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ABSTRACT Integrating renewable energy sources (RESs) into electric power systems is environmentally
beneficial; however, it also introduces operational challenges. The multiperiod optimal power flow (MP-
OPF) problem becomes increasingly complex owing to the variability and uncertainty in RESs power
output and load demand. To ensure system stability and reliability, other conventional generators must
quickly adapt their output to counter fluctuations in RESs and mitigate network congestion. In this study,
we propose a novel approach utilizing a long short-term memory recurrent neural network (LSTM-RNN)
to address the MP-OPF problem. The LSTM-RNN’s capability to handle time-series data enables fast and
accurate predictions. By formulating the MP-OPF as a sequence-to-sequence learning problem, we train the
LSTM-RNN to map input data (load demand, renewable generation) to output data (generator output, RESs
injection) to meet power network constraints while simultaneously achieving economic power dispatch to
generators. Additionally, we perform the post-processing on the output of LSTM-RNN results to obtain
a feasible power generation schedule at each time step and to analyze network congestion and RESs
curtailment. Furthermore, the proposed approach is demonstrated on the IEEE-39 bus system with time-
series data, achieving highly accurate OPF solutions. Computation time is approximately 160 times faster
than conventional solver.

INDEX TERMS Deep learning, generation scheduling, LSTM-RNN, optimal power flow, renewable energy
integration.

ACRONYMS AND NOMENCLATURE

AIgIE(S)NYMS R bl ELM Extreme learning machines.
§ enewaplie energy sources. CNN Convolutional neural network.

OPF Optlrpal power ﬂow. FCNN Fully connected neural networks.
MP-OPF Multiperiod optimal power flow. DRL Deep reinforcement learning.
LSTM-RNN Long short-term memory recurrent neural $28 Sequence-to-sequence
DNN %etwork. 1 K RMSE Root mean square error.

cep neura netv'vor T NRMSE Normalize root mean square error.
SCOPF Security-constrained optimal power flow. MAE Mean absolute error
GNNs Graph neural networks. NMAE  Normalize mean absolute error.

PTDF Power transfer distribution factors.
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NOMENCLATURE

Pglin, ??X Minimum and maximum active power

generation limits of ith generator.
gfii”, (O Minimum and maximum reactive power

generation limits ith generator.

R:,pl Rgf’i”’” Ramp-up and ramp-down limits of the
ith generator.

Py i oy i Active and reactive power absorbed at
bus j at a time ¢.

P;’ o ;’ j Active and reactive generated power at
bus j at time 7.

Vj' Vi Voltages at bus j and k at time ¢.

Yj’ i Admittance between bus j and k at

time ¢.

Minimum and maximum voltage angle
limits at bus j.

Minimum and maximum voltage limits

min pmax
0"

min max
Vith v

at bus j.

Fpax Maximum capacity of the line 1.

Qj’ Voltage angle limits at bus j at time 7.

F| Line flows for line 1 from and to the bus
at a time ¢.

P;’l. Active power of the iy generator at a
time 7.

Q;’ ; Reactive power of the iy, generator at a
time 7.

o, B,y Cost coefficients of the ith generator.

P Power demand input to LSTM-RNN
network at time 7.

P, RESs RES generation input to LSTM-RNN

network at time ¢.
P! G Predicted generator dispatch output of
' LSTM-RNN network at time .
Predicted RES injection power output of
LSTM-RNN network at time ¢.
Observed and predicted data points.
Y Average observed value.
1 Calculated flow based on the predicted
dispatch in line /.
PTDF factor from source bus s to receiv-
ing bus r for line /.
Power injection at source bus s, and
received at receiving bus r.
Xjj Reactance of the line connecting the bus
iandj.
K Terms from inverse of the admittance
matrix.
Curtailed power value for RES.
Available power of the mth RES.
Injected RES power of the mth RES.

PTDFy

!
pr,sr

!
P curtailed ,RESs
Pt

g,m,RESs

!
Pinj,m,RESs

I. INTRODUCTION

Renewable energy sources (RESs) are increasingly being
integrated into electric power systems owing to their envi-
ronmental and economic benefits. Despite the fact that this
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integration is advantageous, it requires the development of
novel approaches in order to solve operational issues such as
volatility and reliability of the system caused by the inherent
variability and uncertainty in RESs power output and load
demand. In order to develop a suitable solution, research is
required in this area. Furthermore, it is challenging for power
system operators to balance electricity supply and demand in
real time. To maintain stability and reliability in power sys-
tem operation, other conventional generators need to provide
sufficient flexibility to the power system by quickly adjust-
ing their operating points to compensate for the variability
introduced by RES generators [1]. Moreover, the integration
of RESs results in network congestion because of excessive
surplus power generation, which can lead to various system
operation problems, such as power outages, line overloading,
and voltage and frequency instability [2]. To deal with such
operational issues, power system operators use optimal power
flow (OPF) analysis to achieve secure and economic opera-
tion conditions for the entire power systems. OPF analysis
was introduced in the early 1960s to optimize the dispatch
of power generation and to control the flow of electricity in
the transmission network while satisfying various operational
and physical constraints [3], [4]. However, the OPF problems
become challenging when the power system size increases
owing to the increasing complexity of the objective function
with a large amount of equality and inequality constraints.

