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ABSTRACT: This Paper presents voltage stability assessment through P-V curve and bus voltage sensitivity factor. It
addresses a measure of how close the system is to voltage instability? Active power margin is used to measure the
distance to instability. Continuation power flow is used to obtain P-V curve of power system. Continuation power flow
starting with initial operating point and increasing load to the maximum loading point. Voltage stability index and
weakest bus is found from the result. A power system analysis tool is used to run continuation power flow.

Keywords: Voltage stability, continuation power flow, predictor —corrector step, maximum loading point, Bus
sensitivity factor.

I.INTRODUCTION

In general terms, voltage stability is defined as the ability of a power system to maintain steady voltages at all the buses
in the system after being subjected to a disturbance from a given initial operating condition. It depends on the ability to
maintain/restore equilibrium between load demand and load supply from the power system. Instability that may result
appears in the form of a progressive fall or rise of voltages of some buses [1], [7], [8].Voltage stability problems mainly
occur when the system is heavily stressed beyond its capability. While the disturbance leading to voltage collapse may
be initiated by a variety of causes, the main problem is the inherent weakness in the power system. [2] Many voltage
stability indices are based on the eigen value analysis or singular value decomposition of the system power flow
Jacobian matrix [3], [4]. The prominent methods in voltage stability analysis are those that find system load margin,
Especially when system contingency is considered P--V curve and Q-V curve are most considerable method to find
active power margin and reactive power margin. Network configurations and load distributions can also reflect using P-
V curve. The linear approach between the generator reactive power reserves and voltage stability margin is related to
the system PV curves versus nodal VQ curves. Using this relationship, a systematic and practical method for
determining the online voltage stability margin is proposed in [5].

In most of the research work the voltage stability has been considered as static phenomenon. This is due to slow
variation of voltage over along time observed in most of the incident until it reaches to the maximum loading point and
then it decreases rapidly to the voltage collapse. Static voltage stability can be analysized by using bifurcation theory.
There are different types of bifurcation theory, in which saddle node bifurcation is used for static voltage stability
analysis.[6] This paper is concentrated on the steady state aspects of voltage stability. Indeed, numerous authors have
proposed voltage stability indexes based on repeated power flow analysis. In this generally conventional load flow is
used. The main difficulty in this method is that jacobian of NR power flow become singular at voltage stability limit
(critical point) .A power flow solution near the critical point prone to divergences and error. Singularity in the Jacobian
can be avoided by slightly reformulating the power flow equations and applying a locally parameterized continuation
technique. During the resulting “continuation power flow”, the reformulated set of equations remains well-conditioned
so that divergence and error due to a singular Jacobian are not encountered.

II.CONTINUATION POWER FLOW

The general principle behind the continuation power flow is simple. It employs a predictor-corrector scheme to find a
solution path. It adopts locally parameterized continuation technique. It includes load parameter, step length for load
parameter and state variable.
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A Locally Parameterized Continuation

A parameterization is a mathematical means of identifying each solution on the branch, a kind of measure along the
branch. When we say "branch," we refer to a curve consisting of points joined together in n + 1 dimensional space
that are solutions of the nonlinear equations F(x,A) =0 (1). This equation is obtained by introducing a load
parameter A into the original system of nonlinear equations, F(X) = 0. For a range of values of A. The solution of Eq.1
along a given path can be found for each value of A, although problems arise when a solution does not exist for
maximum possible A value. At this point, one of the state variables, X can be used effectively as the parameter to be
varied, choice of which is determined locally at each continuation step. Thus, the method is designated as the locally
parameterized continuation. In summary, local parameterization allows not only the added load parameter, but also the
state variables to be used as continuation parameters. Continuation power flow finds successive load flow solutions
according to a load scenario. From a known base solution, a tangent predictor is used so as to estimate next solution for
a specified pattern of load increase. The corrector step then determines the exact solution using Newton-Raphson
technique employed by a conventional power flow. After that a new prediction is made for a specified increase in load
based upon the new tangent vector. Then corrector step is applied. This process goes until critical point is reached. The
critical point is the point where the tangent vector is zero. The illustration of predictor-corrector scheme is depicted in
Fig 1.

predictor

corrector

=

Bus Yaliage

Fig. 1 An illustration of Prediction — correction step.

