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Abstract — The development and a more sophisticated interest. The key idea of it is to avoid singulardf power

structure of electric power systems, the transitiontowards
deregulation and competition between the participats of the
electric energy market cause the necessity of a cphax steady
state analysis, the evaluation of the electric powesystem
stability, with its parameters being changed. The pger addresses
the steady state analysis based on algebraic mettsodRegular
(trivial) and non-regular (additional) equilibrium points for the
electric power system conservative model are deteined.
Changing regular and non-regular equilibrium points in a
heavily loaded electric power system is studied.

Keywords —conservative model, electric power system, steady

state, regular equilibrium point, non-regular equilibrium point,
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. INTRODUCTION

Calculations of the steady state conditions are regrtbe
problems most often solved in designing and opayatiectric
power systems (EPS). They are aimed at identifgliegmain
regime parameters, which depends upon the waynitial i
information is set up and the physical contenthef process
under consideration.

For the electric power system the model of which
represented by the combination of the synchronoashines
rotor movements, the problem of the steady staggme
calculation is confined to determining vectd® of the
equilibrium states. With the solutions being anatjjzthe so-
called “group properties” are specified, that appeasarying
the parameters of the power system elements.

1. PROBLEM DESCRIPTION

flow Jacobean caused by load of buses reachingritieal
condition or bifurcation point.

Determining the equilibrium points (EP) for a povsgstem
comprising three generators is described in [1]. the
conservative model withn=2 direct determining EP is
impossible so a method for solving equations inrélative to
a new variablex =sind; by reducing it to an algebraic

i i c Bk _
equation of the sixth orderZ:ak,x| =0, where factors
k=0
a=f(P,Q) are functions of parameteng; , pj .

For the conservative model with>3 system (1) can be
transformed into the system of the algebraic equatin—1)
of s degree relative to variablg =sing;, yj =tg (Sj/Z),
7 =tg(8k/4), i# j=k by eliminating variable  and
subsequent changes:

e Irrationality eliminations in the equations (1);

e Introduction of new variables y; Etg(Sj/Z),

7 =1g(3y/4), i = | =k.
In a new system of the algebraic equations, vagiabl
X =sing; is of the most advanced degree. The degreexize

is

depends on the number of generators and is ethaIZb_l.
The system consisting oin algebraic equations with
n unknowns can be analyzed by the method describgzl.in

Its solutions are confined to the a solution ofegumation with
one unknown and the solution of a system of eqoatin—-1

For the conservative model made the assumption of\@th n—1 of unknowns. The latter, in turn, is reduced to a

purely reactive nature of the electrical connecidretween
the generators. The electric power system will berg by
following algebraic equations:

n R
D gjsin@;-8j)=p. i=1n, 1)

j=0
Gj —are matrix elements of the generators’ mutuphciies;

djj —are the voltage angle.

The solutions of equations system (1) can be fousidg
direct methods, they will correspond to the equillim point

8€. To study steady state regimes solutions, the mosth
which suggest confining the system of transcendent®1(X1X 2 -Xn)

equations (1) to algebraic equations system arepetial

system with still a smaller number of equations and
unknowns. Ultimately, the analysis of an arbitragstem of
equations is reduced to the solution of severahgus, each
of which has only one unknown.

The system of equations is of the following form:

Hq(X2,X3,....%n )xf +G1(X1.X2,..%q = O;

(@)
Ho(X2,X3,.... X )xf +Go(X1,X2,...%y )= 0

where 0<k <l; Hi(X2X3...%q), HoK2X3,...Xq )

G1(X1, X 2. %n ), G 2K 1.X 2,...%n . are polynomials, degree

is less than k, and degree
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Go(X1,X 9,...,Xp ) is less thary . (zero) and additional (nonzero) [3].
Trivial equilibrium points are regular positions bélance
here partial interactions of each generation greakto zero.

