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Abstract: Reactive power management (RPM) in electric power systems is usually based on a rule-based control derived from
the transmission system operator’'s experience. This approach faces challenges as the number of decisions and the complexity
of the system operation is increasing. With the increasing generation from renewables and the evolution of electricity markets,
the available resources must be optimally utilized. In this paper, a comparison is made between the optimization-based approach
(OBA) and the experience-based expert approach (EBA) for RPM. The OBA is based on security-constrained optimization with
minimum redispatch cost as the objective function for different contingencies. In contrast, the EBA’s actions are based on the
system operator’s experience. Comparison is made in terms of the generator redispatch cost, active and reactive power redispatch
volume, nodal voltages, and the number of actions to ensure secure operation. The analysis using a reduced model of the target
system shows that OBA is more beneficial than EBA, with up to 22% and 42% reduction in redispatch cost and volume, respectively.
Moreover, the control decisions from both approaches are seen to be similar. This study aims to show the usefulness of the OBA

and motivate TSOs to move towards optimization-based reactive power management.

1 Introduction

In liberalized electricity markets, a transmission system operator
(TSO) procures energy from other market participants. In addition
to energy, a TSO also requires ancillary services (AS) for secure
and reliable power system operation [1]. These AS help the TSO
to maintain the power system characteristics such as nodal voltage,
system frequency and system restoration capability [2]. Freedom in
energy procurement from the electricity market has increased power
exchanges among different control areas. A direct consequence of
these changes is the power system being operated closer to its
limits [3]. Power injection from renewable energy sources (RES)
at distribution and sub-transmission levels in the grid impacts the
voltage and system stability [4H7]. The voltage is a local quantity
and depends upon the nodal reactive power balance. A set of control
measures/actions which helps in maintaining the reactive power
level/voltage at each system node are known as reactive power
management (RPM) or Var planning or voltage control ancillary
services (VCAS) [8]].

Reactive power support also helps maintain the transmission line
power flow limits in addition to the nodal voltage limits. The reactive
power needs to be procured at various locations in the system, and
the reactive power requirement depends upon the expected demand
and the power flow conditions [9]. The criticality of voltage control
is complicated by the availability of reactive power control resources
at different locations in the system. Due to the reduction in operating
time of the conventional power plants, the sources for reactive
power in the system are decreasing. Further, owing to the increasing
distance between generation locations and the load centers and
changing local voltage patterns (on account of distributed RES
connections), the demand for reactive power in the grid is increasing
[10].

A TSO is entrusted with ensuring that the voltage remains within
limits in its control area. For any deviation in nodal voltage, the
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control actions such as tap change of power transformer, switching
of capacitors/reactors, control of high voltage direct current (HVDC)
systems and change in reactive power output of synchronous
generators etc., are used for regulating the reactive power in the
system [8]. Local and centralized control are the two hierarchical
levels for reactive power control followed in most of the European
countries (except for France and Italy, where primary, secondary and
tertiary level controls are implemented) [[11]]. The details about the
hierarchical reactive power/voltage control in different countries are
presented in [12].

The authors in [13| [14] have presented a security-constrained
optimal power flow (SCOPF) model for Var support in power
systems. Application of SCOPF for optimal Var sources planning
for large power systems is presented in [15]]. In [[16} [17] application
of SCOPF to high voltage system of the National Grid Company
for optimal installation of reactive power resources and analysis of
Var costs has been presented. The authors in [18] have presented a
SCOPF model for post-contingency curative rescheduling. In [19],
the authors have presented an approach to couple SCOPF-based
optimization and dynamic simulation for voltage control. A SCOPF-
based model for reducing the number of control actions for real-time
voltage control has been presented in [20].

In [21], the authors have presented a review of various
objective functions, constraints and algorithms for the reactive power
planning. The authors in [22] have presented a survey on the
reactive power ancillary service markets. A review of the trends
for reactive power procurement in different countries has been
presented in [23]. A survey carried out by European Network
of Transmission System Operators for Electricity (ENTSO-E) on
ancillary services procurement and balancing market design for the
year 2020 [24] provides insights into various aspects of VCAS,
such as methodology, procurement and payment schemes, details
of participants, type of control etc., followed by different TSOs in
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Europe. The survey highlights that different TSOs in the ENTSO-
E area follow different approaches for RPM. While RPM based on
optimization is implemented in many studies, many TSOs still do
not use this approach.

