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Abstract— FACTS devices provide the possibility to control problem size is reduced by taking only this area of influence
voltages and power flows in a power system and therefore to jnto account in the optimization [2].

improve the security of the system. In order to make use of ; ; ;

this possibility, the set values of the FACTS controllers have to If the :gn]c]ber of F'?CTS delvlc(j:es' In a system Inlcreages,hthe
be chosen appropriately. A valuable option is the application of areas o ) n _ue_nce of severa e_\"ces may overiap. suc : an
Optimal Power Flow control, where the set values are determined Overlapping indicates that mutual influences among theceésvi
such that an objective function is minimized given the model of exist. Hence, the control of the devices has to be coordinate
the system. But due to the large size of power systems, it is oftengtherwise, devices with conflicting objectives might sfaytt-
difficult for different reasons to include the entire system into the ;o o qinst each other. Due to the large size of realistidsgri
optimization process. In this paper, sensitivity analysis is used to d also b fthe f hat i d

determine the area on which the FACTS device has considerable 310 iSO e(?ause of the fact t _at Interconnecte powermyste_
influence and then only this limited area is included in the Often comprise several countries, or control areas, eath wi
Optimal Power Flow control. If there are several devices placed its own regulation entity, many studies for various appiaas

in the same system, the areas assigned to these devices mightsing Multi-Area control in power systems have been carried
overlap indicating mutual influences. Therefore, a coordination out. But to the authors’ knowledge, none of them covers the

of the control entities is needed in order to avoid conflicting h h d ined ind dently f h
behavior of the devices rising the issue of Multi-Area Control. case where the areas are determined independently from eac

Here, the method based on Approximate Newton Directions is Other possibly yielding overlapping areas and buses a®d lin
extended for the case of overlapping areas which are determined which are not included in any of the areas. In this paper,

by sensitivity analysis. the Multi-Area control method based on Approximate Newton
Directions [3] is extended to these cases.

First, the models for the FACTS devices applied in this pa-
per are given. Sect. Il describes the determination of tha a

Today's power grids are driven closer to their transfer caf influence by carrying out sensitivity analysis. In Se, |
pacities due to the increased consumption and power transfegne Optimal Power Flow control problem is introduced and
endangering the security of the system. On the other haitdis explained how the Unlimited Point algorithm is used to
FACTS devices are a powerful technology that can solve magylve it. The sensitivities are then used in Sect. V to reduce
outstanding problems in power systems. They provide the ape size of the OPF problem taking into account only the area
portunity to influence power flows and voltages and therefoeg influence of a device. In the following section, the cortcep
are able to enhance the system security, e.g. by improviag #f the method based on Approximate Newton Directions for
voltage profile or increasing the transfer capacity of aesyst non-overlapping areas is given and in Sect. VII, the extarsi
without the need of new lines [1]. to this method are elaborated. Finally, results and a ceiariu

In order to profit from the benefits of FACTS devicesare given.
appropriate set values for the controllers of these deviess
to be determined. A possible method is the application of
Optimal Power Flow control. As the main objective in this
paper is to improve system security, the objective function As the intention is to improve the steady-state security, th
includes the improvement of the voltage profile by minimizpower system as well as the FACTS devices are modelled
ing voltage deviations from given reference values and tlusing static equations. The FACTS devices considered in
resolution of congestions by relieving overloaded lines. Ahis paper are Static Var Compensators (SVC) and Thyristor
economic aspect, also the minimization of active powerdsssControlled Series Compensators (TCSC), since these FACTS
is taken into account. But the need of modelling and inclgdirdevices, besides Phase Angle Regulators, are used most fre-
the entire system into the optimization process results, fquent in power systems [4].
realistic grids, in an optimization problem of consideesbize. An SVC is shunt-connected to a bus and influences the
However, even though the influence of a FACTS device is nebltageVsy ¢ at the bus to which it is connected by injecting
constrained to the bus or line where it is placed, the areadn absorbing reactive powe&psy « [1]. This characteristic is
which the influence is significant is limited. Therefore, thenodelled by a shunt-connected variable susceptdBgec

I. INTRODUCTION

Il. MODELLING OF FACTSDEVICES
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is a line between bus and j, P;; and Q;; are the active
and reactive power flows on this line at busThe input
variable » depends on the considered device. For the SVC
the sensitivity values are determined either with respetihé
@ ®) effective.susceptancésvc or the voItaquSVC and for the
TCSC either with respect to the effective reactadtessc
Fig. 1. (a) Model of an SVC and (b) of a TCSC. or to the active power flowPrcsc. The equality constraints
g(z,u) correspond to the power flow equations.
For large power systems, the usage of (5) is computation-
(Fig. 1(a)) for which the injected reactive pow@kv ¢ results iy too expensive. In such cases, the sensitivities can be

