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ABSTRACT

With the improved optimized operation and increase in loading of a powcr system, the
problem of voltage stability and voltage collapse attracts more and more attention. The
phenomenon of possible steady state voltage instability is creating serious concern among
operators_of large interconnected power system. Maintaining adequate system voltage has
become a major problem as utilities aré being forced to operate the system close to steady
state voltage stability limit. A voltage collapse can take place in power systems or subsystems
quite abruptly and that requires a continuous monitoring of the system state. There are
ditferent methods to study this phenomenon. In this work, it is suggested to use the modified
multiple load flow and the voltage collapse proximity indicator methods to detect the voltage
instability indicators and the weakest buses under optimal operating conditions.

The objective functions of optimal operating conditions are concerned with minimizing the
operation costs or/and the transmission losses. The two suggested methods, which are based
on the data that obtained from solving the optimization problem by first order gradient or
Lagrangian multiplier algorithms, are applied on a simple 5-bus, 2-generator power system.
The obtained results illustrate a complete view on the voltage profile on each bus, optimal
generated power, optimal costs, transmission losses, voltage instability indicators and the
weakest buses in each time interval.

KEYWORDS
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INTRODUCTION

_ Stability of a power systern are the major problems facing the power industry. The serious

economic constraints preclude the conventional capital intensive approach of providing many
redundant system elements. The voltage instability phenomenon occurs when the receiving
end voltages are much lower values than the nominal ones. The effect of voltage instability
ranges from post disturbance operation at low voltage profile to complete voltage collapse

© (Gupta et al 1990 ). The increasing interest in voltage collapse from researches due to the

seriousness of the consequences of voltage collapse, which may lead to either a partial or total
blackout in the system. Also due to the development of computer control (hardware and
software such as economic. dispatch, optimai power flows) which enables the economic
exploitation of the existing transmission facilities results in operating the electric power
system very close to its stability limit. The voltage instability is characterized by a progressive
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decline of voltage, which can occur because of the inability of the network to mect increasing
demand for reactive power. Some form of disturbance or change triggers the process of
voltage instability in system operating conditions, which create increased demand for reactive
power which is in excess of what the system is capable of supplying. As transmission systems
become more stressed due to the increased loads and large inter-utility an efficient system
operation is becoming increasingly threatencd due.to- problems of voltage stability and
collapse. If bus voltages ultimately fall in a more rapid decline, leading to loss of operations
of the network, the term voltage collapses applied. These voltage related threats to system
security are expected to become more severe over the next decade as demand for electric
power rises, while economic and environmental concerns limit the construction of new
transmission,and generation facilities ( Thomas and Dobson 1994).

Load characteristics and the available means of voltage control largely determine voltage
instability.® For true voltage instability, at least a part of the total load must be of the self-
restoring ( constant MVA) type ( Pal 1992). In voltage stability, there are static and dynamic
aspects involved. In static voltage stability, the purpose of index is to quantity how "close” a
particular operating point is to the point of steady state voltage collapse and consequently
estimation of the steady state voltage stability limit for the examined operating point of the
studied power system ( Indulkar and Viswanathan 1983). For more accurate analysis of
dynamic voltage stability, the system model includes excitation systems, under load tap-
changers, capacitors and power system stabilizers in addition to network equations. For
dynamic voltage stability enhancement, a parameter optimization technique with a model
performance measure is used to determine optimal control parameters ( Lee BH and Lee KY
1993 ). Methods for predicting voltage instability in power systems can be categorized into -
steady state and dynamic methods. The steady state methods use a static model such as power
flow model or a linearized model for the dynamics of the system about the steady state
operating point. On the other hand, dynamiecs methods use a model characterized by.nonlinear
differential and algebraic equations, which are solved by time domain simulations. The
optimum operation and planning of electric power generation systems have occupied an
important position” in the electric power industry (Abdel-Kader 1995). The main concern of
optimization problem is to minimize an objective function such as cost, transmission losses
under some constraints. There are different methods to solve the optimization problem such as
the Lagrangian multiplier method, first order gradient method and others ( Abdel-Maksoud
S.M. 1992), |

In this research, the steady state (static) voltage instability methods are applied under the
optimal operation conditions to estimate an proximity indicators which indicate the system is
stable or not.