In Poland, voltage control is a mandatory service to be provided
by synchronous generators. As a part of the EU-SysFlex project [25]],
a decision support tool (DST) has been developed for the cross-
border coordination and the dispatch scheduling. The DST aims
to ensure efficient and coordinated use of system flexibilities with
integration of a large share of RES [26]. In this paper, the dispatch
scheduling module, which uses an optimization-based approach for
voltage control and RPM, is presented (referred to as SCOPF-
DST) [27]]. The SCOPE-DST has been developed to help the TSO
with near-to-real-time RPM and voltage control decisions/actions as
seen in Fig. [T} The steady-state SCOPF model provides the TSO
with curative actions to be performed for each of the considered
contingencies.

A dispatcher training simulator (which mimics the control room)
has been developed by Polskie Sieci Elektroenergetyczne S.A. (PSE)
for the EU-SysFlex project to train the system operators for different
operating scenarios so that they can improve their decision making
in real-time [26]. The interface for interaction of SCOPF-DST with
the dispatcher training simulator is as shown in Fig. 2] Different
operational scenarios, including a list of units available for curative
actions used for the dispatcher training simulator, are used as input
to the SCOPF-DST, and the output is presented as a series of near to
real-time actions. The SCOPF-DST has not been designed for direct
interfacing with the control room in mind. Instead, it is intended to
provide dispatchers with pre-calculated control options when using
the dispatcher training simulator to augment their real-time decision-
making process. The SCOPF-DST provides optimal voltage settings
to the dispatcher in the training environment for a predetermined
time series of exogenous conditions and uncertainties. Different
sources of reactive power are considered while calculating the
optimal voltage setpoints.

A number of optimization-based RPM techniques have been
presented by several authors in literature, however, these are not
being used by the TSOs for decision-making. In this paper, the
authors are trying to bridge the gap between available optimization
models and system operators’ methods. The contribution of this
paper is a comparison of the optimization-based approach (OBA)
using the SCOPF-DST decisions, and the expert approach (EBA)
based decisions for different real-time operational scenarios. It is
expected that the optimization-based decisions can outperform the
operator’s experience-based decisions if they can account for all
the decisions and sufficient modelling details. It is also expected
that the optimization-based algorithms will help to reduce the
overall system operation cost, and all the resources could be
used more effectively. The comparison would also help show the
similarities and differences in the decisions from both approaches.
The similarities in the decisions taken would be helpful to build
confidence in the system operators for OBA or to develop new
operationalities.

The details of the EBA based RPM approach followed by PSE in
Poland are presented in sectionm Section@details the mathematical
modelling of the SCOPF-DST along with the objective function
and various constraints for the model. The details of the case study
are presented in section ] Section [3] presents the results from the
analysis and the discussion on these results. The conclusions are
presented in section 6]

2 Expert approach

Human experience and learning from historical events are followed
as the current practice for voltage control and RPM by PSE [27].
This approach is used close to real-time for using static reactive
power resources and setting voltage setpoints. To ensure secure
power system operation, a list of must-run units and units available
for curative actions in case of contingencies is provided to the
dispatchers based on the seasonal, day-ahead and intraday analysis.
In different regions, the reactive power resources’ settings are
controlled by the regional control centers. The reactive power output
of the generators is altered based on a voltage setpoint at the
terminal busbar of the generator using control modules in the energy
management system. Similarly, the tap settings of the transformers
are controlled based on a voltage setpoint at the high-voltage side, or
the low-voltage side, or the requested reactive power flow through
the transformer.

To account for the inaccuracies in the models used for ahead of
real-time analysis, some additional actions such as static reactive
power resources’ switching might be needed. No additional analyses
are carried out close to real-time by the dispatchers to determine the
most appropriate actions. The voltage setpoints for the generators
and transformers, controllable reactive power sources, or the reactive
power flow through the transformers are the decision variables
in close-to-real-time system operation. These decisions by the
system operator are based on the following objectives with different
priorities as per the following and are as shown in Fig.[3]

eThe individual system nodal voltages U; should remain within the
specified permissible range (U; and U;) for the system state.

oIf the above objective is fulfilled then the system operator tries to
operate the power system with minimum losses. This is done by
ensuring the availability of reactive power resources at different
system nodes.

olf it is not possible to keep the nodal voltages within the permissible
range, the system operator tries to keep the nodal voltages at the
problematic nodes close to the voltage limits (deviation of 6 only
for some severe and rare system scenarios/contingencies).

eThe system operator ensures that enough reactive power reserves
from synchronous generators and adequate regulation of the
transformer ratio (tap changer control) is available.