Recently, with variable generation from RES and load
demand, it has become more cumbersome to solve the
OPF problem. A large number of scenarios and cases must
be analyzed, requiring large amounts of computation to
obtain the solution. Additionally, with the involvement of the
time-varying RESs and load, the solution needs to consider
the temporal coupling of the variables over the time horizon,
which results in a multiperiod optimal power flow (MP-
OPF) formulation [5]. For instance, temporal dependence is
inevitable in adding the ramping constraints of generators [6].
Therefore, MP-OPF becomes a more comprehensive solu-
tion for operation. However, this makes the OPF problem
more complex, nonlinear, and nonconvex, which requires
substantial time to solve. Furthermore, real-time operation
requires solutions in time which is crucial to avoid system
failure and cascaded blackout. Therefore, a fast and optimal
system scheduling solution that can identify and manage
the system on time is crucial. Given these complexities and
requirements, there is a pressing need for more adaptable and
quicker computational methods, motivating our exploration
of data-driven machine learning algorithms to efficiently
manage these challenges.

Recent studies have focused on investigating the use
of data-driven machine learning algorithms to enhance the
effective application of OPF. In learning-based approaches,
machine learning or deep learning algorithms are used to
learn the mapping between power system inputs and the
corresponding optimal power flow solutions. The learning
process involves training the machine or deep learning mod-
els using a set of labeled training data (supervised learning),
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which consists of input-output pairs. It helps obtain the near-
to-optimal solution with less computation time.

As the MP-OPF problem may considerably increase the
computation time for large systems when applied for a long
time horizon, the use of the conventional OPF tool may be
restricted. To this end, applying machine learning algorithms
in MP-OPF has the potential to predict reliable solutions
in less time compared to conventional methods. Moreover,
learning-based algorithms can substantially reduce the com-
putational time required to solve the MP-OPF problem, which
is essential for power systems.

Owing to the advantage of the fast and reliable solution
acquisition of the learning based methods and to overcome
the restrictions of conventional OPF, we propose an MP-OPF
based on long short-term memory recurrent neural network
(LSTM-RNN). This approach aims to provide timely solu-
tions essential for system stability and suitable to handle
the temporal dynamics inherent in MP-OPF problems. Fur-
thermore, the proposed approach helps obtain fast power
generation schedules and identify congestion using the line
loadings and curtailed power of RESs to manage the uncer-
tainty of the RESs and overall operation in time. The MP-OPF
problem is a time-series problem, which is a sequence of
observations over time. Hence, the LSTM-RNN architecture,
which is well suited for time-series predictions, is used in
this study. The LSTM-RNN involves memory which allows
more learning for longer-term trends, such as in time-series
data [7].

Interest in learning-based OPF has been growing, and sev-
eral studies have been reported in the literature [8]. Herein,
we summarize the key findings and methodologies employed
in various learning-based OPF studies as we review the
relevant literature. In [9], the authors employed a deep neu-
ral network (DNN) model for the OPF problem using the
load demand as the model inputs and power dispatch and
voltage as outputs. They achieved faster computation speed
and reasonable precision compared to those using traditional
OPF solvers; the solution was feasible and tested on var-
ious network cases. Similarly, [10] proposed DNN-based
approach for security-constrained OPF (SCOPF) problem.
By taking load data as input and predicting real-power dis-
patch, in comparison to conventional solvers, it delivered
feasible solutions with less than 0.2% optimality loss and
a much shorter computation time. Reference [11] used a
DNN-based OPF approach focusing on identifying conges-
tion and calculating RESs curtailment. The authors used load
demand and RESs power generation as input, and genera-
tion scheduling, congestion identification, and RESs power
injection as output. The method reported an error rate of
less than 1% and considerably shorter computation time.
For further details on DNN-based OPF, readers may refer
to [12], [13], [14], and [15].

In [16], a physics-informed neural network is presented to
estimate the OPF solution for a given demand. The frame-
work incorporates power flow equations during the neural
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network training, resulting in higher prediction accuracy with
fewer data points. Moreover, the paper introduces a method
to minimize worst-case constraint violations in the OPF prob-
lem. Reference [17] proposed a data-driven OPF approach
that uses extreme learning machines (ELM) to provide faster
results while maintaining acceptable accuracy. The speed of
OPF computations was significantly boosted by their method,
which outperformed traditional solvers by a factor of more
than 100. In [18], a novel model based on neural networks
and random forests was presented for SCOPF. The approach
used multitarget regression and local information to predict
power generation dispatch. The dataset included load data,
contingency scenarios, and transmission-line data. Various
Al algorithms for mapping OPF were presented in [19],
and gradient-boosting regression had the best performance
in terms of accuracy and computational time. The input was
load demand, and the outputs were real and reactive power
dispatch and voltage levels. Some network constraints were
violated, even though more than 90% of predictions were
within 5% of the true solution.