Th tion in (2 be transf d into t ; L oo
e equation in (2) can be transformed into two ne he analysis of trivial EP is implemented, the nemiof

systems: which for the system witm degrees of freedom is equal to
H1(X2,X3,..0%p )= 0; 2", the number of additional EP does not exceed
GL(X, X2y Xy )= 0} ©) Additional equilibrium positions belong to the balamy space
planes Aﬁ{61,6 2,...,6n}, partial synchronous machines’
H1(X2,X3,...%0 H 2(X2,X 3, ... X )<f + @) interactions for them may be other than zero
+Hq(X2, X300 % JB 2 (X1.X 2,...%7 )= O. (87 =8 -3 is not always equal to £)).

With system parameters (7) randomly varied, adudtio
Equation (4) is transformed to a form: equilibrium points will move along some trajectaridefined

Hy (X0, X oo Y32 (0K 2100 Xy - in n — measured spac&f; {8,57,....5,} . These trajectories
Ik (5) originate from the determined irregular equilibripoints of a
—Ha(X2, X3, %0 Jo1(X1.X 2, %0 X = 0. generating system. Changing additional EP under the
. _ _conditions  of Gp=0jo=0k0o.  Gij= Gik=jk=Amin:
Transforming a system of transcendental equations (@) in. . . .
an algebraic equations system is carried out in the faligwi | # J # K1, 1, 1, j,ke (In) and changind; from 1 to O are

way. The variablex =sind; has been expressed througtFonsidered below. N
functi ins. S d ins $ In the generating system, for adxl all the positions of
unctions SiNoj, COD;j an Sinok , CODk equilibrium having the maximal meaning (importanas)

i=j=k;i, j,ke(@3). Functions sin8j ,coHj  were potential energy are degenerate (Hessian of thenpat
energy is equal to zeroH(3)=0). Regular (&,0,n),

(m,m,0), (0, n,n) and irregular combinations presented as
sind , coby — 2z =tg(8k/4), [5k|<m. As a result, an ( - J [ . _nj [ . _nj
+—,F—=,7|, Tt—,F— |, T—,1,F— for

sequentially ~substituted by y; Etg(Sj/Z), ‘Sj‘<n;

identical set of equations is obtained: 2" 9
6 8g =0 belong to these equilibrium positions. Solving eyst
zlq (zk)y?_k -0 (7) allows to determine the general properties riehieto the

changes of solutions of the steady state equatidren the

=0 . - .
6 (6) parameters of electric power system are being @arie
ZCI (Zk)y4_k 0 Degenerate discrete EP with any odldlines are connected
=
=0 by lines h"(81,85,....8,) and constitutes a continuous set.

. ) ) . When moving along such lines the change of poteetiargy
The solution forn =3 can be determined in the following

way: the factor elements valu&z), C(z) are determined,
then by consecutive step-by-step charge from —z to =
points 3 where the system (6) resultant is equal to zero are

) . . t1=1 i .
defined. Then, for the determined anglg corresponding and t=1 for the conservative model of a power system. The
system (7) has double zero roots:
anglesd;, 8 are calculated.

does not occur im}; . Consequently, these lines are the edges
of the equipotential surface.
Let's analyze the solution of system (7) with ch'aggqj

Imagine a system of the equations (1) as depengsnt y-2 -0, zf -0 (8)
some parameters, ty: :

and a great many valid solutions which are equat@utions:

n
(Gmin +t2(Gij —Amin)-SinG; 3y =top; i =1n . (7)
JZO min T MR T T {45 - af) +(ag+3af -4 )23 v

9)
+80jj zc Y + (inO - Qij2)2k2+ (qi%+ 3OIij2— 49 o%ij )= 0.

The variable ¢y, is the minimum value out of

Gj, i=j,1,je(n); t,tp are independent parameters A certain curve characterized by the property ttza
ranging from O to 1. coordinates of any poinA(yja, Zka) ON this curvesatisfy this

Expression (7) at1,t2=0 is termed a generating systemequation corresponds to equation (9). For any vabie
with two known types of equilibrium positions (ERjivial
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variable z, a fixed value the variabley;; can be
determined (and vice versa).