The expert decisions are based on the load flow calculations, voltage
stability assessment (PV and QV curves) and N-1 contingency
analysis. In addition to this, the reactive power management also
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Fig. 3: Methodology for expert approach

3  Optimization-based approach

For the optimization-based a simplified and well-known SCOPF
model has been used to ensure its scalability and industrial
application. The OBA uses a SCOPF model, which determines
the necessary control actions to ensure that the system voltages
remain within limits for all considered contingencies [21]]. The
cost of these control actions, referred to as redispatch cost, is
finally recovered from the grid users. OBA focuses on social
welfare maximization, and thus, it aims to minimize the sum of the
generator redispatch costs and demand curtailment costs w.r.t. the
market outcome. Let Z, G, £, B and O denote the system nodes,
generators, loads, branches and set of contingencies respectively.
Also, T, 79" and T'°% denotes the AC system topology,
generator and load connectivity, respectively. The objective function
can be mathematically represented as the following:

mm(Z(cgo APy | +CE - \AQQ,OD) (1)

g

where APy, and AQg , are the changes in active and reactive
power setpoints for the generators. C’gﬁo and Cg’o represent the
cost coefficients associated with changes in active and reactive
power setpoints for the generators. APy, and AQg,o in @) are
the decision variables associated with the optimization problem and
calculated as per () - (3).

APyo=Pyo—Pyf ¥ geg, Voeco )
AQg,0 = Qg0 — Zef Vgeg VoeO 3)

The reference stage generator and load active and reactive power
setpoints are based on the market clearing outcome (denoted as
superscript ref).

For the optimization problem, the power system is represented
using a non-linear ac formulation in polar coordinates based on [29]
and as detailed in [30]. The generator active and reactive power
outputs are constrained by the operational limits as per [31}132] and
given as:

Py < Pyo <Py

gLy v 0 4
@SQg,ogQg} geG, Voe 4)

here Py, Py are the active power limits and Qg4, Q4 are the reactive
power limits for the generators. The following are used to relax the
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absolute values of the generator active and reactive power redispatch
for the contingencies and gives the minimum and maximum limits
for changes in setpoints:

Py~ Py < AP <Py - Py

%_Qg SAQQ,OSQig_@

The status of the contingent generator and/or transmission line is set
to zero, and the equations for these system elements are not added to
the optimization problem.

The bus voltages are maintained within the operational limits as
per:

}Vgeg, YVoeO (5

Ui<U,o,<U Vi€ I,V oeO 6)

The phase angle difference of AC buses is constrained within the
limits 6;; and 6;; by the following constraint:

0ij <0ij0<0;; VijEL Y o0oeO (7
For the transmission line model, 7 representation of the AC branches
as per [30] has been used. Ohm’s law and Kirchhoff’s Current Law
(KCL) have been used for calculating the power flow on branch b in
direction ¢ — j and is given as:

Pyrijo=(9+95) Uil = (g =0) - [Us ol - |Ujol - cosbyj 0
—(g+b) Uil |Ujol-sinb;j, V bij € T, ¥V oeO
(8)

Qvijo = —(b+bp)  [Uiol® = (g4+b) - Uil - |Ujool - cos b0

—(g=0) Uil |Ujo|-sinb;j, V bij € T, ¥V o€O
©)

and in direction j — 7 as:

Pyjio = (94 95r) - |Ujol® = (g =) - |Ujol - |Ui ol - cosbji o

- (g+ b) . ‘Uj,o| . |Ui70‘ . sinﬁji,o VY bji € 7—a07 VoeO
(10

ijz}o = _(b + bfr) ' |Uj,o|2 - (g + b) : ‘Uj70| : IUi,o‘ 'Coseji,o
— (g — b) . ‘Uj,o| . |Ui,o‘ . Sineji’o Vv bji € 7—0,07 VoeO
(11)

9> gfr» b and by, in these equations are the branch 7 section
conductance and susceptance parameters. Subscript fr in g, and
b, refers to the from end of the transmission line.

