Fz

CASE 3 : Load rejection 850 MW, Generator with exciter, PSS, Governor ( with detailed modelliflg )
and SVC with detailed model are considered. The SVC setting are : Vi, = L.1pu, slope = 10%.

The Ve and slope are chosen such that after the disturbance the SVC reaches 1o it’s reactive power
( Capacitive ) limits.

Comparison Between CR and SP Method

O Frequency of Generator-1 (ByCR)

o] Frequency of Generator-1 (By SP)
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Figures 9 and 10 represent the case with the
detailed model of SVC, operating at it’s
reactive power compensation limits. Under
this circumstance the CR method fails to
provide accurate results but the SP method is
capable of producing the results which match

with that of the literature [5,6].

CASE 4 :

Load rejection of 850 MW, Generator with
exciter, PSS, Govemor ( with detailed
modelling ) and SVC with fixed
compensation are considered.

In this case an attempt is made to increase the
simulation speed by the SP method. This is
achieved by switching to the higher
integration steps. The switching is done when
the rate of change of slow states becomes less
than a prespecified tolerance. Under this
condition the rate of change of the fast states
will be negligible hence the fast states
dynamic equations can be reformulated using
the SP method.

Here change in the generator speed which is a
slow state (Aw) has been selected as a
switching criteria. When the Ao is less than
0.001 then the simulation integration step is
switched to 0.02 and 0.05 respectively. From
the figure 11 it is clear that almost similar
results are obtained by the step of 0.02 sec.
and by the step of 0.01 sec. Little numerical
instability is observed when simulation step is
switched from 0.01 sec to 0.0S sec.

SIMULATION SPEED :

All the above case studies have been
performed on the DEC-ALPHA work station
at IIT Kanpur (India). The CPU time is
recorded and tabulated below for the various
methods of analysing the long térm stability
of the power systems, as described above.
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Parameter SP CR FS
Integration | 0.01sec | 0.01sec | 0.00001

step sec
Simulation | 40 sec 40 sec 40 sec

finish time

CPU time 53.81 25.60 6hr.- 27
sec sec min - 7

sec

* FS:Full simulation (EMTDC/PSCAD)

The above table gives the related data for the
case -1 study.

From the table it is very much clear that
though the CPU time for the CR method is
half as that of the SP method, it is not
acceptable because the results obtained are
inaccurate. However, the FS method which
provides the most accurate results takes very
large time. Under this circumstances it is only
the SP method which not only produces
result very much close to that of the FS
method but also takes time which is much
less than that of the FS method, hence the SP
method is an efficient tool to analyse LTS of
the power system.

Accuracy of the SP method depends upon the
separation of the slow and fast states. Wider
the separation between the slow and the fast
states better will be the results. Further
improvement in the results from the SP
method can be obtained by switching from
full simulation to the SP method and vice-
versa. For transient period (0.1 sec to 1 sec)
the full simulation can be used in order to
capture high frequency oscillation, afterwards
switch over to the SP method to get the
solution. ]

For a given subsystem, it’s state variables are
separated into slow and fast states depending
upon their time constant. A system formed by
subsystems will finally decide how to treat a
given state, whether a fast state or a slow
state. For example in governor model x, X2
etc. are the fast states, but from the sysiem
point of view it is better to treat them as slow
states because frequencies of these states are




nearer to the frequency of rotor speed, which
is treated as slow state in the simulation.

CONCLUSION

Using the SP method models of the generator,
network, exciter and PSS, governor and SVC
are presented. Results reveal that when
frequency variation is larger, the CR method
fails to provide accurate results. Similar
situation arises when the SVC is operating at
it’s reactive power compensation limits. But
for both of these conditions the SP method is
capable of producing consistent and efficient
results. The CPU time taken by the various
methods also reports that the SP method is an
efficient method for the LTS analysis of the
POWEr system experiencing large frequency
variations. Simulation speed using the SP
method can further be increased by switching
to the higher integration step. The switching
effects from the integration steps of 0.0] sec.
to 0.02 sec and 0.05 sec. are studied. Model of
the SVC is developed using the SP method
which produces consistent results. This give a

way to model the other FACTS devices using
the SP method.
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APPENDIX - A z