Vsve JBsvc

in ) determined numerically by using power flow simulations at
Qsve = —Vsye - Bsvo, (1) different operating points of the FACTS device, thus,

As the size of the SVC is limited, a lower and an upper bound, dy Ay v —o

Bsvcmin @nd Bsycmax, €Xist for the effective susceptance T P AL 8

Bsvc, thus, P

Bs < B <B @) wherey{),_yo andyl,. uy are the system and coptrol vgriabl_es

VCmin = ZSVC = ZSVCmax- for the initial operating point and for an operating pointlwi
A TCSC is connected in series with a transmission line agdslightly changed control setting, respectively.

is able to influence the active power flad#-csc through the  As power systems are nonlinear systems, the sensitivity

line by adapting the reactance of the line [1]. Hence, thécdev values are also dependent on the specific operating point for

is modelled as a variable reactan€e sc connected in series which the sensitivities are determined. But for all consede

with the line, as shown in Fig. 1(b). The total reactadGg,. Vvariables, it has been found that the sensitivities can be

of the line including the TCSC is therefore approximated sufficient accurately by

Xiine = X + Xrcsc, 3 Ky =ay -u”+by-u+cy, ©)

where X is the reactance of the line itself. The effectivc\eNh e th rameters. b and have o be determined
reactanceXr¢cgc of the TCSC is limited to a range between ere the parameters,, o, and ¢, have to be dete N

Xresemin and Xtcscmae determined by the size of theappropnately. As the course of the sensitivities over trege

device but also by the allowed line compensation, set to 80(3}00perat|ng points is close to linear, the paramefgfor the

capacitive and 40% inductive in this paper, resulting in quadratic term is rather small.

Xt1csemin < Xtese € XTescmax- 4) o
B. Determination of Area of Influence
Having identified the sensitivity values, the area of infleeen

. . . . ... is determined such that only buses and lines are included in
The influence of FACTS devices is constrained to a Ilmlteﬂ#e area for which the sensitivitige

: . , are larger than a certain
area around the devices. Therefore, only this limited aeea it 7

. . o v im- But as already mentioned, the sensitivity values
to be taken into account in the optimization process. Inii@le 5o 515" dependent on the specific operating point. Thexefor
determine the area of influence of a device, sensitivityyansl

) ; the question arises which operating point is to be taken into
is applied. account and the sensitivities of which variables, thusoif f
lines active or reactive power flows and for buses voltage
A. Determination of Sensitivity Values magnitudes or angles are used. In addition, the sens8yiti
In general, the sensitivities, of variablesy(z,u) with €.9. for the SVC, can be determined either with respect to
respect to changes in variablesand subject to the equationthe effective susceptandgsy ¢ of the device or with respect

IIl. SENSITIVITY ANALYSIS

systemg(z,u) are given by [5] to the voltageVsy ¢ at the bus where the device is placed.
1 Investigations have shown negligible variations over drgge
_dy 0y 9Oy (@) 99 (5) of the device settings for
" du  Ou 0z \0z ou’

« SVC: sensitivities for reactive power flows and voltage

Determining the sensitivities in power systems for the magnitudes with respect to the voltalfey -, and for
considered application, the state variableand the variable « TCSC: sensitivities for active power flows and voltage
y are defined as angles with respect to the active power fldircsce

2 = [Vi,6] ©6) thrc.)ugh the device._ _ _
y = [Py, Qi, Vi, 0 7) In addition, an SvC mainly influences reactive power flows
W ey T and voltage magnitudes whereas a TCSC mainly influences
where for a network withe buses for each buse {1,...,n}, active power flows and voltage angles. Therefore, these sen-
V; and §; denote voltage magnitude and angle and where fsitivities for the operating poinBsy ¢ = 0 and Xr¢cse = 0,
all (4,5), i« € {1,...,n}, j € {1,...,n} for which there respectively, are used to determine the area of influence.
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IV. OPTIMAL POWERFLOW CONTROL B. Solving the Optimization Problem

In a general OPF problem, the goal is to determine controlIn order to find the solution of this optimization problem,
settings such that a particular objective is minimizedjrigk the Unlimited Point algorithm introduced in [6] is appli€the
into account equality and inequality constraints accagdinesulting Lagrange function is given by
to the model of the system. The optimal settings are then T o7
determined by solving this optimization problem by a given L(z) = f(z) + A7 - g(z) + (%) - h(z) (19)
optimization algorithm. Here, the Unlimited Point algbrit

6] i d for thi and the corresponding first-order optimality conditions by
is used for this purpose.

