Voltage Stability Analysis for Planning
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Abstract Voltage control is an important phenomenon in the ever-escalating
power system. It is presumed that the voltages at various buses are within their
tolerable limits. The elements of transmission line absorb the reactive power. The
loads are mostly inductive which influence the voltage profile at buses. The paper
examines the voltage profile at various loading conditions and suggests the ways to
improve it. The paper studies the requirement of reactive power in a power system.
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1 Introduction

With the expansion of power system in terms of capacity addition and increasing
load demand, the researchers have shifted their focus more on voltage stability
issues. In the developed countries, where smart grid has been in operation, the
concept of power quality is given the utmost importance. The energy charges to be
paid by the consumers are the measure of voltage stability and power quality. This
has posed several challenges for the utilities to keep the power quality as per the
predefined standards before connecting it onto the point of common coupling. Poor
voltage regulation in suburban and rural areas of consumers is the consequence of
growing power demand and limited capacity addition. Most of the costly equip-
ments either in residential apartments and industrial areas are required to be swit-
ched off in the event of poor voltage regulation and voltage flicker. Such problems
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have scaled up recently due to the inclusion of nonlinear loads. The phenomenon
such as voltage stability and voltage collapse needs a closed monitoring and cor-
rective actions before it escalates. The proper planning and operation of power
system is thus the sole responsibility of power system analysts. This has initiated
the interests of a large number of scientists and engineers to solve the voltage
stability problem and improve the power quality by restructuring the generation,
transmission, and distribution of electric power systems. The voltage stability
problem has been identified by the dynamic behavior of the power system. On the
other hand, the load changes are the reasons behind the voltage collapse. The other
driving force is reactive power generation in alternators. The computational pro-
cedures [1] (Load flow) find applications during the initial planning stages of
voltage stability endangered power system or during the development phases of
various countermeasures. The maintenance of adequate system voltage profiles in
the event of small, medium, and large disturbances has been a matter of major
concern [2]. Load flow analysis and transient stability analysis are used as a tool to
determine the voltage security.

2 Power System Model

A power system model is generally nonlinear and is described by algebraic and
differential equations [3].

X =F(X,Y,P) (1)
0=G(X,Y,P), (2)
where X = (0, w, Ey, E,, Eta, Vg, R V and 0 at load bus); ¥ = (I, I, V, 0);

P = (PL/Qy).
A change in parameters of Egs. (1) and (2) brings the corresponding change in

X and the eigen values. Near an equilibrium point, X becomes zero. Thus,

0=F(X,Y,P) (3)

Linearising Egs. (1) and (2) at (X(P,),Y(P,)) as follows:
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3 Voltage Stability

A static voltage stability analysis refers to the solutions obtained in Gauss—Seidel or
Newton—Raphson method of power flow. However, the dynamic voltage stability is
assessed by modeling the power system incorporating all mechanisms such as
swing, flux, excitation, generator load model, etc. At PV bus, P and V are specified
whereas Q and ¢ are unspecified. Here, Q and ¢ are updated using GS method. It
includes the following steps:

Step 1: Q; = —Im{Vi* > Yika}
k=1

Step 2: The revised value of ¢ is obtained from Step 1. Thus, 55” D= Vi(r+ 2
A(r+1) i—1 i—1
= Angle of ZB,;(V,SH S By
( ) ferd

This gives a range of reactive generation, i.e., Qmin t0 Omax, If Q; is not within
this limit that particular /™ bus is then treated as “PQ” bus. In dynamic voltage
stability analysis, the machine currents prior to disturbance are calculated [4].
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4 Numerical Investigation

A preliminary numerical investigation was performed on © model of a radial line of
length 250 km, 400 kV, three phase.

Test Data [5]

Line length = 250; Frequency in Hz = 50; r = 0.014 Q/ph/km; L = 0.95 mH/Ph/
km;C = 0.01 pF/Ph/km; Conductance g = 0 S/ph/km. Receiving end (L-L)
voltage kV = 400 £0°; P, = 600 MW; O, = 450 MVAR.

4.1 Equivalent 1 Model

Z' =3.43193 + j 73.8878 ohms; Y’ = 1.82042e—007 + j 0.000789256 mho; Zc =
308.305 + j—7.22715 Q; alpha 1= 0.00567619 neper; beta 1= 0.242143 rad =
13.8737°; A = 0.97084 + j 0.0013611; B = 3.4319 + j 73.888; C = —3.5773e—007
+; 0.00077775; D = 0.97084 + j 0.0013611.
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4.2 Line Performance for a Given Load

Vir = 400 kV 2£0° (Line); Pr = 600 MW, Or = 450 Mvar; Ir = 1082.53 A £—36.8699°;
cos ¢, = 0.8 lag; Vs = 488.585 kV (Line) £12.7122° Is = 954.232 A £-28.1227°; cos
b, =0.756597 lag; Ps=610969 MW; Qs = 528.024 Mvar; PL = 10.969 MW,
QL = 78.024 Mvar; %VR = 25.8146%; 1 = 98.2047%.

4.3 Line Performance for a Given Source

Vs = 420 kV £0° (Line); Ps = 450 MW; Qs = 300 Mvar; Is = 743.452 A £0°
—33.6901°;, cos ¢, =0.83205 lag; Vr=359.457 kV £—12.229° (Line);
Ir = 841.028 A £—44.3699°, cos ¢, =0.846746 lag, Pr=443.375 MW,
QOr = 278.565 Mvar; PL = 6.625 MW; QL = 21.435 Mvar; %VR = 20.3521%;
n = 98.5278%.

