
This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

IEEE TRANSACTIONS ON POWER SYSTEMS 1

Risk-Based Management of Overloads Caused
by Power Injection Uncertainties Using

Power Flow Controlling Devices
Priyanko Guha Thakurta, Member, IEEE, Ronnie Belmans, Fellow, IEEE, and

Dirk Van Hertem, Senior Member, IEEE

Abstract—Increased penetration of renewable energy leads to in-
creased challenges for the transmission system operators (TSOs) to
operate their system in a secure way. Through the limited means
available to the TSOs to manage power flows in the system, relia-
bility is jeopardized. Reliability must be managed differently, re-
placing the current ways of reliability management which fails as
uncertainty increases. In this paper, a novel risk-based approach
of system operation is proposed that can be helpful for the TSOs
to assess the confidence of system operation day-ahead, that is, the
probability of the forecasted system to end up in an insecure state
is calculated. This paper only focuses on violation of power flow
constraints in the system. It also demonstrates the increase of this
operation confidence using already installed power flow controlling
devices. It is shown that these devices aid in enhancing confidence
of system operation by shifting power flows to a more optimal one
in the light of generation uncertainty. The main emphasis is laid on
preventive action. The proposed approach is demonstrated on test
systems.
Index Terms—Optimal power flow (OPF), OPF under uncer-

tainty, phase shifting transformers, risk management, stochastic
optimization, transmission system operator (TSO) operation.

NOMENCLATURE

Time index.
Number of lines in the system.
Number of buses in the system.
Number of contingencies in the system.
Number of hours.
Set of conventional generator buses
Set of wind generator buses
Set of PFC devices
Standard normal cumulative distribution
function.
Allowed risks for right (R) and left (L) tail.
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Line flow vector.
Upper line flow limits vector.
Lower line flow limits vector.
Demand vector.
Power injection vector.
Basecase power injection vector.
Vector of committed injections of conventional
generators.
Forecasted wind injection vector.
Vector of variance of wind injections.
Vector of PFC device control settings.
Vector of upper bound of PFC control settings.
Vector of lower bound of PFC control settings.

I. INTRODUCTION

U NCERTAINTY in generation injection is increasing
rapidly through the increased presence of renewable

energy sources. The secure operation of such a system is in-
creasingly difficult as power flows throughout the system vary
constantly and forecast errors cause additional uncertainty.
The operation of power systems is typically managed in a
scheduling process which takes place from one day-ahead to
real time. During this time frame, the uncertainty diminishes as
one approaches real time. At the same time, the control means
available to the operator reduce as well (or become considerably
more expensive). In the presence of increasing uncertainties in
the system due to intermittent generation sources, the day-ahead
security scheduling/management is becoming a challenge for
the transmission system operators (TSOs) in Europe. Previous
literatures addressed this challenge extensively and proposed
solutions accordingly. Panciatici et al. addressed this challenge
in [1] and highlighted that a deterministic approach forecasting
a single best guess of the operating point of the system for
the next day or hours becomes inappropriate. This is mainly
due to the fact that the real time scenario can be significantly
different than the forecasted one. The TSOs must be prepared
for such different types of uncertain scenarios while making
their day-ahead security planning. One of the many challenges
in this is the identification of such scenarios. In this context, the
authors proposed a multi-stage decision making process under
uncertainties and unified framework comprising of optimiza-
tion algorithms for large scale power systems in an abstract
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manner that includes slow strategic preventive actions (e.g.,
starting up generation source, postponing maintenance works),
fast preventive actions (e.g., generation re-dispatch) and cor-
rective actions (e.g., topology changes, generation re-dispatch,
changing settings of controllable devices). The authors also
proposed ways to reduce the computational complexity of
these huge scale problems to more solvable ones. However,
choosing uncertainty sets, which is one of the many challenges
in power system operational planning, has not been addressed
in this paper. Reference [2] proposed an algorithm for the
computation of strategic day-ahead control decisions in order to
cover the worst cases that cannot be satisfied by best preventive
or corrective actions. In this context, an optimization frame-
work is developed to deal power system scheduling/planning
under uncertainties in day-ahead over a set of power injection
scenarios that may occur in the next day with appropriate
preventive and corrective actions. The developed algorithm is
highly computationally expensive due to significant number
of uncertain scenarios to be considered. A methodology is
also developed to determine the worst patterns of uncertain
variables associated with each contingency [3]. Prime attention
is laid on the adequate handling of decision variables arising
from the operating rules of TSOs. The results showed that
operation of controllable devices are triggered for some worst
cases that are characterized by the interactions of uncertainties
and maximum flow limits on the lines. The methodology has
been tested on a very large scale network comprising of 9241
buses/nodes with 5126 contingencies.
In the light of these uncertainties, a flexible power system op-

