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Abstract—From the viewpoint of operational planning, this particularly rescheduling generator outputs, are considered as
paper focuses on the evaluation of the impact of FACTS control major control measures for ATC boosting [1], [2].

on available transfer capability (ATC) enhancement. Technical . . . .
merits of FACTS technology on ATC boosting are analyzed. An As discussed in the report of North American Electric

optimal power-flow-based ATC enhancement model is formulated Reliability Council (NERC)—Available Transfer Capability
to achieve the maximum power transfer of the specified interface Definition and Determinatioffi3], the ability of interconnected
with FACTS control. For better studying the capability of FACTS  transmission network to reliably transfer power through pre-
control, a power injection model of FACTS devices, which enables scribed interfaces may be restricted by thermal, voltage or

simulating the control of any FACTS devices, is employed. Studies [ . .
based ongthe \EEE 118-bu); system with all categgrigs of FACTS Stability limits. On the other hand, it is highly recognized that,

devices demonstrate the effectiveness of FACTS control on ATC With the capability of flexible power-flow control and rapid

enhancement. action, flexible ac transmission systems (FACTS) technology
Index Terms—Available transfer capability, electricity market, has a wide spectrum of impacts on the way the transmission
flexible ac transmission systems, optimal power-flow. system operates, in particular with respect to thermal, voltage,

and stability constraints. From the perspective of steady-state
system power-flow, circuits do not normally share power in
proportion to their ratings, and in most situations, voltage

EREGULATION of the electric industry throughout theprofile cannot be smooth. Therefore, ATC values are always

world aims at creating competitive markets to trade elefimited ultimately by heavily loaded circuits and/or nodes with
tricity, which generates a host of new technical challenges iiglatively low voltage, with the increase of system loading. As
market participants and power system researchers. For tragtated in [4], FACTS concept makes it possible to use circuit
mission networks, one of the major consequences of the nondisactance, voltage magnitude, and phase angle as controls
criminatory open-access requirement is a substantial increaseofedistribute line flow and regulate nodal voltage, thereby
power transfers, which demand adequate available transfer gatigating the critical situation. In addition, partly due to the
pability (ATC) to ensure all economic transactions. Sufficierghysical constraints on circuit impedance and phase angle
ATC should be guaranteed to support free market trading apfd nodal voltage, most high-voltage transmission lines are
maintain an economical and secure operation over a wide rang@rating far below their thermal rating [5]. By the control of
of system conditions. However, tight restrictions on the colfline reactance and voltage phase angle, FACTS technology
struction of new facilities due to the increasingly difficult ecoenables line loading to increase flexibly, in some cases, all the
nomic, environmental, and social problems, have led to a mughy up to thermal limits. Therefore, theoretically it can offer
more intensive shared use of the existing transmission facilitigs effective and promising alternative to conventional methods
by utilities and independent power producers (IPPs). These céwx- ATC enhancement. To resolve the emerging power system
cerns have motivated the development of strategies and methe@blems in the late 1980s, the Electric Power Research Insti-
ologies to boost the ATC of the existing transmission networkigite (EPRI) proposed that besides flexible power-flow control
As a result, power suppliers will benefit from more market over designated transmission routes, another major objective of
portunities with less congestion and enhanced power systemB&ETS applications is to increase the power-transfer capability
curity; it will be more profitable for transmission owners withof transmission systems [4].

maximized use of existing transmission assets; and customerg, 3 1997 EPRI report-FACTS Assessment Study to Increase
will also get improved services and reduced prices. the Arizona—California Transfer Capability], the technical
Aimed at this problem, various ATC enhancement apgyantages of FACTS technology for increasing the ATC of
proaches have been proposed, where adjusting terminal voltaggona—California interface are assessed based on power-flow,
of generators and taps changing of onload tap changer (OLTynsient stability, and subsynchronous resonance mitigation.
The result indicates that use of the FACTS devices could in-
Manuscript received September 20, 2002. crease the ATC as much as 1000 MW. As stated in a California
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from overloaded to underloaded transmission lines. In additior Volor B

to that, by improving system stability through their rapid-re- v, £, N\ Gy +JjBy V,£0,

sponse capability, FACTS controllers in widespread use canals 1 O &) |' '[ -0 J

increase the overall capacity of a large transmission network b

20% or more. Undoubtedly, it is very important and imperative I, Iy UPFC

to carry out studies on exploitation of FACTS technology to en-

han_ce the ATC. ) ) Fig. 1. Voltage source model of UPFC.

