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Abstract—With an increase in the share of distributed renew-
able generation, the power flow patterns are changing, and there
is an increasing probability of internal congestion. There is also
an increase in the number of power flow controlling devices
in the transmission system to provide greater flexibility to the
system operator. Thus, there is a need to include these devices
and intra-zonal transmission lines for the congestion management
analysis. This paper presents a probabilistic security-constrained
optimal power flow (SCOPF) model for congestion management
based on the non-linear ac formulation. To ensure computational
efficiency, a second-order cone (soc) relaxation for power flow
controlling devices is proposed. A comparison between the ac and
soc formulations has been carried out on the modified IEEE 118-
bus AC/DC system. It is observed that with the soc formulation,
the computational efficiency of the model is increased while
ensuring a minimal gap between the ac and soc results.

Index Terms—Congestion management, power flow controlling
devices, power system operation, security-constrained optimal
power flow, second-order cone relaxation.
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I. INTRODUCTION

Renewable energy sources (RES) are expected to contribute
to 61% of the total generation in Europe by 2040 [1]. Large-
scale integration of RES will lead to significant changes in
power flows in the system. These power flows would also be
highly variable and, in some instances, may also cause loop
(transit) flows in the grid. As the power system is typically
operated closer to its operational limits, such changes in power
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flows may lead to grid congestion [2]. It is the responsibility
of transmission system operators (TSO) to alleviate the intra-
zonal as well as cross-zonal congestion in day-ahead and
real-time by applying remedial actions [3|]. These could be
in the form of costly actions such as rescheduling the gen-
erating units as presented in [4]. Alternately, more econom-
ical measures such as power flow controlling (PFC) devices
(phase-shifting transformers (PSTs), flexible AC transmission
systems (FACTS), transformer taps, and high voltage direct
current (HVDC) systems) could be utilized to redirect power
flows and mitigate congestion [5]. The TSO can choose to
apply the remedial actions for congestion management in
the operational planning stage, i.e. preventive actions and/or
corrective/curative actions that are implemented only in real-
time.

The authors in [6] have presented a SCOPF formulation for
an AC system that uses generator redispatch and on-load tap
changer (OLTC) transformer for congestion management. In
[7] the authors have presented the effects of PST on congestion
management. The formulation in [8] explores the utilization
of HVDC systems and PSTs for congestion management of
an AC/DC grid. However, the flexibility of generator curative
control actions has not been considered. Moreover, a trade-off
between preventive and curative actions is not envisaged. The
inclusion of all PFC devices in the preventive-curative SCOPF
framework would help quantify the additional flexibility these
devices provide in managing congestion and aid the operator
in making more cost-effective decisions.

With the above motivation, this paper proposes a preventive-
curative SCOPF model with non-linear ac formulation for
congestion management of AC/DC grids. The proposed model
presents a trade-off between the preventive cost and curative
risk associated with various contingencies. This SCOPF model
considers the actions of generators and PFC devices (HVDC
and PST) with detailed modelling of the PST. As this SCOPF
problem is a large-scale non-linear and non-convex optimiza-
tion problem, it leads to a significant computational time or
sub-optimal solution. One available solution to this problem
is the dc approximation that does not take reactive power flow
and voltage magnitudes into account. However, the authors
in [9] and [[10] have mentioned that dc approximation has its
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limitations, and it provides unrealistic results in some cases.
Convex relaxation of the non-linear ac problem can enhance
the computational speed while guaranteeing a global optimal
solution of the relaxed problem [11]. The authors in [12] and
[L3] have presented soc relaxation for solving optimal power
flow (OPF) for radial and meshed AC networks, respectively.
In [14]], [15]], the authors have presented the soc relaxation for
the AC/DC grid OPF problem. They have demonstrated that
such a formulation leads to lower computational time than the
solution with ac formulation while ensuring a small optimality
gap.