eration is required in order to maintain security and reliability
of the system. Previously, the power system operation was quite
straightforward as the generation was dominated mainly by con-
ventional generators. More and more integration of intermittent
generation will pose serious limitations to the current approach
of power system operation and risk based approaches need to be
developed in order to deal with uncertainties while maintaining
low cost [4]. In other words, probabilistic methods need to be
developed.
Traditionally, optimal power flow (OPF) is used in power

system operation. This tool is helpful in determining the op-
timal set points of different control variables to keep the state
variables of the system within bounds. An extended version
of this tool caters the inclusion of contingencies which need
to be taken into account, named as security constrained OPF
(SCOPF) [1]–[3], [5], enabling preventive and corrective ac-
tions. In order to apply SCOPF to large scale power systems
several methods have been proposed for efficient solving [6],
[7] and contingency screening [8]–[11]. However, these tools
are deterministic in nature.
The probabilistic approach to the load flow studies was

first proposed by Borkowska for evaluation of power flow
under load uncertainties [12]. Similar studies are performed
considering wind generation [13] and branch outages [14].
Probabilistic methods have also been incorporated in SCOPF
in many literatures. Vrakopoulou et al. proposed both DC [15]
and AC [16] variants of probabilistic SCOPF to minimize
day-ahead secure dispatch cost. Several literatures
also addressed the unit commitment and economic dispatch
problems in presence of uncertain variables [17]–[24].

Power flow controlling devices (PFCs) such as phase shifting
transformers (PSTs) and high voltage direct current (HVDC)
have gained increasing attention and application in the power
system. Several of these devices are installed in the European
power system, with many of them in a meshed system. These
devices offer a solution which increases transmission capacity
while avoiding the construction of new energy corridors [25].
Very few literatures considered these devices within the prob-

abilistic framework. The work in [15] is extended in [26] to in-
corporate corrective control action with HVDC lines. The au-
thors considered minimizing generation costs as the objective
within the probabilistic SCOPF formulation. SCOPF formula-
tions have also been addressed considering uncertainty, risk and
controllability (using HVDC) in single and multi-area systems
[27]. The authors in [28] addressed the challenges of solving
risk-based SCOPF model with a new expression of severity
function and a nested Benders decomposition with multi-layer
linear programming method.
All the available literatures within the probabilistic frame-

work considered generation dispatch as the objective, which
comes at a high cost to the TSOs in Europe after decentraliza-
tion. To the best of our knowledge, no prior work has been done
to use PFCs in order to increase system operation confidence in
the day-ahead operational planning. These devices are owned
by TSOs and their operation comes at a near zero cost to them,
thereby avoiding costly generation re-dispatch.
This paper addresses a risk-based optimal operation of power

systems with high uncertainty from a TSO point of view,
without considering generation re-dispatch. The contribution is
three-fold.
1) A novel approach is developed in order to assess the confi-

dence level that can be achieved in day-ahead operational
planning for the TSOs taking power injection uncertainties
into account. In other words, quantification of the amount
of risk that the system can have is developed in this paper.
In this way, the probability of system failure is visible to
the operator.

2) A method is developed to increase the confidence level
with the help of PFCs, such as PSTs and HVDC, that are
already installed in the system, by shifting to a more op-
timal point considering uncertainties.

