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Abstract— Large power systems are nowadays mostly operated The major reason to implement a decentralized control
as interconnected subsystems, each not always based on identticaprocedure arises from the adaption to the current situation
legislative, historical and geographical regulations. Within this - ag giready mentioned, the UCTE is established by distribute
interconnection, each power system is controlled by its respectv trol titi hi h' t al h identical fi
control authority, forming a decentralized structure. In this control entties whic ho gwlays. ave ldenuca opgrq Ing
paper methods are presented, decomposing a central 0ptima| goals and thUS base thell’ 0pt|m|zat|0n on non—COhererﬂil‘lHlt
power flow (OPF) problem into distributed subproblems. These Furthermore, less data transfer is needed as well as higher
subproblems are then solved in an iterative way, independently robustness and faster computation times are provided.
but coordinated. Based on an available decomposition method, Two basic approaches for OPF decomposition are estab-

an improved decomposition procedure is proposed. With the new . . _— s .
method, the convergence rate is considerably enhanced and noIISth which enable the coordination within a multi-area

parameter tuning is required. Simulation results are presented, System. A first method is proposed in [4], where a coordimatio
applying the procedures to an illustrative 9-bus as well as to the is achieved by adjustment at an existing or fictitious border

IEEE 39-bus system. bus. Different methods for decomposability are compared in
[5], [6]. A second method is presented in [7],[8], where the
coordination is carried out by exchanging dedicated véegab
between adjacent areas. The methods presented in [7], [8],
The UCTE [1] is an aggregation of Transmission Systef3] are extended for overlapping areas in [9]. In this paper,
Operators (TSO), where each TSO is responsible for a dedew procedure for decomposing OPF problems with a faster
cated part of the power grid. These various parts are raglilatonvergence rate is proposed, where no tuning of parameters
in an autonomous way and thus organized in a decentralizedrequired. The improved method applies a master-slave
structure. Concerning the adjustment between these papidnciple to interconnected areas in order to enhance the
the organization suffers from various disadvantages. Rer tcoordination among them.
coordination among the entities, no continuous self-gctin
procedure is provided but adjustments between the areas are Il. DECOMPOSITIONTECHNIQUES
obtained by predefined power flows arranged once a daymulti-area control is illustrated on two interconnectedas,
(UCTE Operation Handbook [1]). In emergency cases, hump[t the presented approaches can be extended to an arbitrary

(i.e. operators) judgment is employed for the coordinatiafumber of areas. Considering two areasnd B, the overall
of control actions among areas, increasing the risk of $auliopr is given by

To overcome this limited coordination, a control procedure

I. INTRODUCTION

needs to be implemented which is suitable for distributedi an i flza,zp) = c(za,25) @)
coordinated control enabling a fast and automatic adaption subject to  g(za,xp) =0 @)

between entities. h( <0 3)
Today, the coordination between areas is obtained by mea- T4, B) <
suring the in- and outflows between areas. Thereby, the impadere x 4 and xp represent the OPF variables relevant for
of a neighboring area is incorporated by approximating ttegeaA and B, respectively. Generally, the optimization vectors
neighbor as an additional load [2]. The insufficiency of thisomprise the voltage magnitudes and angles of all buses and
coordination is demonstrated in [3] where a simulation an tlthe control variables, e.qg., yieldingy = [04, V4, u 4] for area
IEEE 39-bus system is carried out. Due to a deficiency iA. The objective function comprehends various application
today’s coordination, the system wide optimal solutionebhi areas such as active power control, relieving overloadess i
is obtained by applying centralized control is not providedr improving the voltage profile. The equality constraints
In a centralized control scheme, one optimization probleoorrespond to the power flow equations and the inequality
including all areas is solved by a single central contro#gr- constraints include constraints on voltages, power flonsd an
plying decentralized control, the overall optimizatiorlplem transmission capacity. In general, the problem defined @bov
is divided into subproblems which are solved in an iterativepresents a nonlinear optimization problem. The solution
way, separately but coordinated. space is non convex, thus, finding the global optimum cannot
be guaranteed with numerical methods.
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decomposition procedure, the objective and the conssrait each area and solved iteratively. In the case of atedhe
divided differently to the areas. Both approaches are bketc minimization yields at each iteration stégghe updated values

in Fig. 1 and illustrated in the following sections. of the core variables® ™" and the interface variableg,™*:
Area A (x,,3) AcaA  XoHaBa  ArcaB (25T yE ) = argmin ca(za,ya) + é”yA — 12+ (5)
— T TN (za, ya)EA 2
N ~— subject to ga(za,y4) =0 (6)
(a)A’“B(y"’x‘) X_"’“(‘l’);”" ha(xa,ya) <0 )

where 3 is an additional positive constant introduced by the

APP - algorithm. Similar, the optimization of aréaprovides
updated values of%;™ andy%™:

Fig. 1. Coordination between two aredsand B: (a) adjustment at interface
and (b) passing adjacent variables.

(@5 u5™) = argmin en(es,ym) + 2 lys — b1 - @
A. Adjustment at the Interface (B, yp)EB
T
The first approach to decompose an optimization problem WweWh —yE) — A s
is operating with an adjustment procedure at a common subject to gg(rp,yn) =0 9)
interface. The procedure, further referred to as procetlure hi(zs,ys) < 0. (10)

A, is illustrated on the overlapping two-area system depict

in Fig. 1(a). Next to the own variables, and xzp, both The objective function of both areas consists of two parte T
areas share some variables at the common border, dendtestl term describes the main objective originating from the
by y. To decompose the overall optimization problem, theentralized optimization (1), while the second part coneplos
border variableg,, also referred to as interface variables, aref three terms is responsible for the adaption between the
duplicated iny4, andyg and assigned to the areasand B. adjacent areas. Solving the optimization problem for eaeh a
Now, both areas are enabled to solve their subproblems wishalternated with an update of the Lagrangian multipher

the vectors(xz4,y4) and (zp, yg), respectively. The original

equalities (2) and inequalities (3) are split accordinghe t AL = AP pa(yfth — it (11)

described vectors, i.e. involving only the own variablesl an_l_h date | db b-aradi hod | .
the duplicated border variables, and assigned to the phatic € update Is arranged by a sub-gradient method incorpgrati

area. Usually, the border vectgris much smaller than the the linear coupling constraint, whereas the weighting @ th

core vectorst , andzg. The smaller this ratio the looser theldeate is defined by the positive constantThe value of the
grangian multipliet\* is an estimate of the cost to maintain

coupling between the areas is and the more individual actit raint: k _ 0 at iterati ¢ The iterati
is enabled. Furthermore, better convergence of the afgorit € constraint/; — yp = 0 at iteration stepe. The iteration

is expected due to the minor coupling between the regior%[ ce_dure t(_ermlnaFes as soon as the rm_smatch between the
power flows coupling variables is smaller than a specified thresholdeval

To recover the original optimization problem, caupling The.rgby, the convergencg IS qujll_tehsensmve to tr?e valluéhse. of
congtraint is imposed to enforce equality between the tw ositive constantsx,@ and~ whic representt e weig ting
. ! : actors for the adaption procedure. Appropriate tuningheke
copies 4 — yp = 0). Generally, standard Lagrangian ap-

. . .Rarameters is necessary to obtain proper convergence rates
proaches to relax the coupling constraints are convergi

. : YThe procedure can either be executed in a synchronized
slowly to the solution, thus the augmented Lagrangian proce . . ' L
in sequential way. In the first case, the optimizations are

. i X . or
e e it gtomed ol vih ecua g Valies here b
resulting in second case the opt|m|z.at|on problems are §olved a}fter each
other using updated starting values. The only informatioiet
exchanged between the areas are the updated border variable
ca(ra,ya) +cp(p, yp) AT (ya — y3)+1||y,4 —ygl* (4) ya andyp. Therewith, each area can perform the update of
L,_/ the Lagrangian multiplier by itself and proceed for the next
a iteration step.
where \” denotes the transpose of the Lagrangian multiplier Other decomposition methods based on the coordination
and v is a positive constant. This objective function is notising shared variables are presented in [5] which differ by
decomposable anymore as it contains the inseparable cribes way of handling the non-separable term in (4). In [6],
term marked by, whose variables belong to both areas. Tthe coupling constraint is incorporated into the objectiye
make this term separable, it is linearized using the Auxilia building the Lagrangian instead of the Augmented Lagrangia
Problem Principle (APP) [10]. Applying this algorithm, thewhile decomposability is achieved applying the alterrgtin
solution of the optimization problem with the objective {¢) Direction Method (ADM).
obtained by solving a sequence of auxiliary problems. Theselmplementing this procedure within electric power systems
auxiliary problems are now decomposed into subproblems fine border region including its variables needs to be defined