B Mathematical Reformulation of power flow equation. [1]
To find successive load flow solution using continuation power flow, the load flow equation is reformulated by
inserting load parameter A. So, locally parameterization technique can apply. Using constant power load, The general
form of power flow equation is:

i
P; = Z Vi Vi ¥y cos(6; — Spva) (2)
k=1
n
Q;= Z Vi Vie ¥ sin(6; — 8 yp) (3)
k=1
Where, ;=Pg—Py ,Q;=0g— @y P; =injected active power at i"bus. @; = injected reactive power at i

bus. ,Ps; = Active power generation at i bus.@ ;= Reactive power generation at i" bus, P;; = Active power load at
-th
i bus.
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Q;; = Reactive power load at i" bus,V, = Voltage mag. at bus i, &, = Voltage angle at bus i ,Vi, = Voltage mag at
bus k.
6, = Voltage angle at bus k ¥ = (i, k) element of the admittance matrix [Ybus], yy. = admittance angle.The
reformulated equation is

P; = Pg(A) —Pp(4) ,Q;= Qgi(A) — Qp(4)

Where A is the load parameter. Whichis 0 = 4 = d,... and A=0 corresponding to base case and A= 4z ,t0
maximum loading point.
To simulate different load change scenarios, the F;; and P@;; can be modified

as Ppi(A) = Ppg + A[K ;55050 cOS(p;]] 4

Qp(A) = Qup + A[K S spase sin(g;)] )

Where, 5ipgzecos(@i) = Py
Sipaze sinl@i) = @ So, Equations 4 and 5 can be written as
Pyi(A) = Ppy[1+4Ky;]
Qi) = Qup[l + AKy;]
Where, K;; = rate ofload change at busi as i changed | Py . @ = original load at bus i active and reactive
respectively , 5u.:.= Apparent power at original load. ; = power factor angle of load at bus i.
The active power generation can be modified as

Ppild) = Py (1 + Akg;) (6)

Where, P = Active power generation at base case.
kg = constant specifying rate of change in generation corresponding to A changed.

If F is used to denote entire set of equation, the load flow problem can be expressed as a set of non linear equations
represented by eq.1 by placing  X= (&.V)" .so now Eq. 1 can be writtena F(3, V, 1) =0 ( A.) This equation is
solved using predictor —corrector continuation scheme. To solve the problem, first base case solution is required to find
using conventional load flow. The base case solution is obtained a A =43 = 0. From known base case solution F (&g,
Vg, Ag ) predictor process starts.

C Predictor process

The first task in prediction process is to find tangent vector . Therefore the derivation of both sides of the

equation A is taken.

dd
[F: B El|dv|=0 (A1)
di
In equation A.1
[Fs B E]= Jaug — power flow jacobian augmented by F,.
dd
du} = tangent vector:— t
dd

In order to solve Equation 6, one more equation is needed since an unknown variable % is added to load flow equations.
This can be satisfied by setting one of the tangent vector components to +1 or -1 which is also called continuation
parameter. Setting one of the tangent vector components +1 or -1 imposes a non-zero value on the tangent vector and
makes Jacobian non singular at the critical point. As a result equation A.1 becomes
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[F B 5]
(=58 |

H

as&
dv
A
Where &; is the appropriate row vector with all elements equal to zero except the k™ element equals 1. At first step A is
chosen as the continuation parameter. As the process continues, the state variable with the greatest rate of change is
selected as continuation parameter due to nature of parameterization.

By solving Equation A.2, the tangent vector can be found. Then, the prediction can be made as follows:

(A2)

§e+t g7 dd
vEr = v?| + o |dv (A3)
AFFL A dA

Where the subscript “p+1” denotes the next predicted solution. The step size ¢ is chosen so that the predicted solution
is within the radius of convergence of the corrector. If it is not satisfied, a smaller step size is chosen.