MVA T 100, B

ase ﬁ'equency =50.0 Hz

Data for Gen

erators ( on the;
oo ( eir own base )

Va =20 kV, R, = 0,0025 pu,

Data for po
base)

Xi=0.01667 py

th transformens (on generator

Transmission Jine data (on system base )

Resistance = 0.0055 py, Reactance = 0.0055
PY, Susceptance = 0.09625 pu

SVC data
Quve = 140,596 MVAR, -
= 30, Slope setting = 50, P in =
: » £l controller gain
0.00466667, F.lxed Capacitor rating = 200
AR, Inductive limit = 209 MVAR

llci'.xt:ilter and PSS data
A=200.0, T, =g = K
Pt 5eC, T = 0.01 sec, ku

=10.0 sec, T,=T.— =
0.02 sor » Ti=Ty=0,16 sec, To=T4~

factor of the TCR



Governor and Turbines data

k, = 15.0, T; = 0.1 sec, Tz'= 0.0 sec, Ts =
0.25 sec, T4 = 0.42 sec, Ts = 4.25 sec, Tg =
0.72 sec, T7 = 0.0 sec, k2 = 0.25 sec, ky=0.25

sec, kg = 0.5 sec, ks = 0.0

Load Data

Local load 1 = 300 MW
Local load 2 = 1100 MW
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Long Term Stability Analysis of Power System Experiencing Large
Frequency Variations
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ABSTRACT :

This paper presents an application of the
Singular Perturbation ( SP ) method to power
system simulations. The main focus is on the
interaction  of the slow and fast states
associated with =~ various dynamic devices
used in the power systems. Model of the
network, the exciter, the Power System
Stabiliser (PSS), the governor with turbines
and Static Var Compensator ( SVC ) are
reformulated using the SP method. Simulation
results are validated by the PSCAD/EMTDC
software. The paper presents a comparison
study between the conventional method of
analysing the transient stability also known as
Constant Reactance ( CR ) method and the
SP method for the system undergoing large
frequency variation ( About 5% and more ).

1. INTRODUCTION :

In general, long term stability analysis (LTS)
is an extension of the transient stability study.
The methods to be used for the LTS studies
should be efficient because simulation time
may vary from 1 to 3 minutes or more. In this
paper it is presented that the CR method gives
inaccurate results when frequency variation is
large (about 5% ) or SVC is operating at it’s
upper and lower reactive power limits. If all
the state equations of the system are solved
using suitable numerical method, then the
simulation time step must be smaller than the
smallest time constant of the system, so that
4 the response of the fastest state can also be

* gbtained accurately. This technique if used for
LTS analysis then computation time will be
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very large, may be in hours. However, it is
required to get good accuracy with high
simulation speed, the SP method is a tool
which fulfil these conditions hence is an
efficient technique for LTS studies. In this
paper mathematical model of the power
system components i.e. generator, network,
exciter, PSS, governor with turbine and. SVC
are reformulated using the SP method. The
advantage of the new model is that the
reformulated state equations are algebraic
ones hence take less time to solve in
comparison to the original differential
equations. Due to this transformation of the
differential equations into the algebraic
equations the SP method is also known as an
algebraic approximation method.
Applications of the SP method in power
systems have been presented in [1, 2 ]. In this
paper additional models have been added.
Model of the SVC using the SP method is
developed. This throws some light on the
modelling of the Flexible A.C. Transmission
Systems  (FACTS) using the SP method.
Using the SP method the simulation speed can
further be increased by switching to the next
higher integration step when the solution is
near-by the new equilibrium position after
disturbance.

