The rotor mechanical equations are:

dé
E = wB(Sm - Smo) (243)
2HE™ = D(Syy = So) + T — T (2.44)
T = E'gig+ (X'q — X')igi, (2.45)

Linearizing equation (2.45), we get
AT, = [E'y — (X, = X o) igo) A, + igAE", — (X, — X 4)ig,Aiy
(2.46)
Substituting equation (2.35) and (2.36), we can express as:
AT, = K1AS + K, AE'; (2.47)
Where:
Ki= Eg 0C3— (X;— X g)igoCy (2.48)
Ky = EgoCy+igo— (Xg— X 4)igoC1 (2.49)
Egpo= E g0 — (Xqg— X a)ia, (2.50)
Linearizing equations (2.43) and (2.44), and applying

Laplace transform, we get
dé

)
T = “LAs,, (251)

AS,, = — —_[AT,, - AT, — DAS,] (2.52)

The combined equations (2.47), (2.51) and (2.52) represent a
block diagram shown in Figure 3 .4.

3.4.2 Representation of Flux Decay
The equation for field winding can be expressed as:

dE’ .

T'do d_tq = Efd — E'q + (Xd — Xq)ld (253)
Linearizing equation (2.53) and substituting from equation
(2.35) we have

dEA’,
T'do Tq = AEfd

(2.54)
Taking Laplace transform of (2.54), we get
(1 + ST'dng)AE'q = K3AEfd - K3K4A5 (255)

—AE 4+ (Xq — X '3)(€145+ CAE"))

Where
1
37 n-&a—X'0)C2] (2.56)
K4 = _(Kd - K'd)Cl (257)
Equation (2.55) can be represented by the block diagram .

3.4.3 Representation of Excitation System Model

The inputs to the excitation system are the terminal voltage
V7, reference voltage Vg [9]. , Ka and T, represents the gain
and time constant of the excitation system [6].It can
expressed as

AV, = Yo qy, 4710 Ay, (258)
Vio Vio
Substituting from equations (2.41) and (2.42), we get

AV, = KsAS+ KgAE', (2.59)
Where

Ks = (ﬂ)x Cs + ("L) '€, (2.60)

K, = ("’;"’)x Co+ (22 "") (1+X',C,) (2.61)

4.1 Overall System Representation

Figure 4.1: Block Diagram representation of the system

4.2 System Representation with Conventional PSS
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Figure 4.2: Block Diagram representation of System with
the Conventional PSS

4.4 Simulation Results
Conventional PSS

Comparing NN-PSS with

CASE 1: For the Low loading condition: P =0.4 and Q = 0.7
(inp.u)

Figure 4.1: Speed Deviation for ANN-PSS and
Conventional PSS

Figure 4.1 shows Speed deviation for Neural network based
PSS (NNPSS) and Conventional PSS (CPSS) against time.
The first peak value for NNPSS is -0.0005 at 0.105 sec and
for CPSS it is -0.0007 at 0.16 sec.

Figure 4.2: Angle Deviation for ANN-PSS and
Conventional PSS

Figure 4.2 shows Angle deviation for NNPSS and CPSS
against time. The first peak value for NNPSS is -0.1102 at
1.8 second for CPSS it is -0.1.72 at 0.9 sec.

4.Conclusion

The results of proposed NN-PSS is compared with the
conventional PSS over a SMIB system. The performance of
NN-PSS is satisfactory and is able to damp the low-
frequency oscillation in the system.
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