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Abstract: An Optimal Power Flow (OPF)-based security-driven redispatching procedure to archive an appropriate
security level is provided. The proposed procedure is particularly suited for security redispatching by an
independent system operator. This procedure uses full ac equations and explicitly considers security limits
through a stressed loading condition. Furthermore, a variety of FACTS devices can be incorporated in the
redispatching problem to enhance system security. Several case studies based on the IEEE 24-bus system and
on a real size model of the Italian system are analysed and discussed.

1 Introduction
1.1 Motivation

Most European day-ahead electricity markets provide
dispatch solutions that are based on economic grounds
and, generally, do not explicitly consider security issues.
Then, the system operator must check system security
and implement redispatching actions if needed. This
paper provides an OPF-based security-driven redispatching
procedure to assist the system operator to ensure an
appropriate level of security. The proposed procedure is
motivated by congestion management practice in mainland
Spain [1], but can be easily extended to any security
redispatching drawn by independent system operators
(ISO) once market results are available.

1.2 Literature review

While ensuring an appropriate level of security within the
above framework, the ISO should determine the minimal
changes in the day-ahead market results that ensure a
secure operation. Most of the procedures proposed in the
literature consist in enforcing transmission capacity limits
that are computed off-line to ensure stability conditions
[2-5]. The use of these ‘artificial’ stability limits results
normally in economic inefficiencies. In [6—10], the authors
include online conditions based on the power flow
equations that guarantee not only a stable operating point
but also an adeguate distance to a maximum loading

condition associated with bus voltage limits, equipment
thermal limits and/or the system voltage stability limits. In
[6], the objective function is to maximise the distance to
voltage collapse. Reference [7] provides a multi-objective
procedure for solving an economic dispatch problem,
whereas [8] and [9] provide a multi-objective market-
clearing procedure. In these models, the objective function
includes cost as well as other terms. Reference [10]
provides an iterative model that combines the OPF and the
Continuation Power Flow techniques (CPF). The
formulation used in the present paper extends and
enhances that in [11], where the authors propose a
congestion management procedure that includes security
and stability limits avoiding non-thermal line capacity
constraints. The proposed model optimises a cost function
and does not attempt to maximise the distance from the
critical point (as in [10]), but ensures that the current
dispatch solution has a sufficient security margin and that,
if a contingency occurs, the system is still able to reach a
stable state within the considered time horizon. Most
papers considering OPF techniques and including voltage
stability constraints [6—10] do not take into account the
generation limits for the maximum loading condition. In
[11], the authors address this issue by means of an iterative
process. The tool developed in this paper includes
generation limits directly, thus avoiding iterations.

In this paper, we include FACTS devices in the OPF

problem. In particular, we consider the static model of four
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FACTS devices, namely, the on-load tap-changer (LTC),
the phase-shifting (PHS) transformer [12], the static var
compensator (SVC) [13] and the thyristor-controlled series
compensator (TCSC) [14]. FACTS have been effectively
used in several OPF problems to reduce congestion [15—
17], enhance security [18] and reduce generation costs
[19]. An evaluation of the value of FACTS devices in the
context of liberalised electricity markets is given in [20, 21].
The procedure developed in this paper allows incorporating
FACTS devices in the context of security redispatching.
Since generator turbine governors and certain FACTS
devices do not respond instantaneously to disturbances but
are subject to ramping while changing operating
conditions, ramping limits are taken into account to ensure
the desired loading margin (security level). Conversely, if a
loading margin is imposed, ramping constraints inherent to
component functioning result in higher rescheduling costs.
Generator and FACTS ramping constraints are
incorporated in this paper to ensure the desired loading
margin within a given time framework.

1.3 Tool features

The proposed tool can be used to ensure an appropriate
loading margin that allows avoiding voltage collapse
problems even if the outage of any relevant transmission
line/transformer occurs. The tool considers a full ac model
of the network, as well as detailed static models of its
different components, and represents the actual operating
condition as well as a highly stressed one that simulates a
load increase under line outage. Different types of FACTS
devices are included in the network model to facilitate
attaining the desired level of security. Security achievement
is analysed with and without FACTS devices. The
proposed procedure results in a number of corrective
redispatching actions that achieve the desired level of
security at minimum cost using the available control devices
in the network.

1.4 Contributions

The contributions of this paper are the development of:

1. a short-term OPF-based security-driven redispatching
tool that is computationally efficient and robust;

2. a redispatching tool that can accommodate any type of

FACTS devices to enhance security;

3. a procedure that simultaneously considers two operating
conditions, the actual one and a stressed condition that
guarantees a pre-specified level of security, while incorporating
a set of ramping constraints that ensure that the stressed
condition can be reached.