SINGULAR PERTURBATION
THEORY ;

The SP method is also known as Two Time
Scale method. This method was used in the
power systems a decade ago. The SP method
can be used when two dynamic phenomena
with large separation ( >35 ) in the frequency



are interacting with each other. In power
systems there are rotor mode oscillations with
the frequency ranging from 0.2 Hz to 2.0 Hz
and network transients having frequency 50
Hz or greater. This separation in frequency is
large enough for using the SP method for the
analysis of power system stability problems.
The low frequency rotor states are treated as
slow states and the higher frequency network
states are treated as fast states [1]. A
singularly perturbed system possessing a two
time scale property due to the simultaneous
presence of the slow and fast phenomena is
called a ‘stiff” system.

The basic mathematical formula of this
method is as follows :

X'4= f(Xs, Xay t), X (to)= X.° (1.1)

X = f( Xs s Xas 1), Xa (to)= X,° (1.2)
€ = a small parameter ,defined as

£ = frequency of slow states

frequency of fast states

Xs = Slow states of the system
X, = Fast states of the system

I

Equation 1.2 is an alternative way of
representing the exact differential equations
of the fast variables. The singular perturbation
parameter is extracted from the right hand
side of the original differential equation of
fast variables and brought to the left-hand
side, resulting in the equation 1.2. Because
the dynamics of the two phenomena in the
power system are widely Separated, ¢
becomes very small and can be approximated
as zero. The equations 1.1 and 12 then can be
expressed in terms of slow components of the
respective  variables (indicated by ap
additional subscript ‘s’ ) as follows -

X' f ( Xat, Xes 5t ), Xultg) = X’ (1.3)
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0= S(XSans,t) (1.4)
The advantage of doing this is that, now the

equation 14 js ap algebraic equation. Since
X, are slow states of the system

Xu(t) = X(t)
where -
Xss is the stead

and "X =%} Xaf

' Y state value of the slow states.
Xss is the slr:)w Component of the fast states
( Xa) , which essentially tracks the slow
System transients

Xns is the fast component of the fast states X,
and provides the correction term.

The most accurate solution of equation 1.2

by integration but the

be very long may be in
hours. While' the CR miethod coriar..

2.  SYSTEM MODELLING

ND
ANALYTICAL METHOD %

of power across the tie line

direction. The generators  are

twWo area System

subsystems for the
follows -

in separate
Purpose of analysis as



e Generator (Gl, G2)
e Exciter and PSS
e Governor and Turbines

e Network
e Static Var Compensator
TI T2
Gl G2
Local SvC Local
Load! FC-TCR Load2
Fig. 1  Two area system
GENERATOR MODEL

The synchronous generator of both the areas
are represented by a field winding (f) and a
damper winding (h) along with a d-axis and
two damper winding (g,k) on the g axis [3,4]

STATOR CIRCUIT

The stator of both the generator are modelled
by a dependent current source L« in shunt
with the subtransient reactance L”4 , where i
is an index related to the generator. The
stator model is combined with the
transmission network model as described in
network modelling in the succeeding
paragraph.

ROTOR CIRCUIT

The flux linkages () of different windings
relating to generator are defined as :

W5 = aWe + az Wi + bii va + bz dai

Whi = a3 Ws + aq Wni + bai g
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Wg = as Wy +a Wi t bsi ig;

Wki = a7z Vg + 2 Wi + bei ig; (2.1)

Here :

i is an index number, 1= 1,2

vi; - field excitation voltages of generator

igi, iqi : d, q axis component of the i generator
current.

a;; - ag : Constants associated with the i
generator .

Transforming the d-q frame of reference
variables into the synchronously rotating D-Q
reference frame equation 2.1 is represented
by equation 2.2 in the matrix form

th

Vo= [Ag] Vg + [Agdve + [H]Xa (2‘2‘)
Where :

V= [Va Wni Wgi Wi ], i=1,2

ve=[va] i=12

Xa is defined in network model. The d-q axis
component of the dependent current source
Ii« to the two generator are given by :

Lg = C1i Wit C2i Whi

Igi = C3i Wgi + Cai Wi, 1= 1,2

These currents are also transformed to D-Q
axis frame of reference [1].

