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Abstract: The purpose of this research is to find the loading
limit of a power system before hitting voltage instability and to
assess the margin to voltage instability of a system consisting of a
wind farm. An index called Bus Apparent Power Difference
Criterion (BSDC) is used to find maximum loadable point. The
measure depends on the way that in the region of the voltage
collapse no extra apparent power can be delivered to the affected
bus. The analysis is performed combination of wind power
injection at different wind speeds and line outagesin the network.
In the feasibility and siting studies of wind farms the steady state
analysis with network contingencies give the utility or the
developer a sense of network condition upon the injection of
power in the network. However, the extent of voltage stability
impacted due to load growth in the system is not assessed. The
research paper makes way to assess the impact on voltage stability
margin with obtaining the maximum loadable point of the system
and assessing the best suited bus to integrate a wind farm into the
system.
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I. INTRODUCTION

Power system stability is an issue which has aways

received attention. However, transient angle stability is
understood under power system stability. Over the years and
as power systems are expanded and pushed towards their
limits, other types of power system instability have comeinto
the picture like inter area oscillations, voltage stability and
frequency stability and. The problems of voltage control and
stability are not new to the electrical utility industry but are
now being pursued by every power system enthusiast. With
growing network size along with environmental and
economic pressures, the possible threat of voltage instability
is becoming increasingly pronounced in power system
networks. The terms voltage instability and voltage collapse
are frequently used reciprocally. The voltage instability is a
dynamic process wherein contrast to rotor angle
(synchronous) stability, voltage dynamics mainly involves
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loads and the means for voltage control. Voltage instability
and collapse have resulted in several major system failures or
blackouts. The operation of power systems closer to their
loadability limits is dictated by the needs of deregulated
electricity markets. However, due to this, voltage instability
has caused several blackouts. This means that voltage
stability has become a serious operational issue and is the
subject of significant investigation due its importance in
system security and the quality of power. Wind energy plays
amajor role towards a sustainable energy future. Among the
many generator types used in wind power generation, the
development has advanced from fixed to variable-speed
concepts. Since decades Squirrel Cage Induction Generator
(SCIG) has been the backbone of wind power industry. Due
to the intake of reactive power and variation in output power
by the windfarm with SCIG, analysisis being carried out on
impact of large-scale wind power generation on voltage
stability.

Il. VOLTAGE STABILITY INDEX ASSESSMENT

A. PV Curves

The slower form of voltage stability are analysed using
load flow method. Simulations are made for an outage or for
high load built up and load flows obtained. Besides these
post-disturbance power flows, two other power flow-based
methods are widely used, PV curves and VQ curves. These
two methods determine steady state loadability limits (or)
maximum loadable limits (or) network loadabilty limits
which are related to voltage stability. PV curves are handy in
conceptua analysis of voltage stability. In order to assess the
voltage stability of a system, consider a simple radial system
shown in Fig. 2.1.

P+ jQy P, + jQ,

YV

V,26 V,20
Fig2.1:Simpleradial system

Power flow at receiving end is

P, = %sin é (2.1)
_y.2
Qz — V1 V5 cos 1) Va (2.2)
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2
The short circuit power of the systemis "1 / X
Normalizing the variables based on short circuit power

Py X

P = % (2.3)
X
Q=% (24)
1
we get
P=Vsiné (2.5)
Q=Vcosd— V2 (2.6)
eliminating 6 we have
Vi+ V22Q -1+ (P2 +0Q3) =0 2.7)
for a power factor angle ¢
V* + V2(2Ptan¢g — 1) + P?sec?¢p =0 (2.8)

From the above equation we can draw PV curve for any
power factor load.

For unity power factor

Vt—VZ2+ P2=0 (2.9)
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Fig A.1: Typical PV curve

B. BSDC Index

Bus Apparent power Difference Criterion (BSDC) is based
on the fact that the stressed lines become consumers of huge
sum of reactive power and they begin restricting the reactive
power supply to a load bus in the vicinity of the voltage
collapse.

