6. CONCLUTION

This research was carried out based on a model of the power system of Sri Lanka, which was
simulated suing PSCAD EMTDC and COMFORTRAN software. This power system
simulation was done with reference to the load flow occurred on the 13"™ May, 2013 as the
day-time peak demand, (around 12.30 p.m.). Different actual power system scenarios were
simulated in this model and its results/performance was very much closer to real time values.
But as I see, following are some points that should be accounted for, through which the

performance of the simulation model could have been improved further.

e The power system is comprised with a variety of generator/ turbine types, such as
steam — turbine power plants, gas — turbine power plants and diesel engines. In
simulating these thermal generators in the power system, I have considered all of
them (thermal generators) as steam turbine power plants. (Section 3.2.6.1)

e Even though the generation capacities are different I have used the same set of
parameters in certain situations (especially in simulating the governor, turbine and
generator) for thermal plants and hydro plants, (two separate sets for the two
corresponding types). (Section 3.2.6.3, Section 3.2.7.2 Table 3.13, Table 3.16)

e [t was not possible to get the actual inertia values for all generators, for the
simulation. [ used some experimental values as well as some calculated values in this
process, which may not be the exact vales of the inertias of the units connected to the
national grid at that instant. (Section 3.2.4.4, Table 3.10)

e In the simulation, the loads connected to bus bars at each grid were considered as
fixed values. Even though the inductive and capacitive reactance varies with the
system frequency variations, the option of inductive and capacitive loads which are
not sensitive to system frequency was selected in the simulation.

e If we consider the construction details of a particular standard type underground
cable, their construction details may be slightly different from one manufacturer to
another. So the same values may not be applied in the simulation process, which are
identical to the power system components.

e Devices such as CFL lamps, Variable Speed Drives, Switching devices etc. are
becoming much popular in the country. Even though they have many advantageous

situations to the consumer, on the other hand they introduce lot of harmonics whose
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effects may be very bad for the utility as well as the power system. This issue has not

been addressed in the simulation process.

With the developed simulation model of the Power System of Sri Lanka, it was able to come

to certain conclusions which are much favorable to maintain the system with a high quality

and reliable service. The results show that the Proposed Load Shedding Schemes are better

solutions for the power system stability problem during generation deficiencies. These

proposed load shedding schemes are exclusively specific for the power system of Sri Lanka.

It depends on the electrical power system practice, regulations, largest generator

capacity/capacities, electricity consumption pattern, capacity of embedded generation etc.

By implementing a load shedding scheme at an initial stage of a generation
deficiency, further reduction of system frequency can be eliminated. This would be
very supportive in regulating frequency in a power system. Accordingly the proposing
frequency for initiating a Load Shedding Scheme is 49. 4 Hz. With reference to the
current practice of Sri Lanka, CEB initiates its Load Shedding Scheme if the system
frequency < 48.75 Hz with a delay time of 100 ms.

The chance of occurring the conditions “f < 49.0 Hz” and “-0.85 < df/dt” (which can
be considered as adaptive to the system behavior) together (i.e. the logic condition ‘f
<49.0 Hz & -0.85 < df/dt’), that are given in the CEB load shedding scheme is very
much less. Hence there is a high possibility of initiating ‘other stages’ of the load

shedding scheme in addition to this stage, which may lead to ‘over-shedding’.

If it is possible to limit implementing the load shedding stages in the Load Shedding
Scheme only up to a system frequency of 48.6 Hz, the power system can be retained

within the specified frequency limits (minimum safe operating frequency limit of

thermal generator): i. e. the system frequency = 47.0 Hz. Since Sri Lanka is a country

which receives electricity mostly from thermal power generation, it is very important
to keep the system frequency beyond the safe limit 47.0 Hz. Else this can lead for a

catastrophic failure.
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Further by implementing disintegration of the national grid at an instant where the
system frequency = 48.6 Hz, rather than considering a specific df/dt value, it is
possible to maintain the frequencies in the national grid as well as in islands
approximately above 47.5 Hz. There by the stability of the grid network can be

assured.