D Corrector process

In correction process, the predicted solution is corrected by using local parameterization. The original set of equation
is increased by one equation that specifies the value of state variable chosen and it results in:

F(B.V.20]
Ny “1=10 A4
Xy |10 (A4)

Where x is the state variable chosen as continuation parameter and 1 is the predicted value of this state variable.
Equation A.4 can be solved by using a slightly modified Newton-Raphson power flow method.
E Parameterization

Selection of continuation parameter is important in continuation power flow. Continuation parameter is the
state variable with the greatest rate of change. Initially, 4 is selected as continuation parameter since at first steps there
are small changes in bus voltages and angles due to light load. When the load increases after a few steps the solution
approaches the critical point and the rate of change of bus voltages and angles increase. Therefore, selection of
continuation parameter is checked after each corrector step. The variable with the largest change is chosen as
continuation parameter. If the parameter is increasing +1 is used, if it is decreasing -1 is used in the tangent vector in
Equation A.2.
F Critical point sensing

The continuation power flow is stopped when critical point is reached as it is seen in the flow chart. Critical
point is the point where the loading has maximum value. After this point it starts to decrease. The tangent component of
A is zero at the critical point and negative beyond this point. Therefore, the sign of dA shows whether the critical point
is reached or not.

I1l. APPLICATION OF CONTINUATION POWER FLOW TO IEEE-14 BUS SYSTEM.

Here continuation power flow method is applied to following two sample systems using matlab based power
system analysis tools.IEEE-14 bus system consists of 3 generators, 20 transmission lines and 11 loads. Here buses are
renumbered .So, in this system bus no.l is slack bus and bus no. 2 to bus no. 5 are PV buses, bus no. 6 to14 are PQ
buses. IEEE-14 bus test system shown in Fig.2 The continuation power flow is run with two different conditions. 1)
Without considering any Generator reactive power limits. 2) With considering Generator reactive power limits. CPF
results are shown in Table | and Il and P-V curve of the system with and without reactive power limit constrains is
shown in Fig.3 and Fig. 4.Continuation power flow is run up to bifurcation point, that means when maximum loading
point reaches power flow will stop. Here distributed slack bus is used so all transmission losses distributed among all
buses. At base case loading point lambda is taken 1 and load increasing at each bus proposional to base load.
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Fig.2. Line diagram of IEEE 14 bus test system

Fig.2 shows single line diagram of IEEE 14 bus test system.

IV RESULT AND DISCUSSION

Table | Continuation Power Flow Result (Without Gen. Reactive Limit Constraint).

Bus \Y phase P gen Qagen P load Q load
No. [p.u] [rad] [p.u] [p.u] [p.u] [p.u]

1 1.06 0 13.7052 2.2993 0 0

2 1.045 -0.58114 2.5974  10.8467 0.98084 0.57404
3 1.07 -1.6057  1.2987 4.4835 0.50624 0.339

4 1.01 -15563 0 6.1068 4.2579 0.8588

5 1.09 -15914 0 2.1233 0 0

6 0.74687 -15914 0 0 0 0

7 0.58975 -1.8387 0 0 1.3334 0.81641
8 0.71394 -1.0021 0 0 0.34352 0.07232
9 0.71016 -12039 0 0 2.1606 -0.17628
10 0.61282  -1.8292 0 0 0.4068 0.26216
11 0.80998  -1.7017 0 0 0.1582 0.08136
12 0.94869  -1.6982 0 0 0.27572 0.07232
13 0.87551  -1.708 0 0 0.6102 0.26216
14 0.53926  -1.9931 0 0 0.67348 0.226
Total 17.6013 25.8595 11.7069 3.3883

Table I shows voltage , phase angle, active power generation and reactive power generation ,active power load and

reactive power load at each bus without generator reactive power limits.
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Fig. 3 P-V curve of IEEE 14 bus system without generator RP limit

Table Il Continuation Power Flow Result (With Gen. Reactive Limit Constraint)

Fig.3 shows variation of bus voltage with increasing loading factor on the system with generator reactive power
limits constraints.