STEADY STATE VOLTAGE INSTABILITY ASSESSMENT

There are different methods for predicting the voltage instability in a power system. Some of

these methods are. ,

I- Testing the eigen values of the Jacobian matrix of the load flow calculation.

2- Utilizing multiple load flow solutions to determine a measure to the proximity of the
system to voltage collapse.

3- Solving an optimization problem to determine index to the voltage stability limit. The
optimization problems involved are the optimal load flow (OLF).

4- Finding a voltage collapse proximity indicators.

In this research, the optimization method is used which includes the optimal load flow (OLF)

as optimization problem. ~



OPTIMAL LOAD FLOW (OLF)

The optimal load flow is the operating condition in which the power flow in an electrical
system occurs optimally ( objective function is optimized under satisficd constraints ). The
objective function may be one of the following;

I. Optimal load dispatch, 2. Minimal transmission losses.

The operating constraints are represented by a sct of incquality relations as below

P(_'imm & P(}i < P(Hmux : ’ (1-6‘!)
Q(;im“‘ S_ Q(h S Q(;im“x ( l‘b)
Vi 1nin < Vi < Vi max ( 1 ) .

where Pai, Qi are the active and reactive powers of generator i and V; voltage magnitude of
bus i . '

The load flow is a feasible load flow solution. Optimal load flow is achieved after solving a
large number of load flow. solutions corresponding to a set of specified values of the
consumers -demand. In this process, the control variables, such as voltage magnitudes of slack
and generator buses, active generations of generator buses are not stated singularly but theur
ranges of variation are specified according to the objective to be optimized. In optimal load
flow program, the initial values of the control variables are given from the given range.
Therefore it checks whether the given objective has been optimized. If it has not been
optimized it modified the values of control variables following some optimization technique
and performs another load flow study. This process goeson automatically until the given
objective is optimized. During the process, the computer also checks whether the operating
constraints are violated.

Formulation of Optimal Load Flow and its Solution
Let u: control variables, X: controlled variables and p: fixed or uncontrolled variables
The optimal load flow can be summarized as:

Optimize the nonlinear function f(u,x), is the objective function subject to:

- equality constraints (load flow equations)
G; (u,x,p)=0

ii- inequality constraints (operating limitations)
U - Ui mix < (2-"1)
m " s £ (2-b)
X - X" < 0 (2-¢)
O . £ O (2-d)

By ignoring the inequality constraints, the Lagrangian function reduce to' (Murty P. 1984):

L=‘f‘(x,u)+Zl’Gi(u,x,p) (3)

-*. O ’
e fif_ +(£—9—] A=0 e (4)
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(——) in Eq. (4) is the transposition of the Jacobian matrix obtained by difterentiating Eq

TR
(6). Eq. (6) can be satisfied by any feasible load flow solution. A can be determined from Eq.

(4) as,

'

. 2 =- (9—9} &) (7

Knowing A . Eq. (5) can be evaluated. The algorithm to satisfy Eqs. (4), (5) and (0) is.

I- Assume a set of control variables. '

2- Perform the load flow solution using the Newton-Raphson method and determine the
value of the objective function.

3- Determine the value of the Lagrangian multiplier A from Eq. (7). _

4- Using the values of A found in step 3, determine the gradient vector from Eq. (5). It its
components are sufficiently small, the optimum solution has been obtained. Otherwise, go

to the next step
. . oL
5- Find new values of the control variables as Uj new = Uiold = —
Ou
6- Return to step 2.
The above iterative procedure is terminated if the rate of decrease of the value of the objective
function evaluated in step 2 is found to be less than a certain tolerance.

MATHEMATICAL MODEL OF OPTIMAL LOAD FLOW
Minimum Fuel Cost

The objective function in this case is minimizing the total cost (F1), which in the form;

Fr=3 Fi(P)=AP+BiPi+C ()
pe=d
Where: A, : cost constant ( $/ MW? h), B; : cost constant ( $/ MWh), Ci : fixed cost ($/h).
P; : generated power for bus i (MW) and N : number of generating units.

The constraints are:

Z Py = Pp#+ Py (9)
(] ‘

Pin“n < PI s Pimz\.\' ( lO)

_ The optimization method used to solve these Equations is the first order gradient method

(Allen and Wollenberg 1984) which gives the optimal generated power P; and the minimum
total cost. Then the load flow solution is carried out under these conditions to obtain the OLI".