References [20] and [21] investigated warm-starting OPF
using graph neural networks (GNNs) for power systems in
Illinois and Texas. Load data served as input, and the out-
put was real-power scheduling. Both studies demonstrated
the superior speed of GNN-based methods compared to
conventional OPF solvers. In [22], a novel approach based
on a random-forest model was presented, where predicted
OPF solutions were used as starting points for the solver,
outperforming direct current warm and flat-start methods.
In [23] and [24], the topology aware GNN for learning OPF
solutions by emphasizing the use of topology information
in machine learning models for OPF is proposed. In [25],
authors have presented a novel framework for OPF anal-
ysis based on convolutional neural networks (CNN). and
self-attention mechanism. In the proposed approach, power
network rearranged the data to resemble the structure of a
multi-channel image to be utilized in CNN. It helped to
improve the model’s ability to generalize for various power
system sizes. In comparison to existing OPF algorithms,
the proposed method showed better efficiency and accuracy.
Similarly, the authors in [26] framed the OPF problem as both
a regression and a classification problem. They examined
fully connected neural networks (FCNN), CNN, and GNN
for OPF, demonstrating GNNs’ higher performance in cases
with changeable topology.

In addition to end-to end supervised learning, there are few
studies that have introduced reinforcement learning (RL to
frame OPF problem with temporal constraints. For instance,
in [27] and [28] the deep RL (DRL)-based OPF is presented
for real-time operation. In these studies, the authors have
designed the OPF problem as a safe DRL by using the
constrained Markov decision process to ensure the feasibil-
ity of the solutions. Nevertheless, LSTM-RNN can have an
advantage over DRL techniques because of its simpler prob-
lem design. It requires mapping the input and output based
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on historical data. On the other hand, RL requires a more
complex setup, including reward functions, agents, and envi-
ronments. In a high-dimensional stochastic setting, designing
the reward function may be a complicated procedure, and per-
formance may become unstable [24] However, the purpose
of this study is to apply and enhance the use of supervised
learning for problems with temporal dependencies, such as
the MP-OPF problem. RL is another field to study in depth
for the OPF, and it is beyond the scope of this paper.

For further exploration of learning-based OPF, [29], [30],
[31], [32] provide valuable insights. Additionally, surveys
related to learning-based OPF can be found in [8] and [33].
These studies collectively showcase the growing popularity
and effectiveness of Al techniques in addressing OPF chal-
lenges in power systems.

Notably, the literature focuses on single period or snapshot
OPF studies using machine learning and deep learning tech-
niques. There is a need to integrate the temporal dependencies
in the learning-based OPF solution in order to use it for real-
world problems. In real case scenarios, the OPF problem
needs to be solved by considering uncertainties frequently,
and the problem becomes more complex if temporal informa-
tion is added to it. To this end, learning-based OPF comes into
play to reduce the computation time of the solution. A very
few studies have applied learning-based methods to MP-OPF
problems. Therefore, a novel LSTM-RNN-based approach
for MP-OPF is proposed to address this gap. Furthermore,
in order to ensure that the OPF solution obtained from the
LSTM-RNN network satisfies load demand, network, and
generation constraints, a systematic post-processing tech-
nique is proposed. Post-processing the LSTM-RNN network
output results in updated feasible power generation sched-
ules, line loadings, congestion information based on line
loadings, and RES curtailment values. This approach can
quickly solve the MP-OPF problem with negligible opti-
mality loss. As the MP-OPF problem is temporal and uses
time-series data, LSTM-RNN is chosen as the model because
it achieves better accuracy in time-series prediction. The
concept of the proposed MP-OPF is depicted in Fig. 1.

The contribution of the study is summarized as follows:

o The study proposes an LSTM-RNN-based model for
solving the MP-OPF problem, which is a complex
optimization problem that involves finding the power
generation schedule for a given time horizon subject
to various constraints. The study introduces a novel
formulation of the MP-OPF problem as a sequence-
to-sequence learning problem and uses LSTM-RNN to
learn the mapping from the input data (such as load
demand, renewable generation) to the output data (such
as generator output, RESs generation injection). It helps
solve the temporal and nonlinear aspects of the MP-OPF
problem.

o The study proposes a post-processing method to ensure
feasible solutions within the limits of constraints. Post-
processing is applied to the solution obtained from
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the LSTNM-RNN network to obtain feasible power
generation schedules, network line loadings, and RESs
curtailment values. The proposed approach can provide
fast and accurate solutions with negligible optimality
loss compared to conventional solvers that are compu-
tationally expensive.

o The study demonstrates the effectiveness of the pro-
posed method on the IEEE-39 bus power system using
time-series data and evaluates the performance of the
proposed method in terms of accuracy, feasibility, and
computation time by comparing the proposed method
with traditional OPF solvers.