In principle, for each tie-line between two adjacent areasaalding them to the objective function while maintaining the
bus within the overlap region needs to be identified. If nown complicating constraints. For ared the optimization
interface bus exists, a fictitioudummy bus is created. With problem is specified as

each dummy bus voltage and angle at the bus as well as ) 7 L

active are reactive power flow through the bus are associated i ca(ra,Tp) +Ap -gp(ra,7p)  (12)
Hence, the shared border vectgrcontains four entries for T ﬁv(x 75)

each tie-line. Considering the overlapping areésand B ) Ko Bt BN

to be interconnected by one tie-line (Fig.1(a)), the border Subjectto  ga(za)=0 gf/(xA’@) =0 (13)
variables are defined agy = [f4 Va Pa Q4] for area A ha(za) <0 ha(za,zp) <0 (14)

andyp = [0p Vs Pp Q5] for area B. and for areaB as

. . T
B. Passing Adjacent Variables min  cp(Ta,xB) + Ay ga(Ta, zB) (15)

B
The second decomposition approach is carried out on
strictly separated areas rather than on areas sharing a@omm
border (Fig. 1(b)). This approach, referred to as approa8h | 5
achieves coordination between adjacent areas by passihg de hp(rp) <0 hp(Ta,zp) <0 (17)
icated peripheral variables to the neighbor. As no dupitat
shared variables are incorporated in this approach, antr
including variables of areal as well as of area3 appear.
These so-calledomplicating constraints are related to both
areas and thus prevent each subsystem from operating mde . .
dently. Concurrently, these constraints enable the coatidin Weration step, these values are sent to the other areaFig.

. imilar to approach II-A, the objective is composed of two
bemee? the areas. _R_egar_dlng the su_bproblems, the equ%e'%s. The second term is used for the coordination between
constraints (2) are divided into constraints related ty amle

area _ and into comolicating constraints in_the areas while minimizing the main objective, described by
9a(z4), 95(z5) P 9 .the first term. The optimization problems are solved in an

S'ﬁﬁtzﬂ db);gs (sﬁAr;gc‘jB)tnoT;Ei ;?;pc\fggﬂgcgﬂ?jggl?fe ﬁz.zﬁﬁ'ﬁ‘t?rative way and convergence is achieved if the variables
piit and assigne I . ) 10T 88 not change significantly in two consecutive iterations.
complicating variables. Complicating variables, incogied A

) o ) . ]gain, the optimization problems can either be solved in a
in the complicating constraints, appear at the periphery 9

. e ynchronized or sequential way. In contrary to the standard
the different subsystems. The same classification holdthéor . . . .
inequality constraints (3). Fig. 2 delineates the assigrimé Lagrangian relaxation procedure, the Lagrangian muipli

. . representing the weighting factors of the foreign compilica
the constraints to the corresponding areas. constraints result directly from the neighboring optintiaa

T problem. For example, the Lagrangian multipliexg, 7ip
Area A T Area B included in the objective of ared are obtained from area
B’s optimization by keeping its own complicating constraint
((16), (17) on the right) .
Applying this mathematical procedure to electric power
systems, the constraints are arranged in the following way.

_ \/ The equality constraintg(z 4), gs(xp) comprise the power
£y (X Xs) fy (X Xs)

. < B flow equations of all inner buses of the particular area. The
Za (X/\) Za (XAsXB) Xe> Aas Ha s (X5) & (XAvXB)

hA (XA) H:\ (Xrs Xp) hH (X3) H; (YAaXB)