4.4 Line Performance for Specified Load Impedance
of 250 + j * 0 Ohms Per Phase

Vr =400 kV £0°(Line); 1Ir=923.76 A £0°, cos ¢,=1; Pr=640MW;
Or =0 Mvar; Vs=411.346 kV £16.781°(Line); Is = 914.802 A £11.4034°;
cos g = 0.995598 lag; Ps = 648.902 MW; Qs = 61.089 Mvar; PL = 8.902 MW
QL = 61.089 Mvar; %VR = 5.92495%; n = 98.6282%.

4.5 Line Performance at no Load and Determination
of Shunt Compensation

Vs = 400 kV £0°(Line); Vr = 412.013 kV £-0.00140194°(Line); Is = 185.008
A £89.946°; cos ¢g = 0.00094199 lead; Vi = 400 kV; Shunt reactance = 2534.03
Q; rating = 63.1405 Mvar.

4.6 Line SC at Load

Vs =400 kV £0°(Line); Ir = 3122.18 A £—87.3406°; Is = 3031.15 A £—87.2603°.
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4.7 For Shunt Capacitive Compensation

Vs = 400 kV; Vg =400 £0° kV; P, = 600 MW; O = 450 MVAR.

Vs = 400 kV £16.2325° (Line); Vr = 400 kV £0° (Line); Pjgaq = 600 MW,
Oload = 450 Mvar; Load current = 1082.53 A £—-36.8699°; cos ¢ = 0.8 lag;
Required shunt capacitor: 319.327 Q, 8.30679 uF, 501.054 Mvar; Shunt capacitor
current = 723.209 A £90°; Pr = 600.000 MW; Qr = —51.054 Mvar; Ir = 869.155
A £4.86354°; ¢, = 0.996399 lead; Is = 877.648 A £16.709°; cos ¢ = 0.999965
lead; Ps = 608.031 MW; Qs = —5.057 Mvar; PL = 8.031 MW; QL = 45.997
Mvar; %VR = 3.00326%; 1 = 98.6792%.

4.8 Series Compensator

Vr =400 kV £0° (Line); Pr =600 MW; QOr =450 Mvar; %comp = 50%;
Required series capacitor: 36.9439 Q, 71.8003 pF, 39.2281 Myvar;
Subsynchronous resonant frequency = 35.3553 Hz; Ir = 1082.53 A £—36.8699°;
PFr = 0.8 lag; Vs = 443.946 kV £6.73932° (Line); Is = 969.205 A at —28.1955°
cos ¢ =0.819804 lag; Ps = 610.965 MW; Qs = 426.767 Mvar; PL = 10.965
MW; QL = —23.233 Mvar; %VR = 12.6283%; n = 98.2053%.

4.9 Compensation Requirements

Vs =400 kV; Vr =400 £0° kV; Pload = 600 MW; Qload = 450 Mvar; Load
current = 1082.53 A £-36.8699°; cos ¢ = 0.8 lag; Shunt capacitor: 329.45 Q,
8.05154 uF, 485.658 Myvar; Capacitor current = 700.986 A £90°; Series capacitor:
36.9439 Q, 71.8003 pF, 28.4606 Mvar; Subsynchronous resonant
frequency = 35.3553 Hz; Pr =600 MW; Qr = —35.6575 Mvar; Ir = 867.553
A £3.40104°; cos &, = 0.998239 lead; Is = 884.446 A £152633° cos ¢, =
0.992165 1lead; Ps=607.961 MW; Qs = —76.557 Mvar; PL = 7.961 MW;
QL = —40.899 Mvar; %VR = 1.47935%; n = 98.6906% (Figs. 1, 2, 3 and 4).

5 Discussion and Conclusion

For a given receiving end quantities at lagging power factor loads, Ps and Qg are
always higher than that of the receiving ends. This implies that the additional
required reactive power is supplied by the generators. There are active power losses
in the transmission section which can be minimized with the proper sizing of
conductors. The angular difference between Vs and Vi depends upon the
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Fig. 1 Voltage profile of an Voltage profile of an unloaded line, XLsh = 1519.4013 ohms
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transmission line reactance and the load power factor. If the voltage profile worsens
due to some of the reasons, the determination of shunt compensation helps to
restore and maintain the voltage within its tolerable limits. For an unloaded line, the
receiving end voltage is found more as compared with the sending end voltage due
to line charging capacitance. Or in other words, it can be said that on no load, the
capacitive reactance dominates the inductive reactance. If the line is short circuited
at the receiving end, the current reaches abruptly a very high value and lags behind
the voltage approximately by 90°. A series capacitor compensation may be
employed to bring down the transfer reactance between the buses. This helps in
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Fig. 3 Voltage profile Voltage profile for length up to 1/8 wavelength, Zc = 290.4964 ohm
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enhancing the static transmission capacity. The recommended percentage of series
compensation is limited to 25-30% as it would be uneconomical to go beyond 30%
due to economical constraints. The compensation may be provided with various
configurations (series and parallel) of capacitors and inductors for the purpose of
voltage control and maintain the power quality. There has been a tremendous
advancement in this field with the Flexible AC Transmission System (FACTS)
controllers. The voltage stability and power quality problems have been greatly
resolved with FACTS controllers.
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6 Future Work

Based on the preliminary numerical investigations as presented in Sect. 4 of this
paper, the work can be extended to fabricate a scale model of IEEE 9 bus system in
institute laboratory. The transmission model of m configurations would be devel-
oped for a balanced three-phase system [6]. With loads connected at bus 5, 6, and 8
and generations at 1, 2, and 3, the experimental and numerical results obtained with
Gauss—Seidel Method [7, 8, 9] will be compared for small variations in loads at
various buses. The voltages at various buses are required to be within the tolerable
limits [10, 11, 12]. If it violates, the appropriate compensations with RC loads
would be applied to compensate for voltages (Figs. 5 and 6).
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Fig. 5 R-L load
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Fig. 6 R-C load
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