3) A method is developed to minimize the operator interven-
tions for changing the control settings of the PFCs in a mul-
tiple hour time-scale for a predetermined confidence level
of the whole system.

The proposed methodology can be applied to any kind of uncer-
tainties, but the focus is laid on wind uncertainty in this paper.
Moreover, the main focus in this paper is laid on the violation
of transmission flow constraints in the system.
The paper is organized as follows. Section II describes the

TSO operation under uncertainty. Section III describes the
mathematical formulation of the addressed problem (corre-
sponds to items 1 and 2 mentioned above). The proposed
methodology is applied on three test systems and the results
are shown in Section IV. Section V extends the formulated
problem to multiple hour time-frame and addressed the oper-
ator concerns for their intervention in changing control settings
of PFCs every hour. A methodology to minimize such hourly
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Fig. 1. Boundaries and influences in line flow space.

interventions is also proposed (corresponds to item 3 above).
Finally Section VI draws the conclusions of the paper.

II. OPERATION UNDER UNCERTAINTY FOR TSOS

The security management under study is limited to power
flows and thermal limits, without loosing generality of the ad-
dressed problem. The study of flexibility management in the
transmission system is formulated in the dimensional space
of linearized line flows. Linearized power flows have been con-
sidered as they are far easier to implement in optimization soft-
ware, and yet yield sufficiently accurate results. A given solu-
tion of the power flow equations represents a point in the
vector space . A well-managed transmission system should
be operated so that the flow does not exceed on line flows:

(1)

where both the power injection with uncertainty
and the settings of PFC devices influence the flow .

As is depicted schematically in Fig. 1, line security constraints
define boundaries associated with normal operation (solid line)
and a single contingency (dashed line). The arrows represent
flexibility control freedom while the circle represents the
region of probable states due to uncertainty of power in-
jections.
By linearization, sensitivity factors can be obtained that de-

scribe effects of changes in line flows due to changes in power
injections and control settings of the PFC devices. At a chosen
flow (the basecase operating point considering committed
injections at system buses, and that also include wind forecasts),
the variations and produce a variation that
can be expanded into component influences so that (1) becomes
approximately

(2)

(3)

where and represent sen-
sitivities to changes in line flows due to changes in power injec-
tions (power transfer distribution factor or PTDF) and control

Fig. 2. Achieving boundary operation with designed risk level .

settings (power flow controller distribution factor or PFCDF)1
of PFC, respectively.
Using this framework, it is possible to:
1) Quantify the improvement of transmission capacity by

PFC devices in the presence of stochastic generation
by shifting to one of a number of more optimal points.
Fig. 2 shows that with the help of different available
control options, which include PSTs, HVDC, demand side
management, etc., the basecase operating point, which
is based on forecasted intermittent generation and is a
non-optimal state for most of the cases considering un-
certainties, can be shifted to a state which includes the
maximum uncertainty in intermittent generation without
violating system operating constraints. The objective is
that the operator can learn the optimal operation point,
making maximum use of the system with a given confi-
dence that the uncertainties present in the system will not
cause overloads.

2) Quantify the effect of coordination of more than one PST
in improving the transmission capacity in the presence of
stochastic generation. The objective here is to show that the
coordination of PFC devices among TSOs indeed helps in
managing more uncertainties in their system.

The proposed methodology is tested both for N and cases.

III. PROBLEM APPROACH AND FORMULATION

In this paper, the deterministic SCOPF is transformed to an
explicit stochastic equivalent using chance constrained opti-
mization in order to assess the confidence of a secure system
operation. Chance constrained optimization is well known in
the literatures [29]–[31]. The explicit stochastic optimization is
superior to its implicit equivalent with respect to computational
requirements, which is a severe limitation for large power
systems.
The wind power in-feed can be mathematically written as a

stochastic variable

(4)