2

List of symbols

The notation used throughout the paper is stated below for

quick reference. The symbol "’

indicates the stressed

condition.

2.1 Functions

L,.() current magnitude from bus 7 to bus m as a
function of the state variables
P,.() active power flow from bus 7 to bus m as a

function of the state variables

reactive power flow from bus 7 to bus m as a
function of the state variables

2.2 Variables

bsvc,,  susceptance of the SVC device at bus #
Pp; active power consumption of demand i
Pp, total active power consumption at bus 7
Pg; active power production of generator j
Pg, total active power production at bus 7

total reactive power consumption at bus 7
reactive power production of generator j

total reactive power production at bus 7

Osvc,, reactive power injected by the SVC device at
bus 7

T tap ratio of LTC £

v, voltage magnitude at bus 7

xrcscy  reactance of the TCSC device connected to line £

AP active power decrease in demand i for security
purposes

APS; active power increase in demand i for security
purposes

AP(%;’-W“ active power decrease in generator j for security
purposes

APg; active power increase in generator ;j for security
purposes

0, voltage angle at bus 7

by phase of the PHS transformer 4

2.3 Constants

SvC,,  maximum susceptance of the SVC at bus 7
b‘sn\i,“c,,, minimum susceptance of the SVC at bus #
E maximum current magnitude of element £
P, active power consumed by demand i as

determined by the day-ahead market-clearing
procedure
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A
Pg,;

o™
PBr"
pE
pPE"
max
Q&
min
Q&;

down

Di

active power produced by generator ; as
determined by the day-ahead market-clearing
procedure

maximum power to be supplied to demand i
minimum power to be supplied to demand 7
maximum power output of generator j
minimum power output of generator j
maximum reactive power limit of generator 7
minimum reactive power limit of generator ;

price offered by demand 7 to decrease its day-
ahead power schedule for security purposes

price offered by demand i to increase its day-ahead
power schedule for security purposes

price offered by generator j to decrease its day-
ahead power schedule for security purposes

price offered by generator j to increase its day-
ahead power schedule for security purposes

g set of online generators

g, set of online generators located at bus 7
N set of buses

Nsve set of buses with SVCs

0, set of buses connected to bus 7

Oy, set of transmission lines

Qe set of LTC transformers

Qps set of PHS transformers

Qrcsc  set of lines with TCSCs

3 Modelling of components
3.1 Transmission line

Transmission lines are modelled by the well-known
equivalent 7r-circuit. The active and reactive power flows
from bus 7 to bus  are, respectively

R, ramp-up limit of generator j
R%;‘;W“ ramp-down limit of generator j )
RY ramp-up limit of LT'C transformer 4 P,() =V, g = V,V, (g cos(0, — 6,)
R%an ramp-down limit of LTC transformer £ +45in(0, —0,)), Vi=(n,m €y (1)
sz ramp-up limit of PHS transformer £ 0,.()= _Vnz(bk + bpk) — V¥, (gsin(0, — 6,,)
Ry,™ ramp-down limit of PHS transformer £
™ maximum tap ratio of LTC transformer £ —bpcos(B, = 0,)), Vek=(nm €0y ()
e minimum tap ratio of LTC transformer £
v maximum voltage magnitude of bus 7 and the current flow through the transmission line from 7
ypmn minimum voltage magnitude of bus 7 to m is
*¥TCscy maximum reactance of the TCSC at line £
xr{%‘sc,é minimum reactance of the TCSC at line 4 L) =~ Vibpysin 0, + V,(gecos 0, — bysin6,)
21'”‘ maximum phase-shifter tap of PHS transformer £ — ¥, (g,cos 6, — by sin em))Z +(, b])k cos 6,
o minimum phase-shifter tap of PHS transformer 4 )
Up; power factor angle of demand i +V(gesin 6, + 4, cos 6,)
—V,(gusin6,, + &, cos Om))z)l/z,
Vi = (n,m) € Q (3)
2.4 Parameters
b; series susceptance of element £ 3.2 On-load tap changer and
b shunt susceptance of element % phase-shifting transformers
8k conductance of element 4 The models of the LTC and the PHS transformers are
72 resistance of element £ based on [12]. If an LTC/PHS/fixed-tap transformer is
Xz reactance of element 2 connected between buses # and m and regulates the
A time period voltage/ pha}se at bus , the active and reactive power flows
] are, respectively
A loading parameter
P,.()=Vig— T,V,V, (g cos(6, — 6, — b
2.5 Sets + bysin(60, = 6, — ¢)) )
D set of demands Q..() = _Vnzb,é — TV, V,(gsin(0, — 0, — ¢;)
D, set of demands located at bus 7 — bycos(6, — 0, — &) 5)
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If the transformer regulates the voltage/phase at bus 7, the
active and reactive power flows are, respectively