+1Th - ha(Ta, op)
subjectto  gp(zp) =0 95(Ta,xz5) =0 (16)

wherez 4, Tp denominate the state variables of the previous
iteration step of aread and B, respectively. The variables
A, A andjig, fip represent the Lagrangian multipliers of
the corresponding equality and inequality constraintse#th

complicating equality constraints comprehend the powev flo
equations at the peripheral busesn (Fig. 2). A coupling
between the areas is only enabled when these power flow
Fig. 2. Coordination procedure II-B between two areésand B, with  equations include variables of both areas. This means, the
peripheral buses, m, including the assignment of constraints. constraints for active and reactive power balance serve as
complicating constraints but not the constraints regagrdin
One method to obtain the subproblems consists of relaxiugltage and angle reference settings. Hence, having PG buse
the own complicating constraints and incorporating theta inat the common tie-lines results in two complicating constsa
the objective, applying the standard Lagrangian relaratiper peripheral bus. A less tight coupling is achieved with PV
procedure. These subproblems can now be solved indepeuses, yielding only one complicating constraint. If thackl
dently by keeping in each case the variables of the foreigps is situated at one of the peripheral buses between two
area constant. Thereby, the Lagrangian multipliers nedzbto areas, the procedure is not implementable. The inequality ¢
updated by a sub-gradient method incorporating the ncenlinestraints comprise the limits on voltages, power generatord
complicating constraint, similar to the approach preskiine transmission capacities of each area. Complicating ifdgua
Section 1I-A. To avoid this, a new method is proposed inonstraints occur by transmission limits on tie-lines hgiag
[71,[8]. This method establishes the subproblems by rakaxito both areas. To classify the inequality constraints intm o
the complicating constraints assigned to the foreign aneh aand foreign complicating constraints the tie-lines needbe



allocated to one area, arbitrarily. For more detailed imfation Both decomposition procedures yield similar convergence
refer to [7], [8]. rates for the objective values and the control variablesv-Ho
ever, the adjustment procedure presented in [4],[5] shows
rather poor convergence properties of the the border \agab
between the adjacent areas. Especially small systems show
Basically, both approaches achieve a coordination betwesriow damped oscillating behavior at the interface (Section
interconnected areas by adding additional terms into th®. Further, the convergence rate is highly sensitive he t
objective function. The additional terms in procedure llI-Aalues of the weighting factora, 3,v and thus, appropriate
enforce the matching between the interface variables vaseréuning is required. Regarding the approach II-B, coorddamat
procedure II-B includes foreign constraints into the obj@s. problems occur if there is a lack of complicating constismit
Table | provides a more detailed comparison of both methodke peripheral buses. Actually, this algorithm is depegdin
Objectives and constraints are delineated only for adeim the borders of the particular areas. For the application afe
each case. Further, the convergence of both decompositmmwer systems this can be handled by inserting an additional
techniques is presented in [8], where the procedures IIFA, PQ bus in between the regions to obtain enough complicating
B as well as the standard Lagrangian relaxation procedere aonstraints. Simulations with additional PQ buses are pre-
applied to a mathematical example. sented in [3] and yield the optimal values with slightly fast
convergence rates.

C. Comparison of Decomposition Methods

TABLE |
COMPARISON OF DECOMPOSITION METHODS

D. Development of Improved Coordination Procedure

iAdjufstment at the Passing Adjacent
nieriace variables To enhance the convergence of the border variables, method
Objective | (e, ua, 1) = FA(@ATE) = lI-A is extended by introducing a master-slave principlg.
TR T Thereby, one area is designated as master and determines
CA(;CA’yA) - CA(x_AT’mi) - the values at the shared interconnection to the neighboring
+ 5”;“‘ . Ya |L +Ap - 95(24,7B) area. This adjacent area, referred to as slave, adaptdutssva
+W;1(yA ~Y5) +EE - hp(2a,7B) at the interconnection to those defined by the master. The
+ X ya master-slave principle, referred to as procedure Il-Diniplée-
mented by involving specific constraints regarding the bord
Constraints | ga(z4,ya) =0 9a(za) =0.ha(za) <0 | enforcing the equality between certain interface varigble
ha(ra,ya) <0 ga(za,Zp) =0

ha(os 72) <0 These additional constraints are in each case incorpolsted

A4 TB) = the area taking the position of the slave. Basically, forheac
Coordination Defined by an auxiliary| Defined by nonlinear com Interconnection a r.nas.ter 1S de3|gnated which defines thesal
linear coupling constraint] plicating constraints, specit at the corresponding interface.