Minimum Transmission Losses
The objective function in this case is minimizing the transmission losses (P1.). Where




PL=P" [B]P+P'B,+ B, (1)
Where P: vector of generator bus power, [ B): square matrix of the same dimension as P. B,
vector of the same length as P and B, : constant. Eq. (11) can be written as’

P|, = Z Z Pi B‘J P| + Z Biu Pi + Bm) ( |2)
1 / 1
By neglecting the second and third terms of Eq. (12), P, becomes:

PL=YY PBP (13)
s .

The constraints are the same in Eqgs. (9) and (10).

By using the Lagrangian multipliers as sensitivity factors to determine the minimum losses.
. L. ’ v .

The optimal load flow solve these equations with the Lagrangian :

®

A
L=P|.—K(Z Pi - Py- Pp) (14)
7 )
A OP oP
e 2N - Le o (15)
apap, P

.
Thus, we can summarize the algorithm as follows:
I-Assume initial values-for P; '

2- Calculate Py,

3- Calculate the value of A which causes -

(. P
Z Pi = Pp+ P, and then calculate P,

P

4- Recalculate P, and compare it with the estimated in step 2

5- If a small tolerance is reached , the optimum solution has been obtained. Otherwise go to
the following step :

AV Ol 7L
6- find new values of P; such that P"" =p, 4 . i
oP

1

7- Return to step 2.

Minimum Fuel Cost and Minimum Transmission Losses

In this case | the objective function is minimizing ( F + P, ). Where

Fr+P= AiPP+BPi+Ci+ Y3 PByP (16)
The Lagrangian multiplier is given by : o
L:Fi(Pi)+Pl,,‘)\(i Pi - Pp- PL) (17)
o :
a4 Loy g (18)
opo dP OP, oP,
Z (2APi+P )+ 3> 2Bj P -A(1-3 2B;P)=0 (19)

[
Thus, the algorithm of this method as follows.
[-Assume initial values for P;
2- Calculate P, and Fy
3- Calculate the value of A which causes :



Z Pi = Pp+ P, . and then calculate P; from Eq. (19)
1

4- Recalculate Py and F--and compare them with the estimated values in step 2
S- If a small tolerance is reached, the optimum solution has been obtained. Otherwise wo (o
the following step

~ y ew ¢ (71-‘
6- tind the new values of P; such that P =p,od | e

OoP

VOLTAGE COLLAPSE PROXIMITY INDICATORS (VCPI)

Different indicators have been proposed to assess the proximity of the system to voltage
collapse. Ope of them ‘is used for the on line test of the power system (Salama M. M. et al
1998). Thefeby an indicator which varies in the range between 0 (no load) and 1 ( volt
collapse). « The indicator uses information of load flow solution, which in this D
load flow solution. The advantage of this method lies in the simplicity o
calculation and the expensiveness of the results. This indicator is given by:

> Cjivj
Li =Ll =] 1- Ze— jea, (20)
Vj

Where « . set ofload buses, a : set of generator buses, Vi: complex voltage at load bus |

7- Return to step 2.

age
aper is optimal
f'the numerical

Vi complex voltage at generator bus i and'Cii . elements of matrix C determined by:
d j 3
[C]—-[Yu.] [Yx,(;]

(21)
Where [Y;, ] and [Y1a] are submatrices of the Y-bus matrix.
The moditication is produced on Eq. (21), such that the matrix C is given by:
[Cl=-[Bu.]'[Ba] (22)

Where [ By, ] and [ B ] are the imaginary parts of the matrices [ Y, Jand [ Y4 ]
respectively. With the help of these indicators critical load buses can be identified For stable
situations the condition Lj < 1 must not be violated for any of the nodes |.

APPLICATIONS AND RESULTS

The sample power system is shown in Fig. 1 ( Stagg and El-Abiad 1968 ). The load time
intervals (In.) are given in Table 1.