Since comprehensive ATC evaluation and enhancement

models that take into account stability aspects are still in the P, + jO

research and preliminary development stage, this paper onl . i

centers around steady-state ATC enhancement. An optime Ve PLo+ i0Lo G, + jBy v o

power-flow (OPF)-based ATC enhancement model is formu- 1<Y; NG f—— J 5 P

!ated to achieve the maximum power transfer <_)f Fhe specjfied’ <y B ——

interface with FACTS control, where voltage limits and line ; P 0. P, +j0
fQHlmjj Ifinj) +JQH.(IU]} Jinj) J J(inj)

thermal limits are considered. On the basis of the methodology

proposed for improving ATC by the control of UPFC in [9],

this paper focuses on quantitative evaluation of the impddg- 2. Power injection model of UPFC for ATC enhancement.

of all categories of FACTS devices on ATC enhancement.

For better studying the capability of FACTS control, a powdions: an active power injectiorf;;,,;), and a reactive power
injection model (PIM), which enables the implementation dhjection, Q. Which flows along linel to busI for ac-

the control of any FACTS device, is employed to derive thiéve- and reactive power-flow control, respectively. The con-
control parameters [10]. Finally, with the IEEE 118-bus systetrol vector is written a&’ = [Pr(inj) Qrr(inj) @r1(inj)]- AC-

as a testing bed, case studies are conducted on all categoriexoding to the derivation of the PIM in [12], the line flow control
FACTS devices. The results demonstrate the effectivenesso6FACTS devices can be considered as an additional control-

FACTS control on ATC enhancement. lable power-flow through the line, which is superimposed on
the “natural” power-flow. Therefore, for power-flow control of
Il. FORMULATED ATC ENHANCEMENT MODEL the UPFC, the relationship between the power injections and the

_ . controlled power-flow can be expressed as the equations shown
Based on the ATC evaluation model proposed in [11], t*]ﬁ Table I. It is to be noted that the power injections are only

ATC enhancement prablem is farmulated to achieve the M3Kterim results. Once they are obtained, the original control pa-

imum power transfer by controlling the FACTS devices on intefémeters including magnitudé, and phase angles of the

connected lines, and meanwhile, increasing all of the Complgéries inserted voltage, and magnitude of the cutgrtan be
loads D and generationé&’ in current situation using a scalar ’

. X calculated according to the VSM of the UPFC.
loading factor),, that is Besides the UPFC as a unified controller, there are series con-
Pp. =\ Pp Op- = \Op trollers for acti\_/e power-flow control and shunt contr_ollers for
’ * voltage regulation. As the UPFC possesses the functions of both
Pg- =\ Pg, Qe+ = MQa (1) ofthem, control variables of shunt and series controllers can be
extracted from the UPFC model, as shown in Table I, which have
until a critical situation happens, that is, line thermal limits aseen described in detail in [10] wheseis the phase shifting
nodal voltage limits are attained. Considering the focus of tlgle of thyristor-controlled phase shifter (TCPS); andep-
paper, contingencies of power systems associated with AFésents controllable reactance of thyristor-controlled series ca-

evaluation are not included in the model. pacitor (TCSC); and- denotes series-inserted voltage of static
Basic elements of the formulated model are described @nchronous series compensator (SSSC)jamslthe reactive
follows current injected by static var compensator (SVC) and static syn-

chronous compensator (STATCOM) [4].
A. Control Variables

As elucidated in [10], power injections of FACTS deviceS: Objective Function
are taken as independent control variables. Taking UPFC as aifhe objective is to maximize the uncommitted active transfer
example, it is able to control the active-, reactive power-flowapacity of the prescribed interface, which is represented by
and nodal voltage with its unique combination of shunt and
series compensation. For a UPFC installed on find — .J,
near bud, it is usually represented by a shunt-connected reac-
tive current source and a series inserted voltage source in the
voltage source model (VSM), as shown in Fig. 1. CorrespondhereH is the number of tie lines across the interface, in which
ingly, there are three independent power injections involved fhe active powers share the same prescribed directionfand
the PIM, as shown in Fig. 2. One @;;(»;) for regulating is the active power-flow of tie liné. Variables with subscript *
voltage, which is injected by the current source directly to buspresent those at the critical equilibrium point, while variables
1. The voltage source generates two independent power injadthout subscript * denote those at the current operating point.