P,.()=TiVig — T.V,V, (g cos(8, — 0, + b,

+ by sin(6, — 6, + &) (6)
—bycos(6,— 6, + ¢,)) (7)

where the sub-index # identifies the component in between
buses 7 and m. The current flow through an LTC/PHS/
fixed-tap transformer that regulates the voltage/phase at
bus  is
L) =(V,(gscos 6, — b,sin 6,) — T,V, (g, cos(6,, + ¢;)
— bysin(6,, + $,)* + (V,(gsin 6, + b, cos 6,)
— TV, (gsin(6,, + &) + &y cos(6,, + B2
(8)
and the current flow through an LTC/PHS/fixed-tap
transformer that regulates the voltage/phase at bus 7 is
L,.() =TV, (g,cos(0, + ¢;) — b, sin(6, + @)
—V,(gcos 6, — b;,sin 0,))°
+(T,V, (g sin(0, + ;) + &, cos(0, + ¢))
— V,(g;sin 6,, + b, cos (9,”))2)1/2 9)
Equations (4)—(9) are valid for LT'Cs, PHSs and fixed-tap

transformers as follows.

1. LTC: 2= (n, m) € Qy ¢, Ty is a variable and ¢, = 0.

2. PHS: &= (n, m) € Qpyg, ¢, is a variable and T} is a

constant.

3. Fixed tap transformer: 2 = (n, m) € ), T}, is a constant
and ¢, = 0.

3.3 Static var compensator

SVC devices can be modelled as a variable shunt susceptance
[13]. Hence, the reactive power injected by the SVC at
bus 7 is

Osve,, = —bsve,n V2, ¥n€ Ngy (10)

3.4 Thyristor-controlled series
compensator

The model of the TCSC used in this paper is a variable
reactance connected in series with a transmission line [14].

That is

Zk =T +_](xk + xTCSC)7 Vk = (ﬂ, m) e QTCSC (11)

The resulting conductance and susceptance are, respectively

3

i+ (o + wrese)

— (o, + %pcsc)
72 + (x; + wrese)’

Model description

This section describes in detail all constraints used in the
proposed redispatching procedure.

4.1 Cost of power adjustments

The cost of power adjustments that ensures a secure operation
is modelled as follows

_ up up down down
z= Z (rG].APGj + g APG;

JEG
+ ) O APE + 5 APR™) (14)
€D

Equation (14) establishes that any change from the operating
condition obtained in the day-ahead market (base case)
implies a payment to the agent involved. Note that
alternative criteria can be used.

4.2 Power flow equations

The current operating condition is defined by the active and
reactive power balance at all buses

Pg,—Pp,= Y P,(), VnEN (15)

me®,

Q= Qpn= D Qu() YnEN  (16)

me,,

where the powers on the left-hand side of each equation are

defined as
ngﬂ
€D,
QGn = Z QGja Vn € N (19)
jegn
Qb, = Y _ Pptan(p,), VnEN (20)
i€D,
and

Pg = PG+ APS —APG™, Yjeg (1)

Pp; = Py + AP — APF™, YieD  (22)
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where in (20) we assumed constant power factor loads. The
functions on the right-hand side of (15) and (16) depend
on the device:

1. Equations (1) and (2) correspond to transmission lines;

2. Equations (4) and (5) or (6) and (7) correspond to LTCs,
PHSs and fixed-tap transformers, depending on the
regulated bus;

3. Equations (1) and (2) with (12) and (13) correspond to
transmission lines that incorporate TCSC devices and

4. Equation (10) has to be added to the right-hand side of
(16) for SVC devices.

4.3 Power flow equations for the
stressed condition

The power flow equations for the stressed loading condition
are

Pg,—Pp,= Y P,(), VnEN (23)
meo,

QGn - QDn = Z Qnm()7 Vn € N (24)
me,

where the powers on the left-hand side of (23) and (24) are
defined as

jegn

Pp, =Y (14 NPy, VneEN (26)
i€D,

Q.= Q0 Yn€EN (27)
jegn

Opy= Y A+ NPy tan(yp), VnEN  (28)

i€D,

with Pp; defined in (22). To use a scalar loading margin A is
an arbitrary choice, as other models can be used, such as
vectorial A, that is, one loading margin for each load.

The functions of the right-hand side of (23) and (24) have
the same expressions as (15) and (16), respectively, where the
variables V,, 6,,, T}, ¢y, xrcscx and bgyc , are replaced by V,,

n nd

0,> Ty dp %rcsc and bgyc ,, respectively.