Table | Load time interval

In. | Time (hrs.) | Load (MW)
1 2 850
2 2 500
3 2 350
4 2 450
S 4 550
6 4 700
7 4 950
8 2 600
9 2 1050
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Minimum Fuel Costs Results

The optimal powers and costs of all generators are given in Table 2. The voltage profiles at
all  buses and the weakest buses at the load buses arc in Table 3. while volt: 1ee dicators (1.)

are tabulated in Table 4.
Table 2 Optimal powers and costs without and with transmission losses (T L)
]
Without Transmission Losses With Transmission Losses ]
i R G
R T P, Fy F. Fy P, P P, Py R S
IMW:[MW MWL (S) | (5) | (8) | MW | MW | MW | MW | ($) | ($) | (%)
Pl o393 [ 357 [ 750 13917 | 3360 | 7277 | 204 | 352 6 756 | 4024 T 3324 TRy |
2 230 ! 220 450 24635 2165 4630 235 2174 2.4 4324 1 2505 0 2133 0 4038
3 156 144 300 1836 1478 3314 153 148.3 1.3 301.3 1 1790 POISTL F 3301
41 205 195 400 2252 1933 5185 211 191.2 2.2 4022 | 2298 ] I888 | 4180 |
502582 ;248 S00) 2658 2402 5060 239 243.0 2.0 502.6 | 2722 | 2350 | 3072 !
O 1 3220 278 1600 | 3279 1 2641 | S920 | 332 | 2721 | 40 | 6041 | 3362 | 3537 | 6899 |
70 440 301 8O0 4349 1 3389 .4 7738 1 454 | 35291 6.9 | 806.9 ‘ 4477 | 3487 1 7935
8 | 270 [ 274 ‘ 550 2803 2632 5495 283 270 3.0 533 1 2930 | 2603 | 3533 1‘
9o 459 0 44 D 900 4862 | 4145 9007 513 394.60 7.6 V07.6 ' 5035 1[ 3709 1 8744 |
? i | |
| i v | ek
Table 3 Bus voltages and weakest buses
L Without Optimal Flow With Optimal Flow | o B
fBusl Bus2  |Bus3 |Bus4 |Bus5 |Busl |Bus2 |Bus3 |Bus# |Buss Weakest Buses ‘
o : : Wnl\oulTL. With T.L.
l f 1.06 | 1.023 | 1.( 26 LO21] 1.018 | 1.06 | 1.021 | 1.022 | 1.016 | 1.001 | 5 4 " 3 51
201006 1 1005 |14 1.OO7] 1.002 1 1.06 | 0.993 | 1.017 |1 0997 | 0933 | 5 ¢ 4 | 1 3
3 ‘ LOo | 1001 I ,9()_ LOOT| 0966 | 1.06 | 0.986 | 0.944 | 0.895 | 0947 | 5 4+ 0 3 A
4 (\ 106 | 1004 [0.989]0.965] 0,958 | 1.06 | 0.977 | 0.962 | 0.882 (0,922 5 413 5
S RO6 1 LOIR FLO0S 109711 0.941 | 106 | 1008 | 0979 [ 1007 | 0879 | 5 | 4 @ 3 1 5 |
O 1100 | 1022 1O 1.005] 0952 1 1.06 | 1018 1 0991 | 1003 | 0903 | 5 | 4 | 51 5
7L RO6 LO3E 100911007 0.981 | 106 | 1033 | 0.964 | 0899 | 0870 | 5 1 4 |3 X
J OO | 1026 1 LO33T1075] 1.008 | 1.06 1 1.004 | 1.015 | 1.008 | 0.896 | 3 4 ' N i‘
9 1100 1 1029 [1.052]1.044] 1.017 | 106 | 1.024 | 1.034 | 1.021 | 1002 | 5 | 1 | 305 4 3|
Table 4 Voltage indicators (Lj) with minimum fuel cost with and without T L
Without Transmission Losses With Transmission Losses
Without modification With modification Without modification With modification
In [Bus3 [Bust |Bus5 |Bus3 |Bus4 |BusS |Bus3 |Bus4 | Buss | Bus3 | Bus 4 | Buss
110248 (0.272 | 0.278 0.251 0.275 (.282 0.252 1 0.279 0.29 027 10.29 0.35
2 1 0.063 0.066 | 0.074 0.068 0.069 079 0.068 | 0.074 ;13 0.09 0.09 0.09
310037 10.069 |0.070 0,059 0,078 0.077 0.058 1 0.077  [0.09 1007 1009 1009
4 10077 0.087 | 0.087 0.077 0.087 0.089 0.089 | 0.088 0.14 0.08 012 10,13
S 1 0.083 0.084 | 0.088 0.083 0.088 0.093 0.089 | 0.089 0.15 0.09 0.09 014
6 | 0.090 0.096 | 0.099 0.095 0.099 0.108 0.092 | 0.097 0.17 0.13 014 0.17
7 10.299 0.319 | 0.330 0.360 0.327 0.337 0.332 | 0.338 0.37 0.37 039 0.38
8 10078 10.076 | 0.085 0.079 0.08Y 0.087 | 0.082 | 0.086 011 J00v Lol ol
9 10339 1 0389 | 0.389 0.342 0.389  10.396 0.368 | 0.408 046 042 048 | 0.5