H

Max F' = Z (P — Py) (2)
h=1
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TABLE |
POWERFLOW-CONTROL-RELATED INFORMATION OF FACTS DEeVICES

Classification Series Controller Shunt Controller Unified Controller
' Active power flow control
Steady-state functions Active power flow control Voltage regulation Reactive power flow control
Voltage regulation
Control variables P, Ifinj) Qll(inj) P I(inj )’ QIL(inj )? QII(inj )
B(X;,P)=Pp(X.)-P,
Relationship between (XL Finy )= Fio( X))~ By
control variables and I5%¢ XL»PI(mj)) =Po(X;) "Pl(inj) Vi=Vi( Qll(iry' ) ) Q(XL’QI(W) =QD(XL)—QZ(WJ
controlled power flow Vi =Vi(Qucin))
FACTS devices TCPS TCSC SSSC SvC l STATCOM UPFC
Control parameters o Xe Ve Ig Ves@r. 1 ¢

When applying the PIM of FACTS devices, the objective is M\.(Qqar1, — Qp1,) + Qr, L, (inj)* + Q1,15 (inj)*

further written as N-1
Nr — Vi Vi«(Gy, jsinfy, j« — By, jcosfr, j+) = 0.
MaXF(X7 )\*7 X*7 C*) _ Z (Ph* ()\*7 X*7 C*) B P,L(X)) I Jz:; J ( Inj Inj Inj Inj )
H’Lzl For nodeJj,
+ Y P\ X)) - Pu(X) (3) Me(Par, — Ppa,) = Pr, (inj)*
h=Npg+1 N-1
where Ny is the number of FACTS devices installed on the tie — V7; > Vi (Gy,jcosby, o + By, jsinby,j-) =0
lines;andX isthe state variables, including magnitudesand phase j=1
angles of nodal voltage, reactive output of generators performing(Qs.;, — QpJ,) + Q, (inj)*
nodal voltage control, as well as system fixed parameters. N-1
C. Operating and Control Constraints Vi ; Vi-(Grjsinbs, g = By jcosbs, i) =0 (5)
The constraints are categorized as follows. where
1) Equality Constraints:As power-flow equations at the number of nodes;
current operating points are ordinary, they are omitted here.jy, number of PQ nodes;
To ensure that the system moves from the current equilibriumplh (inj)* active power injection of FACTS devideto
point to another one corresponding to the loading fagtgr the first nodel},;
the critical operating point is included into the constraints as () I.L.(inj)- eactive power injection of FACTS devide
follows. through the linel;, to the first nodely ;
For PQ nodei, which has no connection with the FACTS Qr.1,(inj)-  reactive power injection of FACTS devide
devices; =1, ..., N, to the first nodel;, directly;
N-1 Q 7, (inj)* reactive power injection of FACTS devide
A(Pgi—Pp;) = Vi Z Vi (GijcosBije + Bijsinbj-) =0 to the second nodé,.

j=1 2) Inequality Constraints:Nodal voltage limits: (forPQ
N-1 node:,i = 1, ..., Ny)
)\*(QGi_QDi)_‘/f Z ‘/]P (G” sin 67"-7'* _Bij cos gljk) =0. sz min S V;v Vi S V; max:* (6)
Jj=1 . . .
. . . Line thermal limits (for linel, I =1, ..., M
For PV nodei, which has no connection with the FACTS I imits (for | - M)
deViceS,’L' = N1 + 1./ ey N -1 TM17 TMI* S TMl,max~ (7)
N-1 Generator capacity limits (for generatoi = 1, ..., Ng)
/\*<PGZ _PDL) B ‘/r z:1 ‘/Jv <G” o 9,”* +BU sin HWV) =0 PGi,, min S PG'i7 PGI“ S PGi, maxs
=
4) Qaci, min < Qai, Qai- < QGi, max (8)
Assuming FACTS devicé installed on linel;, — Ju, h = \yhere M is the number of lines, and; is the number of
1, ..., Hp, for nodel, generators.
M(Par, — Ppr,) + Pr, (inj)- In order to obtain a realistic control scenario, capacity limits
N—1 of the FACTS devices should also be taken into consideration.