1Generalization of PTDF or phase shifter distribution factor (PSDF) for
HVDC or PST influence, respectively
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where . The vector consists of uncorrelated
random variables which are assumed to be normally distributed
with zero mean and standard deviation .
The power flows in the system change due to variations of

wind in-feed. Hence the constraints on line flows can be written
as

(5)

where includes the committed injections of the conven-
tional generators and the forecasted wind values and
includes the random wind variations with for
. The random nature of restricts the use of this con-

straint. This constraint must be formulated probabilistically in
the form of chance constraints [15], [16], [26], [27]:

(6)

where represents the probability measure of the constraint that
is to be realized with a minimum probability of .
The authors in [15], [16], [26], and [27] solved such types

of constraints using the scenario approach. In this approach,
chance constraints are substituted with a finite number of
hard constraints corresponding to different scenarios of the
uncertainty vectors. The authors of [32] provide a bound on
the number of scenarios that is needed to generate in order to
achieve a probabilistic performance guarantees. This number
grows linearly with respect to number of decision variables
thereby leading to computationally expensive problems for
systems of high dimensions. This approach is pretty unrealistic
for day-ahead scheduling of a power system of a scale in Eu-
rope where there are considerable number of buses that contain
intermittent generation.
In this work, the injections from wind energy are modeled

as uncorrelated normally distributed random variables. The law
of large numbers indicates that statistical smoothing effects due
to the geographical dispersion of a large number of wind farms
may result in the aggregate power approaching a normal distri-
bution, as seen in studies such as [33]. Hence, the chance con-
straint (6) can be transformed to its analytical one, which is exact
for uncorrelated normally distributed random variables [34]:

(7)

where represents a standard normal variate with
a mean of zero and a variance of one. Hence, the stochastic
chance-constraint is transformed into the following inequality:

(8)

where . This yields the following nonlinear
deterministic constraint:

(9)

Different risks are obtained for the upper and lower bounds
of the line flows, as shown in Fig. 3. Hence, the inequality con-
straint (9) can be divided into

(10)
(11)

Fig. 3. Achieved confidence of a transmission line.

The variance on line flows due to random uncorrelated wind
injections is given by [12]

(12)

Hence, the standard deviation of line flows is given by

(13)

In the available literatures [15], [16], [26], [27], the cost of
generation dispatch is minimized as an objective, taking into
account a predefined probability of violation of generation and
line constraints. The probability violation is the same for all of
the lines and that of the generators. In other words, the con-
straint (6) holds with a predefined probability, that is, is
determined in advance. In this work, the main objective is to
achieve a maximum overall system operation confidence, hence
the product of the cumulative distribution function of each line
needs to be maximized. In other words, is an optimization vari-
able which needs to be minimized in order to achieve minimum
overall system operation risk.
The formulated optimization problem is as follows:

(14)

subject to
(15)
(16)

(17)

(18)
(19)
(20)
(21)
(22)
(23)

Constraint (15) represents the mean or basecase flows of the
system and is the dot product of the PTDF matrix and the injec-
tion vector. In other words, this determines the basecase oper-
ating point of the system. Constraint (16) represents the flows
on the lines for each contingency considered. Constraints (17)
and (18) are the analytical reformulation of the flow constraints,
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using the properties of the Normal distribution. rep-
resents squaring individual elements of the PTDF matrix. Each
constraints (17) and (18) have an individual probability of being
violated, since . Constraints (19) and (20) repre-
sent the security constraints or constraints imposed on the
system. The probit function must be positive and negative for
the upper bound and the lower bound of the line flows respec-
tively, as represented by constraints (21) and (22), respectively.
Constraint (23) represents the upper and lower bounds of the
PFC control settings. The objective is to maximize the overall
system confidence represented by the product of individual con-
fidences of each line flows, and is given by (14).

IV. ILLUSTRATIVE EXAMPLES

The approach described in Section III is demonstrated on
IEEE 14-bus [35], IEEE One Area RTS-96 [36], and 2736-bus
Polish systems with installed PSTs. MATPOWER software [37]
is used for the purpose.