artificial introduced at the| fied by original constraints The question is. if this predetermination of the interface

shared interface. at the periphery of each area. . - ” -
variables by one area still leads to the system wide optimal
ya—yp =0 g(za,xp) =0 solution. The search direction of the slave is influencedhey t
hza,zp) <0 master’s prior decisions. The mathematical proof is outef t

_ _ _ scope of this paper. However, the simulations have shown tha
Exchanged | Interface variables, to ent Peripheral variables and Lg th t id timal val btained. As th t
variables able the matching. grangian multipliers, to eval € Sys _em_Wl e optimal values are o _a'_n_e - AS he master-
uate the complicating con} Slave principle is only related to the fictitious dummy bus,
straints. the main objective of both areas is not affected. Furtheemor
only one out of the four interface variables is transferethe
neighbor to allow enough freedom to its optimization. Thgre
Lagrangian | Associated with coupling| Associated with complicaty it is crucial to leave one variable of the coupling pair&P

Multiplier | constraint. . ing constraints. | and V/Q undetermined to avoid infeasibility of the optimal
Common Lagrangian muli Different Lagrangian multi-

tiplier, obtained by a sub] pliers, obtained by foreign Power flow problem.

gradient method. optimization problems. Improvements of the convergence rate mainly arise in small
systems where the number of tie-lines, i.e. dummy buses,
is large in comparison with the number of core buses. In
Weighting | Coordination terms| All weighting parameters. these systems, the interface variables show a long ongoing
parameters| and Lagrangian update are  represented by counteracting behavior and hence the master-slave plénisip

of  coor- | are weighted by tuned Lagrangian multipliers, highly effecti The i f th .
dination parameters. obtained by foreign ighly effective. The improvement of the convergence rate i
terms optimization. shown in Section IlI-A. Moreover, a much lower sensitivity
of the convergence rate to the weighting factors is obtained

when implementing the additional constraints.

YA, YB TA, TR, AAs AB, HA, UB

A AA, ABs HA, UB

o, B,y AA, AB, HA, BB




[1l. SIMULATION RESULTS limit. Considering the convergence between the areas,rthe p

Simulations on two different systems are presented. A figgdures II-A and II-D are compared. In Fig. 4, the adaption of
example illustrates the coordination between three interc the interface voltages between aréandC' at border bus 11 is
nected areas on a small 9-bus network. Within a secof@monstrated. Applying the basic adjustment procedure Il-
example, the procedures are carried out on the IEEE 39-8{1§S€ voltages counteract and finally adapt to each other aft
system. As the optimization problems are non convex, tH&3 iteration steps (Fig. 4(a)). The control variables a8 we
global optimum can not be guaranteed applying numerica¥ the objective values are not affected by_these oscillatio
methods. However, the system wide optimal values are &§:cause the border variables only appear in the second part
sumed to be provided by the centralized control procedureGh the objective (5), responsible for the adaption. Applyin
each case. These values serve as a reference of optimality %¢ master-slave principle 1I-D by implementing additibna
the subsequent simulation results obtained by the dedigetta cOnstraints concerning the voltages, a convergence of the
procedures are in each case compared with these values. §i§@rithm within 22 iteration steps is achieved (Fig. 4(b))
optimization problems are solved using the sol/ei ncon The constraints are arranged clockwise, e.g., ategecides
provided by the standard optimization toolbox of MATLAB, @bout interconnectiond 3 at bus 10. Thus, for each area an
additional constraint is implemented suchlag-_4 = Vac.c
; for area A. The areas perform their optimization clockwise.
A IIIusIIratlv? Exarr.1ple' ) . Therefore, the voltage Fz>f ared follows F:hat of areaC' with
_ The first simulation is carrle_:d qut on the system set_up 9iVeD delay of one iteration step because interconnectie
in Fig. 3(a), where a coordination between three intercORannects the areas first and last optimizing. As the master-
nected areasl, B and C is investigated. Each area containg|aye procedure only affects the border adaption but not the
two generators where bus 2 is modelled as slack bus. Logdsi objective, the final values of the objective and the
are attached at buses 1, 4 and 8. Buses 10, 11, 12 repreggtro| variables correspond to those of procedure I1-A but
the border buses between the areas. the progression is slightly different. The weighting fastare
chosen asy = 1, f = 2 and~ = 1 for both procedures II-A
and 1I-D to illustrate the improved convergence.