Forecasting system
LA !‘)v’fk‘(' V“"'in“‘ll."‘y .....................

”‘& | H

# B | pregicted i
Load F i Time seried ¢
¢ ‘Loadlorecasting | profiles | System operator
o RESs forecasting P L Y P

Run DL aided MP-OPF

(fast solution),
» Manage uncertainty

\" / ¢ Congestion
0 |
M

Periodic dispatch set-points

management
Curtailment scenarios
Contingency scenarios
Final dispatch

Power system
network

Network
data

FIGURE 1. Concept of proposed Al aided MP-OPF dispatch.

The remainder of the paper is organized as follows.
Section II formulates the MP-OPF problem. Section III
presents the proposed approach for MP-OPF based on
LSTM-RNN. Section IV describes the experiment for the
case study of the IEEE-39 bus system. The Results are pre-
sented in Section V, and conclusions are drawn in Section VI.

Il. FORMULATION OF MP-OPF PROBLEM
The MP-OPF problem is formulated mathematically as fol-
lows.

A. OBJECTIVE FUNCTION
The objective function f(x) is defined as

T [Ngen
minf() =min 1 > | > CP | D

&t r=1 \i=1
where the optimization variable x includes the output power
of dispatchable generators P/’g,i which is defined as the gen-
eration power of the i;, generator at a time ¢; T is the overall
period of the optimization; N, is the total number of the
generators; and C, is the function of the generation cost of

the dispatch power.

B. POWER EQUALITY CONSTRAINTS

Nbus *
(Pf‘s’sj_PZ’]’)_Re Vjt (Z th,kvkt) =0’j:17-~'sNbu57
k=1

@
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Npys,

Nipus *
(Qt Qd]) Im Vt(z ka) =0,j=1,...,

k=1

3)

where P, ; and Qf ; are the active and reactive generated
power and P; and o jare the active and reactive power
absorbed at a bus j at a time ¢, respectively. V’ and V| are
the voltages at bus j and k at time ¢, respectlvely, k is the
admittance between bus j and k at time t. Npy; is the total
number of buses in the system.

C. BUS VOLTAGE AND ANGLE LIMIT CONSTRAINTS

min t max s __
oM <6 <o™, j=1,...

» Npus, (4)
ijin < Vjt < ijax’ Jj=1,..., Npys, o)

where ;™" and ;" are the minimum and maximum volt-
age angle limits, and ijm and V™ are the minimum and

maximum voltage limits at a bus j, respectively.

D. LINE CAPACITY CONSTRAINTS
Power flows in the transmission lines can be determined by
the voltages and phase angles of two buses where the lines are
connected. Because of the physical limits of the lines, such as
the thermal limits of the lines and transformers, insulations,
and protections, line flows are limited to specific capacity
limits. Equation (6) expresses the constraints of line flows in
MVA as follows:

[Fi0. V)| < F"™, 1 =1,..., Niine, ©)
where Fj ! is the line flows from and to the bus at a time ¢,

respectlvely, F"™ is the maximum capacity of the line; and
Niine 1s the total number of lines in the power system.

E. GENERATION LIMIT CONSTRAINTS

, .
Pmm < P < P;ﬂﬁllx7 1= ], ...,Nggny (7)
Opi" = Qi = O i =1, Neen ®)

where Pmln and Q;m“ are the minimum active and reactive
generat1on limits, and Pmax and Qmax are the maximum active
and reactive generatlon hmlts of ‘the ith generator, respec-
tively.

F. RAMPING LIMIT CONSTRAINTS

P, P" l)<R§”l,':1,...,1\/156,1 )
PUTD - P;lfRd"W”,izl,...,Ngen (10)

where R”p and Rd"W” are the ramp-up and ramp-down limits
of the zth generator respectively.
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G. FUEL COST CURVE

Generator cost curves are usually presented as cubic,
quadratic, or piecewise linear functions. Here, we use a
quadratic fuel cost function defined as:

Co(Py ) = a + B.Py; +.(Py ), (11)

where «, B, and y are the cost coefficients of the ith generator

IlIl. LSTM-RNN BASED MP-OPF

A. STRUCTURE OF LSTM-RNN BASED MP-OPF

In this study, we propose an MP-OPF based on LSTM-
RNN for time-series operation in order to obtain generation
schedule along with line loadings, RESs curtailment and
congestion information. The architecture for the proposed
MP-OPF based on LSTM-RNN consisting of the follow-
ing four steps is shown in Fig. 2. Details of each step are
explained in the subsections.

Step 1: In the first step, the dataset is created.
In real systems, the historical data is obtained from the
energy-management system at the system-operator end. The
data should comprise historical MP-OPF dispatch solutions,
load, and RESs generation. Herein, we create a dataset that
includes the MP-OPF solution computed using a conven-
tional MP-OPF solver, historical time-series load, and RESs
power generation data.