A. IEEE 14-Bus System
The idea of quantification of transmission capacity increase

in presence of stochastic generation with the help of PSTs, de-
scribed in Section II, is dealt deeper in this system, as the line
limits in this system are not defined. The single line diagram is
shown in Appendix A. The proposed optimization problem is
also validated from the results obtained by Monte Carlo (MC)
simulation. The line limits of all the lines are very high except
lines 1 (between buses 1–2) and 2 (between buses 1–5), which
are 150 MW each. Aggregated wind farms of installed capaci-
ties of 200 MW and 300 MW are connected at buses 2 and 3 of
the system, respectively, and the total system load is increased
twice as that of the given values. A PST is installed on line 2 of
the system.
In the basecase scenario, the forecasted wind power in-feeds

equal 50% and 67% of the corresponding installed wind capac-
ities, with 100-MW and 200-MW in-feeds at buses 2 and 3, re-
spectively. The forecast error of the wind in-feeds at the
buses is assumed to be 14% of the corresponding installed ca-
pacities. The deviations of the wind power in-feed from the fore-
casted value are compensated by the slack bus generator at bus
1. No contingencies are taken into account in this case. The PST
angle is varied between degrees as a continuous variable
to avoid additional computational cost. However, PST operates
with discrete taps in practice. The actual tap setting can be found
by selecting the nearest discrete tap positions.
Lines 1 and 2 are the centers of attraction as the line limits

of these two lines are chosen such that they hit their limits.
The probability of all other lines hitting their limits is 0 thereby
having a confidence level of 100% for all these lines. The base-
case operating point has 126.78 MW and 87.45 MW through
lines 1 and 2, respectively.
Fig. 4 shows the results of the proposed approach. The con-

fidence level for line 1 of the system without a PST is 71.2%.
The total system confidence in presence of PST is 92.47%, with
individual line confidences of lines 1 and 2 equal to 93.7% and
98.69%, respectively. The obtained optimal PST angle from the
proposed methodology is 7.85 degrees.
For MC simulation, 140 normally distributed points each for

buses 2 and 3 are generated for the wind generation taking the

Fig. 4. Confidence level on selected lines for N of IEEE 14-bus system.

Fig. 5. Shifting of uncertainty cloud with PST installed on line 2.

above-said standard deviations into account. Each point for bus
2 is then combined with each point for bus 3 resulting in 19 600
combined points (scenarios). A mixed integer linear program-
ming (MILP) problem is formulated to push the cloud within the
safe operating region with the help of PST. The MILP problem
is given in Appendix C.
Fig. 5 shows the result of MC simulation. The dashed lines in

the figure represents the secured region of operation for lines 1
and 2. The negative limit of line 2 is not shown in the figure as
it is not relevant in this case. As is evident from the figure, the
uncertainty cloud is pushed to a more secured region with the
help of the PST by diverting flows from line 1 to line 2 for max-
imum of the cases, thereby increasing system confidence in han-
dling uncertainties. Without the PST the number of points out-
side of security boundary for line 1 is 5650 (represented by “ ”
dots in the figure), thereby posing a risk of 28.83% and hence
a confidence of 71.17%. In presence of the PST, the number
of points out of bounds for line 1 is 1246 and that for line 2
is 239 (represented by “o” dots in the figure), leading to risks
of 6.36% and 1.22%, respectively, in turn having confidences
of 93.64% and 98.78%, respectively. Hence the total system
confidences without and with PST are 71.17% and 92.5%, re-
spectively, which are similar to that obtained by the proposed
methodology. The system at this stage is pushed to its limits re-
ducing the risk of being overloaded. The optimal PST angle for
this shift is 7.85 degrees, which is same as that obtained by the
proposed methodology.
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Fig. 6. Confidence level on selected lines for N of IEEE One Area RTS-96
system.

A careful observation of Fig. 5 reveals that there is still some
margin left for line 1 to shift the cloud even further. Pushing the
cloud further leads to the number of points out of bounds for
line 1 and line 2 are 1015 and 644, respectively, leading to risks
of 5.18% and 3.29%, respectively. Hence the total system confi-
dence amounts to 91.71% which is less than the one mentioned
above. The optimal PST angle in this case is 9.05 degrees. Hence
the system is operated at maximum achievable confidence with
the previous PST setting.
The MILP problem stated above for MC simulation is solved

using CPLEX solver of version 12.3.0. Moreover the proposed
optimization problem is solved using KNITRO solver of version
7.0.0. Both the optimization problems are solved in an Intel Core
2 Quad, 2.83 GHz with 4 GB of RAM on GAMS platform [38].
The solving time for theMILP is 50min approximately, whereas
that of the proposed approach is 32 s approximately.