Equations (23)—(28) are introduced to represent the
system at the loading level that is fixed by the loading
parameter A. This stressed loading point can be associated
either to a voltage stability limit or to a hard limit. Voltage
stability limits lead to a system collapse and correspond to a
saddle-node bifurcation (system singularity) or to a limit-
induced bifurcation (generator reactive power limit). Hard
limits are voltage limits or transmission line thermal limits.

www.ietdl.org

These limits do not directly cause a collapse but should be
avoided since they can initiate cascade line tripping
phenomena.

To enforce the N— 1 contingency criterion, (23)—(28)
include the worst-line outage [8]. For the interested reader,
a reference on how to determine the set of worst-case
contingencies for voltage stability constrained OPF
problems is [9]. This reference shows that the N-1
contingency criterion, which in principle requires the
solution of a very large multi-contingency OPF problem,
can be implemented efficiently by solving a reduced
number of single-contingency OPF problems. Because of
space limitations, but without loss of generality, we only
show the results for the most critical contingency.
However, for each case study, we have ranked contingencies
and considered the set of worst-case contingencies as
explained in [9].

4.4 Demand limits

The demands are limited by minimum and maximum power
bounds

Pin < P, < P3™, Vi€ED (29)

4.5 Physical limits

The power production is limited by the capacity of the
generators. Hence, under normal and stressed conditions

PG <Py <P§*, VEG (30)
PG < Pg < PG, VEG (31)
Qo <0 <Q8, YEG (32)
Qe < Qe < Q5 YEQ 33)

Bus voltages of the system under normal and stressed
conditions must be within operating limits

ymn <y < P Vpe N (34)
ymin < o< ym . ype N (35)

The current flow through all elements of the network must be
below thermal limits

L,() < Ity (36)
L) < Iff1, (37)
I,,0) < IR, (38)
L) < Ity (39)

where the functions I,,(-) and I, (-) are defined by (3) for
transmission lines and by (8) and (9) for LTC, PHS and
fixed-tap transformers. If a TCSC device is connected to a
transmission line, the expression of the current flow is (3)
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where the parameters g, and &, are defined by (12) and (13),
respectively. Flows from 72 to 7 are not exactly equal to flows
from 7 to m because of losses. The functions I,,,,(-) and I,,,,(-)
have the same expressions as I,,,(-) and I,,,(-) but changing
the corresponding variables to those pertaining to the
stressed loading condition.

The changes in the production of generators are limited by
ramp constraints

Pg— Py <REAL, YjEG (40)
Pg— Py <RE™Ar, YjEG (41)

The time interval A#is the time duration within which power
productions have to be adjusted in order to guarantee the
desired security margin. Observe also that (40) and (41)
along with (26) and (28) couple the variables of the
stressed system with those pertaining to the current
dispatch solution.

Constraints (40) and (41) enforce the fact that up and
down variations of generated powers can be obtained only
within given rates, which in turn depends on the type and
the characteristics of the power plants. These constraints
ensure that the stressed operating point can be reached
within the time duration considered and in case that the
worst contingency occurs. Since the stressed operating
point is stable, an adequate security level is ensured.

While the response of SVC and TCSC devices to apply
required changes can be considered instantaneous for the
considered time duration Az the response of the LTC and
PHS is conditioned by a mechanically driven operation and
it is not instantaneous. As for generators, these physical
constraints relate to ramp limits

Tk -7, < R'lll‘pAt; Vk = (n, m) € Qyrc (42)
T, — YA} < R%"WHAI, Vk=(n,m) € Qrpc  (43)
(Abk - ¢,é = R;’pAl‘, Vi = (n, m) S QPHS (44)
dp— by < RY"Az,  Vhk=(n,m) € Qpyyg  (45)

These constraints within the proposed security redispatching
model constitute a contribution of the paper.

Note that we implicitly assume that the redispatching
actions, such as power adjustments and FACTS operations,
are feasible within the time duration Az

Finally, any device connected to the system is allowed to
vary within design rating values. Therefore under normal

and stressed conditions, for LT'Cs

T < T, < Tj™, Yi=(n,m) € Qe (46)
IO < 7, < TP Vi=(n,m) € O re (47
for PHSs
< b < Bp, Vh=(n,m) € Qpyg (48)
< <GP, Vh=(n,m) € Qpyg (49)
for TCSCs
i scr < reseq < Hlscp VA= (n,m) € Qpege (50)
e < Arescr < Moscp  VE= (n,m) € Qpese (51)
and for SVCs
5rsn{l/rlc,n < bsye, < Bve,, V7 € Ngye (52)
rsn\lfncn = ZSVC,n < bsve., V7€ Ngye (53)

Limits of FACTS devices are of two kinds: (i) technical
operating limits, such as tap ratio and phase limits
(46)—(49), and (ii) capacity limits, such as reactance sizes of
the TCSCs (50) and (51) and susceptance sizes of the SVCs
(52) and (53). While technical operating limits do not
generally condition the device cost, capacity limits are
directly related to the cost of the devices and, in turn,
condition the planning strategy of the transmission network.