GENERATOR EQUATION OF MOTION

The generator equations of motion are ;
o ji= Wj- Wo

©j= (0o/ 2* Hj )[ Tuj - D; (- @0) -T5 ],
............. (2.3)

Where :
j=1,2



25.=-Xo (low Jy = i D)

Because of the slow frequency phenomena

equations 2.2 and 2.3 are treated as the slow
states of the system.

MODELLING OF EXCITER AND
POWER SYSTEM STABILIZER

Figure 2 shows the dynamic model of a static
exciter with PSS, corresponding to IEEE type
ST1 and PSS1A [5]. Time constants of
various states are given in appendix — A. It is
clear from the appendix-A that T, is the
maximum, hence x; is a slow state as evident
from the model below. Because the other time
constants are lesser than the T, Hence the

corresponding states X1, X2, X4 and Xxs are
treated as the fast states

X1 Vref X2 5.0

ka

———— i

551 E[‘d

exciter -5.0

voltage regulator

X3
skeTa
ak 1 45T,
pu -
wash-out

phase .leacl-lag

Fig. 2 Exciter and PSS mode|

The detailed model of exciter and PSS

| is
given by:

B X & (AdXH[Bo)xyHC] Vref HD.JE, (2.9)
Where : )

o
Xe =[x, %, x4, Xs ]

€ = _Time constant of fast states

Time constant of slow states
€e varies from 0.001 to 0.005

TWO TIME SCALE MODEL OF THE
EXCITER AND PSS

State equation for the state X] 18
X1 = 1/Tn (E, -x1) (2.5)

Because x, is a fast state, the SP theory can be
applied on it Multiplying €quation 2.5 by €.

€ Xi = /T (E, -X1) (2.6)

€ i§ very small ( 0.001 to 0.005),
approximating LHS to zero will give the slow
tracking component of the Xy 1€ x4

0 = 1w (B 1%

Xls =

hence x,, = E, (2.7)
puttl.ng X1 = X5+ X3¢ and Substitute 2.7 in
€quation 2.6. Neglect the X1t , because xir
decays very fast and solve for the x,,

Xt = -T,E,
Adding x,, and Xar will result x,

X1 ::Ed "TmE;

Similarly using the mathema

3 €quations t
states ie x,, x,. - of all other fas

are reformulated. The
complete two time scale m j

: ode] ter
and PSS is a5 follows: et

tics explained

X) =E! "TmEl'

X3 =

Vref - [E(T,+T, JE( 1 H( ko A © - X38)

“ITATH T T (A © = X3,)

o (kwAm-xa.)Jz(k.,Am-xs.)'

Xs = (kwA - x;.) - (Tq—TII'I‘Tz)(kwA M - X3 )'



Where :

X3 = TwXaa

MODELLING OF GOVERNOR AND
TURBINES

Figure 3 shows an IEEE generic model for the
governor and steam turbine

Govemnor
¥ P L AeRT 10
Aw 1+ sT;
> k] g =
pu 1+5T|

Steam turbine

X3

1

14sTe | | 14sTs | 14sTg | | 14sTY

Fig3 Model of Governor and Turbine
Detailed model of the governor and turbines
£gX g = [Ag]XgH[BglAw + [CglPrer (2.8)

Where:
Xg' = [ X1, X2, X3, X4, Xs]

gy~ _ Time constant of fast states
Time constant of slow states

£ varies from 0.02 to 0.15

TWO TIME SCALE MODEL OF THE
GOVERNOR AND TURBINES

Time constant of various states have been
given in the Appendix -A. Time constant Ts is
the maximum hence state x4 is a slow state.
All other states x;, X2, X3, Xs and x¢ are treated
as the fast states because their related time
constants are lesser than Ts. Reformulated
two time scale model of the governor and
turbine model is as follows :

P, kléfﬂ - T[ k]ﬁm'

X2 = Prer - [K1A® - (T1-To+T3) ky Ao’
X3 = Prer - [k1A0 - (T1-T2+T3+Tq) ky A ']
xs = X4 - TeXq