The analysis of system (8) solutions shows thatileer EP
do not changes their position with the parametershe
system under investigation being changed. The uteegeP
may disappear, keep your contacts information gxestheir
coordinates) or change them and move into non-dggésd
equilibrium positions when varying valuegj . Changing

irregular equilibrium points is determined by thealysis of
solutions (9).

1. RESEARCH RESULTS

For the equation (9) to have real solutions, ihésessary
and sufficient to observe the condition of:

6% +30% —4g %) < 0.1 # jii.j e (1L3)(10)

The equation (10) is transformed into:
Fig. 1. A set of degenerated equilibrium pointstfar generating

(%o /qii )2 —4@o /Qij )+3<0, (11) system

Fig. 2 shows the discrete sets corresponding to a
degenerated equilibrium positions for a system with
1<(@g/qj)<3. Go=9jo=%0=2, Gj =Gk =0jk =1. A dot-and- dashed

Thus, the solutions of the equations system (9)) exilst if line shows a change of one of variabégs by 21 .
(qiolqij)e[l,S], with the solution of the equation (9) at

And allows receiving the following condition

Curves h" =0 belong to the surfacei™ =0 covering

(%o/Gj) =3 coinciding with the solution of system (6). area of minimums of potential energy, are closddtike to
The system of equations (1) allows the solutionbt® the origin of coordinates and possess the follovagraperties:
determined, which corresponds to the chosen EPSmrers 1. If gio=0qj =1 curves h" =0 represent a closed and

and for tg(8; /2)=r-tg(Sk/ 2) (r is the factor which can be symmetric relative to the origin of coordinates ygan
both negative and positive [4]). consisting of pieces of straight lines determingd12).

The set zero degenerated EP for a generating system

represents a closed polygon (Fig. 1) the partiégdegs of —2,09 2097 200206
which are straight line$"(1,85,53)= j . The equations of 09 7-24 03
straight lines are defined as: -7;2,09-2 08 B
o
61 8'( . . . i 2 0% - og: ".:4 .............. ? ..........
8j =4m, tg;-tg7:—1,|¢ i=k;i,j ke (1,3(12) —2,097;208: : 12.09- 209

-2,09 2 097

With g4 >1, the continuous set of degenerated equilibrium
positions is disintegrated into discrete sets, dtraight lines

nney
.,

h"=0 turn to curves and are determined from following K
relations: : 2,09-2 09-7;
. : —7;-2,09, 2 06
8 =arcsing (sirbj + sy )), : 2,09 -7;-2 06
2 o2 :
2q|0 + 2qu + 4q|0q” + asesesssesafifans g .............. H’.Og’.z 09
5 58 13 : {/
2 2 2°j , 20k : (13) .
+(a' + 307 — 4000 )tg°— tg°—+
(0 + 0] — 4gjoGij )9 5 g > 2,09-2 097 2,097 2.0¢
di & )
tad 102K L 62 _a2Y/ 1022k
+8q'l tg 2 9 2 + (qlo Gij )/g 2 0 Fig. 2. The discrete sets of degenerated equitibriu

points
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2. At 1<Go/Gj <3 curves cross the planes’ =0 in V. ACKNOWLEDGMENT

points §; =+n which are solutions of the equation (9) in case The.author EXpresses his gratitude to his mentdisids
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IV. CONCLUSION Her research interests include analysis for stetalg EPS, operation and
Thus, the system of the equations of the electoiwep economics of electrical energy systems, restrutguof electric systems, and
! . the development of algorithms for new electric nedsk
system steady state can generally be confined stesyg of
the algebraic equations which can be solved using
conventional methods. The irregular equilibrium ntsi of
electric power systems unloaded conservative mocheisbe
represented by some invariant sets.
Results will be used for qualitative analysis dtistnary
regimes of power systems with distributed genenatiext
step, we will do more work in this direction.
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Fig.3. Change the position of curve8 =0 in spacevfy
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