B. IEEE One Area RTS-96 System

The RTS-96 system is a more realistic system for performing
reliability studies, the single line diagram of which is given in
Appendix B. Both N and cases along with PST coor-
dination are taken into account in this case. A wind farm of
500-MW installed capacity is installed at bus 17 of the system.
Two PSTs are installed on lines 23 (between buses 14 and 16)
and 31 (between buses 17 and 22) of the system. The forecasted
wind power in-feed equals 50% of the installed wind capacity,
leading to 250MW at the bus. The forecast error is assumed
to be 14% of the installed wind capacity. Again, the deviations
of the wind power in-feed from the forecasted value are com-
pensated by the slack bus generator at bus 13. Moreover, the
committed generations of conventional generators at buses 1, 2,
and 7 are reduced from 172 MW, 172 MW and 240 MW to 100
MW, 50 MW and 100 MW, respectively.
Fig. 6 shows the confidences for lines 23 and 28 (between

buses 16 and 17) in the system for N situation. These lines are
the bottlenecks for handling uncertainties in absence of the PSTs
and hence are of central interest. The confidences for all other
lines in the system are 100%. The figure clearly reveals that the
system can be operated with higher confidence with the help of
PSTs. Another noticeable fact from the figure is the increase of
system operation confidence if multiple PSTs are controlled in
concert.

Fig. 7. Confidence level on selected lines of IEEE One Area RTS-96 system
taking constraints into account.

Fig. 8. Total system confidence for IEEE One Area RTS-96 system with wind
in-feed.

In Fig. 2, it is clear that the feasible region of operation be-
comes less for case as compared to N case. This leads to
a lower system confidence level that can be achieved for
situation. To analyze this, line 6 (between buses 3 and 9) is con-
sidered a contingency and taken out of service. It is seen that the
lines of interest for this case are 22 (between buses 13 and 23)
and 27 (between buses 15 and 24) whereas all other lines have
confidences of 100%. Fig. 7 shows the individual line confi-
dences for these two lines for the different scenarios. It is again
evident that a PST is able to increase system operation confi-
dence even for a contingency in the system. The same figure also
reveals the effect of coordinated operation of PSTs in the system
to increase the system confidence. Fig. 8 shows the achieved
total system confidences for the different scenarios. The fact of
having constrained feasible region for is evident from the
figure, since the dotted line representing the system confidence
for situation is systematically below the solid line rep-
resenting the N situation. It is also evident that the coordinated
operation of PSTs in a system significantly enhances the confi-
dence of operating the system securely in face of uncertainties.
This fact can be exploited by the TSOs in Europe to coordinate
PST operations in their systems in order to minimize the risks
due to uncertainties in their system.
During real-time operation, the renewable injections can be

such that the system may end up in the risk zone (Fig. 2)
during which the system operation becomes endangered. It is
interesting to see whether the installed PFCs are able to bring
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TABLE I
SIMULATION TIME RESULTS ON LARGER SYSTEMS

Fig. 9. Role of PFCs in corrective action when system ends at risk zone
during real-time operation. (a) IEEE 14-bus system. (b) IEEE One Area RTS-96
system.