Based on the above insights, this paper presents the soc re-
laxation for the proposed AC/DC grid congestion management
SCOPF problem by including the soc constraints for the PST.
The outcomes of the soc formulation are bench-marked against
the non-linear ac formulation in terms of computation time and
the resulting decisions of the PFC devices. The SCOPF model
has been implemented in Julia/JuMP [16], [17] as an extension
to the existing packages of PowerModels.jl [18]], PowerMod-
elsACDC jl [15], and PowerModelsReliability.jl [19].

The paper is organized as follows. The mathematical model
for the optimization problem with non-linear ac formulation is
presented in the section [[I] Section [IT]] presents the soc relax-
ation for the PST. The test system and various considerations
for the analysis are presented in section The outcomes
for these analyses are discussed in section |V| and section
summarizes the conclusions of this paper.

II. SCOPF MODEL FOR CONGESTION MANAGEMENT

In this paper, congestion management has been consid-
ered as a two-stage SCOPF optimization problem, with the
preventive stage (represented by superscript p), the curative
stage (represented by superscript c) being the two stages.
The system’s optimal active power dispatch state without
any contingency has been taken as the starting point for the
SCOPF problem and is designated as the reference stage
(superscript ref). The SCOPF problem aims to minimize the
total operational risk (w.r.t. the reference stage), which leads
to social welfare maximization.

The total operational risk represents the sum of the preven-
tive costs and the curative risk. The preventive costs include
the redispatch costs for generator actions (APY), converter
actions (APP) and PST actions (Aalb). The curative risk is
calculated by weighing the probability of a contingency (7,)
times the total curative costs, summed over all contingencies.
The curative costs comprise the costs for generator, converter,
and PST curative redispatch actions (AP, ,, AFP;,, Aaj ,)
and demand curtailment (A Pf,). The generator redispatch cost
coefficients for preventive and curative stage are represented
by C? and Cg, respectively. The costs associated with changes
in converter and PST setpoints for preventive and curative
stages are represented by C?, CF, C¢ and Cj respectively.
The value of lost load coefficient VoL L is used to account for
demand curtailment costs. The absolute value of the respective

redispatches has been considered in the objective function. The
objective function is given as below:

min > Cr-|Aab)
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The individual redispatches are calculated as follows:
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The AC system constraints for the SCOPF problem have been
considered similar to those in [[18]]. The constraints for various
system elements are as follows:

A. Generators

Generator setpoints are constrained by the respective equip-
ment limits for all stages as given below:

}Vgeg

where ?g, Py, CZ and @), represent the generator active and
reactive power limits [20]. The change in generator setpoints
for preventive and curative stages are bounded by the following
limits:

P, <P,<P,
Qg < Qg < Qy

©))

P,~F, <AP,<F-P,
%7Qg SAQQSQg*%

B. HVDC converter stations

}vgeg (10)

The steady-state converter station model has been imple-
mented as considered in [15]. The relationship of converter
AC side current and converter active and reactive power flow
are used as those presented in [21]. The converter DC side
current and active power flow follow the same constraints as
mentioned in [21]].

For the converters, the AC side active and reactive power
flows in preventive and curative stages are limited by the
operational limits as given below:

P < P < P
Qe < Qz° < Qg
(PC(J,(:)Z + (Qg(’)2 < (Sgc,rated)Q

(1)

}VCEC
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For the DC side of the converters, the active power limits are
imposed for all stages as per:

Pl < Pl < Pie v cecC (12)

For the change in converter setpoints for the preventive and
curative stages, the following limits have been used:

Pgc — Pac < APgc < Pae — poe
Qe — Q2° < AQZL < Qg — Q¢°
Pde — pde < APde < Pde — pde

}VCEC (13)

Converter losses link the converter AC and DC side power
flows for all stages and are represented by the model in [15]:

P+ Pl =Pl ¥ ceC (14)

C. System nodes

For all system nodes, the nodal power balance equations
are fulfilled for all stages of the SCOPF model as per the
following:

D
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In l , the converter transformer power flows Pctlfe and

Qi{e are considered as the converter is connected to the AC
bus at this point as elaborated in [[15].

For all the stages, the nodal voltages are subjected to the
operational limits as follows:

U <U; <U; Viel
U <U<U. YV e€e&

(18)
19)

For all the stages, the phase angle difference for the AC nodes
is limited as follows:

Hijgﬁij S% A i,jEI

(20)
where 0;; and % are the phase angle difference limits.