VL(E) = 0 (16)
A. Definition of Optimization Problem g() = 0 (7)

For the general formulation of an optimization problem, h@)+é& = 0 (18)
the objective functionf(z), the equality and the inequality diag{ii} -¢é = 0 (29)
constraintsg(x) andh(x), have to be defined which form the . . )
optimization problem where e are slack variables used to transform the inequality

constraints into equality constraints and the hat indcabe
min f(x) (10) values of the variables in the optimal point. By using the
st g(z) =0 (11) squares ot andy, the condition that the Lagrange multipliers

have to be positive and thdi(x) < 0 has to hold are
h(z) <0 12) fulfilled. The only modification to the conditions given ineth

wherez includes state variablesas defined in (6) as well as Original Unlimited Point algorithm is that in [6] equatiofi)
control variables: from now on defined assy for SVCs is formulated with squared variablgsande. The modification
and X;csc for TCSCs and also additional slack variable§@s been applied in order to avoid that the matrix of the
used to define soft constraints. linearized system becomes singular. As this equation id use

For the Optimal Power Flow control with the goal tofO force eitheru or e to zero, the result is the same.
determine the optimal settings for FACTS devices, the éyual BY applying the Newton-Raphson method, this system of
constraintsg(z) correspond to the power flow equations. Thgonllqear equations is first transformed into a system @fdin
inequality constraints(z) in this paper include on one handéquations, I.e.

the constraints on the FACTS device settings (2) and (4) and ¢ 2, VgT VAT - diag(2u) 0 Ax

the other hand constraints to prevent the lines from oveihga Vg 0 0 0 AN

defined as , Vh 0 0 diag2e) | | Ap
Lij| < Lijjim + 35, (13) 0 0 diad 1) diag(c) Ae

where |I;;| is the current on the line between buseand j VL

and I;; im is the capacity of the line. The slack variables _ g (20)

are heavily penalized in the objective function such that th .h + e '

controller has a strong incentive to set them to zero. Like th diag(p) - €

the constraints are turned into soft constraints and it asozd
to end up with an unsolvable system.
The objective function is composed of three different co

Starting with initial valuesz(®, A(© 4 and ¢© and
nj]t_eration stepk = 1, the variables are updated by

ponents: 2R = k=1 AgR) (21)
1) minimization of bus voltage deviations from given ref- AF) = A=D1 L ANGK) (22)
erences to improve the voltage profile, ®k) o (k=1) (k)
2) prevention of overloaded lines, “(k) - M(kq) +A’ék) (23)
3) and minimization of active power losses, v = € + Ae (24)
thus, until the changes are smaller than a pre-defined threshold
n ) ) yielding the optimal valueg;, A, i andé.
flx) = Zwv'(Vi_Vi,ref) + Z wy - 83
=1 (@.9)€T V. LIMITED AREA CONTROL
+ Z wi - Pijoss(Vi, 03, Vi, 0;), (14) In the optimization problem defined in Sect. IV-A, the

(@.9)€2 entire grid of the system is taken into account to determine

whereV; (e is the reference voltage for buswhereZ denotes the optimal settings for the FACTS devices. For large power
all (4,5), i € {1,...,n}, 7 € {1,...,n} for which there is systems, the computational effort to solve this problem is
a line between bus and j, and where for eaclfi, j) € Z, tremendous and also the data of the entire system is often
P;;10ss(+) is the active power loss. The weighting parametersot available. Therefore, the limited area control is dativ
wy, ws andw; are chosen according to the desired importaneghere only the area of influence of the device is taken into
of each term. account in the optimization process.
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In this paper, the method based on Approximate Newton
Directions proposed in [3] and applied for OPF in [10] is
used. In this method, each bus and the associated variables
are assigned to one distinct arpaThese variables are so-
called local variables and are the decision variables & are
All other variables in the system are external variablesafea
p and are assumed to be fixed to the values obtained from the
other areas.

Concerning constraints, two types are distinguished: con-
straints which include only local variables and constsaint
which include local as well as external variables, e.g. the
power flow constraints associated to a bus at the border of