The power flows are limited by the branch operational limits as
follows:

(Poij.o) + (Qbijo)* < (S;")?Vbe B, VoeO (12)
(Pojio)” + (Qujio)* < (S5*)? Vbe B,Voc O  (13)
The nodal power balance equations are defined as follows:
> Puijo= Y. Pgio— Y. Puo (14)
bijeT ac gieT9en lieTload
— gt U2,V €T, Vo€ O
> Quijo= Y, Qgio— Y, Qiio (15)
bijeT ac gieT9en lieTload

+ohnt gt v ieT, YV oeO

Fig. E| shows an overview of the OBA approach. Initially, the
data depicting the initial system state (as provided by the system



Initial Data
system topology,
generation and
load profile

Solve SCOPF
(1)-(15)

Relax nodal
voltage limits
by +38

Fig. 4: Overview of optimization-based reactive power management

operator) is used to solve the SCOPF-based optimization problem.
If the solution is not feasible, nodal voltage limits are relaxed by
44, and the SCOPF-based optimization problem is solved again.
As the OBA uses a full non-linear ac formulation, it might lead to
sub-optimal results. Several techniques/methods have been proposed
in the literature to guarantee the optimality of optimization-based
solutions. However, the main focus of this paper is to compare the
decisions from OBA and EBA; thus, this work does not look into the
optimality aspect of the optimization-based approach solutions.

4 Case study
4.1  Test System and assumptions

RPM analysis has been carried out on a system representative of
the Polish transmission system as used in [28]]. PSE has provided the
data for analysis as a time series of input parameters and events. This
data consists of the anticipated grid states for the Polish transmission
system (generation, load and topology) and the unexpected events
(system contingencies) and is updated every 15 minutes.

The system consists of 339 extra-high voltage (EHV) nodes
(220kV and above) and 383 high-voltage transmission lines. The
generation mix for the system consists of synchronous generators,
wind farms, aggregated PV and pumped hydro generators. There
are 18 interconnections with other countries in the system under
consideration. These interconnections are considered as equivalent
generators operating in PQ mode. To avoid the complexities, only
generator redispatch and the use of shunt/capacitors have been
considered in the analysis.

For the analysis, the tripping of the biggest generator (886 MW) is
considered as the reference incident. The dispatch costs for various
generators are considered based on their fuel types. The generator
redisptach price for RPM is not publically available, hence the
generator active power redispatch price is considered to be the same
as that for frequency replacement reserve price for Poland. Fig. [j]
shows the variation of replacement reserves price with respect to
day-ahead market clearing price for October-December 2020 for
Poland. The replacement reserve and day-ahead market clearing
prices are considered based on the data available on the ENTSO-
E transparency platform [33} 34]. It was seen that the mean value of
the ratio varies from 4.5 to 4.8, and hence for our analysis, it was
assumed that the generator active power redispatch cost coefficient
for the contingency is five times that of the dispatch cost coefficient.
The reactive power redispatch cost coefficient is considered as 1/5
that of the active power redispatch cost coefficient [35].

In this paper, the RPM analysis has been carried out for three
different timestamps. The system parameters, such as the total
number of generators, the total number of nodes and the total
load in the system for the different timestamps, are shown in
Table [T} These three timestamps show the different power flow
scenarios for the considered system. The considered test system
is already constrained owing to the increased power flows from
non-synchronous RES [28]. For the timestamp TSI, the system
is undergoing maintenance. During the initial operation for the
timestamp TS2, the generation from RES is the highest. Also, for this

+

PR
== ==

'
—_

Replacement reserve price/
day-ahead price

=+ -+
October November  December
Month

Fig. 5: Ratio of replacement reserve price and day-ahead price for
Poland

Table 1 System parameters for different timestamps

Timestamp — TS1 | TS2 | TS3
System Parameter |

Generator number 102 103 102
Number of nodes 450 451 450
Total Load (GW) 30.43 | 30.67 | 30.58

Total Load (GVAr) 724 | 723 | 7.26

RES (%) 63.8 | 689 | 643

P (MW) for contingent generator 886 400 | 1000
Q (MVAr) for contingent generator | -900 | 300 | 1064

timestamp the reactive power resources are limited in the system.
This is done in order to investigate the system’s behaviour in extreme
cases. For the timestamp TS3, an average non-synchronous RES
generation scenario is considered.