D. PST

The PST angle should adhere to the angle limits ¢, and @,
for all the stages: o

op<ap<a, VpeP

21

line+PST
Sji'

Zlinc

Fig. 1: Equivalent circuit of transmission line with tapable and
shiftable transformer

E. System loads

Load-shedding is allowed only in the curative stages as a
final countermeasure for reliable system operation. The load
setpoints for the curative stages are calculated as given below:

P <P, <P

22
Q<@ <@ 22

}Vle/:, 0eO

where P, and @), are the load minimum active and reactive
power limits, respectively. For the curative stages, the demand
curtailment is constrained as follows:
ref ref
P-p <A, <P - R

o o VieL ocO
@—@f<A@¢<@f—@}

(23)

The load setpoints are adapted in curative stages to maintain
the same load power factor as the reference stage as per the
following:

ref

Qc = pc . !
l,o — *lo >
Plref

VYIeLl, o0 (24)

F. DC branches

For the DC branches, the power flow is divided by the
number of poles as considered for the single line representation
[L5]. The power flow constraint for the DC branches are given
as:

Pyes + Pye = P ¥ def € T4 (25)
PLss in above, represents the power loss in DC branches.
These branch power flows are also limited by the rated limits
for all stages and are given by:

—Pjt? < Pyey < Py def € T (26)

G. AC branches

The AC branch power flow equations are considered as
detailed in [18]] based on Ohm’s law and Kirchhoff’s Current
Law (KCL). A generic model of the AC transmission line is
considered as shown in Fig.[T| where the line is connected to an
asymmetrical PST (with ¢;; tap position and «;; phase angle)
between nodes i and j. The active and reactive power flows
through the line are given by the equations in Table[ll} g;; and
gfjh in these equations are the branch 7 section conductance
parameters.
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TABLE II: Branch power flow equations

Vil\? Vil
Pij = (9ij +gfjh : (%) - Gij - t_l_ “|Vj| - cos(8i5 — i)
) (¥
Vi .
—bij - Vs [Vl - sin(0i; — aij)

Vil

. Vil \?
Qij = —(bij + b5/ - (‘ |> +bij - —— |Vl - cos(0ij — aij)

—gij - —— - |Vj| - sin(6s5 — aij)
tij
o (s sh 12 . Vil ) i, i,
Pji = (i + 9ij ) (1ViD® — 945 - P [V;| - cos(evij — 0i5)
ij
Vi .
—bij - Wl [V;] - sin(as; — 0i5)
tij
R . sh 12 . Vil ) . -
Qji = —(bij + bij ) (IViD® +bij - PR [Vj| - cos(aiij — 0i5)
ij
Vi .
—9ij - Vi |V;l - sin(og; — 0i5)
tij

III. SOC RELAXATION FOR PFC DEVICES

In this section, the soc bus injection model for the PST
has been presented for the congestion management SCOPF
model. The soc relaxation uses lifted variables in place of
voltage products of the non-linear power flow constraints,
thereby convexifying the same. The equality constraint is thus
relaxed into an inequality constraint [22]. The soc relaxation
for AC transmission system elements has been presented in
[18]. The soc relaxation is formulated in [[15] for the HVDC
transmission system. In this paper, we have introduced the
lifted variables for the PST as shown in Table The product
of nodal voltages has been linearized by assigning the lifted
variable W. Another variable Wf has been assigned to include
the effect of PST taps on the nodal voltage product. Similarly,
the variable W:/(’ is used to incorporate the effects of PST tap
and angle. Table [[V| presents the branch power flow equations
after the substitution of the lifted variables.