In Fig. 2, an example of a grid with an SVC at bus 9 andreap. The latter ones are called interconnecting constraints
a possible area of influence is shown. For buses which areaatl are included as regular hard constraints in aread as
the border of the area and for which there exist adjacentsbuseft constraints in the neighboring areafor which the used
not included in the area, the power flow equations cannot Bgternal variables are decision variables; i.e. theset@ints
set up because the voltage magnitude and angle of the buasgsincluded in the objective function of area penalized
outside of the area are not included in the state variableskyf the corresponding Lagrange multiplier given from area
the optimization problem any more. For such buses, e.g. husRegarding the objective function, the overall objective
8, the voltage magnitude and angle are determined using fhigction is assigned completely to each area with external
sensitivity values to approximate the influence of the FACT®ariables fixed. The values for external variables and Lragga
device yielding multipliers are communicated among the areas after each

iteration step.
Vi = Vio+ Ky -u, @5 The concept of the method based on Approximate Newton
0; 05,0 + Ko, - u, (26)  Directions emerges from the first-order optimality coratig

where V;, is the voltage magnitude if the set point of thdOr @n optimization problem as given in (16)-(19). Applying
FACTS device is zero anfly, is the sensitivity of the voltage the described decomposition, the first-order optimalitpdto
magnitude at bug with respect tou. For the voltage angle tions for all areas combined are equivalent to the firstiorde
the notation is accordant. optimality conditions for the overall problem [3]. As with
It was already discussed in Sect. |1l that the sensitivitigs ~ the Unlimited Point algorithm the inequality constrainie a
respect to the effective susceptance and reactance of SWC Bansformed into equality constraints, the following dgxieon
TCSC vary significantly over the range of the device setting§ll focus only on equality constraints.
but can be approximated as a functionBay ¢ and Xrcsc The procedure to set up the subproblems is as follows:
by a second-order polynomial given in (9). In order to have 1) Determine which buses, and thus which variables, are
the best possible approximation of the voltage magnitudke an included in which area.
angle, the average between the sensitivity value at thialinit 2) Assign the overall objective function to each ageand

Fig. 2. lllustration of the limited area control

point Bsyc = 0 or Xrosc = 0 and the set point fou define the external variables as fixed.
is taken to approximate the influence of the FACTS device.3) For each bus in each are, set up the power flow
Hence, the sensitivitie&’y;, and Ky, are given by equality constraints and include them into the constraint
1 , 1 set of areg.
Ky, = 5 v + 3 by, - u+cy;, (27) 4) Determine for each constraint whether it is an inter-
1 , 1 connecting constraing, int(zp, 2p,) Which involves local
Ko, = 509, u"+3 by, - u ¢, (28) variablesr, as well as external variables, or whether

it is a constraintg,(x,) only using local variables.
Includegy, int(xp, zp.) in €ach arean as a soft constraint
in the objective function for which a variablg,, appears
as external variable in this equation.

For M areas, the subproblem to be solved by apea
VI. MuULTI AREA CONTROL {1,..., M} with decision variables;, at a particular iteration

In multi-area control, the overall problem defined in (10)step is therefore given by
(12) is decomposed into several subproblems, each assiciat ) B _ T B
with an area, and solved in an iterative and coordinated pro- min f(@p, Tp,) + Apoint) Gpoint(Tp, Tp,)  (29)
cedure. There exist various decomposition techniqueshwhic
have been proposed and applied in the literature. Each séthgubject to
techniques has its advantages and disadvantages. Coomsaris
of a range of decomposition technigques can be found in [7], Ipint(@p, Tp,) = 0 (30)

8], [9]. gp(zp) = 0 (1)

Having several FACTS devices placed in the same system
the areas of these devices may overlap indicating mutuals)
influences among and necessitating a coordination between
them. Such a coordination is achieved by multi-area control
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where the subscripp denotes local variables and equationdiagonals o, andC are equal but the off-diagonal elements
associated with buses in area The subscriptpe is used of C. are non-zero whereas these element are zero. ifor
accordingly for external variables and equations assediafurther explanations, refer to [10].
with external buses. The bar and subscptnotation for  If this condition is not fulfilled, additionally a Precondi-
a variable, e.g.y,,, indicates that the value af is set to tioned Conjugate Gradient method has to be applied in order
the value determined fop in the previous iteration. The to reach local convergence. As the optimization problem is
subscript int indicates interconnecting constraints thelude possibly non-convex and non-linear, the Generalized Mahim
local variables as well as external variables. The var@blResidual method (GMRES) [11] is chosen in [3] witH) as
Ape,int are the Lagrange multipliers for the interconnectingre-conditioner.
constraintsg,, int included as soft constraints in argaand ~ The GMRES algorithm is used to solve a linear system of
as hard constraints in the area where the bus to which teiguations, e.g. determining the first Newton-Raphson step o
constraint is associated to is located. the overall problem by solving (34), without having to take t
Using this problem setup for each area, the iterative opthverse of the system matrix. The exact solution is reached
mization process is started. Instead of solving the subbpnb after the number of steps equal to the number of variables
until optimality only the first Newton-Raphson step is apgli in the system. But if an appropriate pre-conditioner is used
Then the updated variables are exchanged and used in the a@éady after a few steps a quite accurate solution is adxdain
iteration. The outline of the scheme is therefore as follows |n the considered application, the goal is to bring the smiut
1) Each areap initializes its variablesz, and A,im by A® closer toA')
setting the variables for voltage magnitudes and anglesin order to simplify notation,C,, C' and d are used for
and the manipulated variable to the current steady-st@é’), Cc® and d® in the following algorithm. The update
values and the Lagrangian multipliers to a common(® determined by the areas is chosen as initial point. The