This means

ASki = Vk AI;l + 1;1 AVk +
AV, AL; (2.10)
At the point of voltage collapse, AS,; = 0

The condition AS_ki=0 at the receiving end of a line results
in a demand for a higher reactive-power inflow on the other
lines connected to the affected bus k, and in the final step all
of the connected lines fail to supply the load bus k.
Consequently, no additional apparent power can be delivered
to the load k.
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This can be formally written as

AS, =0 (2.11)
Eq.(2.12) can be further developed in asimilar way
AS, = Vi AL + I AV, + AV, AL (2.12)

Since AV_k Al k™* represents a very small value if a
sufficiently small sample step isused, it can be neglected and
€q.(2.12) can be written as:

AS, = Vi AL + I AV, = 0 (2.13)
[Vie Alg| = |— I AVy| (2.14)
Vi _ Aﬂ
= (2.15)
Vi AV
BSDC = (2.16)

TF |
Iy

C. Modelling of wind turbinewith SCIG

An induction machine that has the property to work both
asinduction motor and as an induction generator has two sets
of windings-one on the rotor and other on the stator, but only
one set actively participates in energy conversion process.
Therefore, SCIG isalso called asingly fed electric generator.
The three-phase stator winding of the SCIG, which is
symmetrically distributed along stator circumference, is
connected to a balanced 3-phase source (grid). However,
SCIGs are not self-exciting. They depend on an external
voltage source (e.g. the electric grid) to produce a rotating
magnetic field by the stator.

Theinteraction of the generator rotor bar currents with the
rotating magnetic field in the air gap generate a tangential
force ontherotor, generating atorque and causing the rotor to
rotate against the direction of rotation in the generating mode.
If the rotor runs at synchronous speed, there will be no stator
flux, cutting the rotor, no current induced in the rotor and
hence no torque. The dip between the rotor and the
synchronous speed stator field develops torque. The ratio of
the speed of actual flux cutting the rotor to synchronous
speed is defined as slip given by

Ng—N
Ng

where, s=dip
N_s = synchronous speed

N = rotor speed
On starting the machine as an induction motor the dip is
unity, while at synchronous speed dlip is zero. Slip is defined
as ‘negative’ when the machine is running as generator which
is about -1% to -2%, when used along with wind turbine.
When the wind turbine rotor (driven by wind) makes the
SCIG rotor shaft speed to coincide with the stator rotating
magnetic field, it no more intersects the rotor winding and no
power is drawn from the grid, and rotor is said to be idling at
synchronous speed, i.e. without any load.
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But when the wind thrust continues to apply more torque
through the wind turbine rotor to make the generator rotor run
faster than the stator’s rotating magnetic field, the machine is
said to run at super synchronous speed, the induction
machine becomes an induction generator and starts
generating electric power rather than consuming it, thus
returning power back to grid. The harder the wind cranks the
wind turbine rotor and the generator shaft connected to it, the
more electric power gets produced and pumped into the grid.

Cage Induction
Generator REGC Transformer
Prime —— i
5 QN Electric
i Grid

Fig C.1: Schematic diagram of SCIG connected to grid

Tablel: Parametersof wind turbine consider ed

Parameter Value
Rotor diameter, m 42
Hub height, m 35
Gear box ratio 1:50
Cut-in wind speed, m/s 45
Rated wind speed, m/s 15
Cut-out wind speed, m/s 25

Tablell: Parameters of SCIG considered

Parameter Value
Active power, KW 600
Terminal voltage, V 690
Stator Resistance, mQ 7.10
Stator reactance, mQ 72.3
Rotor Resistance, mQ 5.60
Rotor reactance, mQ 88.3
Magnetisation reactance, Q 3.05
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Fig C.2: Power variation of integrated windfarm
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I11. SIMULATION AND RESULTS