During disintegration of the power system it is very important to identify and isolate
transmission lines which do not cater power to any loads but still energized while
being connected to the power system. It is because this type of transmission lines can
affect the reactive power balance of the power system and hence may lead to

catastrophic failures.

With the help of the simulation program I was able to explain real time situations/
problems which were experienced by engineers in the CEB,
— while they were trying to isolate the southern part of the national grid
— during a generation tripping occurred in the Laxapana and New-
Laxapana power stations.
This was because reactive power imbalances occur in the National Grid due to No-

Load or Lightly Loaded transmission lines in the transmission network.

With the Proposed LSS — II, even though it suggests 40% of the load to give priority
in catering electricity (when concern the national grid) further amount of load receives
power due to islanding operation. Therefore, it is possible to cater a larger number of

consumers by disintegration of the power system.

In this simulation model SVC were not used; instead by doing a small calculation for
reactive power consumption in each island, the reactive power compensation was
done. More successful results can be assured if SVCs were introduced to each and

every island as well as to the national grid.
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APPENDICES

APPENDIX -1

TRANSMISSION LINES

Power system’s main power corridor: Transmission lines and transformers with a two-port
network.
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Referring to Figure 1 (a) approximated two port transmission network and (b) phasor
diagram:

V —receiving end phase voltage
E — sending end phase voltage

P — single - phase real power

Q —single - phase reactive power

|BC| = XIcosgp = E sind
Hence Icosp = gsin(?

|AC| = XIsing = Ecosé —V
Hence Ising = gcosd — ;
Real power, P = VIcosp = %siné‘

~P(6) = EX—VSinS <«— power — angle characteristics
d is known as the load angle or power angle.

Since the real power P depends on the product of phase voltages and the sine of the angle 6
between their phasors. In power networks, node voltages must be within a small percentage
of their nominal values. Hence such small variations cannot influence the value of real power.
Large changes of real power, from negative to positive values, correspond to changes in the
sin 8. The system can operate only in that part of the characteristic which is shown by a solid
line in figure 3 (c). The angle 9 is strongly connected with system frequency f; hence the pair
‘P and f” is also strongly interrelated.

Reactive power,

_EV 5 vz
Q—Xcos X

cosbé = /1 —sin%é8

Due to stability considerations, the system can operate only in that part of the characteristic
which is shown by a solid line. The smaller the reactance X, the steeper the parabola; even
for small changes in V, cause large changes in reactive power. Obviously the inverse
relationship also takes place: a change in reactive power causes a change in voltage.

(a) X P,Q X P,Q
_/\/V\_r_y s YT
‘ \ /\ 99
E — |V E Y%
T T



(b)

(©
F ]

Figurel: (a) Two-port m equivalent circuit corresponding to an approximated transmission
line

(b) Corresponding phasor diagram

(c) Real power and reactive power characteristics

Hence the three factors that can affect the stability of PS can be identified as:
e Load angle, 6
e Frequency, f
e Nodal voltage magnitude, V
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APPENDIX - 11

COMPOSITE LOADS

Usually each composite load represents a relatively large fragment of the system typically
comprising

low- and medium-voltage distribution networks,

small power sources operating at distribution levels,

reactive power compensators,

distribution voltage regulators,

a large number of different component loads such as motors, lighting and electrical
appliances [6].

In the steady state the demand of the composite load depends on the bus-bar voltage ¥ and
the system frequency f. The functions describing the dependence of the active and reactive
load demand on the voltage and frequency P(V, f ) and Q(V, f ) are called the static load
characteristics.
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The characteristics P(V ) and Q(V ), taken at constant frequency, are called the voltage
characteristics while the characteristics P(f') and Q(f ), taken at constant voltage, are called
the frequency characteristics. The slope of the voltage or frequency characteristic is referred
to as the voltage (or frequency) sensitivity of the load. Figure 2, illustrates this concept with
respect to voltage sensitivities.