4.6 Other constraints

The proposed OPF problem is completed with the following
additional constraints

—m<6,<m VneEN (54)
—m<l,<m VnEN (55)
0. =0 (56)
s = 0 (57)

4.7 Problem formulation
The formulation of the OPF-based security-driven short-

term redispatching procedure is summarised below
Minimise (14)
subject to

1. power flow equations under the normal loading condition

(15) and (16);
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2. power flow equations under the stressed loading condition
(23) and (24);

3. demand limits (29);
4. physical limits (30)—(53) and
5. other constraints (54)—(57).

4.8 Cost allocation of power adjustment

In order to recover the cost of the power adjustments
resulting from the solution of (14)—(57), a pro rata method
for sharing the costs of this security redispatch can be used.
The cost per MW of power adjustment is

*
z

D ST S 38 °9
Since all users of the network benefit from the security
improvement, each user pays an amount proportional to its
actual power production or consumption, that is, P
and p- Pp;, respectively. Other methods for distributing
costs can be considered, but a discussion on this point is

beyond the scope of the paper.

5 Case study

In this section, the proposed security-driven redispatching
procedure is applied to the IEEE 24-bus Reliability Test
System (IEEE RTS) and to a real-size 129-bus model of
the Italian system. Problem (14)—(57) is a non-convex
one, thus no NLP solver can generally guarantee to find
the global optimum. However, using different starting
points, no different solutions were found. Thus, the
solutions provided in the paper are feasible and
appropriate from both the economical and the technical
point of views. OPF results are obtained using MATLAB
[22] and GAMS-CONOPT [23] that is a suitable solver
for nonlinear programming problems. Note that
CONOPT is one of the state-of-the-art NLP solvers.
The simulations take about 1s on a Sun Fire V20Z with
two processors clocking at 2.40 GHz and 8 GB of RAM
memory for the 24-bus test case and less than 3 min for
the 129-bus network. The convergence tolerance of the
objective function is 9 - 1078,

5.1 |IEEE RTS case study

Fig. 1 depicts the 24-bus system that is fully described in
[24]. In order to take into account the effect of FACTS on
the redispatching procedure, the thermal limit of lines 11—
13 is set to 1.75 p.u. Furthermore, we consider the outage
of the transformer between buses 3 and 24 to force system
congestion. This is the worst contingency for the 24-bus
system. The time interval is A= 5 min. The costs of
power adjustments and ramp constraints are provided in
Appendix. Observe that generator costs are lower than

www.ietdl.o
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|
® o'
Figure 1 24-bus test system (IEEE one area RTS-96 [24])

demand costs. This implicitly means that loads are inelastic
as long as the system can redistribute the generation;
however, loads can be shed to maintain system security if
the system is highly congested. Observe also that loads are
allowed to increase, although the situation for which an
inductive load improves system loadability by increasing its
demand is unlikely. FACTS positions and other data are
provided in Appendix.

We do not attempt to propose a method to determine the
optimal placement of FACTS devices (a technique for
optimal FACTS device placement can be found in [25]).
The positions of FACTS devices have been selected based
on the knowledge of the network and with the aim of
improving the system loadability and security.

In the simulations below, each FACTS device is studied
separately in order to better understand its effect on the
redispatching procedure.

Problem (14)—(57) is certainly feasible for A = 0, because
the condition A =0 corresponds to the initial market
solution (adjusted for losses). Problem (14)—(57) is also
assumed to be feasible for all V— 1 contingencies, which is
a security criterion normally required in actual systems.
However, as the loading parameter A increases, (14)—(57)
may become infeasible because the desired value of A
cannot be satisfied. Nevertheless, since the loading
parameter is increased at each step by 1%, if the solution is

rg
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infeasible at a given step, say i+ 1, A; is the maximum
loading condition with an error smaller than 1%.

Simulations results are depicted in Fig. 2. The curves
represent the objective function z, namely the cost of power
adjustments, as a function of the loading parameter A.
For A <4%, no power adjustment is needed, thus the
resulting cost is zero. For A > 4%, some power adjustments
are needed to maintain the desired level of security. For
A >16%, the OPF problem for the system without
FACTS devices becomes infeasible. As expected, the case
without FACTS devices leads to the most expensive
solutions as the value of A increases. For 4% < A < 10%,
the binding constraints are mainly voltage limits (in
particular, at bus 3). For these values of the loading
parameter, the most effective FACTS devices are the LTC
and the SVC, which is reasonable, since these devices
control voltage levels. On the other hand, for 4% < A
< 10%, the effects of the PHS and the TCSC devices are
negligible since there is no need of modifying power flows.
For A > 10%, the binding constraints are mainly the limits
on transmission lines (in particular, on line 11-13). An
increasing amount of load has to be shed for these values of
the loading parameter, hence the change in the slope of the
cost 2. The most effective FACTS devices are the PHS
and the TCSC, circumstance that is to be expected because
these devices best control power flows. For A > 10% the
effects of the LTC and the SVC are negligible because
there is no voltage problem.