TABLE III: Lifted variables of soc relaxation
Wi = [Vil*, Wi = Vil - [Vj] (s.1)

Wi = Vil - [V - cos(635), Wi = Vil - |Vj] - sin(Bi;)

W.
Zp = 12, Wt = Wlp -cos(aij)? = [V, |2
(tij) ‘
wlk wk
I R
W;,j = cos(ayj) - ‘l‘J , Wit,j = cos(ayj) - _fj
] )

W;;a = ([Vy| - tan(aij))® = WE - sin(ai;)?
t,o, I R to, R _ A
Wi,;l = Wf’] - sin(auj), Wi,;‘ = Wz_l,fj - sin(oyj)

At the branch terminal nodes, the auxiliary variables linking
the voltage magnitudes and angles relate to each other in a
quadratic way as follows:

W2+ W52 =w; - w; 27)

TABLE IV: Branch power flow equations with soc relaxation
Pij = (g +95/) - Wh —gi5 - W, — by - WT

% 2

h t, t,a, ta,l
+(g¢j + gfj ) . Wi'a - gij - Wi,;l —+ bij . Wi/;'l
h t,R t,1
Qig = —(bij +b3j") - Wi + by - W F = gi - W,

—(bij + bf]h) : W;/a + bij - Wit/’;’R + gij - WZ,’;’I
Pji = (gij + 95" - Wj — 945 - Wt/’;.2 + bij - Wit,’;

i
t,0,R ta,l
—gij - W0 —by; - W
i'j i'j

Qi = —(bij +03)") - W+ bij - W 4 gig - W

t,a,R t,a, I
+bz] . Wi/j —Gij ° Wi/j

To obtain a convex optimization problem, the convex equality
constraint in (27) is relaxed to a convex inequality constraint
as given below:

R\2 12
(Wij)”"+ (Wi)” < Wi - W (28)
By using bounds on the PST angles which assure that cos(c;;)
is always positive, the McCormick relaxation [23|] has been
used to convexify the auxiliary variables with non-negative
lower bounds as given in Table [V]

TABLE V: McCormick relaxations for auxiliary variables

N I I t,1
sz] - cos(ayj) + sz] - cos(ayj) — WZ,T,),], - cos(aj) > Wz,j
I —— I I t,1
szj - cos(agj) + sz] - cos(ayj) — sz] - cos(aj) > Wi’]
N N N t, I
Wﬁj - cos(agj) + Wﬁj - cos(ayj) — W?'Z], -cos(aj) < Wi/
WET . cos(ai;) + WET - cos(auj) — WET - cos(as;) < Wit
i ij i ij i ij I
— 1 1 — 1
WL —+Wk. - WL > wrl
J tis J ¢mazx k¥ tmazx ]
(¥ 1 )
wi . L S P,
i ymin LY v gmin = TN
ij 3 ij
1 1
Wk —+wi. —wi - <we!
Yt tmax v tmazx i
v (%] (%)
wi. L T Loy Lyt
J t'(n_,in iJ ti ij tmin — g

)

Lifted non-linear cuts as used in [24] are used to tighten
the relaxations. The relationship of auxiliary variables for the
PST to the base variables contains bi-linear terms. The equality
constraints for these bi-linear terms with lower non-negative
bounds can be replaced by the following convex inequalities:

w; Wi

— < W) < (29
Lij Lig
WE WE

< WwhR < (30)
tij g tij
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WE - (cos(ai;))? < Wi < WE - (cos(ai;))> (31

wet

i WoL . cos(ay) < Wh!

v 32)

-cos(agj) + I/Vf’f -cos(agj) —

IV. TEST SYSTEM AND ASSUMPTIONS

The congestion management analysis has been carried out
on the IEEE-118 bus system as defined in [25] and modified
as per [26]. The transmission line transfer capacity is reduced
to 80% of the original capacity. The loads in areas 1 and
2 are increased by 50%, and those in area 3 are increased
by 75%. The generator ratings are increased by 25% for
all the generators. Using the system data from [25], it was
seen that 12 transmission lines were operating at more than
80% of their rated power limits. By installing PSTs on three
transmission lines (dotted blue lines in Fig. [2)), changing 2 AC
transmission lines to HVDC and inclusion of a new HVDC
line (red lines in Fig. [J) as suggested in [26], the number of
lines with line loading more than 80% is reduced to 6. The
installed PSTs have a maximum tap position of £30°. It was
assumed that the system operates in a secure state for 98% of
time, and the remaining 2% of the time was equally divided
for all the contingencies. The preventive redispatch cost is
taken as 1.5 times the dispatch cost for all generators. The
generator curative redisptach cost for different contingencies
is taken as five times the dispatch cost [27]]. A high demand
curtailment cost of 5,000 €/MWh is considered to discourage
load shedding and only use it in extreme cases [28]. A nominal
cost of 1 €/MW and 1 €/° has been considered in all stages for
changes in converter active power setpoints and PST angles,
respectively. This cost can be attributed to the wear and tear
of the respective equipment. The PST angle change has been
considered a continuous variable.