Step 2: The LSTM-RNN model is then trained using the
input as the time-series RESs power generation and load data
while the output is the time-series generation dispatch.

Step 3: This is the inference phase, where unseen inputs
are provided to the trained LSTM-RNN model to obtain the
outputs. The test set is used at this stage to obtain the MP-OPF
results from the trained model. A 24-h operation horizon is
considered. In real-case scenarios, the input is the real load
demand and renewable energy generations. Then, the trained
RNN-LSTM model enables the prediction of the MP-OPF
outputs.

Step 4: The obtained MP-OPF output is then moved to the
post-processing phase where the transmission and equipment
constraints are checked and the final output is obtained in
terms of updated generation schedule, congestion scenarios,
line loadings, and power curtailment values of the RESs
power.

B. DATASET CREATION AND DATA PRE-PROCESSING
Dataset creation and data pre-processing is the first step
of the proposed scheme. In this step, a dataset is created
using time-series data which includes the load and renewable
energy resource data as input data. This input data is fed into a
conventional MP-OPF solver [34] and the MP-OPF solution
is obtained.

The solution of the MP-OPF solver is stored as the output
data. We used five years of hourly data for load and RESs
data. We used the wind speed data from the NASA database
for New England, USA. The load data was acquired as his-
torical real data of the same location and scaled to the peak
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FIGURE 2. Proposed LSTM-RNN MP-OPF framework.

value of the case-study system; more detail for the dataset and
time-series data analysis is provided in the case-study section.
Furthermore, in this step, pre-processing was performed to
handle the data outliers, feature scaling, and data division
for training, validation, and testing of the proposed approach.
The method to create the database is depicted in Fig. 3.

C. TRAINING OF THE LSTM-RNN MODEL

The LSTM-RNN model was trained using the training
dataset. In this case, sequence-to-sequence (S2S) architecture
was used for LSTM-RNN training. The architecture of the
LSTM-RNN for the MP-OPF problem is shown in Fig. 4.
In this approach, the sequence of the input was fed into the
LSTM-RNN cells to obtain the sequence of output while
minimizing the training loss. LSTM-RNN was used for the
proposed model because several studies showed that it is best
suitable for time-series problems. For training, hyperparam-
eters were optimized using the validation set.

The network has various layers, such as the input layer,
the output layer, the fully connected layer, and several hidden
layers based on LSTM cells. The addition of more than one
LSTM-based layer deepens the network and aids it in learning
the temporal connections associated with the relevant time
steps. The predicted result is outputted by the fully connected
layer and the output layer. Inputs are fed to the LSTM layer
in the form of the sequence ¢ € T which is the time horizon
as the MP-OPF period, while the feature inputs are the load
and RESs presented as F. Furthermore, the total number
of training examples is presented as N. After passing the
examples from the network, final outputs are generated as
Gy, ....Gr.
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FIGURE 3. Architecture of database creation for LSTM-RNN based
MP-OPF approach.
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FIGURE 4. LSTM-RNN architecture for MP-OPF.

For MP-OPF, we used multiple inputs such as time-series
demand P!, and RES generation P’g rEss for T time steps. The
output consisted of the predicted generator dispatch values
Pp - including RES generation injection ij RrESs 1-€. multi-
ple outputs for T time steps.

D. PERFORMANCE EVALUATION

To test the trained model, we used the test dataset for one
year and obtained the generation schedule and including
RESs power injection into the system.We compared the accu-
racies of test results with the validation results accuracies
to prevent underfitting and overfitting of the model. Then,
we fed the output into the post-processing phase for the
final output. We used the following performance parameters
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in this study: root mean square error (RMSE) (12), nor-
malized RMSE (NRMSE) (13), mean absolute error (MAE)
(14), and normalized MAE (NMAE) (15). The aim to utilize
multiple evaluation metrics was to provide a comprehensive
analysis of the model performance from different statistical
perspectives, each relevant to the specific characteristics and
requirementsThe RMSE and MAE are widely used metrics
for regression problems; therefore, we have used these met-
rics for the proposed study. Normalization of these metrics
is performed to evaluate the various parameters on the same
scale.

N
1 2
RMSE = | > (e -l (12)
i=1
RMSE
NRMSE = ——— % 100%, (13)
1 N
MAE:NZW,-“—W,P, (14)
i=1
MAE
NMAE = —— % 100%, (15)

In the above equations, wi“ and w{’ , are the observed
and predicted data points, respectively; ¢ is the average
observed value; N is the total number of samples.

E. POST-PROCESSING PROCEDURE

The output of the LSTM-RNN model was postprocessed.
The results were checked to make them feasible within the
limits of constraints such as power balance, ramping limits,
generation minimum and maximum power.

This was done using the information of the physical system
configuration. Fig. 5. shows the flow chart of the post-
processing process. The post-processing is described in the
following steps.

Step 1: For generation constraints, the obtained power
generation dispatch is adjusted as follows: If the obtained
generation point of any generator is more than the maximum
or less than the minimum power, it is adjusted to the minimum
and maximum generation limits, respectively.