For the sake of illustration, we further discuss two
snapshots of the solutions shown in Fig. 2, one for A = 8%
and another one for A = 14%. Furthermore, we show an
example that combines two FACTS devices.

5.1.1 Solution for A = 8%: Fig. 3 depicts the generated

powers at each bus and generator power adjustments for

350

—O— No device
—*— SVC
300} | —3—PHS
—{—TCSC

—»— LTC

2501

Figure 2 Costs of power adjustments as a function of the
loading parameter A for the 24-bus system

Effect of LTC, PHS, SVC and TCSC devices

& Base Case
= [ No Device
o LT
54 . svC
&
2
o 2 |]l
(]
0 : A .
0 2 4 [ 8 10 12 14 16 18 20 22 24
Bus number
4 .
- 0.5F
=
=
] 0
o
< _os} |I -
-1

0 é‘ -It 1 3 1 ID 1 I2 1 I4 1 I6 1I8 2IO 22 24
Bus number
Figure 3 Generated powers and generator power adjustments
for A = 8%
Effect of LTC and SVC devices for the 24-bus system

A = 8%. Power adjustments are in p.u. with respect to the
base-case level. The bar chart shows the solution obtained
without FACTS devices and with LTC and SVC devices.
The base case solution (i.e. A = 0) is also shown in Fig. 3.
Solutions with PHS and TCSC are not depicted because
these devices have no effect for this loading level. Only
generators 13 and 22 are forced to reschedule their power
production due to ramp limit constraints.

Fig. 4 depicts the power demands at each bus and demand
power adjustments. The load to be shed is located at bus 3.

Table 1 provides the effects of FACTS devices in the total
generation, the total generation adjustment, the total
demand, the total demand adjustment, the total cost
and the per-unit cost for the 24-bus system and A = 8%.
Only the LTC and SVC devices are able to significantly
reduce the cost and the amount of power adjustments.
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Figure 4 Demand powers and load power adjustments for
A= 8%
Effect of LTC and SVC devices for the 24-bus system
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Table 1 Total generation, total generation adjustment, total demand, total demand adjustment, total cost and per-unit cost for

A=8%
Device Total Yec AP | Yieg APg}’W“, Total 3 iep APROYY Total Uplift cost,

generation, p.u. p.u. p.u. demand, p.u. p.u. cost, $ $/p.u.
No device 28.9104 0.8785 0.9840 28.4223 0.0777 35.8705 0.6257
LTC 28.9872 0.9583 0.9870 28.4890 0.0110 22.6318 0.3938
PHS 28.9193 0.8796 0.9762 28.4233 0.0767 35.6463 0.6216
svC 28.9683 0.9587 1.0062 28.5000 0 20.2800 0.3529
TCSC 28.8997 0.8848 1.0010 28.4263 0.0737 35.1387 0.6130

However, with the SVC, there is no need of load shedding;
thus, in this case, the SVC is more effective than the LTC.
This result is mainly due to the position of the SVC in the
network.

5.1.2 Solution for A = 14%: Fig. 5 illustrates the
generated powers at each bus and generator power
adjustments for A = 14%. Once again, power adjustments
are in p.u. with respect to the base-case level. The bar chart
shows the solution obtained without FACTS devices and

| | C__]Base Case
No Device

I FHS

4| NN TCSC

|

Generation [p.u.]

s L ”I[Ill L ‘Dl

12 14 16 18 20 22 24
Bus number
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Bus number

Figure 5 Generated powers and generator power adjustments
for A = 14%
Effects of PHS and TCSC devices for the 24-bus system

Table 2 Total generation, total generation adjustment, total demand, total demand adjustment, total cost and per-unit cost for

with PHS and TCSC devices. The base-case solution (i.e.
A =0) is also shown in Fig. 5. Solutions with LTC and
SVC are not depicted because these devices have a small
effect on cost for this loading level. In this case, only
generators 13 and 22 are forced to reschedule their power
production, mainly due to ramp limit constraints.

