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Abstract

The effective planning of active distribution networks is crucial for utility
companies to make informed decisions regarding investments in distributed
generation, reliability assessment, reactive power planning, substation revi-
sions, and feeder repositioning. However, the dynamic nature of the solu-
tion space makes it challenging for model-based optimization methods to
ensure computational performance in active distribution network planning.
To address this issue, this study proposes a planning method that focuses
on improving computational performance through the continuous updating
of the planning model’s solution space during the reinforcement learning
training process. Based on simulations conducted on the IEEE 33-bus test
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system, the proposed planning strategy successfully enhances computational
performance while minimizing investment costs compared to other strategies.
With the proposed method, the investment cost and the operation cost are
reduced by 32.42% and 23.91%, respectively.

Keywords: Planning, active distribution network planning, reinforcement
learning, renewable energy source.

1 Introduction

The distribution network is a vital component of the power system respon-
sible for distributing the electricity generated by power plants to end-users.
With the growing use of distributed generation, which offers the benefits of
low-carbon environmental protection and flexible installation in the distri-
bution network, the term “active distribution networks” refers to networks
with control systems for dispersed energy resources [1]. The introduction of
large-scale distributed generation transforms a traditional passive distribution
network with a single flow into an active distribution network with multiple
power sources, increasing the complexity and unpredictability of system
operation and planning [2]. Active management and planning are required to
address issues arising from distributed generation access, optimize distributed
generation placement, and maximize the benefits of distributed generation in
distribution networks. An active distribution network utilizes advanced com-
munication and information technologies to actively manage the network,
thereby scaling up access to distributed power sources, energy storage, and
demand-side management, among others. The present management strategy
encourages the adoption of distributed power sources and increases environ-
mental stress by enabling them to actively participate in system regulation
based on operational requirements [3]. The standard approach to planning
distributed generation assumes that “installation is forgotten.” Therefore, it
is crucial to investigate the optimal planning problems for distributed power
sources in active distribution networks based on active management models.

In order to achieve a clean energy supply and net zero carbon emissions, it
is crucial to incorporate renewable energy sources through active distribution
network planning. In [4], SVC devices were introduced to increase the host-
ing capacity of photovoltaic generation. By upgrading conventional feeders
and substations, and strategically investing in distributed generations [6, 7],
energy storage systems [8], and reactive power sources [4, 5], a utility
company can achieve certain performance targets, such as reducing carbon
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emissions and minimizing unserved load. Current methodologies predefine a
mix of active distribution network management technologies to find the best
solutions within a fixed space. System reliability was improved in [9] by prop-
erly configuring energy storage systems [10], distribution automated systems,
and distribution switches. In [11], the ideal mix, location, and size of wind
turbines, photovoltaic panels, and energy storage systems were determined
to increase revenue in the active distribution network. References [12, 13]
focused on enhancing distribution network resilience, while [14] optimized
active distribution network facilities to meet the growing demand for electric
vehicle charging. Reference [15] employed renewable energy sources, energy
storage systems, and demand response to reduce carbon emissions. If the
solution areas are dynamically updated, these performance metrics can be
further improved.

The presence of distributed generation has an impact on various aspects
of traditional distribution networks, including line energy flow, node voltages,
and power network topology. While research has mainly focused on place-
ment and capacity of distributed generation, grid planning, and multi-stage
planning, some studies have examined conventional distribution networks.
Researchers have developed models using particle swarm optimization algo-
rithms to address load uncertainty and identify the ideal solution. Other
studies have created computational formulas and optimization models to
determine the appropriate size and location of distributed generation units,
considering factors such as node voltages and line current. Additionally, some
researchers have categorized distributed generation into power controllable
and power stochastic types and developed operation optimization models.
Reference [21] provides a simple planning method that evaluates the status
of multistage or multi-scenario modelling for distribution systems. However,
many studies still rely on passive management techniques, which do not
accurately represent the ability to adapt to distributed energy. To address
this issue, recent research has focused on hierarchical modelling techniques,
distributed generation capabilities, and optimization techniques for active
distribution system planning.

Various planning methods are being explored for active distribution net-
work planning, including distributed generation planning, strategy implemen-
tation models, demand side response, and optimization methods. Researchers
have investigated heuristic algorithms such as particle swarm optimiza-
tion [29], robust optimization [30, 31], and genetic algorithm [32, 33] for
optimizing active distribution network architecture [28]. However, very few
studies have considered both distributed generation and demand side response
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in these planning methodologies. This paper proposes a solution to the distri-
bution network planning problem by utilizing both the non-dominated sorting
genetic algorithm and tabu search method. These algorithms are frequently
used to address the workshop scheduling problem, and their combination
provides complementary benefits in calculation and search, resulting in faster
algorithm convergence.

Compared to standard planning techniques, hierarchical multi-objective
planning that considers multiple planning objectives can enhance the com-
prehensiveness and effectiveness of distribution network planning. Refer-
ence [22] proposes a hierarchical planning paradigm for implementing active
distribution network planning control. The lower level planning involves
building a distributed power optimization model for an operational dis-
tribution network, while the higher level planning focuses on generating
distributed energy-related challenges from the system network loss sensitivity
perspective. In addition, Reference [22] examines crucial assessment metrics
for active distribution networks, management capability planning, and con-
structs a hierarchical model approach. The study also builds a distribution
system planning model that takes into account the association between bal-
ancing network loss, line investments, power price, carbon emission expen-
diture, and policy subsidies using an active management mode. To develop
hierarchical multi-objective procedural programming, this study suggests
taking into account the distributed power grid connection perspective.