Xs - (Ts+T7) x4

Il

Xs

NETWORK MODELLING

For network modelling o - axis and B - axis
state equations are written. Those state
equation are then transformed into D-Q frame
of reference [ 2 ]. The final states equations in
matrix form are as follows :

eX' = [Aa]Xn + [Fi]Wg + [Fa]ve (2.9)

Where:

Xn is state variable in D-Q frame of reference
Wy is obtained from the equation 2.2

vr field voltage vector

Applying two-time scale theory on 2.9 will
result :

Xo= - [A]" [Fi] ¥y (2.10)

Xas is the slow component of the network
states. |

Xar the fast components of the X, is obtained
by iterative procedure.

X% = {AT'[G]
-[A] X% = [G] - [S5] X

All matrices [Aa], [Fi], [F2], [G] and [Sy] are
defined in [2].



The iteration can be continued till
mod[Xﬁ”’uf - X('}.,;] < g

Where €, is a small tolerance factor
finally Xas and X,¢ are added to get X, .

MODELLING OF THE SVC

For SVC IEEE basic model - 1 is considered

[6]. The block diagram for the same is shown
in figure 4.

1 Bus voltage

4 Vb
st

Fig 4 SVC basic model — 1

The susceptance
modelled by equa
assumed to be zer

reference output B is
tion 2.11 { Here Ty is

0 }. By is treated as a slow
state. The SVC bus voltage and current are

included in the network modelling and treateq
as the fast states (included in Xa).

Bi = /T, (V.k - B) (2.11)

Where
Ve = Error voltage = Vv, - Vo

kr = Gainofthe voltage regulator
T, = Time constant of the voltage regulator
3. CASE STUDY

by switching off the. entire load of

300 MW in area-1 and 550 MW ( 50% of the

total load) in area-2. Th

is of 850 MW. This heavy load rejection
results in about 5 % change in the frequency
of both the generators, The results are
obtained for the SP method and the CR

method. For validation of the results the
PSCAD/EMTDC package is used.

us total load rejection

CASE 1:

Load rejection of 850 MW, Generator with
exciter, PSS, Governor (- With detailed
modelling ) and  SVC with fixed
Compensation are considered.

Figures 5 and 6 show the frequency of the
generator — 1 and figures 7 ang 8 shows the
real power output at transformer —{ bus. It is
clear from the plots that for large frequency
variation CR method is not able to provide
the correct results as those obtained by the
PSCAD/EMTDC software. The result from
the SP method almost matches with the result
obtained from the PSCAD/EMTDC. The little
deviation in the results from the SP method
and PSCAD/EMTDC  software can be
eliminated by switching from the SP method

to full modelling of the system during the
transient period.

CASE 2.

Load rejection of 5 MW, Generator with

exciter, PSS,  Governor ( with detailed

modelling ) and  gye with  fixed
Compensation are considered.

From figure 7 and 8 it is revealed that for
small frequency deviation the CR and the SP
methods provide Same results. This is due t0
the fact that frequency variation is, gmall,
hence X, = ¢ ( fast component of the fast
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3 VTS

CASE 1

. o CAD

6 DyPSCAD  © [y CK (Deial Model of Governor) L © Dy CR (Deuil Model of Govemar)
O " & Dy SP (Detall Model of Gorernor)

& Dy 5P (Dewall Model of Gavernar) . 750

650

" // T L =

250 - ‘

55 55 A 5 o il Py %0 55 50 20 25 39 5 40 45 0 55 &
Sec ; Sec
Fig.5 Frequency of Generator 1 Fig. 6 Real Power output at

Transformer 1 Bus

CASE 2

O By SP(Dciil Model of Governor)  © Dy CR

=t v = O By 5P (Derail Model of Governer) o DbyCr

B.01ES

60.0055 .
697.5 4
o ]
g I—- ", -
Bas -3 OBs 4 @lu® & m % m o _ - 3s - 40 as .
5 .
Fig. 7 Frequency of Generator 1 Flg. 8 Real Power output at

Transformer 1 Bus
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