value, e.g. to 0.1. Iteration countéis set to 1. GMRES algorithm is then given by:
2) Givenz,, and A, int from the initialization or iteration

stepl — 1, each areg € {1,...,M} determines in 1 A®:=A®
parallel with the other areas the first iteration step of thez »:=c~'. (d —C.-A©
Newton method for |ts subproblem given by equations3 w, := r/||r||

(29)-(31) to obtainAzy’ and AX) . 4 z1:= (wi,r)
5 =0
3) Each area updates its variables#)§) = 2/ ™" + Az 4 -
) o % 1) o “&9 6 while||C. - AD —d|| > ¢, -||d||
and )\p int — >\p it T AN p,int’ ) 7 q:=q+1
4) The areas exchange the requested values resulting frogn ri=C""C. w,
their optimization problem with their neighbors. 9 fori:=1to ¢ do
5) Unless a stopping condition is satisfied, e.g., the ai:xfsolu10 hiq = (IZH r)
changes in all variables from stép- 1 to [ are smaller end T g W
than a pre-defined threshold, the next iteration is startqé S
by increasing and going back to step 2. wqﬂ’ i=7/hg+1,q
The second step of this scheme actually corresponds Jté fori:=1tog—1
solving higq = PBit1-hig+Yit1 - hitig
c® . A0 — 4O (32) ig end hit1,q == =Yit1 - hi,g + Bit1 - hit1,q
where C© contains on its diagonal the system matriced® o= \/hi,q + R
according to (20) for the subproblems of all ardas. M, 20 Ya+1 := hat1,4/ Bav1 1= heq/a; heq:=a
the vectorA(®) is the update vector for the system variablegt Fatl = *th+1 "2 Zq 1= ot zg
and Lagrange multipliers and®) is the composition of all 23 Qf’(‘;r';i‘?é 1 down to 1 do
righthand vectors as given in (20), both ordered by are '
19. .M. ’ 20 g %ﬁ Vi = ('Zi =2 iisr hig '”j> [hii
The condition for convergence to the optimal point i%s grgd) (0)
. . L 6 A=A 4+ 5y w;
derived in [3] and is given by 27 end i=1

p=p (I -t (L) <1 (33) The only parameter for which a coordination among the
areas is needed is the residual veetdetermined in row 8. As

wherep(A) is the spectral radius of matrid. The matrGC C® is block diagonal, the inverse of this matrix consists of the
corresponds t@” at the optimal point. The matriK’, is the inverses of each block, each determined by the correspgndin
system matrix for the overall problem in the optimal pointarea. Each area is responsible for a distinct part of theowect
rows and columns ordered such that and is able to set the vector together if it gets the rest of the

0 AD _ g0 (34) vector from the other areas. Therefore, at each iteratiep st

* * within the GMRES algorithm communication is needed only

gives the Newton-Raphson step at iteratiofor the overall in row 8.

system, thus(, is built according toC'. Therefore, the block  An overview over the entire iteration scheme is shown in
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nitialize 2@ 1) and how to include constraints concerning the common part
Set] e Pm™ of the areas (see also [12]).
A. Decision Variables
i From the point of view of a particular argafour types of
Apply first NR-step buses can be determined:
in all areas= A1) 1) local buses: buses which are only included in grea
Setg:=0 2) common buses: buses included in grvesnd some other
‘ a) aream, hence, located in the common area;
| L 3) external buses: buses not included in ardat included
in some other area;
Apply one GMRES-step 4) omitted buses: buses of the entire system not included
in all areas=> A(¢) in any of theM control areas.
D) The terms local, common, external and omitted are also used
i for the variables associated with the respective buseslothé
’ variables for area are denoted by,, the common variables
T e e ol
; gainclude the local as well
as the common variables whereas the external variables are

assumed fixed and given by the corresponding area. After
v each outer iteration stdpthe required values of common and
Exchange data external variables are exchanged among the areas. As will be
among areas explained in the following, the omitted variables do not @gp

in any constraint.