The simulations were performed on a PC of 2.6-GHz and
32-GB RAM. The IPOPT solver [29] and the Gurobi solver
[30] were used for analysis with ac and soc formulations,
respectively.

V. RESULTS AND DISCUSSION

In this section, the comparison of both formulations has
been done in terms of operational risk, computation time,
generator, converter and PST setpoints. The analysis was
carried out with different contingency sets as presented in the
following sections:

A. Case-1

For validation of the soc formulation and its comparison
with the ac formulation, the simulations were performed
initially with a set of 3 AC branch contingencies for the
considered test system. A comparison of the outcomes of soc
formulation and full ac formulation is presented as follows:

1) Operational risk: The ac formulation does not guarantee
a global optimal solution, whereas the soc convex relaxation
provides a global optimal solution. From the comparison of the
system operational risk obtained for both approaches, it is seen
that the soc formulation provides a lower risk as compared to
the ac formulation, as shown in Table It is observed that
with both the formulations, there is no preventive stage cost;
however, for ac formulation, redispatch actions are needed in
the curative stages. A difference in the branch power flows is
observed with the two formulations. Due to this, a redispatch
of 9 MW is required for contingency-1 with the ac formulation,
whereas for the soc formulation, there is no requirement of
generator redispatch. This difference in redispatch volume
contributes to the overall difference in the operational risk.

TABLE VI: System operation risk and costs

Parameter Total risk  Preventive cost  Curative risk
Formulation [€/h] [€/h] [€/h]
ac 2.83 0.00 2.83
soc 0.00 0.00 0.00

2) Computation time: The computation time for ac and soc
formulation is presented in TabldVII] and it can be seen that
the computation time with soc is very small as compared to
that with full ac formulation. The soc formulation is 100 times
faster as compared to the ac formulation for the considered
contingency set.

TABLE VII: Computation time

Formulation
Time [s]

ac
67.5

s0C
0.67

3) Generator setpoints: It was seen that the generator
setpoints for both formulations are similar, with an overall
difference of 9 MW (0.15% of total active power dispatch)
in generator active power setpoints for all the contingencies.
This can be attributed to changed branch power flows due to
the different formulations.

4) Converter setpoints: The outcomes for the converter
DC side setpoints were seen to be similar with the two
formulations. A total difference of 11 MW was observed in
the overall converter redispatch volume summed for all the
contingencies.

5) PST setpoints: The ac and soc formulation resulted in
the same setpoints for all the PSTs for all the considered
contingencies.

6) Pf feasibility: The power flow feasibility of soc results
was checked by carrying out ac power flow analysis based
on soc results for the generator, converter and PST setpoints.
It was seen that the ac power flow converges for each of
the contingencies based on the soc results. No AC and DC
nodal voltage violations (v;. and vj.) were observed while
carrying out the ac power flow analysis. For the AC branches,
an average branch power flow violation (v;_.) of 0.2 MVA was
observed for only 1.2% of the branches and for DC branches,
no power flow violation (v},) was observed.

With the above comparison, it was seen that the soc formu-
lation provides similar results to that from the ac formulation.
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Transmission line
with PST

——HVDC Transmission
line

Area 3

Area 1

Fig. 2: Modified IEEE-118 bus system [25] [26]

B. Case-2

To further check the applicability of soc formulation, a
set of 10 branch contingencies (10 system states represented
by ol — 010) was considered for detailed comparison with
ac formulation. The results of this comparison are presented
below:

1) Operational risk: From the comparison of the system
operational risk obtained for both approaches, it can be seen
that the soc formulation provides a lower risk as compared
to the ac formulation, as shown in Table With both
the formulations, no preventive stage redispatch actions are
needed, and only curative redispatch is utilized. The gap
between the hourly operational risk with two approaches (ac-
soc) is € 26.8, which is ~ 29% of the hourly operational risk
with the ac formulation.