— Ve Z Vi (Gr, ; cos Oy, j« + By, jsinfy, j-) = 0 As analyzed and presented in detail in [10], the thermal rating
' i=1 of FACTS devices is considered as capacity limit.
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The model can be rewritten as a more general optimization

model
Max F(X, A\, X, Cy) Input information for ATC enhancement by FACTS control
st GX)=0 ) v
G.( M\, X.,C,)=0 Set initial iteration time ¢ = 0 ,
H,;, <H(X), H.(\s, X, C,) < Hypax initial control vector ¢?=0, and 4,0 = ;

where@G is the power-flow equations; anfl is the operating
constraints, including nodal voltage limits, circuit thermal limits,
generator output limits, and capacity limits of FACTS devices.

Apply OMNR method to solve power flow
with current power injections and loading factor

Ill. I MPLEMENTATION v v
The program involves the development and integration of Piecewise linearize model about current operating point
two main modules: FACTS control and an ac power-flow 1
calculation. _ _ Use PCPDIPLP method to calculate AC and Als,
Compared with the Simplex method for linear program- ] ¢ sl
. . . o L get ' =C" +4C and A" = A+ A
ming, the predictor-corrector primal-duel interior point linear

programming (PCPDIPLP) is a powerful tool which enables

the reduction of iteration numbers significantly, especially No
for practical problems which usually have enormous dimen-

sions [13]. Therefore, the method is used to solve the ATC Yes

enhancement problem in this paper. The nonlinear objective Derive control parameters of FACTS devices, output
and constraints must be piecewise linearized for using the ATC value and 44

LP algorithm to calculate incremental values of the control

variables. An iterative procedure is needed to derive the control m

variables of FACTS devices and the loading factor for ATC
max!mlzatpn. . . .. Fig. 3. Flowchart of proposed approach.
With the increase of the loading factor, systems ill condition
will be aggravated, which may result in a long-time oscillation
before convergence during power-flow calculation, sometimes STUDIED
even leading to an unsolvable system. Since it is widely rec-
ognized that the optimal multiplier Newton—Raphson (OMNR)
method is an effective approach to deal with this problem, which
has been well addressed in [14], it is applied here.
The overall procedure is sketched in Fig. 3, whei®a given
threshold value for convergence.

IV. CASE STUDIES

In this section, the IEEE 118-bus system [15] is employed
to evaluate the ability of FACTS devices on ATC enhancement.
According to the network structure and the power-flow calcu-
lation results, the whole system is divided into two zones. The
studied interface is illustrated in Fig. 4. In this study, the per-unit
base is 100 MVA.

The following criteria and assumptions are applied.

« All nodal voltages are to be within the range 0.90 to 1.10
p.u. in normal and contingency situations.

» According to their voltage levels, line thermal limits ar
assumed and given in [11]. For better demonstration,
thermal limits of some lines, such as lines 96, 108, and 116power-flow results of the studied interface are set out in
are modified to cause an unbalanced power-flow shariritable I, where nodes 42, 46, 49, 65, and 69 aré’dl nodes.
Besides that, to achieve full potential of FACTS controlis a ratio between the apparent power of a line and the given
reactive loads of nodes 20 and 118 are reduced from O@rmal limit, thermal burden of the tie lines is also shown
and 0.15 p.u. te-0.03 and 0.00 p.u., respectively. in Table II. It is indicated that the West-East transmission

« Under reasonable assumption, the generation limit of eacbrridor is very important with a huge amount of active power
unit is set as 180% of the current output. transferred along.