B. Constraints

In a power system, two real valued power flow equations
are associated to each bus. These constraints correspbad ei

A

Check stopping

condition . . .
to active power balance, reactive power balance, fixed gelta
magnitude or fixed voltage angle setting. Taking the areas in
i a) GMRES entering criterio 19- 4 @s an example, it is obV|ou§ that for the gray colqred
0 fulfiled buses, the areas need omitted variables to set up the active o
Setl:=1+1 b) ;an:le dGMRES criterion  reactive power balances. But other than for external vergab
ulfille ; ; o ;
¢) stopping condition fulfillec}hese omitted variables are not decision vana.bles of aeg ar
and therefore cannot be assumed to be decided by an other
v area. Hence, the power flow equations for these buses have to

be adjusted.
In order to find the voltage magnitudes and angles at these
buses the formula (25) and (26) derived in Sect. V are used.

Fig. 3. Applying the Approximate Newton Direction method irf " buseds indUd?d hqnly in arhqa Onlybthe irllfIUence of the
combination with the GMRES method, the solution for man CTS levice of this area has to be taken into account,
optimization problems in power systems can be found in§SUting In

Fig. 3. Flow chart for the optimization scheme.

e 1 1
distributed way. V; = Vio+ 3o u;’; + 5bvj " ug + ey, p - Up,(35)
VIl. EXTENSIONS i = Ot 500, Uyt 500, Uy T+ Cojp  Up.

. o _In the case where a bus which is connected to omitted buses
~ In the described method, it is assumed that each busid§,|yded in the common area, this indicates that the éevic
included in exactly one area, i.e. the areas are non-oyergp

of both areas have significant influence on voltage magnitude

For the application described in the previous sections thi,q angle at this bus. Thus, the corresponding equations are
method has to be extended for the case where the areas are

overlapping, thus, some b_uses are inclu_ded in more than one/; = Vo + %av_ﬂp . uf, + %bvm . u?) + ey p - up +

area, and where there exist buses not included in any of the 1 1

areas. +5av;m ud, + §bvj,m Uz, + vy m U (37)
In case of overlapping areas, there are buses which cannot 1 s 1 )

uniquely be assigned to one particular area but are commorf; = 00+ 50,0 " Uyp + Qbej,p S U, +Coyp - Up T

to at least two areas. This raises questions on how to treat th 1 s 1 )
common variables, how to decompose the objective function +§a9wn “Upy F §bej,m “Upy, + Coym U, (38)
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TABLE I

t, Areap Aream
t DECOMPOSITION OF THE OBJECTIVE FUNCTION FOR AREA

[ term in overallf(-) [ how to include inf,(-) |

f1(zp) fp() =+ fi(zp)

J2(zp, Tp) fp() =+ fo(xp, Tp.)

f3(Tpe; Tpe) fp()=---40

fa(@pe) fp()=--+1/0- fa(wp,)
ta f5(@p, Tpe) () ="+ f5(xp, Tpe)

C. Obijective Function

Fig. 4. lllustration of different bus types. The overall objective function consists of terms which from
TABLE | the view point of a given area involve local, common, externa

and/or omitted variables. Terms including omitted varabl

are discarded as the fact that the corresponding buses are no

TREATMENT OF CONSTRAINTS ASSOCIATED WITH DIFFERENT BUS TYRE

FOR AREAD ) i ) ) N

included in any area implies that the FACTS devices do not

[_type | bus location [ how to deal with constraints | have significant influence on these terms. This yields a ediuc

t1 local, common [ g, (#p, Tpe; Zpc) objective function f,.;. Terms including only local and/or
f2 | common 902 (@p, Tpe Tpe) external variables, can be treated as within the basic rdetho
fp:"’+épcgt2(xpvxpevxpc) b H Ivi iabl iti |
| — P ut terms involving common variables need an additional

t3 externa Ip + Apegts (Tp, Tpe: Tpc) . . . . . s
T4 external, omitted| - consideration. Coming forth from the first-order optimalit

conditions, the reduced overall objective functifin, has to
whereu,, is an external variable for areaand vice-versa. be decomposed SPCh. that it hold_s that the gradient of this
Now it is possible to set up power flow equations for each duped overall Obj.eCt'.Ve funct|'on Is equal to the'sum of the
bus using only local, external and common variables. Aﬂhegradlents of the objective functions of the areas, i.e.

are constraints involving common variables, which is na th 0fred M of

case in the basic method, it has to be discussed on how such =C — —F, (39)
: ox ox

constraints have to be treated. p=1

The first step is to distinguish between four different types 1pie 11 shows how terms depending on local, common and

of buses depending on where they are located and to whighe ol variables, and combinations of these are taken int
buses they are connected. The bus types can be described 500 nt in the decomposed system from the view point of area

as: p fulfilling criteria (39). The number of areas that include th

1) bus typet;: all local buses and in addition, commoncommon variables appearing in the considered term is dénote
buses that are not connected to any local bus; by o.