Fig. 10. Total system confidence for 2736-bus Polish system.

the system back to a secured state by respecting the system

boundaries. In order to demonstrate this, such renewable in-
jections are considered for which the flows of the system end
up in the risk zone for both the above-mentioned systems
at the corresponding renewable generation buses. The method-
ology proposed in section of [39] is used to bring the
system back to the secured state from the risk zone. Fig. 9 shows
the results for the system operated at the risk zone. The hori-
zontal axis shows the loading of the system with the control set-
ting of the PSTs fixed to the value obtained from optimization
problem (14)–(23), whereas the vertical axis shows the loading
of the system with a varying control settings between de-
grees. Loading is defined as the ratio of the line flow to its max-
imum permissible. Unity loading represents that the power flow
through the line is at its maximum permissible. It is evident
from Fig. 9(a) that the system can be brought back within the
secured region for some of the states with the PST, whereas
Fig. 9(b) shows that neither of the states can be made secure
with coordinated control of the PSTs (considered for N situa-
tion). For such system states, other control means, such as gen-
eration re-dispatch, are required to make the system secure.

C. 2736-Bus Polish System

The proposed methodology is also applied on this large
system. The profile for the summer peak is considered. The
total system load is increased by 2%, the total conventional
generation is reduced by 6% and the line limit for each line
is increased by 10%. The buses considered for uncertain in-
jections are 17, 106, 115, 132, 145, 560, 807, 975, 1114, and
2539 with forecasted values of 200 MW (buses 17, 106, 132,
and 145), 100 MW (buses 115, 1114, and 2539), 300 MW
(bus 560), 250 MW (bus 807), and 150 MW (bus 975). The
forecast error is assumed to be 60 MW for all the buses.
The deviations of the wind power in-feed are compensated by
the slack bus generator at bus 28. 6 PSTs are installed on lines
18 (2727–67), 24 (2729–47), 83 (58–42), 359 (2584–349),
408 (2456–336), and 538 (381–239). Thirty contingencies are
considered for simulations.
Fig. 10 shows the total system confidence for the Polish

system considering different scenarios of PST operations. It is
again evident that the total system confidence increases when
all the PSTs are controlled in a coordinated manner.
The optimization problem for the Polish system consists of

20 256 variables and 14 017 constraints without any contingen-
cies, whereas 125 341 variables and 329 283 constraints with 30
contingencies (both include all the PSTs).
Table I shows the simulated time of the proposed method-

ology against its MC variant for 4 types of systems. These
simulations are performed on an Intel Xeon 3.3-GHz Windows
server with 128 GB of installed RAM. However, the resources
of this server are shared among many users.
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Fig. 11. Load profile.

Fig. 12. Wind forecast for bus 17.

It is evident that the proposed methodology can easily be im-
plemented for large power systems.

V. EXTENSION OF THE PROPOSED APPROACH
TO MULTIPLE HOUR TIME-SCALES

The proposed methodology is demonstrated for 1 h only. In
order to extend the same to multiple hour, a 24-h load profile as
well as forecasted generation at bus 17 are shown in Figs. 11 and
12 for IEEE RTS-96 bus system, respectively. The two profiles
represent the profiles of load and forecasted wind generation
of transmission system of Elia (Belgian TSO) for November 3,
2014. However, it is scaled according to this test system. It is
to be mentioned here that the forecast error of wind is assumed
to be constant for all the hours, and is taken to be of the same
value as stated previously. No contingency has been taken into
account in this case.
Fig. 13 shows the total system operational confidence for

24 h. Coordinated control of the PFCs helps in better system
management, which is evident from the figure that more than
89% operational confidence (constrained at hour 19) can be
achieved in this case with the coordinated control of both the
PSTs. However, this involves changing the tap positions each
hour (Fig. 14), thereby leading to operator intervention each
hour.
In reality, the operators in the control room of the TSOs in

Europe do not appreciate changing the control settings of the
PFCs every hour, as it leads to increased wear and tear of the
equipment. In order to overcome the above-said problem, the

Fig. 13. Total system confidence.

operator can choose to have an probability of violation for
the entire system, either for all of the hours or as required. This
significantly eliminates the operator intervention each hour by
keeping at a particular optimal point guaranteeing total
system confidence for the concerned hours.
In order to achieve it, the optimization problem (14)–(23)

needs some modifications. The following constraint needs to be
added in order to force the system to be confident:

(24)

A. Problem Re-Formulation
The optimization problem (14)–(23) can be re-formulated as

(25)

subject to
(26)
(27)

(28)

(29)
(30)
(31)
(32)
(33)
(34)
(35)
(36)
(37)
(38)

Constraints (26)–(34) are same as that of constraints (15)–(23),
but for each hour . Constraints (35) and (36) make the change
of the control settings of the PFCs as minimum as possible by
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Fig. 14. PST angles.

the positive variable [constraint (37)], which is mini-
mized in the objective function over all the PFCs and the con-
sidered hours. Finally, constraint (38) represents the violation
probability of the whole system to be at-most .