38

— Tie line 96  Branch code

-~ Active power flow direction

eFig. 4. Studied interface of IEEE 118-bus system.
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TABLE I
POWERFLOW RESULTS OFSTUDIED INTERFACE IN CURRENT SCENARIO (A, = 1.000)

Branch 96 66, 67 68 62 108 116 120 118
a-Jn (38-65) (42-49) (4549 (45-46) (69-70) (69-75) (75-717) (76-17)
Py (pu) -1.8158 -0.6470 -0.4967 -0.3630 1.0815 1.1013 -0.3468 -0.6111
Qs ) -0.5615 0.0516 -0.0174 -0.0308 0.1678 0.1710 -0.0711 -0.1844
Thermal limit (p.u.) 3.00 2.00 2.00 2.00 4.00 4.00 2.00 2.00
Thermal burden (%) 63.35 33.92 25.72 18.44 27.36 27.86 17.89 33.34
Node 38 42 45 46 49 65 69 70 75 76 77
Voltage 0.963 0.985 0.987 1.005 1.025 1.005 1.035 0.983 0.971 0.946 1.005
TABLE 1lI

RESULTS OFATC ENHANCEMENT

Cases ) Parameters of FACTS Devices (p.u.) A, ATC (MW) | Iteration | CPU time (s)
Without FACTS | Case 1 - 1365 289.97 6 2
Case2 | SVC (node 76) Ig=0304 1.553 447.76 7 3
TCPS (line 96) O =0.157 , ;
Wit FACTS | €83 I e 76) g =0427 1612 50431
Devices
UPEC (line 96) Vy =0691, 9r=1.09, ]  =6.156
Case 4 1.783 675.96 13 8
SVC (node 76) I =1537
TABLE IV

POWERFLOW RESULTS OFSTUDIED INTERFACE IN CRITICAL SCENARIO WITHOUT FACTS (CASE 1, A. = 1.365)

Branch 96 66, 67 68 62 108 116 120 118
a-Jy (38-65) (4249) (45-49) (45-46) (69-70) (69-75) (75-77) (76-77)
Py () -2.5595 -0.9123 -0.6832 -0.5092 1.5794 1.5869 -0.4535 -0.8136
Qu (@uv) -0.5175 0.1905 -0.0436 0.1427 0.2891 0.3656 -0.0956 -0.2515
Thermal burden (%) 87.04 46.60 3423 26.44 40.14 40.71 23.17 4258
Node 38 42 45 46 49 65 69 70 75 76 77
Voltage 0.938 0.985 0.964 1.005 1.025 1.005 1.035 0.964 0938 0.900 0.987
A. ATC Evaluation Without FACTS Device (Case 1) power-flow results of the studied interface in the critical sce-

First, in case 1, the original ATC is calculated without an%zio in case 2 are given in Table V. The corresponding tie line
FACTS controller. The proposed method has been coded in Fé{ermal burden profile and voltage profile of the related nodes
tran and run on a Pentium Il 1.0-GHz PC. The results are giv8f¢ aIsoillllustrated in Figs. 5 and 6. chnmng the ther_mal bu_rd'en
in Table 111. As all studies of FACTS control will be carried out" the critical scenario reveals two major facts. One is that it is
on the interface, the power-flow results are given in Table pthe thermal limit of pranch 96_ that prevents further increase of
Thermal burden profiles of the tie lines and voltage profiles 8f€ ATC. The other is, the seriously unbalanced thermal burden
the related buses in current and critical scenarios are depicte8ifjfile means, when line 96 has reached its thermal limit, there is
Figs. 5 and 6, respectively. In this case, the ATC is restricted Bij!l Plenty of space for intensive commitment of the remaining
voltage of node 76. Obviously, reactive power compensation i lines. Additionally, it is interesting to notice that voltage of

this node will be an effective measure to boost the ATC. node 76 is controlled to be at its lower boundary in the critical
scenario, so as to obtain the largest available active power-flow
B. ATC Enhancement With Control of SVC (Case 2) of line 118. Thereby, the highest value of the ATC in case 2 can
In order to mitigate the critical situation by voltage regulatior{’e achieved.