4.2 Framework for optimization model

The optimization-based SCOPF model is developed in the
Julia programming language [36] using the JuMP package for
optimization [37] and uses the features of the PowerModels.jl [30]
and PowerModelsReliability.jl [38] packages. The simulations for
OBA were performed on a PC clocked at 2.6-GHz with 32-GB RAM
using the IPOPT solver (version 0.5.4) [39], and the computation
time was in the order of 10-20s for the considered test system and
contingency for each timestamp.

5 Results

The objective of RPM is to ensure that the nodal voltage limits
are adhered to in all situations. This is achieved by redispatching
the available reactive power resources in case of a contingency. As
mentioned earlier, for the timestamp TS1, the system is undergoing
maintenance, and hence the voltage (U;) is out of limits at some
system nodes as detailed in Table [2] For the timestamp TS2, the
voltage at several system nodes violates the upper voltage limit of
1.1 pu as shown in Table 2] owing to a lot of generation from RES
[28]]. For the timestamp TS3, there is violation in the upper voltage
limits at some system nodes.

For the considered system, in the event of the reference
contingency, if no remedial control action is taken, the number of
system nodes with voltage violation increases to 82 for timestamp
TS1 as presented in Table[2] For timestamps TS2 and TS3, the total
number of voltage violations decreases for the reference contingency
when no remedial action is taken; however, there is still voltage limit
violation at 236 and 11 system nodes, respectively as shown in Table
[2] Fig. [f] shows the spacial voltage profile of the system nodes for
the reference contingency without any remedial control action.

In the next step of the analysis, remedial actions were applied
for each of the timestamps based on EBA and OBA. It was seen
that with both approaches, it was possible to operate the system
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Table 2 Nodal voltage violations without RPM Table 3 System nodal voltages
Scenario |,  Timestamp | Number of nodes Timestamp TS1 TS2 TS3
Parameter - Ugvg Usq Uavg Usq Uavg Usq

U; <09pu. U; >1.1pu.

TS1 25 14

Initial TS2 6 302
operation TS3 0 19
TSI 82 0

Generator TS2 6 230
contingency TS3 0 11

within the permissible limits (slightly relaxed limits for TS2) using
the generator redispatch after the occurrence of the contingency. The
approaches have been compared in terms of the voltage profile at
system nodes, redispatch volume, redispatch cost and the number of
actions taken to mitigate the voltage violations as presented in the
following sections.

5.1 Nodal voltage

The voltage at the system nodes represents the reactive power
balance in the system. As mentioned earlier, the considered system
is already constrained with nodal voltage violations in the initial
operation stage as well as on occurrence of the reference contingency
without any remedial control actions. Changing the active and
reactive power setpoints of the available resources is a possible
countermeasure to avoid voltage issues or a voltage collapse in
the extreme case. Fig. shows a comparison of the system
nodal voltages for both approaches, the initial system state and
for no remedial action for all the timestamps for the considered
contingency. It can be observed from the figure that there are a
number of violations in the nodal voltage limits in the initial system
state as highlighted in Table 2} The nodal voltages with no remedial
actions are obtained by the power flow analysis of the system with
generator contingency. In this case, the additional power (required
due to generator contingency) is compensated by the distributed
slack generators, and thus no load-shedding is required.

The Fig.[7]also shows that the nodal voltage profile has improved
for OBA and EBA as compared to the nodal voltage profile when
no redispatch actions were considered. The figure shows that with
optimization of the system resources with OBA, for time stamps TS1
and TS3, the bus voltages could be maintained within operational
limits of 0.9 — 1.1 pu. However, for timestamp TS2 (with high RES
generation), it was only possible to maintain the voltages at some
nodes within relaxed limits of 0.8 — 1.2 pu using OBA. When using
the EBA, it was seen that the system could be operated with nodal
voltages within 0.9 — 1.1 pu for TS1. However, for TS2 and TS3
the nodal voltages could not be maintained between 0.9 — 1.1 pu
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Approach |
Initial state  1.02 0.09 1.23 0.12 1.05 0.04
No action 093 0.04 111 0.09 1.04 0.04
OBA 1.00 0.02 092 0.03 1.01 0.02
EBA 1.00 0.04 096 0.04 1.05 0.04

and system operation was only possible with relaxed nodal voltage
limits of 0.8 — 1.2 pu.