Fig. 6 depicts the power demands at each bus and the
demand power adjustments. Owing to the higher loading
level, the number of loads affected by shedding and the
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Bus number
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Figure 6 Demand powers and load power adjustments for
A= 14%
Effect of PHS and TCSC devices for the 24-bus system

A= 14%
Device Total SicgAPE | S icg AP, Total 3 iep APEY™ | Total cost, | Uplift cost,
generation, p.u. p.u. p.u. demand, p.u. p.u. § $/p.u.
No device 28.0261 1.6851 2.6749 27.6661 0.8339 225.7398 4.0534
LTC 28.0359 1.6876 2.6676 27.6665 0.8335 225.6657 4.0513
PHS 28.5712 2.3059 2.7506 28.1857 0.3143 119.9716 2.1138
SVC 28.0493 1.7226 2.6892 27.6937 0.8063 217.9130 3.9092
TCSC 28.2750 1.9665 2.7070 27.9009 0.5991 176.8899 3.1489
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total amount of load shedding is much higher than in the case
of A = 8%.

Table 2 provides the effects of FACTS devices in the total
generation, the total generation adjustment, the total
demand, the total demand adjustment, the total cost and
the per-unit cost for the 24-bus system and A = 14%. Only
PHS and TCSC devices are able to significantly reduce the
cost and the amount of power adjustment. However, the
PHS leads to less expensive results than the TCSC. This is
basically due to the fact that the TCSC device reaches its

control limits.

Table 3 shows the total cost incurred using different
control limits of FACTS devices. The first column
indicates the factor used to reduce or increase FACTS
limits. The results show that, for the considered case and
with the given FACTS device positions, only the TCSC
size significantly affects total costs for A = 14%. In general,
we can conclude that the proposed tool is also effective for
understanding the effect of the size of FACTS devices on
the security redispatch.

5.1.3 Effect of FACTS ramping constraints:
Ramping constraints that regulate the functioning of LTC
and PHS devices basically affect the set point of bus
voltage levels and generator reactive power productions as
well as the FACTS controllable variables, that is, tap ratio
T; and phase-shifting angle ¢,. Table 4 shows the values
of T and ¢, for the two considered loading levels, A = 8%
and A = 14%, respectively. The table also shows the values
of FACTS controllable variables without ramp constraints.
Observe that without the ramping constraints the system
could not properly operate in case of the worst contingency.

Table 3 Total cost with different control limits of FACTS
devices

A=8% A=14%
SVC,§ | TCSC, $ | SVC, § TCSC, $
0.1 23.3325 | 36.5586 | 222.8060 | 220.6598

Factor

0.5 20.3787 | 35.8839 | 220.2388 | 200.9769

1 20.2800 | 35.1387 | 217.9130 | 176.8899
2 20.1930 | 34.4942 | 215.0598 | 130.9531
10 20.1751 | 34.3448 | 214.9511 | 119.0912

Observe also that ramping constraints do not affect the cost
of redispatching, since these constraints basically operate on
variables such as voltage levels and reactive power
productions that have no associated cost in the proposed
OPF model.

5.1.4 Effect of combining multiple FACTS devices:
As it has been discussed above, the effects of LT'C and SVC
devices (voltage-controlling devices) are basically decoupled
from the effects of PHS and TCSC (power-flow-
controlling devices). This fact suggests that the combined
usage of one voltage-controlling device and a power-flow-
controlling one can lead to comparatively cheaper solutions
for all the range of load levels than other combinations.
This is confirmed in Fig. 7. Because of system
nonlinearities, combining two FACTS devices leads to an
overall lower cost than the linear combination of each

device, especially for A > 10%.

5.2 Case study based on the 129-bus
Italian system

The proposed method is applied to a real-size 129-bus
model of the Italian electric energy system. Most data of
this system can be found in [26] and the time interval
is Az= 3 min. Because of space limitations, only the
SVC and the TCSC devices are considered. The SVC
is placed at bus Travagliato, while the TCSC is installed
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300 - <}— PHS ﬁ}_
—o— SVC and PHS Y/

2501

Cost [$]

507
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0 002 ~ 004 006  0.08 0.1 012 014  0.1€

Figure 7 Cost of power adjustments as a function of the
load level A for the 24-bus system

Simultaneous effect of PHS and SVC devices

Table 4 Effects of ramping constraints on LTC and PHS variables

FACTS device | Variable A=8% A=14%

No ramps | With ramps | No ramps | With ramps
LTC T 0.95 1.05 0.95 1.016
PHS b —0.2618 0.0136 —0.2618 | —0.1483
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Figure 8 Cost of power adjustments as a function of the
load level A for the 129-bus Italian system

Effect of SVC and TCSC devices

on the HV line that connects buses Bovisio and Turbigo.
All these buses are within the heavily loaded industrial
area of Milan and have been selected based on the
knowledge of the network and on feasibility

considerations.