Bus \% phase Pgen Qgen P load Q load

NO  [p.u] [rad] [pu]l [pul] [p.u] [ pul
1 1.06 0 43741  3.2982 0 0

2 0.89489 -0.14503 0.82897 0.5 0.39973 0.23394

3 0.68236  -0.55725 0.41449 0.24 0.20631 0.13815

4 0.71715 -0.5441 0 0.4 1.7352 0.34999

5 0.71725 -0.56817 0 0.24 0 0

6 0.65831 -0.56817 0 0 0 0

7 0.58572  -0.69754 0 0 0.54341 0.37097
8 0.7679 -0.2953 0 0 0.14 0.02947
9 0.73303 -0.37533 0 0 0.8805 -0.07184
10 0.57651 -0.69872 0 0 0.16578 0.10684

11 0.61558 -0.63473 0 0 0.06447 0.03316
12 0.62869 -0.63668 0 0 0.11237 0.02947
13 0.60603 -0.64792 0 0 0.24868 0.10684
14 052578 -0.78781 0 0 0.27447 0.0921
Total 5.6176 4.6782 4.77 141
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Table Il shows voltage , phase angle, active power generation and reactive power generation ,active power load and
reactive power load at each bus with generator reactive power limits.

- Il‘lhﬂ
11 [
Il‘lhsz
Tee———w [
O 95 L . Il‘lhsi
g Yot
! - —
= friin valt pt. Tz
ool !
D% Busd
Yot
Yot
0851 Max. loading pt./callapse pt. wamz
lambda=1.8435 [
Ftotal=d. 77MW. b
[
05 l l l | l | L
0 02 04 06 08 1 1.2 14 18 18 2
Loading Parameter A (p.u.)

Fig. 4 P-V curve of IEEE 14 bus system with generator RP limit

Fig.4 shows variation of bus voltage with increasing loading factor on the system with generator reactive power
limits constraints.

Table 111 Maximum Loading Point at Different Contingencies

Maximum loading pt.| Active power | RPR

Lambda MW margin (MW) | (Mvar)
Base case 1.8436 477 218 49
Line 1 outage (3-8) 1.4652 379 121 24
Line 4 outage (1-8) 1.4623 378 119 22
Line 9 outage (2-4) 1.2933 336 077 14
Line 12 outage(6-7) 1.4824 384 124 23

Table 111 shows maximum loading point and maximum active load on the system ,active power margin in MW, reactive
power margin in MVAR for base case and different contingencies cases.
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Fig.5 Generation of Reactive power with change in system load

Fig.5 shows generation of reactive power when active power load on the system increased.

Table IV Voltage Sensitivity Factor of PQ Buses of IEEE 14 Bus at Base Case and Diff Contingencies.

PQ VSF VSF with | VSF Line | VSF Line VSF Line | VSF Line
Bus | without RP limit outage outage outage outage
no. | RP limit (3-8) (1-8) (2-4) (6-7)
6 0.0665 0.2176 0.2229 0.2832 0.3161 0.1001
7 0.0929 0.2469 0.2763 0.3120 0.3388 0.3469
8 0.0674 0.1414 0.1027 0.2245 0.2321 01218
9 0.0681 0.1594 0.1300 0.2297 0.2841 0.1241
10 0.0969 0.2527 0.3056 0.3056 0.3408 0.3481
11 0.0532 0.2344 0.3442. 0.3019 0.3162 0.3106
12 0.0257 0.2295 0.3935 0.2989 0.3035 0.2843
13 0.0409 0.2408 0.3920 0.3095 0.3152 0.3002
14 0.1090 0.2798 0.3622. 0.3453 0.3589. 0.3664
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Table IV shows Bus voltage sensitivity factor for base case and for different types of contingencies cases Red colour
digit indicates that these buses are most three weakest buses of the system for the particular cases.
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Fig. 6 Effect of contingency on bus 14
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Fig. 7 Effect of diff contingency on bus 7
Fig. 6, 7 shows effect of contingency of line outage on bus no 7 and bus no. 14..