Voltage stability analysis is done on standard |EEE 5 bus
system. Parameter acquisition (voltage and current phasors at
the load buses) is done by using Newton Raphson Load Flow
analysis. Voltage Stability Index Assessment is done by
calculating BSDC index.
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Fig C.1: Standard 5 bus system

A. Analysiswith windfarm placed at bus5 and outage of
line (4-5)
Tablelll: Windfarm placed at bus5 and outage of line

(4-5)
. Bus 4 Bus 5
Spevevclir(‘;/s) \{oltage BSDC \{oltage BSDC Maximum
in p.u. in p.u. LF

5 0.8140 0.1746 0.6052 0.0343 3.17
7 0.8167 0.2399 0.6172 0.0687 3.25
9 0.8057 0.1769 0.6015 0.0322 334
11 0.8147 0.2001 0.6216 0.0484 3.36
13 0.8361 0.2458 0.6578 0.0795 3.28
15 0.8559 0.2857 0.6878 0.1011 3.19

B. Analysiswith windfarm placed at bus 5 and outage of
line (2-5)
TablelV: Windfarm placed at bus5 and outage of line

(2-5)
. Bus 4 Bus 5
Spe‘gl(;r(‘i /) \{oltage BSDC \{oltage BSDC Maximum
in p.u. in p.u. LF

5 0.6542 0.0254 0.6918 0.1515 125
7 0.6131 0.0217 0.6654 0.0767 132
9 0.6339 0.0740 0.6852 0.1346 137
11 0.6429 0.0043 0.6559 0.0168 1.39
13 0.6511 0.0890 0.6946 0.1490 1.39
15 0.6661 0.0928 0.7020 0.1396 1.28

C. Analysiswith windfarm placed at bus4 and outage of
line (4-5)

TablelV: Windfarm placed at bus 4 and outage of line

116

(4-5)
. Bus 4 Bus 5
Spev:(;r(‘:\ /s) \(oltage BSDC \{oltage BSDC Maximum
in p.u. in p.u. LF
5 0.8077 0.1946 0.6057 0.0345 3.16
7 0.8130 0.1935 0.6097 0.0298 3.19
9 0.8165 0.2603 0.5959 0.0633 321
11 0.8236 0.2389 0.6186 0.0493 3.28
13 0.8226 0.2291 0.6159 0.0420 3.30
15 0.8228 0.2499 0.6200 0.0528 3.18
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D. Analysiswith windfarm placed at bus4 and outage of
line (2-5)
Table V: Windfarm placed at bus 4 and outage of line

(25
Wind VoltageB h VoItagI:LIS > Maximum
Speed(m/s) X BSDC X BSDC

in p.u. in p.u. LF
5 0.6541 0.1459 0.7059 0.1988 1.27
7 0.6446 0.1191 0.6944 0.1653 1.28
9 0.6320 0.0826 0.6818 0.1225 1.30
11 0.6593 0.1468 0.7080 0.1856 1.39
13 0.6955 0.2316 0.7441 0.2717 142
15 0.7068 0.2348 0.7594 0.2822 1.30

In order to identify the suitable location of windfarm that
provides higher loading factor over a broad range of wind
velocity, the Standard Deviation (SD) of loading factor at
various wind velocities is computed.

Table VI: Standard deviation of loading factor with

windfarm
Placement of windfarm at load bus SD of loading factor
4 1.207
5 1.2167

It is observed that the standard deviation is marginaly
less when the windfarm is placed at bus 4. Therefore, it is
observed that placement of windfarm at bus 4 will make the
system voltage stable over a wide range of wind velocity as
compared to bus 5.

V. CONCLUSION

Though a lot of wind farm integration studies are done
with respect to the network feasibility, the margin of voltage
stability with the integration of the wind farm and the
variation with the load growth is not assessed and captured.
Voltage stability analysis of the system with network
contingencies, power injection at various wind speeds and
load growth gives a better picture of the reliability,
robustness and better clarity of the power system network. In
the end it allows a developer or a utility to choose the best
suited bus to inject the wind power considering both the
network feasibility and voltage stability.
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