2) bus typets: common buses that are connected to at least
one local bus;
3) bus typels: external buses that are connected to at led3t Extended Procedure
one local bus; Having defined how constraints and objective function are
4) bus typet,: omitted buses as well as external buses thirmulated in the overlapping case, the adapted procedure t
are connected to only external, common and omittestt up the subproblems is as follows:

buses. 1) Determine which buses, and thus which variables, are

In Fig. 4, an illustration of these types from the view point included in which area and distinguish between local,
of areap is given. Depending on the bus type, the constraints  common, external and omitted variables.
associated to the bus are treated differently in the problem2) Define the objective function of each argancluding
formulation. In general, each area includes all constsaint the terms of the reduced overall objective function as
associated to buses included in the area as hard constraints defined in Table II.
with external variables fixed. If an area uses local variables 3) For each bug in each area, set up the power flow
of areap to formulate a hard constraint, this constraint has to  equality constraints and include them into the constraint
be included in the objective function of areas soft constraint set of areg.
with external and common variables fixed and weighted with 4) Determine the type,,...,t, for each bus.
the Lagrange multiplier of area for this constraint. Table 5) For buses of type, and t3 include the constraints
| gives an overview on how the constraints are taken into  associated with these buses according to Table | as soft
account. constraints into the objective function.

Thus, for a particular area, its constraints of typeand  The scheme for the optimization process stays the same as

ty are included as hard constraints with external variablgs the non-overlapping case including the application e t
fixed, while its constraints of, and¢; are included as soft G\MRES algorithm.

constraints in the objective function with external and coon
variables fixed. Constraints associated with buses of type It has to be noted, that the case with the limited areas does
are not taken into account in the considered area. not converge exactly to the solution of the overall optirticza
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because with the approximations of the influences of the SVC settings

FACTS devices on the voltage magnitudes and angles at the 1f — Area 1 |
border buses some errors are introduced and terms on which ~~~Area?
the devices have little influence, i.e. terms concerningttechi 2 | |
values, are neglected. But as has been shown in [2], theSg 0.6
errors are small if the areas have an appropriate size. =
@ 0.4r —\_’

VIIl. RESULTS 0.2 ===~ ___._.__.]

The described method is applied to the control of FACTS 2 4 6 8 10
devices in the IEEE 57 bus grid. In the following, three Iterations
different test cases are considered: two cases with SVCs aifls. Course of the effective susceptanéas, ¢ of areas 1 and 2 for test
one with TCSCs. The parameters in the objective functiof (1dase 1.

are assigned ta; = 10, w; = 0.2 andw, = 1 such that the TABLE I
terms_ Concernmg VOltage deVIatIOﬂS. anq active _power iDSSSBJECTIVE FUNCTION VALUES AND EFFECTIVE SUSCEPTANCES 08VCs
contribute roughly the same to the objective function vand FOR TEST CASEL

that overloadings of lines are penalized heavily. The isigrt
pointz(® for the iteration process is set to the base case where

. .. . Reference| Optimal | Limited

no FACTS device is in operation. 70 0.09536 | 0.09206 | 0.09208
Bsye, | 0.0 0.33664 | 0.32316

Bsve, | 0.0 0.17801 | 0.15512

A. Test Case 1

In the first test case, an SVC is placed at bus 14 and another
SVC at bus 29. The areas of influence for the two devices den for this first test case. The small deviations in device
shown in Fig. 5. The limits of the lines are chosen such that §éttings and consequently also in the objective functidneva
line is overloaded when the setting of the FACTS devices dpgtween the limited multi-area and the optimal case result
set to zero. Therefore, the focus lies on improving the galtafrom the fact that by using approximations for the voltage
profile and decreasing the active power losses. magnitudes and angles at the border of the areas, some errors
The courses of the effective susceptanéis, over the are introduced.
outer iterations! are shown in Fig. 6. Already after a few
iteration steps, the SVC settings converge to their finalesl B. Test Case 2
As the spectral raplius is 0.84, the Preconditioned Cong"u'gat The second test case differs from the first case just by
_Gradl_ent mEthOd IS not needeql and therefore no add|t|oqﬁ1£ values for the line limits. The line limit for line 33 is
inner iterations; have to be c.ar.ned OUt', ) chosen such that it is slightly overloaded in the base case.
The performance 9f the limited .muIt|—area control is de his problem now vyields a spectral radius of 1.49. Hence,
termined by comparing the resulting value for the overaly e inner iterations, i.e. GMRES iterations have to be
objective functionf (-) and the FACTS device settingSsvc  caried out. In Fig. 7, the course of the SVC settings over the
with the base case when no FACTS device is in use and w, ter iterationd are shown. Additionally, 62 additional inner

the results forthﬁ optimal control Wherslthe enr?re grldlale—:-h iterations of the GMRES algorithm are necessary in total to
into account in the optimization. In Table Ill, these valaes make the settings converge to their final values.