P, Q

/<atan Koy
7
P(V) av)

atan kqy

N

Figure 2: Illustration of the definition of voltage sensitivity

Voltage sensitivities kpy and kqv and the frequency sensitivities kpr and kqr are usually
expressed in per units with respect to a given operating point:

_AP/P,
PV Av v,
o = 8Q/Q
T AV Y,
e AP/P,
Y
L - hesep
YA/

Where,
Po, Qo, Vo, fo, AP and AQ, are: real power, reactive power, voltage, frequency, real power
change, and reactive power change at a given operating point.

A load is considered to be stiff, if at a given operating point, its voltage sensitivities are small.
If,

o kpy=0
kov = 0, the load is considered to be ideally stiff. The power demand of that load
does not depend on the voltage.
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e Aload is voltage sensitive if kpy, and kg are high

e For a small AV change cause high change in the demand, AP .
® Usually kPV < kQV

APPENDIX - III

GENERATION CHARACTERISTIC

In the steady state, the idealized power—speed characteristic of an i™ generating unit can be
written as:

Aw AR, AP, Aw
o, PR TR T o,
Af AP, AP, Af
- = —Pi = —K; —
fn Pni Pni fn

In the steady state, all the generating units operate synchronously at the same frequency.
When,

Aw = fraction of rated speed

w, = rated speed

w = turbine speed

Af = fraction of frequency

f = system frequency

APt = the overall change in the total power generated
N = no. of generator units

Pm = turbine power

P» = nominal power output;
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fn Pnl
Ng
_4f
APr = — 7 K;Py;
i3
Ng

a3 () 2

Change in generated power as

applied by the turbine
't 1'1 f
B 0 [l =
Af === L Afqmm==
BT [T,
4 L1 fml P Tm2
Afw Al

Figure 3: Generation characteristic as the sum of the speed—droop characteristics of all
the generation units.

Figure 3, illustrates how the characteristics of individual generating units can be added
according to Equation (1) to obtain the equivalent generation characteristic. This
characteristic defines the ability of the system to compensate for a power imbalance at the
cost of a deviation in frequency. For a power system with a large number of generating units,
the generation characteristic is almost horizontal such that even a relatively large power
change only results in a very small frequency deviation. This is one of the benefits accruing
from combining generating units into one large system.

To obtain the equivalent generation characteristic of Figure 4, it has been assumed that the
speed—droop characteristics of the individual turbine generator units are linear over the full
range of power and frequency variations. In practice the output power of each turbine is
limited by its technical parameters. The speed — droop characteristics of a turbine with an
upper limit is shown in figure 4.
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Figure 4: Speed—droop characteristic of a turbine with an upper limit.

If a turbine is operating at its upper power limit then a decrease in the system frequency will
not produce a corresponding increase in its power output. At the limit p = oo or K = 0 and the
turbine does not contribute to the equivalent system characteristic. Consequently the
generation characteristic of the system will be dependent on the number of units operating
away from their limit at part load; that is, it will depend on the spinning reserve, where the
spinning reserve is the difference between the sum of the power ratings of all the
operating units and their actual load.

The allocation of spinning reserve is an important factor in power system operation as it
determines the shape of the generation characteristic. This is demonstrated in figure 6, with
two generating units.

In Figure 6 (a), the spinning reserve is allocated proportionally to both units (which operate at
a frequency of fj) and the maximum power of both generators is reached at the same
operating frequency f ;. The sum of both characteristics is then a straight line (as given in
equation (1)), up to the maximum power Pyax = Pmax 1 + Pmaxo.

Figure 5 (b) shows a situation where the total system reserve is the same (equal to the amount
of the previous case), but it is allocated solely to the second generator. That generator is
loaded up to its maximum at the operating point (frequency f',). The resulting total generation
characteristic is nonlinear and consists of two lines of different slopes. The first line is formed
by adding both inverse droops, K11#0 and Kr,#0 , in Equation (3). The second line is formed
noting that the first generator operates at maximum load and Kp;= 0, so that only Kr#0
appears in the sum in Equation (3). Hence the slope of that characteristic is higher.