In case of IEEE 14 Bus test system Bus no.1, 5 and 6 have no load, so after continuation power flow, load at these
buses is zero, but with increasing system load these buses approaches voltage collapse point. When reactive power
constraint is not considered, voltages at PV buses are not affected. Maximum reactive power is supplied by generator
at bus 2. When Reactive power constraint is considered, only slack bus generator supplies reactive power after all
generator reaches its maximum reactive power limits and voltage at PV buses reduced with increased system load.
Active power generation of each generator is also proposional to its base load generation. The power factor at each bus
remains as same as base load condition.

From the result Table I and Il it can see that maximum loading point A is 4.52.i.e maximum active power can transfer
is 11.71 ( p.u), when generator reactive power limit constraint is not considered. When generator reactive power
constraint is considered the Gen 2,3,4,5 reaches its Qmax at different loading point as shown in Fig.5 and maximum
loading point A is reduced to 1.8436 or maximum active power load is 4.77p.u. At collapse point only slack Generator
supplies the reactive power.

At current operating point, generator at bus 3 and condenser at bus 5 reach at their Qmax. limit. From Fig 5 curve we
can know about changes in gen reactive power with change in system load. Effect of N-1 contingency (line outage.) on
maximum loading point of system has analyzed by CPF. Active power margin and reactive reserve voltage stability
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margin of system w.r.t voltage collapse point is shown in table I1l. When min voltage limit is considered, voltage
violation at different loading point for all the buses can be observed in Fig. 3 and Fig 4.When we examined Fig. 3 and
Fig 4 most reduction in bus voltage at 14™ no bus. This is the weakest bus of the system. It is decided by bus voltage
sensitivity factor. This is same as finding the bus with the greatest ratio |dV;/dF,..q |value.

The ratio |dV;/dE, .4 | is taken as bus voltage sensitivity factor where dF..;s; and dV; are respectively total active load
change and per unit voltage change in i*® bus in the system. Since the denominators in this ratio are the same for all
buses, the differential change in bus voltages can be taken as voltage stability sensitivity factor. Table.4 shows the bus
voltage sensitivity factor. From table 4 rank of most three weakest buses according to VSF is 14, 10 and 7, while bus
no. 8 and 9 have lowest VSF. This result helps to place reactive power sources to improve voltage stability. When any
contingency like line outage 4 occurs in the system affects bus no 14 and bus no 7 is shown in Fig. 6 and Fig.7
respectively. It can see voltage collapse point reduced with contingency. It is 1.462 times current operating point. In
case of contingency line outage 9 (2-4) , maximum loading point is 1.29 times base load point. Thus system approaches
near to voltage collapse. It can also say that available transfer capacity of the system is 218 Mw more than current
operating point. Maximum loading point lambda is reduced for contingency n-1, here is one transmission line outage.
Here line outage between bus no.land bus no.8 is considered to examine the effect. It can observe from Fig. 6 and 7
when one transmission line is opened, system maximum loading parameter lambda is reduced from 1.8436 to 1.462.
Voltage at that point is 0.6107 p.u. for normal condition and 0.6093 p.u for TL outage condition for bus no.7 and
voltage is 0.551p.u. for normal condition and 0.566 p.u. for TL outage condition for bus no.14 at maximum loading
point. These results say that VSF is different for different contingencies and Rank of weakest bus is also changed.
Table IV shows VSF of PQ buses for contingency of one line outage. At the time of contingency case line outage (3-8)
rank of most three weakest buses is changed, while for other contingency it remains same .Bus no. 14 is most weakest
bus in all contingencies cases.

V.CONCLUSION

Above all results shows that voltage stability margin can be found easily by CPF. And P-V curve and max. loading
point can access. Only collapse point is not enough for voltage stability assessment .So, using tangent vector sensitivity
analysis can be done. From voltage sensitivity factor weakest bus can identify. The Weakest bus identification is done
by without excessive calculation. Placement of reactive power sources such as Fact devices, capacitor bank is known.
This result is same accurate as to find Bus participation factor using QV modal analysis. This CPF method is more
accurate and simple for Voltage stability analysis.
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