B. Simulation Results
A close look at Fig. 13 reveals that at hour 19, a maximum

total system confidence of 89% can be achieved with the coor-
dinated control of the PSTs. More than 99% is achievable for
the hours before that. Hence, the operator can either choose to
have a maximum of 89% system confidence for all 24 h or 99%
until hour 18 and 89% after that.
Fig. 15 shows the result of the above optimization problem

(25)–(38). Fig. 15(a) shows the PST angles for a total system
confidence of 89% for all the hours, whereas Fig. 15(b) shows
the same for a total system confidence of 99% until hour 17
and 89% after that. It needs to be mentioned here that the total
system confidence for hour 18 is chosen to be 89% instead of
99%, as the operators prefer to already change taps 1 h before
the constrained hour (hour 19 is constrained in this case) in order
to have a significant time margin if complications arise.
Comparing Figs. 14 and 15 clearly reveals that less [one in

Fig. 15(b)]or no [Fig. 15(a)]operator intervention is required.
This is acceptable from an operator point of view.

VI. CONCLUSION
A novel approach to include uncertainties in the day-ahead

scheduling process of a power system is proposed in this paper.
This approach quantifies the amount of achievable confidence
and its improvement with the help of PFC devices, as the oper-
ation of these devices comes at a near zero cost to the TSOs. In
order to address this, a framework is developed for stochastic
optimization including PFC devices. The effect of coordination
of multiple PFC devices present in the system is also demon-
strated in this paper. A methodology considering operator con-
cerns to minimize changes in control settings of the PFCs over
multiple hour time-frame taking a predetermined total system
operation confidence into account is also proposed in this paper.
The demonstrations are conducted on three test systems. The

method is also validated on one of the test system using MC
simulations. The results show that the proposed methodology
helps the TSOs to determine the optimal control settings of their
PFCs with a predefined certainty of operation. The proposed

Fig. 15. PST angles. (a) Total system confidence of 89% % for all
the hours. (b) Total system confidence of 99% % until hour 17 and 89%
beyond.

methodology is therefore helpful for day-ahead scheduling of
power systems taking uncertainties into account and minimize
the system operation risks due to these uncertainties with the
help of already installed PFCs in their systems.

APPENDIX A
SINGLE LINE DIAGRAM OF IEEE 14-BUS SYSTEM

Fig. 16 shows the IEEE 14-bus system [35].

APPENDIX B
SINGLE LINE DIAGRAM OF IEEE RTS-96 SYSTEM

Fig. 17 shows the IEEE RTS-96 system [36].

APPENDIX C
MILP PROBLEM

The formulation of the MILP problem is as follows:

(39)

subject to
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Fig. 16. IEEE 14-bus system [35].

Fig. 17. IEEE RTS-96 system [36].

(40)
(41)
(42)
(43)
(44)

Constraint (40) represents the line flows for each scenario , in
which and are the flows and the reference flows, respec-
tively, for scenario . Constraints (41) and (42) are the limits on
line flows for each scenario , where and are the upper and
lower limits on line flows, respectively. In these constraints, M
is a sufficiently large number. When (a binary variable
for scenario , represented by (44)), the term containing be-
comes 0 in (41) and (42). Both the constraints together ensure
that all the flows are within their respective limits with the help
of PST for that particular scenario .When , the term con-
taining M dominates the other terms in (41) and (42) and hence
the flows do not respect their respective limits for that particular
scenario . Constraint (43) is same as that of constraint (23). Fi-
nally the idea is to minimize the number of total scenarios that
violate the line flow constraints, and is represented by (39).
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