TABLE VIII: System operation risk and costs

Parameter Total risk ~ Preventive cost  Curative risk
Formulation [€/h] [€/h] [€/h]
ac 93.99 0.00 93.99
soc 67.14 0.00 67.14

Fig. 3] shows the costs associated with system operation
for various system states. The overall generator dispatch cost
for both formulations is comparable, as shown in Fig. [3a
However, the soc formulation results in a lower redispatch
cost as compared to the ac formulation, as is evident from
Fig. BH

2) Computation time: The computation time for ac and soc
formulation is compared in Table [X] and it can be seen that
the computation time with soc has been reduced by a factor
of ~ 400 as compared to that with ac formulation.

3) Generator setpoints: As there is no preventive redis-
patch for the system operation, the preventive stage generator
setpoints are same with the two formulations.

I ac [ soc

%
=]
IS
S

=
(kelh)
®

1)
=]

Dispatch cost (k€/h)
N
=}

=3

Redispatch cost

0 0
R>F ISP

System state

System state
(b) Redispatch cost
Fig. 3: Costs associated with system operation

(a) Dispatch cost

TABLE IX: Computation time

Formulation
Time [s]

ac
971.45

sSOC

2.45

The average and maximum difference (ac-soc) (only the
absolute values have been considered) in generator setpoints
for ac and soc formulations for various system states can be
seen in Fig. [ It can be observed from Fig. a that the average
difference in generators’ setpoints is negligible for system
states except for ol, 03 and 05. Even for these three system
states, the average difference in active power setpoints is very
small (< 4 MW). The maximum difference in generators’
active power setpoints is presented in Fig. #b] As there is no
difference in generator setpoints for the system states (except
for o1, 03 and 05), the maximum active power difference is
also negligible. The maximum difference of ~ 70 MW in
generators’ active power setpoints was observed for system
state ol.

4) Converter setpoints: There was no difference in con-
verter setpoints for the preventive stage for both the formula-
tions. The average and maximum difference (ac-soc) (for the
absolute values) in converter setpoints for all system states
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difference (pu)
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o
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o
+
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System state System state

(a) Average difference (b) Maximum difference

Fig. 4: Difference in generator setpoints

is presented in Fig. [5] The values in Fig. [5] are represented
with 100 MW base. For the converters also, it was seen that
there is no difference in setpoints for system states except for
0l, 03 and 05. The maximum average difference (< 40 MW)
in converter setpoints was observed for o3 system state. The
maximum difference of ~ 100 MW in converter setpoints was
also observed for the same system state.

o
=
S

5

o

difference (pu)

o

Average active power
Maximum active power

Qo\c’;’o""‘oﬁ‘c;"obo/\c‘:boqo\Q

System state System state

(a) Average difference (b) Maximum difference

Fig. 5: Difference in converter setpoints

5) PST setpoints: The setpoints for the three PSTs for all
system states and for both formulations are shown in Fig. [6]
For system states o1, 03 and 05; there is some difference in
PST2 setpoints, whereas, for other system states, the PST
setpoints are similar. The average difference in PST angle
for all three PSTs for all system states and for ac and soc
formulation comes out to be ~ 1°.