This area is not particularly weak since it is well
interconnected to the rest of the Northern Italian HV grid
and to the European HV grid through Switzerland. Thus,
to force congestion, the transmission line in between buses
Cagno and Musignano has been removed in the power
flow equations under the stressed loading condition.

Fig. 8 shows the simulations results for the system without
FACTS devices, with the SVC and with the TCSC. The
curves represent the objective function z, namely the cost of
power adjustments, as a function of the loading parameter
A. For A > 28%, the OPF problem for the system without
FACTS devices becomes infeasible.

Observe that, despite the high load level, the voltage
support provided by the SVC does not reduce the cost of
power adjustments of the Italian grid. On the other hand,
the TCSC is able to reduce the cost since a redistribution
of power flows allows reducing congestion of transmission
lines.

6 Conclusions

This paper presents a security-constrained redispatching
model that is able to resolve system congestion and security
issues. It is intended to help system operators to ensure an
appropriate level of security once the market results are
available. The model includes voltage stability constraints
and generator ramp limits. It may include four types of
FACTS devices, namely LTC, PHS, SVC and TCSC.
Time delays of LTC and PHS devices are modelled as

www.ietdl.org

ramp limits of the controlled tap ratio and phase angle,
respectively.

The effect of FACTS devices on the redispatching
procedure is simulated and discussed in detail using the
IEEE 24-bus system and a real-size model of the Italian
electric energy system.

From the analysis carried out, it becomes apparent that the
cost of power adjustments resulting from the proposed
redispatching procedure can be reduced if adequate
FACTS devices are installed in the system. This is not a
surprising result; however, the proposed tool provides a
precise and quantitative analysis of the effect of FACTS
devices on the security redispatching.

The comparison of the results for different FACTS devices
also shows that the proposed technique can be used as a
planning tool. In fact, market participants may be interested
in improving the system stability and security by asking the
system operator to install FACTS devices. The number and
the type of the devices to be installed can be determined
based on their purchase and installation costs and the
amount saved once FACTSs are installed. Future work
will concentrate on the economic appraisal of FACTS
devices and on the implementation of the power adjustments
obtained with the proposed tool.
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8 Appendix

Tables 5 and 6 provide the cost of generation and demand
power adjustments, respectively.

FACTS positions and data are as follows. Ramp constraint
values are chosen based on typical time responses of LTC and

PHS regulators.

1. The LTC connects buses 11 and 9. The maximum and
minimum tap limits are 7 = 1.05p.u./p.u. and
T™" = 0.95 p.u./p.u., respectively, while ramp slopes are
R4 = 0.002 p.u./p.u.min and R*"™ = 0.002 p.u./p.u.min.

2. The PHS transformer connects buses 11 and 10. The
maximum and minimum phase angle limits are ¢™™ = 7/

12rad and ¢™" = —m/12rad, respectively, while ramp
slopes are R = 77/600 rad/min and RZ™" = /600 rad /min.

3. The SVC is placed at bus 3. The maximum and minimum
susceptance limits are o5y = 0.5 p.u. and gyc = —0.5 p.u,,
respectively.

4. The TCSC is placed on the transmission line 11-13. The
reactance maximum and minimum limits are ¥TCsc =
0.01 p.u. and x1cgc = —0.01 p.u., respectively.
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Table 5 Per-unit cost of generation power adjustments
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Generator | Bus number raown, re;, $/p.u. | Generator | Bus number fown, re;, $/p.u.
number $/p.u. number $/p.u.
1 26 24 17 15 22 21
2 1 26 24 18 15 22 21
3 1 12 10 19 15 22 21
4 1 12 10 20 15 11 9
5 2 26 24 21 16 11 9
6 2 26 24 22 18 7 5
7 2 12 10 23 21 7 5
8 2 12 10 24 22 3 1
9 7 19 17 25 22 3 1
10 7 19 17 26 22 3 1
11 7 19 17 27 22 3 1
12 13 20 18 28 22 3 1
13 13 20 18 29 22 3 1
14 13 20 18 30 23 11 9
15 15 22 21 31 23 11 9
16 15 22 21 32 23 11 9
Table 6 Per-unit cost of demand power adjustments
Demand | Bus number raown, re;, $/p.u. | Demand | Bus number down res, $/p.u.
number $/p.u. number $/p.u.
1 1 220 200 10 10 230 210
2 2 220 200 11 13 220 230
3 3 220 200 12 14 220 200
4 4 230 210 13 15 210 190
5 5 230 210 14 16 210 190
6 6 230 210 15 18 210 190
7 7 240 210 16 19 220 190
8 8 240 220 17 20 210 190
9 9 230 200
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