Step 2: If the output generating schedule does not meet
the demand, the power balance is maintained by adjusting
the operating points of the generators within the generation,
ramping, and line-loading limits.

For example, if the total generation is less than the total
load demand, then the power points of RES generators are
increased, given that RES power is available and line loadings
are within limits. If it is true then power is assigned to
other generators (considering line, ramp-up, and generation
limits) based on cost prioritization until generation balance is
achieved.

Similarly, if the total generation exceeds the load
demand, power is reduced, starting from the costliest
generator to the cheapest until the power balance is
maintained.
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FIGURE 5. Flow-chart for the post-processing process.

The line flows are calculated based on the updated power
dispatch and power transfer distribution factors (PTDF) as
follows.

f| = PTDF;}; P! (16)

ij,sr* pr,sr

where f/' is the calculated flow based on the predicted dis-
patch in line [ from bus i to j, PTDFj; ;. is the factor that
gives the fraction of power to the network at source bus s to
receiving bus r which flows over line [, P pr ¢ 1s the power
injection at source bus s, and received at receiving bus r.

In addition, PTDF is obtained from the inverse of the
admittance matrix as in [27]:

1
PTDF{/,W = f[(’(is — Kir) — (st - Kjr)]» an
ij

where x;; is the reactance of the line connecting the bus i and
J» and « terms are obtained from the inverse of the admittance
matrix.
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Line loadings are obtained in MW and then converted to
percentage values. Line loadings also help identify conges-
tion in the line, and early warning on overloaded lines can be
obtained.

Step 3: During post-processing, the amount of RES power
curtailment is the power generation from RESs minus the
predicted RESs power injection by the N, source at each time
step, calculated as:

N, N,
! _ 2 : ! 2 : i
Pcurtailed,RESs - Pg,m,RESS - Pinj,m,RESS’ (18)

where P!, .. 4.RESs 18 the curtailed power value, P;,m, RESs 18
the available power, and P;nj’ m.RESs 15 the injected power of
the mth RES, respectively.

Step 4: The overall generation cost is recalculated based on
the updated power generation dispatch using (11).

In summary, the updated generator schedule, total gener-
ation cost, amount of RES power curtailment, RES power
injection, and line loadings are obtained as the final output
after the post-processing procedure.

IV. EXPERIMENTAL SETUP
A. CASE STUDY
The case study for the proposed approach explored the IEEE
39-bus system, which is a 10-machine New England power
grid [35]. The system has a transmission voltage of 345 kV
and 10 generators that can produce up to 7,367 MW. The
system has 21 loads with a peak demand of 6,254 MW.
The network comprises 46 branches that connect the buses,
including six tie lines that link three areas. A RES generator
in the form of a wind farm was added on bus 18, as shown in
Fig. 6.

The network data for the study was taken from [36]. The
wind power and load profile in terms of time-series data are
described in the following subsections.

1) LOAD DATA

The load data was acquired as historical real data of New
England [37]. The data was scaled to the 6254 MW peak to
match with the IEEE 39-bus system. The monthly average
load pattern for the year 2020 is shown in Fig.7; the same
patterns were observed for other years. Usually, peaks happen
at night between 6 and 9 o’clock. The months of July and
August have the most consumption.

2) WIND SPEED DATA

We used wind turbines as RESs at Bus 18 and the data for
wind speed were obtained from NASA [38]. The wind speed
curve with rated power, and cut-in and out speed is shown in
Fig. 8. The wind speed distribution is shown in Fig. 8.

We considered a 700-MW wind farm which was assumed
based on the average total rated generation of other generators
which is around 700 MW. The farm comprised of 140 wind
turbines generating 5 MW. The power output is calculated
using the wind speed, swept area of the turbine which we
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FIGURE 7. Monthly load pattern.

considered as 12,868 m?2, and air density, which is taken as
1.225 kg/m?

B. DATASET DIVISION

For MP-OPF, we used the time-series data of wind speed,
and for the load data, we used five years of wind speed and
power consumption data. Wind speed data were acquired
from NASA. The load data were acquired from the New
England region. The data were further divided into training,
validation, and test sets as described in Table 1.

C. HYPERPARAMETER TUNING
To achieve the best forecasting model performance, it is
crucial to fine-tune the hyperparameters that affect the com-
putation and memory factors. In this study, we tuned the
hyperparameters of the LSTM-RNN model such as the num-
ber of hidden layers, number of hidden units, dropout rate,
number of epochs, optimization solver, learning rate, and
scaling of features. Table 2 shows the optimal values of the
hyperparameters for the LSTM model from the search space.
The hyperparameter optimization was done by trial-and-error
method.

Among the tested optimization solvers, which included
ADAM, SGDM, and RMSprop, the ADAM optimizer was
the most effective. The optimal values for the number of
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TABLE 1. Data division.