=




Minimum Transmission Losses Results
The generating powers, fuel costs and minimum losses are given in Table S while (he

voltages profiles at all buses, the weakest buses and the voltage indicators in this case are
; tabulated in Table 6.

Table S generating powers, fuel costs and minimum losses

)
| s ! ey LKT&&M‘V } . |
,| i ' ) , P Pg \ P\ "y J l | Iy ﬂ
i In oMW MW MW MW sy () BRI
i T E T X T N | 75582 | 11666 368433507
K L2 23904 | 212.83 1.87 451.87 2543.4 2110731 465403 |
' L1623 | 138.82 1.12 301.12 1887.5 143754 | 332504 |
; 47 200,41 | 19553 1.94 401,94 2262.3 194705 | 420995 |
i D 265 237.24 2.24 502.24 f 2769.5 2306.81 f 5076.31
f 6 | 334 269.37 3.37 603.37 3380.6 / 257230 | 593529 |
: 71 4632 | 342.86 6.06 806.06 ’ 4564.6 323046 1 779506 |
8 | 2916 | 26069 | 229 552.29 ) 30039 251321 ssp7p |
| O | SIK7 | 38763 0.33 ’ 906,33 | 4093 364729 Ro40 30 “f
N f l 5 |
P Table 6 Bus voltages, voltage indicators and weakest buses
y B e R -
: Bus Voltages G Voltage Indicators I |
: { T : T W‘il‘hou‘l With modification Weakest Buses
; | Busl f Bus2 | Bus3 /Bus4 Buss modification - e
; | | f Bus3 ‘Bus4 Without |7 Wity
] | i modification |modification
ﬁm

1.025

0:297

I LOG | 1.016 11.023 1.0041:0.995 10.066|0.068 0.07910.070{0.074 [ 0.084

0.082

1.027]1.002] T.008 0.26T0 287(0.298(0.256[0.277

0.07810.069 10,075

LO6 | 1.009 I() 98210.985 0:943 10.081/0.093[0.096 0.08810.094 | 0,098

U L —

R 2 IS B S IRIN

~d L L Ly Ly Ly

/ I(m} 1.007 Iu%x 0.9751 0.952 10.059|0.076
|

|

|

RO IRV IR VA A A U
Rl e S S DU O I 4+
e g g, (ST
Rl S S S T S +— e

|
|
|
06 1()28 (0-99910.991 | 0:923 [0.087 0,087 [0.094 | 0.089 | 0,092 0.407) 5 | 4| |
6 l()() O35 LIS IL00T) 0,922 10.0950.109[0.156 |0.105 0,142 |0, 162 EEE Ps |4
7 1 1047 ’l.()()() 0.8991°:0.901 10.329(0.3610.374 [0.343 |0 360 | 0,374 |3 s 4] s |
8 | 1 )m 1.026 Jum LO641-0.897 10.07910.0850.091 |0.082 |0.086 | 0,006 / [ EEIERE
W2 LL06 ] 1029 | 1.057]1.033] 0.994 103930403 |0.435 |0 357 0.411]0.460 L3543

Minimum Fuel Cost and Minimum Transmission losses Results
Table 7 tabulates the optimal powers, minimum costs and minimum transmission losses.