an SVC, as the most popular shunt controller, is applied on node
76 in case 2. The configuration is illustrated in Fig. 4. The resufts ATC Enhancement With Control of SWCTCPS (Case 3)

of case 2 are given in Table Ill. It is seen clearly that the ATC For further ATC boosting on the basis of case 2, a viable
value is higher than the original ATC by 54.42%. solution is to alleviate the heavy load burden of line 96 by
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—4&— Current scenario mfll=Critical Scenario without FACTS ey Critical Scenario with SVC
=== Critical Scenario with SVC+TCPS ==Om=Critical Scenario with SVC+UPFC

-
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Fig. 5. Thermal burden profiles of studied interface.

—-&— Current Scenario ==fll==Critical Scenario without FACTS Control m=fy=Critical Scenario with SVC
=== Critical Scenario with SVC+TCPS w=Qm= Critical Scenario with SVC+UPFC

11 Q
1.08
1.06

3104
£1.02
e 1
8098
o096
0.94
0.92
0.9

38 42 45 46 49 65 69 70 75 76 77
Nodes of Intertie lines

Fig. 6. \oltage profiles of studied interface.

TABLE V
POWERFLOW RESULTS OFSTUDIED INTERFACE IN CRITICAL SCENARIO WITH CONTROL OFSVC (CASE 2, A, = 1.553)

Branch 96 66, 67 68 62 108 116 120 118
a-J (38-65) (42-49) (45-49) (45-46) (69-70) (69-75) (75-77) (76-17)
Py (pu) -2.9619 -1.0581 -0.7810 -0.5886 1.8592 1.8554 -0.5038 -0.9216
Oy (pu) -0.4764 0.2818 -0.0589 -0.2057 0.3515 0.4205 -0.0890 -0.1572
Thermal burden (%) 100.00 54.75 39.16 3118 4730 47.56 25.58 46.74
Node 38 42 45 46 49 65 69 70 75 76 77
Voltage 0.921 0.985 0.950 1.005 1.025 1.005 1.035 0.955 0.927 0.900 0.980

power-flow redistribution. Aimed at this, besides the SVC oations have been alleviated by the control of the SVC and the
node 76 as in case 2, a quadrature booster (QB)-type TCPS@PS in case 3. These facts testified that with the ability to elim-
applied on line 96. In case 3, ATC enhancement is conductiedte nodal voltage and thermal limit violation, FACTS control
with control of the SVC and the TCPS, where the results acan be an effective method for ATC enhancement.
given in Table IIl. It is evident that with the control of the
series cqntrqller, the ATC value sees a further bppst of 56.B'§ ATC Enhancement With Control of SWQUPFC (Case 4)
MW, which is approximately 19.50% of the original ATC.
Additionally, from iteration numbers and CPU times of the As mentioned earlier, UPFC enables controlling line flow and
two cases, it is seen that efficiency of the methodology iegulating nodal voltage simultaneously. In order to further es-
quite satisfactory. power-flow results of the interface in thealate the ATC by eliminating the critical voltage of node 38,
critical scenario are given in Table VI, where the correspondiniige TCPS in case 3 is replaced with a UPFC on line 96 with the
thermal burden profile and voltage profile are also depicted @#tunt part connected to node 38. Applying the SVC on node 76
Figs. 5 and 6, respectively. and the UPFC on line 96 to control the power-flow in case 4, the
Itis to be noted that in case 1, the ATC is restricted by voltagesults are given in Table Ill. power-flow results of the interface
violation of node 76, while in case 2, further increase of transfar the critical scenario are shown in Table VII. Comparing the
capability is prevented by thermal limit of line 96. These situATC levels in case 3 and case 4, the considerable difference
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POWERFLOW RESULTS OFSTUDIED INTERFACE OFCRITICAL SCENARIO WITH CONTROL OFSVC AND TCPS (ASE 3, A. = 1.612)