Datasets Periods Number of days
Training set 1 Jan 201631 Dec 2018 1096
Validation set 1 Jan 2019-31 Dec 2019 365
Test set 1 Jan 202031 Dec 2020 366

TABLE 2. Hyperparameter for LSTM-RNN based MP-OPF.

Hyperparameter Value Search space

Learning rate 0.001 0.0005,0.1, 0.01
and 0.001-0.005

Optimization solver ADAM ADAM, SGDM,
RMSprop

Feature scaling Standard Min—Max and
Standard scaler

Number of layers 2 1-15

Hidden units/layer 24 12,24, 48, 96,
192

Number of epochs 4000 500-5000

Dropout rate 0.5 0.05-0.8

hidden layers and hidden units were 2 and 24, respectively.
The standard scaler method was used for feature scaling as
it yielded the best results. The dropout rate was fixed at 0.5,
which also helped to prevent overfitting. Lastly, the number
of epochs was set to 4000.

V. RESULTS

In this section, the results of the proposed approach are
shown and discussed. Herein, the IEEE-39 bus system is
used, as described in the case study. First, the results
for the LSTM-RNN model are discussed, and then, the
post-processing results are reported. Thereafter, a comparison
between the output of the proposed approach and that of the
conventional approach is performed. Finally, the computation
burden is compared.

A. LSTM-RNN BASED MP-OPF TRAINING PERFORMANCE
The LSTM-RNN model is trained on the MP-OPF input
and targeted outputs. The period is selected as 24 h; it pro-
duces the prediction of 24 time slots. We obtained the results
for the generation scheduling and postprocessed them to
obtain the line loading, RES curtailment and total generation
cost. Fig. 9 shows the scatter curve fitting plot for the test
set for the MP-OPF solutions, which are generation dispatch
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FIGURE 9. Scatter plot for the generation obtained from LSTM-RNN based
MP-OPF and calculated from conventional OPF.

points (including RES generation) obtained from the conven-
tional MP-OPF solver. These are considered measured points
versus generation dispatch points obtained from the trained
LSTM-RNN model.

Table 3 shows the accuracy results in terms of RMSE,
NRMSE, MAE, and NMAE. The NRMSEs are <0.1% for
both validation and test sets (Table 3 ). Results of NRMSE
comparisons of the validation and test sets are shown in
Fig. 10. The comparison shows that the trained network is
neither underfitted nor overfitted because the accuracy is
almost the same for the validation and test sets; hence, the
model is well generalized.

B. LSTM-RNN-BASED MP-OPF AFTER POST-PROCESSING
ACCURACY ANALYSIS

The obtained generation dispatch solutions from the trained
LSTM-RNN model are post-processed and used to calculate
the line loadings, RES curtailment values, and generation
cost to the expected dispatch solution. Accuracies in terms
of NRMSE are calculated for these parameters using the
conventional MP-OPF solver values.

The accuracies of the proposed approach are shown in
Table 4. The expected generation dispatch, expected genera-
tion cost, line loadings, and RES curtailment values achieved
NRMSE values of 0.076%, 0.0053%, 0.196%, and 0.036%,
respectively. These errors are <1% and these solutions are
obtained in less than a minute for the whole year’s data.Post-
processing on the obtained solution is necessary to ensure
that system constraints are not violated and to obtain system
balance by adjusting the outputs of the generation.

C. ANALYSIS AND COMPARISON OF THE PROPOSED
MP-OPF METHOD

We compared the results of the proposed study. For annual
operation, Table 5 shows the comparison of total generation,
cost, and RESs curtailment for the conventional OPF solver
before post-processing and after post-processing.

Figs. 11(a) and 11(b) show the daily total generation com-
parison before post-processing and after post-processing with
the conventional solver, respectively. The total generation
for the conventional and LSTM-RNN trained model after
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FIGURE 10. Error comparison for validation and test set.

TABLE 3. Performance evaluation for LSTM-RNN-based MP-OPF.

Performance Matrices Validation Set Test Set
RMSE [MW)] 25.89 24.50
NRMSE [%)] 0.086 0.084
MAE [MW] 35.89 37.60
NMAE[%] 0.12 0.13

TABLE 4. Performance evaluation for LSTM-RNN-based MP-OPF after
post-processing.

Parameters RMSE NRMSE (%)
Generator power scheduling 2221 MW 0.076
Generation cost $ 404.40 0.0053
Line loading 27.96 MW 0.196
Curtailment 14.88 MW 0.036

TABLE 5. Comparison of the proposed and conventional methods for
annual operation.