It is seen that with both approaches, it was not possible to maintain
nodal voltage within 0.9 — 1.1 pu for TS2, and a solution is only
feasible with relaxed nodal voltage bounds. As mentioned earlier,
only limited reactive power resources are available in the system for
this timestamp. This requirement for relaxing voltage bounds can be
interpreted as an indicator for future investments in reactive power
resources, but in the near real-time horizon, such nodes need to be
managed with relaxed constraints.

The average (Usvg) and standard deviation (Ugq) in nodal
voltages for the initial system state, both the approaches and with
no remedial actions, are shown in Table 3] It can be seen that OBA
and EBA result in keeping a uniform nodal voltage profile for the
system as compared to the initial system state and the case when no
remedial actions are taken. It can also be observed that OBA results
in a lower U, and hence results in better system performance than
the EBA.

5.2 Redispatch Volume

The TSOs have to pay the generation utilities to change their
active and reactive power outputs away from the electricity market
outcomes. Thus, a minimum amount of redispatch volume to
ensure secure power system operation in case of a contingency is
desired for economic reasons. For the considered system, the active
and reactive power redispatch volumes along with the difference
in volumes between the two approaches (EBA-OBA) for the
considered generator contingency, are shown in Fig. [§] and Fig. EL
respectively, for all the three timestamps. From Fig.% it can be
observed that the overall absolute active power redispatch volume is
less for all the timestamps for the OBA. Following OBA can result in
a reduction of active power redispatch volume by 31% (for TS2) —
42% (for TS1) w.r.t. the active power redispatch volume with EBA.
It is also seen that the upward regulation volume required for OBA
is less than the EBA for all the timestamps. However, for OBA,
more downward regulation volume (negative redispatch) is needed
for timestamps TS1 and TS2 as compared to the EBA.
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For the reactive power redispatch volume, it was again seen that
the overall redispatch volume is less for OBA as compared to EBA
as shown in Fig. [0} Using OBA will lead to the reduction of the
reactive power redispatch volume by 4% (for TS1) — 70% (for
TS2) w.r.t. the reactive power redispatch volume for EBA. The figure
also shows that for both reactive power injection and absorption, the
redispatch volume is less for OBA (except for timestamp TS1, where
the injection is marginally higher with OBA).

5.3 Redispatch cost

A redispatch cost is incurred for generator redispatching actions to
maintain system nodal voltages within their limits. As explained
in section 3] minimum redispatch cost leads to maximum social
welfare. The redispatch cost for the reference contingency has been
calculated using (II[) for OBA. The total redispatch cost for EBA has
been computed based on the generator redispatch volumes and their
respective costs. The redispatch costs are presented in Fig.for all
the timestamps. It can be observed that the OBA results in a lower
redispatch cost for all the timestamps. It was seen that using OBA
can result in a reduction in redispatch cost by 12% (for TS2) —

22% (for TS3) w.r.t. the EBA redispatch cost. It can be seen that the
redispatch cost with both the approaches is minimum for TS3 as for
this timestamp the number of nodal voltage violations was minimum
in the initial system operation state. The redispatch costs for TS2 are
lower than those for TS1 as for this timestamp the RES contribution
was highest and comparatively cheaper generator redispatch could
be carried out. The comparison of redispatch cost shows that the
OBA will lead to increased social welfare while ensuring secure
operational limits.

5.4 Number of actions

The number of control actions (number of changes in active and
reactive power setpoints) required to secure system operation for a
contingency is critical for the system operator. A system operator
desires the least number of actions as it takes time to coordinate
between different system operators in different control rooms and
to effect the changes in the physical system devices. A comparison
for the number of actions(with redispatch volume > 10 MW/MVAr)
for EBA and OBA for RPM has been carried out and is presented in
Table[]for all the timestamps. These actions are required to bring the
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Table 4 Number of actions required for RPM

Timestamp — TS1 TS2 TS3
Approach | OBA EBA Difference | OBA EBA Difference | OBA EBA Difference
Active power setpoint changes 50 55 5 48 61 13 43 46 3
Reactive power setpoint changes | 38 43 5 10 34 24 6 40 34
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Fig. 10: Generator redispatch cost for reference contingency

nodal voltages within the operational limits from the initial system
state (with nodal voltage violations) and due to the occurrence of the
reference contingency.