w

5
=
=
S
Cer=1 Crr=2 §25
© 0.99%, 0.990!
% —_ 7VACﬁA —_ 7VAC7A
g 2 3 0.99 % - VAC C ?L 0.9 o VAc,c
g ‘2 r
11 g 1.5l 20.989 20.989
] = =
3 ! 9 % S S
< = 5 0.98§ 5 0.989
10 5 10 15 20 B °
Crs=1 Cro=2 Number of iterations S 0.987 8 o988
(a) (b) 0.98 0.988
10 ﬁm goo ?Qto 5t(i)gn's600 0 ° ﬁlumber%)of iteratiér?s 2
. . . . umber of Iterat
Fig. 3. System of three interconnected aregsB and C' (a) single line
diagram and (b) progression of control variables. (a) (b)

] ) ) o Fig. 4. Convergence of border voltages at interface betveeeaA and C
Active power control is applied to minimize the overall cbgt (bus 11): (a) procedure II-A, basic adjustment at interfaue: @) procedure

an economic dispatch yielding the following objective ftiag !-D: improved coordination procedure.

flzyu) = Z Cp,Pg., (18) Applying procedure II-B to the original 9-bus system with-
i€Qq out dummy buses, a convergence to the optimal values within
whereas the active power generations within the set of &if iteration steps is received, although only a loose cogpli
generation buse€; are defined as control variables by one complicating constraint per peripheral bus is presid
For the case of active power control the slack bus is modelled
U= [ P, ] . (19)  as PV bus with additional angle reference in order to obtain

The production costs for the generated active power are.1 (£fiough complicating constraints. Using the system setup in

for the generators at buses 2 and 3 (afdand 2 p.u. for the Fig. 3(&1.)., a convergence within 17 |ter§1t|on steps res_uits a

remaining generators (arda and C). the.addltlonal PQ. buseg enable 2 comphcapng constramts p
The progression of the control variables is illustrated iR€riPheral bus. Simulations are presented in [3].

Fig. 3(b) where procedure II-A is applied. Within the first o

20 iteration steps, steady state values for the objectiweedis B- Application to IEEE 39-bus system

as for the control variables are acquired which correspond t In a further example, the decomposition approaches are

those of the centralized procedure. The simulation is exartcarried out on the IEEE 39-bus grid which is partitioned

from an equilibrium, which is defined by equal active powento two areas (refer to [3] for the partition). The lack

generation of all generators. As soon as control is appifed, of coordination, as illuminated in Section I, is eliminated

generators adjust their production according to theirgaexi implementing the presented decomposition approachesgin F

costs. The two generators of ardaincrease their production 5, the active power generations of all generation buses ob-

although not to an equal amount Bg, reaches its operation tained by three different methods are illustrated. Apglyihe



limited coordination procedure operated today, a subagtimiThe purpose is rather to demonstrate the achievement of the
solution with a overall active power production cost@f,; system wide optimal values. Nevertheless, the controates
=518.89 p.u. is resulting (dark green bars). Implementirgg tconverge within applicable iteration steps.

decomposition approaches, the system wide optimal vahges a

obtained, yielding an exact match between the centralined a TABLE Il

decentralized procedure€’,; = 481.36 p.u.).

N
S}

I limited coordinated=] centralized___]decentralize}l

@

Active power generation [p.u.]
N s o

o

30 31 32

33

35 36

34 37
Generation buses

38 39

Fig. 5. Active power generation for different procedures:
(1) limited coordinated (dark green bar€);,: = 518.89

(2) centralized coordinated (light green baf%),: = 481.36
(3) decentralized coordinated (yellow bar€),,: = 481.36.