{a)

(b)




Figure 5: Influence of the turbine upper power limit and the spinning reserve allocation on
the generation characteristic.

The number of units operating in a real system is large. Some of them are loaded to the
maximum but others are partly loaded, generally in a non-uniform way, to maintain a
spinning reserve. Adding up all the individual characteristics would give a nonlinear resulting
characteristic consisting of short segments with increasingly steeper slopes. That
characteristic can be approximated by a curve shown in Figure 6. The higher the system load,
the higher the droop until it becomes infinite pr = oo, and its inverse Kr = 0, when the
maximum power Pyax is reached. If the dependence of a power station’s auxiliary
requirements on frequency were neglected, that part of the characteristic would be vertical
(shown as a dashed line in Figure 6). However, power stations tend to have a curled-back
characteristic — see curve 4 in Figure 8. Similarly curled is the system characteristic shown in
Figure 6.

_f‘lk

_|>

PT MAX J'UT

Figure 6: Static system generation characteristic

L

Figure 7: Turbine power—speed characteristic for the unregulated turbine (lines 1, 2) and the
regulated turbine (lines 3, 2, and 4).

The generation characteristic of an actual power system is nonlinear and consists of many
short sections of increasing slope as more and more generating units reach their operating
limits as the total load increases until, at maximum system load, there is no more spinning
reserve available. The generation characteristic then becomes a vertical line. For small power
and frequency disturbances, it is convenient to approximate this nonlinear generation
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characteristic in the vicinity of the operation point by a linear characteristic with a local droop
value.

The total system power generation is equal to the total system load (Pr), including
transmission losses.

Equation (1)/Py, gives:
APr Af Af APr
il Zoor L= -r
PL ’ fn fn pr PL
(2)
Where,
K, = ZisaKiPu)
Py (3)
1
Pr = Ky

Equation (2) describes the linear approximation of the generation characteristic calculated for
a given total system demand. Further, the coefficients in Equation (3) are calculated with
respect to the total demand, not the sum of the power ratings, so that pr is the local speed-
droop, of the generation characteristic and depends on the spinning reserve and its allocation
in the system as demonstrated in Figure (5).
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APPENDIX -1V

VOLTAGE COLLAPSE

When the reactive power required by the transmission system becomes inadequate, we say
that the power system goes through a “voltage collapse.” Voltage collapse can be best
explained by the trivial example shown in Figure 8, [13]. If we solve the power flow
equations for the load bus, we get:

E
P(V,08) = —V.Sin@.}
And

(—Cos8.E+V)

QW,6)= -V =

E=1.0pu =

Figure 8: example power system to show voltage collapse.

If we give the relationship between Q and P as Q = tan(¢) - P, then we get the plot for various
values of tan(¢) as shown in Figure 9. With reference to Figure 9, when the load draws
reactive power (tan(¢) > 0), the voltage drops off faster as P increases. Similarly, if the load
produces reactive power (tan (¢p) < 0), the voltage actually rises and stays above 1.0 pu for
much of the range. This is the phenomena of reactive compensation wherein one can supply
more real power, P, if reactive power is supplied at the load.

During a serious emergency on the transmission system or when a generator is lost, the
reactive power being consumed by the transmission system will cause the voltage to drop.
More importantly, the curve, often called the “nose curve” because of its shape, contracts and
the result is as shown in Figure 10.
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Figure 9: Voltage at receiving bus versus power delivered.
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Figure 10: contraction of the voltage characteristic during a transmission outage.

In this case, we shall assume that the system was supplying about 330 MW and gave
adequate reactive support to result in a pre-disturbance voltage that was within limits. The
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disturbance results in loss of transmission, and the resulting new voltage characteristic no
longer even intersects the vertical line at 330 MW and we then have a situation where the
power flow cannot be solved. Under such conditions, the voltage will collapse and the whole
power system will go down. Generally, failure of the power flow is a sign that the power
system is not secure and should be alarmed to operators.
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APPENDIX -V

Generation and transmission network of Sri Lanka as at 2011.
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APPENDIX - VI

Swing equation [6]
Swing equation is the fundamental equation governing the rotor dynamics.