Branch 96 66, 67 68 62 108 116 120 118
a-Jn (38-65) (42-49) (45-49) (45-46) (69-70) (69-75) (75-17) (76-77)
Py (pu) -2.6210 -1.2058 -0.8660 -0.6640 2.0717 1.9988 -0.5443 -0.9758
Q1 () -0.1465 0.3866 -0.0605 -0.2440 0.3996 0.4505 -0.0829 -0.1144
Thermal burden (%) 87.50 63.31 4341 3537 52.75 51.22 27.53 49.13
Node 38 42 45 46 49 65 69 70 75 76 77
Voltage 0.900 0.985 0.940 1.005 1.025 1.005 1.035 0.949 0.921 0.900 0.976
TABLE VII

POWERFLOW RESULTS OFSTUDIED INTERFACE OFCRITICAL SCENARIO WITH CONTROL OFSVC AND UPFC (QAsE4, A = 1.783)

Branch 9 66,67 68 62 108 116 120 118
a-Jn (38-65) (42-49) (45-49) (45-46) (69-70) (69-75) (75-77) (76-17)
Pry(p.u) -1.7206 -1.5470 -1.1243 -0.8959 27442 24682 -0.6611 -1.1614
Oy ow) 0.7534 0.6869 0.0396 -0.2274 0.5625 0.4053 -0.0166 0.3727
Thermal burden (%) 62.61 84.63 56.25 46.22 70.03 62.53 33.06 60.99
Node 38 42 45 46 49 65 69 70 75 76 77
Voltage 1.100 0.985 0.928 1.005 1.025 1.005 1.035 0.934 0.924 0.963 0.976

highlights the superior performance of the UPFC than the TCBSapplying FACTS devices to boost ATCs are analyzed and
on ATC improvement. In this case, with the FACTS control taentified.
regulate the voltage of nodes 76 and 38, and to alleviate thé=rom the point of view of operational planning, the paper
heavy loading burden of line 96, the occurrence of a critical si#waluated the impact of FACTS devices on ATC enhancement.
uation has been postponed. The maximum loading factor riges OPF-based ATC enhancement model is presented to achieve
from 1.365 to 1.783. Consequently, the ATC value sees a cdhe maximum possible ATC value with FACTS control. Power
siderable increase of 385.99 MW. injection model of FACTS devices is employed to simulate
It is concluded that with the ability of flexible power-flow various FACTS control. With the IEEE 118-bus system as a
control, FACTS devices can enhance ATC to a great degréesting bed, case studies have been conducted on all categories
Among them, as the most advanced and versatile FACTS @é+FACTS devices, covering shunt controller, series controller,
vices with functions of supporting voltage and readjusting linend unified controller. The results demonstrated that the use
flow simultaneously, UPFC can play an important and unique FACTS devices, particularly the UPFC, which enables the
role in ATC boosting. balance of line flow and regulate node voltage simultaneously,
It can be further calculated that without the line-flow controtan enhance the ATC substantially. The considerable difference
of the UPFC to alleviate line thermal stress in the critical scbetween the ATC values with and without FACTS control
nario in case 4, thermal burden of line 96 will attain 183.80%upports the EPRI’s proposal of FACTS applications for ATC
which demonstrates the effect of the UPFC'’s series part on #sghancement quantitatively. In summary, FACTS technology
ATC enhancement. From Fig. 6, it is observed that in this casgn offer an effective and promising solution to boost the us-
voltages of nodes 76 and 38 have to be lifted to relatively higible power-transfer capability, thereby improving transmission
values, so as to prevent neighboring nodes from violating teervices of the present market-based power systems.
lower limit. In case 4, the critical voltage point has shifted from Finally, it is to be pointed out that the effect of FACTS de-
node 38 to node 74, which is 0.90 p.u. Meanwhile, line 41 beariges on ATC enhancement is system dependent. For interfaces
the heaviest thermal burden, which is 99.94%. of the interconnected transmission network with relatively even
load sharing and smooth voltage profile, efficient solutions have
to rely on those transmission reinforcement-oriented strategies,

- o ) such as upgrading transmission lines and facilities, construction
To facilitate the electricity market operation and trade, suffiss hew lines. and so on.

cient transmission capability should be provided to satisfy the
demgnd of increasing power trapsgctlons reliably. Thfa c.onfhct REEERENCES
of this requirement and the restrictions on the transmission ex- , . o .