Fig. 6 presents the evolution of the control variables,the.
active power generations at all generation buses, and thesva
of the overall and the local objectives applying procediH. |

A convergence within 48 iteration steps is reached, but only

REQUIRED NUMBER OF ITERATIONS

Approach | lI-A 11-D 11-B
Interface Master Passing
System Adjustment | Slave Variables
39-bus 2 area u: 32 u: 32 u: 48
y: 347 y: 108
39-bus - 39-bus | u: 24 u: 24 u: 42
y: 258 y: 85

IV. CONCLUSION AND OUTLOOK

Different approaches of a decentralized control procedure
are presented which do not only enable the coordination
within multi-area power systems but provide the system wide
optimal solution. A cooperative behavior is shown, where
the neighbors help to support the system wide objective. No
central coordinator is needed which follows the philosophy
large interconnected power systems, e.g., UCTE. A new

the relevant part is depicted above. For the progressioheof Hecomposition procedure is developed by implementing a

complicating constraints during the simulation refer th [3

ERY 700,

i Pa30) .

= —P, 5 600

% o ’Pzz ; 500|

@ Po gt g

é Po 34| S 400

[ 7PGSS [}

o _.p > 3001

3 G 36| g ;

g Poar .2, 200k +

o Po g s I

s - PGS9 100f

< 0 0

5 10 20 25 30 5 10 15 20 25 30
Number of iterations Number of iterations
(@ (b)
Fig. 6. Procedure II-B applied to IEEE 39-bus system: (a)vacfiower

generation at generator buses and (b) objective valueses Ar B and total
objective value.

Applying procedure II-A yields slower convergence rates

A low damped oscillating behavior at the tie-lines occurd, b
neither impacting the control variables nor the objectividse

convergence improves when the number of tie-lines comparéd

to the number of core buses decreases. Running simulati
on a two area system composed of two 39-bus systems, in
connected by two tie-lines, results in less oscillatingiifatce

variables. For both systems, the convergence is enhan

by implementing the master-slave principle II-D. With the
coordination procedure II-B favorable convergence rates f

both systems are achieved. Table Il illustrates the coeverg

master-slave principle which enhances the convergengepro
ties. Future work is dedicated to outages of control autilesri
and break downs of communication links as well as to the
incorporation of discrepancies within computation timds o
adjacent areas.

V. ACKNOWLEDGMENT

We would like to thank M. Zima and G. Hug-Glanzmann
of the Power Systems Laboratory for the excellent supemwisi
during our master thesis in 2006 at ETHirgh.

REFERENCES

[1] http://www.ucte.org/ohb.

[2] M. Zima and D. Ernst, “On multi-area control in electric pemsystems,”
Proceedings of the 15th Power Systems Computation Conference, Liege,
Belgium, 2005.

[3] M. Arnold and S. Krdpfli, “Multi-area control in electric power sys-

tems,” master thesis, Power Systems Laboratory, ETHIcH, Switzer-

land, 2006.

B. H. Kim and R. Baldick, “Coarse-grained distributedtiopal power

flow,” IEEE Transactions on Power Systems, vol. 12, no. 2, pp. 932-939,

ons 1997.

tet ——, “A comparison of distributed optimal power flow algdmihs,”

|EEE Transactions on Power Systems, vol. 15, no. 2, pp. 599-604, 2000.
Qj X. Wang, Y. H. Song, and Q. Lu, “Lagrangian decompositigpmach
to active power congestion management across interconnegehs,”

IEE Proceedings on Generation, Transmission and Distribution, vol.

148, no. 5, pp. 497-503, 2001.

A. Conejo, F. Nogales, and F. Prieto, “A decompositiongedure based

on approximate newton directionsiylathematical Programming, vol.

C

(7]

for the three different decomposition techniques appliad o

both systems. For procedures II-A and 1I-D the numbef®!
of iteration steps regarding the convergence of the control
variables (denoted by u) as well as of the interface varsabl€g9]
(denoted by vy) is stated. The simulation parameters are the
same as in example Ill-A. The authors like to emphasize tha
the focus is not put on the performance when considering
the rather slow convergence rates of the interface vasgable

Ser. A 93, pp. 495-515, 2002.

F. Nogales, F. Prieto, and A. Conejo, “A decomposition rodtiogy
applied to the multi-area optimal power flow problenfhnals of
Operations Research, vol. 120, pp. 99-116, 2003.

G. Hug-Glanzmannet al., “Multi-area control of overlapping areas
in power systems for FACTS control,” to be presentedPatver Tech,
Lausanne, Switzerland, 2007.

G. Cohen, “Auxiliary problem principle and decompasiti of opti-
mization problems,Journal of Optimization Theory and Applications,
vol. 32, pp. 277-305, 1980.