Table 7 Optimal generated powers; minimum costs and minjmum transmission losses

P P, f O F, " Fy

N Co e MW M MW f MW | (s) $) | 5
g Lo| 4426 [ 31372 | 6.3 75632 1 437237 | 296363 ] 70
X 20002524 19957 | 197 L7 1265951 1 195389 | 4634

3 ; 1647 | 13672 | 142 30042 | 190779 / 41951 | 33273

412103 | 19179 | 2,09 402.09 | 2295.65 1886.91 | 4182.56
‘ 512635 | 23908 | .28 02,58 | 275637 | 2297.66. | 305403
i 61 3618 | 241.83 | 363 003.63 | 363092 | 232182 | 3935274
: T 4736 133312 | 67 806.72 1 4662.26 | 314027 | 780253

8 1 2962 | 25646 | 2.66 332661 3043.94 | 2450.80 | 5491 74
, 9 | 5309 37(,.22/ & 907.12 | 520598 3537.9] 8743.89
! |
5 (. 5 | j |




The bus voltages at the buses, voltage indicators and the weakest buses are given in Table §

\
\
i Table 8 Bus voltages, voltage indicators and weakest buses
:
!
|
|

! Bus Voltages Voltage Indicators D
, o V‘T“ ] -T T T Withow [ With modification Wealkest Buses
i In | Bus! | Bus2 | Bus3 | Bus4| Buss modification | o
i i f J Bus3 |Bus4 |Bus5 |Bus3 |Bus4 |Buss Without | Wit
| ] . N o |_modification _IJL)({H'LC;]H@L_
f | Tl,()()ﬁ.uzo 11025 [0.996 [ 1,001 T0278 0390 0.29410.269[0.291[0.298] 5 (ﬂ SRR
i 20106 1011 1019 1.001] 0,992 10.069]0.076 |0.079 0.075/0.077(0.083] 5 | 4 EEERERRE
| U060 1017 10.9580.963 | 0.933 [0.062]0.080|0 084 0.06910.07010.086| 5 | 4 ) 3054
’ 41 LO6 11004 10.969(0.972] 0.919 [0.084|0.096 |0.098 0.08310.092)0.108) 5 | 4 | 3 EAERE
: 5 ]1.(1()} 12023 jmut) 0.9551 0.908-10.09210.09410.098 |0.094 [0.095|0.113] 5 | 4 | 5 | s I
i 6 (1.()0 O3L [ 101210.9871:0.916 10.098]0 116 OI221010210. 111101305 | 4 | 3 1 5 1 4 | 4
; 7110671034 110011 0.892( 0,898 10.344 | 0368 [0.376 | 0361 0.368/0.382) 5 | 4 |3 15 4 @ 3
; S | 1061 L021 1.01411.022| 0:894 10,080 0.092 [0.099 0,088 |0 096 00090 5 | 4 | 3 |5 (4] 3
5 211061 1022 11.034]1.013] 0.985 [0.400]0.430|0.445 |0.389 0,423 0463] 5 |4 [ 3154
Z The relations between the voltage indicators and the time intervals in case of minimum fuel
cost, minimum transmission losses and minimum cost with minimum transmission losses with
! the modified method are shown in Figs. (2),(3) and (4). From all the applied methods, bus 5
has the highest indicator (L; ), thus is the weakest bus.
1
; 0.5 -
? 0.5 - SN ey . Bus 3 :
; _— Bus 4 g 0.44 " +Bus 4 :
! 2 L& o seon ) 5
]: g Bus § 3 0.3 A
g 5 0.3 £
" S 02 g %
; g S 01-
! 2 B
.,: o L§ I L4 T L] T 4 T 1
0 = 1T 2 3 4 5 6 7 8 g
4 Interval
; Interval
! Fig. 2 Voltage indicator with interval Fig. 3 Voltage indicator with interval In case
in case of minimum cost 4 of minimum transmission losses
g ;
: 0.5 5 ———Bus 3
§ 044 J--=2-n- Bus 4 i
3 .
5 0.3 -
£
é 0.2 §
; 3 0.1
) >
. 0 L) L L ] L LS T T L |
) 12 3 4 5 6 7 g g
! Interval
Fig. 4 Voltage indicator with interval in case of

minimum cost with minimum T. L.



CONCLUSION

The methods of moditied multiple toad flow and voltage proximity indicators are suggested to
detect the voltage stability assessment under optimal operating conditions of minimum costs
or/and minimum transmission losses. The obtained results include the voltage profile on each
bus, optimal gencerated powers, optimal operation costs and the transmission Josses m cach
time interval. The voltage instability indicators and the weakest buses on each load bus arc
also presented. All the applied methods are agreeable in determination the highest values of
voltage indicators and consequently the weakest buses are ranked
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