The resulting values for the objective function and the
effective susceptances of the SVCs are listed in Table IV.

sy 0 L : In the second row, the values of the objective function term
concerning the line loadings are given. In the optimal ad wel
= d ~
3 14 1 5| 2
o - O _
=l SVC settings
- OF----- T
Area 1 — —Areal
]
g 0.1 --Area 2
% 0.2
s 7
2l
03—
\% B 2 4 6 8 10
é Iterations

i ) Fig. 7. Course of the effective susceptanéss; ~ of areas 1 and 2 for test
Fig. 5. Areas of influence for SVCs at buses 14 and 29. case 2.
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TABLE IV TCSC settings
OBJECTIVE FUNCTION VALUES AND EFFECTIVE SUSCEPTANCES 08V Cs ‘ ‘ — Area l
FOR TEST CASE2. 0.0Z----~ --- Area 2 ||
= I s
: __ g
Reference| Optimal | Limited o Or
f() 0.11293 0.09821| 0.09855 8
Y ijezws 55 | 001757 | 0.0 0.0 S o002
Bsvo, 0.0 -0.26981 | -0.26388 aline
Bsve, 0.0 0.04565| 0.01998
004 4 6 8 10
Line Loadings lterations
- W(O FACTS Fig. 10. Course of the effective reactan¥g--sc of areas 1 and 2 for test
1 Il with FACTS
case 3.
£ TABLE V
?
= OBJECTIVE FUNCTION VALUES AND EFFECTIVE REACTANCES OAF CSCs
o 0.5 FOR TEST CASE3.
Reference| Optimal | Limited
0 f() 0.32843 0.09542 | 0.09713
20 _ Y ijezws 55 | 023306 | 0.0 0.00171
Line Number Xrcso, 0.0 0.01756 | -0.01844
Xrcosc, 0.0 0.01003 | 0.00997

Fig. 8. Line loadings without and with SVCs for test case 2.
Line Loadings

as in the limited mulit-area control all line loadings aretdnght [ wio FACTS
below 100 %. In Fig. 8, these line loadings are shown for the 1 I with FACTS
reference and the limited multi-area case, thus, the cxded
line 33 is relieved and brought below its limit.

C. Test Case 3

In the third test case, two TCSCs are placed in the IEEE
57 bus grid, i.e. in lines 22 and 72. The areas of influence g
determined by sensitivity analysis are shown in Fig. 9. The
line limits are chosen such that lines 6 and 60 are overloaded
in the base case, when the FACTS devices are out of operatigp. 11. Line loadings without and with TCSCs for test case 3.

Figure 10 shows the evolution of the FACTS device settings.

As the spectral radius for this problem is lower than 1, the
Preconditioned Conjugate Gradient method is not needed andn Table V, the objective function values and the FACTS
therefore no inner iterations are carried out. After onlyew f device settings for the base, the optimal and the limited

steps the FACTS device settings converge to their final galugulti-area case are listed. The TCSC settings in the limited
multi-area control are close to the values determined by the

optimal control and the same also hold for the objective
function value. The reason for the deviations again lies in
the approximations of the voltage magnitudes and angles at
the border of the areas using sensitivity values. Conselyen
also small errors in the determination of the line loadings a
introduced. The controller in the limited multi-area cas¢ss
the effective reactances such that using these approxinsati
the line loadings are all below 100% but in reality line 6 ifl st
slightly overloaded. Thus, the term corresponding to the li
loadings, given in the second row of Table V, is not exactly
zero. But looking at the line loadings for the base case and
for the limited multi-area control as shown in Fig. 11, theeli
loadings are reduced significantly.

60 80

Line Number

7

Bzl
P 9] ‘3'ﬁ 51
é Area 2 IX. CONCLUSION

In this paper, a control for FACTS devices is developed
Fig. 9. Areas of influence for TCSCs in lines 22 and 72. which is also feasible for large power systems. The Optimal
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Power Flow control is applied to a limited area includingyonl
buses and lines on which the device has considerable influ-
ence. The method based on Approximate Newton Directions
with additional Preconditioned Conjugate Gradient mettsod
extended for the case where the areas are independentty dete
mined by sensitivity analysis, which may lead to overlagpin
areas as well as situations where part of the grid is entirely
left out from the optimization.

The simulation results show fast convergence for the device
settings to the final values. The control performance of the
limited multi-area case is close to the performance of the
optimal control taking the entire grid into account.
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