. in th bundled ind h . d the d [1] Y. Dai, J. D. McCalley, and V. Vittal, “Simplification, expansion and en-
pansion in the unbundle _power Industry has motivate t_e_ e hancement of direct interior point algorithm for power system maximum
velopment of methodologies to enhance the ATC of the existing  loadability,” inProc. 21st Int. Conf. Power Ind. Comput. Applic41999,
transmission grids. pp. 170-179. S

. L . &2] E. De Tuglie, M. Dicorato, and M. La Scala, “A static optimization ap-
Based on operating limitations of the transmission system an

-~ > ~ proach to assess dynamic available transfer capabilitptac. 21st Int.
control capabilities of FACTS technology, technical feasibility Conf. Power Ind. Comput. Applicafl999, pp. 238—246.

V. CONCLUSIONS



312

(3]

(4]

(5]
(6]
(7]

El

(10]

[11]
(12]
(13]

(14]

(15]

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 18, NO. 1, FEBRUARY 2003

North American Electric Reliability Council (NERC), “Available Ying Xiao received the B.Eng. and M.Phil. degrees in China in 1993 and 1996,
transfer capability definition and determination,” Rep., June 1996. respectively. Currently, she is pursuing the Ph.D. degree at Brunel University,
L. Gyugyi, Flexible AC Transmission Systems (FACTYSH. Song and London, U.K.

A. T. Johns, Eds., 1999, Inst. Elect. Eng. Power and Energy Series 30Her main research areas of interest are electricity market operation, FACTS
ch. 1. technology, operation and planning of power systems, and applications of sto-
N. G. Hingorani and L. GyugyiUnderstanding FACTS, concepts andchastic technique and fuzzy set theory.

technology of flexible ac transmission systemiew York: IEEE, 2000.

EPRI (USA), “FACTS assessment study to increase the Arizona—Cali-

fornia transfer capability,”, Rep. TR-107 934, May 1997.

California Energy Commission (CEC), “Flexible AC transmission sys-

tems benefits study,” San Diego Gas and Electric, San Diego, CA, Oct.

1999.

K. Stahlkopf, “Comments of the Edison Electric Institute on regionaY¥. H. Song(SM’94) is a Professor of electrical energy systems at Brunel Uni-
transmission organizations in Docket, no. RM99-2-000Ek Energy versity, London, U.K., where he is also Royal Academy of Engineering/Nuclear
Issues/News<EPRI, Feb. 1999. Electric/Siemens Chair of Power Systems.

Y. Xiao and Y. H. Song, “Application of unified power-flow controller

to available transfer capability enhancememhEEE Power Eng. Rey.

vol. 21, pp. 66-68, Apr. 2001.

Y. Xiao, Y. H. Song, and Y. Z. Sun, “A novel power-flow control ap-

proach to power systems with embedded FACTS devidEEE Trans.

Power Syst.to be published.

——, “A hybrid stochastic approach to available transfer capability evalzhen-Ching Liu (F'94) is Professor of electrical engineering and Associate

uation,” Proc. Inst. Elect. Engvol. 148, no. 5, Sept. 2001. Dean of Engineering at the University of Washington, Seattle. He is also Di-
Z. X. Han, “Phase shifter and power-flow controlEEE Trans. Power rector of the Advanced Power Technologies (APT) Consortium and Electric En-
App. Syst.vol. PAS-101, pp. 3790-3795, Oct. 1982. ergy Industrial Consortium (EEIC) at the University of Washington.

S. Mehrotra, “On the implementation of a primal-dual interior point

method,”SIAM J. Optim.vol. 2, pp. 575-601, 1992.

S. lwamoto and Y. Tamura, “A load flow calculation method for ill-con-

ditioned power systems|EEE Trans. Power App. Systiol. PAS-100,

pp. 1736-1743, Apr. 1981.

IEEE 118-Node System. Power systems test case archive. University

of Washington, Seattle. [Online]. Available: http://www.ee.wash¥. Z. Sun (SM’'01) is Professor of Power Systems at Tsinghua University, Bei-
ington.edu/research/pstcal/. jing, China.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