[o8)
(=]

¢ PSTl-ac PST2-ac ¢ PST3-ac
25 ® PSTl-soc PST2-soc ® PST3-soc
: °
~20
[5)
=15
El
£ 10 L.t
°
~ 5008 . $ L2 N J
ol ¢ % ¢ % e 0 0 0 .
-5
Qc\@’c%eb‘cb’ebé\e%co’o@

System state

Fig. 6: PST setpoints for different system states

6) Pf feasibility: Similar to Case-1, the ac power flow
feasibility analysis was carried out for the soc results of Case-
2. It was seen that for the system states ol, 03, and 05, the
ac power flow did not converge; however, for the remaining

system states, the ac power flow converged and resulted in
a feasible solution. For the ac power flow feasible solutions,
no v’ was observed for DC branches. For 17 AC branches
(for all system states combined), an average v;. of 0.18 MVA
was observed. For all system states, an average vy, of 0.01 pu
was observed for a total of 18 DC nodes for all ac feasible
soc solutions. No v}, was observed for the soc solutions. The
summary of power flow feasibility analysis is presented in
Table

TABLE X: Pf feasibility check for soc solutions for case-2

Violation vs Y. ol vy,
No. of violations (%) 1.15 0 0 5.6
Average value 0.18 MVA 0 0.01 pu 0

Detailed analysis was carried out for system states ol, 03
and o) to investigate the difference in ac and soc formulation
results and for non-convergence of ac power flow. It was
seen that there is a difference in branch power flows for
these formulations. Due to this difference in power flows, the
generators’ dispatch and redispatch setpoints are different for
ac and soc formulations which lead to variation in dispatch,
redispatch cost and converter and PST setpoints.

As the soc formulation relaxes the bounds of the optimiza-
tion problem, in some cases, it is seen that the results obtained
with soc formulation are outside the bounds for ac formulation
by a small margin. To identify the binding constraints which
are resulting in infeasible ac power flow solution, the bounds
for various system constraints were relaxed. It was seen that
when the ac nodal voltage bounds were relaxed by +2% from
the initial range of 0.94-1.06 pu, the ac power flow converged
for ol and o5 system states. For system state o3, the ac
power flow convergence was obtained on relaxing the ac nodal
voltage bounds by +5%.

C. Case-3

For checking the scalability of the soc formulation, fur-
ther analysis was carried out for congestion management by
considering all possible branch contingencies. For this 175
transmission lines (excluding radial lines and lines with PFC
devices) were selected. With ac formulation, the full-scale N-1
analysis was not feasible. The N-1 analysis was feasible with
the soc formulation while considering 165 transmission lines
contingencies. The total computation time for the simulation
was 181s. On checking the ac power flow feasibility of the soc
results, the ac power flow converged for 150 soc solutions. The
outcomes of power flow feasibility analysis are as shown in
Table For the feasible ac power flow solutions, an average
vs .. of 0.09 MVA was observed for 1.09% of AC branches (for
all system states combined). No v?, and v’ were observed for
ac nodal voltage and power flow on DC branches. Average v,
of 0.02 pu was observed for 64% of the system DC nodes for
all ac feasible soc solutions.

VI. CONCLUSION

This paper proposes a probabilistic preventive-curative
SCOPF model for congestion management considering the
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TABLE XI: Pf feasibility check for Case-3 soc results

Y4

Violation v Vo, V. Vi,
No. of violations (%)  1.09 0 0 64
Average value 0.09 MVA 0 0 0.02 pu

flexibility of PFC devices. The soc formulation for the phase-
shifting transformer has been presented and compared with
the non-linear ac formulation. From the case studies on the
modified IEEE-118 bus system, it was seen that the soc
formulation offers increased computational efficiency as the
computation time is reduced by a factor of ~ 400. The
generator, converter and PST setpoints obtained from the soc
formulation were found to be comparable to that of the ac
formulation. For some contingencies, there was a difference in
the soc and the ac results. Detailed analysis showed that this
difference originates due to the difference in branch power
flows with the soc formulation, which leads to a different
dispatch/redispatch in the respective contingency states. The
proposed soc SCOPF formulation was also applied to a full N-
1 analysis, wherein it was found to be computationally efficient
while ensuring ac power flow feasibility for the majority of
the system states. From the analysis, it can be concluded that
the proposed soc formulation can be used in place of the
full ac formulation to lower the computational efforts when
considering a large number of contingencies.

In future work, the proposed model can be used to analyze
the congestion management with distributed renewable gener-
ators in the system. The comparison of ac and soc formulation
can also be carried out for stressed conditions of the system.
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