Parameters Convention Before After post-

solver post- processing
processing

Total generation 28063.41 27926.92 28063.41

[GWh]

generation  cost 673.60 670.27 673.79

[million$]

RESs curtailment 15.67 46.48 21.13

[GWh]

post-processing has the same generation. There is no differ-
ence in generation between the conventional solver and the
proposed method with post-processing. Similarly, the cost
difference is also small with the percentage difference of
0.028%. However, the curtailment difference is 5.46 GWh.
Additionally, we compared the graphical results to have
better insight into the proposed method. Fig. 12. shows the
overall dispatch solutions obtained from the conventional
MP-OPF solver and the proposed method for a day when the
maximum load has been recorded (209 day of the test set).
Herein, the results are for the LSTM-RNN model output
of the proposed method before post-processing. Before post-
processing, in 18, 19, and 20 h, there are some shortages
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FIGURE 12. Scheduling results for conventional and proposed method for
a day (209th day of test set).

in the prediction of generation points. These shortages are
adjusted by applying the proposed post-processing algorithm.
We observed that the demand is met with the proposed
method with post-processing without any shortages. In this
case, the generation cost for the conventional method and the
proposed method have a difference of around 0.041%.

From the same day, we also compared the dispatch of the
single period to evaluate the operation of the proposed and
conventional approaches. Fig. 13(a) shows the single-period
dispatch results for 11 generators including one RES for hour
number 18. Generator number 10 compensated for the gener-
ation by increasing its output under the limits of generation,
ramp rate, and other constraints.
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conventional and proposed methods for an hour (209th day, 18th hour of
test set) for high-demand loading condition.

SN

Overall, the obtained generation points from proposed
method for generators were not considerably varied from
those obtained by the conventional method. Fig. 13(b) shows
the line loading of the same hour to evaluate the effects
of the proposed method on line loadings. It compares the
line loading of 46 lines under the conventional and proposed
methods. The line-loading results show no limit violations for
both methods. There are no extreme increases or decreases
in line loading for the proposed solution; therefore, this is
another indicator that the proposed MP-OPF method can be
adopted with the advantage of fast solution acquisition for
larger systems.

Similarly, the results are discussed for the scenario when
there is surplus RESs power in a particular hour. In the case
of total curtailment, the proposed approach showed more
curtailment; however, there are some periods when there
was less curtailment compared to that of the conventional
solver. Therefore, to analyze such a case, the 12th hour of
the 101 day of the test day is discussed in terms of gen-
eration dispatch, line loadings, and RES power curtailment.
Fig. 14(a) shows the generation dispatch for the conventional
and proposed methods.

The line loadings are depicted in Fig. 14(b). The results
of the proposed method for dispatch are quite close to those
of the conventional method. In this scenario, the generation
from Generator 1 and RES were slightly more than those of
the conventional method.
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D. COMPUTATIONAL TIME EVALUATION

For this study, simulations are performed using MATLAB
2022a on a desktop computer with i7 processor and 16 GB
RAM. For the conventional MP-OPF solutions, we used
MATPOWER 7.1. The computational time for the proposed
and conventional methods was compared for a one-year oper-
ation. The conventional MP-OPF solver took 1023.6 seconds
to obtain the solutions for a year of operation, whereas the
proposed approach took just 6.39 seconds for the same,
as shown in Fig. 15.
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Therefore, the proposed solution method is approximately
160 times faster than the conventional solver. Moreover,
the proposed approach has the advantage of fast processing
with minor error of <1%. Additionally, post-processing helps
obtain a feasible solution without violating the thermal and
generation limits and without considerable loss in overall
operating cost.

VI. CONCLUSION

This study proposed an LSTM-RNN based MP-OPF
approach design to obtain solutions in terms of genera-
tion dispatch, total generation cost, curtailment values, and
line loadings. The model demonstrated high accuracy across
all parameters, with errors below 1%. The post-processing
mechanism in the proposed approach helps obtain feasi-
ble solutions by keeping the solutions within the limits
of constraints. For annual operations, the proposed method
demonstrated a marginal percentage difference of 0.028% in
optimal cost of generation compared to conventional method.
The total generation from the proposed method matched
that of the conventional approach, meeting a demand of
28,063.41 GWh.

Moreover, the computational time required for a one-year
operation for the proposed approach and a conventional
solver was compared. The proposed approach took merely
6.39 seconds to solve the problem compared with the
1023.6 seconds taken by the conventional solver. The pro-
posed method was approximately 160 times faster.The fast
speed of the proposed method makes it a promising solution
for real-time operations. It can play a vital role in addressing
uncertainties related to RES and efficiently managing their
impact on power systems. Moreover, the approach can be
scaled to lower time resolutions, making it well suited for
handling the uncertainties associated with RES in such set-
tings.

Overall, as presented in this paper, the MP-OPF approach
based on LSTM-RNN depicts both accuracy and computa-
tional efficiency, thereby making it a valuable tool for power
system optimization and real-time operations with renewable
energy integration.

Furthermore, future work could enhance the proposed
approach by applying it to the unit commitment problem,
where it could handle additional constraints other than ramp-
ing constraints, such as minimum up and down times and
binary variables for unit on/off operations. This enhancement
would require extensive training and a development of hybrid
deep learning techniques, alongside more sophisticated post-
processing algorithms. Similarly, integrating energy storage
systems (ESS) would be a valuable extension of the proposed
work, as it involves managing the temporal dynamics of
charging and discharging states.
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