It can be observed from this table that with the OBA, the system
operator will need to undertake fewer actions as compared to the
EBA. TableElalso shows the difference (EBA-OBA) in the number
of actions required for both approaches. The difference in the
number of actions is small for TS1; however, there is a significant
difference in the number of actions for the other two timestamps.
For the OBA, both positive and negative deviation (redispatch) from
the initial setpoints is penalized (as shown in (T for redispatch cost
calculation), which restricts the total number of control actions. For
EBA, simple heuristics have been used for calculating the decisions.
Also, for timestamp TS2 (limited reactive power resources and high-
RES scenarios) and TS3 (high-RES scenarios) with the EBA power
system operation is only possible after relaxing voltage limits to
0.8 — 1.2 pu, which in turn gives more flexibility in the generator
redispatch. At the same time, negative redispatch is not penalized
in the EBA, which increases the number of control actions and a
significant difference between the two approaches.

It was seen that using OBA will lead to a reduction of 6% (for
TS1) — 43% (TS3) in the required number of actions (difference in
the total number of actions/total number of actions for EBA). The
reduction in the number of actions with OBA will lead to fewer
changes in the setpoints of the controlling devices. At the same time,
it will reduce the communication and coordination requirements and
thus will reduce the burden on the system operators.

Fig. [I1] shows a comparison of the actions taken based on the
OBA and the EBA for RPM for the reference contingency for
all the timestamps. In this case, an action/decision is considered
to be the same if the same generator is redispatched with both
approaches, irrespective of the redispatch volume. If any generator
has a different redispatch decision between the two approaches,
the action is considered to be different. It can be seen in Fig. [T]]
that most of the decisions for active power redispatch are the same
with both approaches. For reactive power redispatch, for timestamp
TS1, only a few redispatch actions are different. However, for
the remaining two timestamps (TS2 and TS3), a large number of
redispatch decisions are different.

Further analysis on the similarity of the redispatch decisions was
carried out and is shown in Fig.[T2} This figure shows the distribution
and density of the difference in generator active and reactive power
setpoints with EBA and OBA approaches for all the timestamps
and the considered reference contingency. For timestamp TS1 and
TS2, the median difference in generator active (with label TS1P and
TS2P) and reactive power (with label TS1Q and TS2Q) setpoints for
both approaches is less than 25 MW/MVAr. For timestamp TS3, the
median difference in the active power setpoint of generators is 25
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MW and that for reactive power setpoints is less than 25 MVAr. For
active power redispatch decisions for TS3, it is seen that although
only a few redispatch decisions are different, there is a considerable
difference in the active power redispatch volume. As shown earlier
in Fig.[TT] many reactive power redispatch decisions were different
for TS3 with EBA compared to OBA; this difference in decisions
leads to a considerable variation in generator setpoints with EBA
and OBA. The same is again highlighted by a significant difference
in the generator reactive power setpoints for both the approaches as
shown in Fig. [T2)(with label TS3Q).

Overall it was observed that for both approaches and for
all timestamps, similar generators are redispatched, although the
redispatch volume varies.

6 Conclusion

The objective of reactive power management is to minimize the
number of nodal voltage limit violations, and that objective has been
achieved with both OBA and EBA. A comparison of the SCOPF
based OBA, and the EBA has been carried out in this paper detailing
the various aspects of RPM. Both approaches have been applied to
a system representative of the Polish transmission system. It has



been presented that both approaches help in reducing the number
of nodal voltage violations while meeting the system operation
constraints for a reference contingency. From the comparison of
results, the OBA results in a reduction in redispatch cost up to 22%
for the reference contingency compared to EBA, which will lead
to savings for a TSO and, in turn, increased social welfare. The
approaches were also compared in terms of the active and reactive
power redispatch volume. It was again seen that the OBA results in
lower redispatch volumes. When comparing the number of actions
required to mitigate the effects of the reference contingency, it was
again seen that the OBA resulted in a smaller number of required
actions. The number of actions in OBA can be further reduced
by considering the number of actions in the optimization objective
function as a multi-objective optimization problem.

One of the major takeaways from the comparison of the two
approaches is that for both approaches, most of the redispatched
generators are the same, albeit the redispatch volumes are different.
This highlights that OBA’s decisions are similar to those taken
with EBA. The TSOs have been using the EBA for reactive
power management for a long time and have confidence in this
approach owing to historical reliable system operation. The OBA
would improve reactive power management for the futuristic RES-
dominant power systems with optimal utilization of available
resources. As there is still hesitancy among the system operators to
use OBA for RPM, this study can be used as a starting point to instil
confidence in OBA for system operation.
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