One of the natural frequencies of the turbine/generator drive system will be at 0 Hz and
represents free-body rotation where the turbine and generator inertias move together with no
relative displacement of the individual rotor masses. When connected to the power system
this free-body rotation will appear as a low-frequency oscillation of typically 1 to 2 Hz. It is
this free-body rotation that is addressed in this section. When considering free-body rotation
the shaft can be assumed to be rigid when the total inertia of the rotor J is simply the sum of
the individual inertias. Any unbalanced torque acting on the rotor will result in the
acceleration or deceleration of the rotor as a complete unit according to Newton’s second
law:

dwp,
]7‘*‘ Dywpy = 1 — 7, (A)

Where,

J — total moment of inertia of the turbine and generator rotor (kgm?)

o, — rotor shaft velocity (mechanical rad/s)

T, — torque produced by the turbine (Nm)

T. — counteracting electromagnetic torque

D4 — damping-torque coefficient (Nms) — considers for the mechanical rotational loss due to
windage & friction

In the steady state,

o, _
dt
Then, rotor angular speed = synchronous speed = 0y
T = Dywsy + Te
-~ The net mechanical shaft torque = 1y,

Tm =Tt — Dgwgm = T

If, Tm > Te,thenrotor accelarates.
Tm < T.,thenrotor decelarates.

Wy = Wey + Awpy,
m

Wy = Wy +——
m sm dt

dw, d ds,1 d*6,
L L
dt dt dt dt?
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S(A) =

d?s dé,
J dt2m+ Dg [wsm‘l' d;n] =T~ Te
d?s. dé
J ?;n +Ddd_;n= (1t — Dgwsm) — Te
Tm
d26m dé,
/g *Pag T T
d25m dém,
] wsmﬁ + Dda)sm? = WsmTm — WsmTe
Wsm Wsm
= WOmTm WmTe
m m
Wsm Wsm
= B, — P,
Wy, wy
wsm - wm ’
Hence,
d25m doép,
Ism wsmF =Py— P - Dd“’sm?
d25m dén,
M g = = e = Dmg
d25m ddép,
m a2 =Pp— F—Dn dt
Where,

M, = angular momentum of rotor at synchronous speed
D,, = damping coefficient
Wsm, = Synchronous speed
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It is common practice to express the angular momentum of the rotor in terms of a normalized
inertia constant when all generators of a particular type will have similar ‘inertia’ values
regardless of their rating.

Inertia constant, H is defined as: The stored kinetic energy in MJ at synchronous speed
divided by the machine rating, S, in MVA, so that:

1

o= jla)szm

Sn

_2HS,

m

wS m

[H]=s

H — Kinetic energy of the rotor at synchronous speed, in terms of the number of seconds it
would take the generator to provide an equivalent amount of electrical energy when operating
at a power output equal to its MVA rating

The power angle and angular speed can be expressed in electrical radians and electrical
radians per second respectively, rather than their mechanical equivalent, by substituting

5= 5_7"
p/2
SWem

We =
* p/2

Where,

P —number of poles

0 — power angle in electrical radians
s — electrical radians per second

Substituting 6 and o in equation (B), the swing equation can be written as,

2HS,, d?§ ds
—+D— =
ws dt? dt

p=2Pm
p
Let,
M — inertia coefficient
Pp — damping power
D — damping coefficient
Pacc — net accelerating power
Then,
2HS.
M=—"
wS
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P,=D—
b dt

Then swing equation takes common form:

d?s
MW = Bn— F.— Pp = Py
Further,
dAw
sz Bn— Fo— Pp = Py
dé‘—A
ac - °¢

o, — rotor speed in mechanical rad/s
. — rotor speed in electrical rad/s

The rotor angular speed is synchronous speed wsy, while the turbine torque T is equal to the
sum of the electromagnetic torque 1. and the damping (or rotational loss) torque Dywgp,.
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