According to literature, active distribution network planning places a
strong emphasis on distributed generation planning, and several studies have
explored this topic [23]. The study found that demand-side management and
network load can affect the method for mapping distributed generation and
the detailed yearly cost of the planning scheme when energy production
is scheduled. Reference [24] examines methods for scheduling distributed
stored energy and distributed generation. Reference [25] outlines a method
for creating a distributed energy forecast for an active distribution system.
Furthermore, the use of renewable energy can increase the share of clean
energy in an area, improve the environment, and promote efficient and safe
operation of the power system [26, 27].

Reinforcement learning has gained popularity in the field of active dis-
tribution networks due to its ability to adapt to the environment and make
optimal decisions without requiring a model. Researchers have developed a
collaborative multiple voltage control using smart inverters [35], and a batch-
constrained reinforcement learning approach for dynamic distribution net-
work reconfiguration using limited historical operational data [37]. Literature
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extensively documents the use of reinforcement learning for managing active
distribution systems, including a multi-agent deep reinforcement approach
for voltage control using on-load tapping changers and solar inverters [34],
addressing overvoltage problems in distribution systems with significant
solar penetration [38], and creating a safe volt/var control using a restricted
soft actor-critic method [36]. Furthermore, research has used reinforcement
learning to plan the stochastic operation of active distribution systems [39].
There is still great potential for using reinforcement learning to dynamically
explore solution spaces for active distribution system planning issues.

A new method for active distribution network planning is proposed in this
article. The method utilizes reinforcement learning to dynamically update
solution spaces, resulting in an active distribution network planning scheme
that guarantees desired performance. The following is a summary of this
paper’s significant contributions:

• Instead of addressing the model-based optimization problem with fixed
solution spaces, this study models the dynamic update of the active dis-
tribution network solution spaces as a Markov decision-making process
to achieve the essential performances.

• Reinforcement learning is used to train the deep neural networks in the
active distribution network to make sure it performs as predicted.

• The proposed approach is tested on the industry-recognized IEEE 33-bus
system, and the numerical outcomes demonstrate that it is possible to
guarantee the active distribution network’s predicted performance at a
lower investment cost than in other circumstances.

2 Problem Description

Passive distribution networks are currently in use, but they differ from
active distribution networks in their inability to actively monitor and reg-
ulate dispersed generation and load. While traditional distribution systems
utilize a single network topology to manage load variation, active distribution
networks employ stochastic and dynamic planning techniques and consider
source-grid-load coordinated scheduling. Additionally, active distribution
networks can actively regulate multiple controllable resources to prevent
network failures, while traditional distribution networks can only control
their systems after a failure has occurred. Despite its use of passive control
technology to manage one-way power flow, traditional distribution networks
can still implement distributed hierarchical management and incorporate
demand-side management components.
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The planning of the active distribution network faces three main chal-
lenges. Firstly, the selection of optimal locations for energy storage systems,
units, and SVCs introduces binary variables and creates linkages between
current and new nodes. Secondly, traditional distribution network planning
encounters increasing complexity due to the unpredictability of distributed
generation and management challenges. Finally, the planning is a multi-
objective uncertain nonlinear mixed integer problem that requires balancing
conflicting objectives and restrictions within a targeted time frame. As dis-
tributed generation increases, load growth becomes more difficult to predict,
leading to power loss, under or overvoltage, and modifications to fault events.
Moreover, conflicts may arise between independent investors installing dis-
tributed generation and distribution network businesses maintaining grid
security and power quality. Effective voltage management, reactive power
balance, and relay protection are crucial for the system’s dependable and
secure operation. To transition from passive to active management, the
distribution network must update its current automation system.

In recent years, active distribution network planning has become cru-
cial to the growth of sustainable energy sources and the power industry.
Its primary objective is to determine the optimal location, size, and type
of producing facilities to meet future load demand while maintaining the
security and dependability of the power system and establishing the ideal
generation mix. Active distribution system planning models may be short-
term, mid-term, or long-term, with a planning horizon ranging from a few
years to several decades. The active distribution system planning model
comprises two distinct modules: the operational evaluation module and the
investment decision module. The former selects the production mix that can
meet the growth in yearly peak load and overall energy consumption based
on predicted utilization hours, while the latter evaluates the feasibility of
the proposed generation mix using probabilistic or deterministic production
simulation methods. However, such compartmentalized models only offer
possible development plans rather than optimal ones. Recent advances in
computing power have enabled the integration of the operational evaluation
and investment decision modules into a detailed active distribution network
planning model. This integrated approach allows for more accurate simula-
tion of power systems operating at various load levels, resulting in a more
reasonable and reliable generation expansion strategy. Techniques have been
proposed to incorporate precise operational limitations into active distribution
network planning, including the use of load blocks generated from the daily
load curve. While load blocks require less processing time than accounting
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Figure 1 Optimization planning framework for the active distribution system.

for all operating limitations across several days, they may not effectively
depict the ongoing fluctuation and volatility of renewable energy sources.

Demand Side Management (DSM) refers to strategies implemented on
the consumer side of electricity usage to optimize electricity consump-
tion, ensure rational usage, and support effective distribution of available
resources [34]. With increasing power demand, passive distribution net-
works have evolved into active distribution networks that incorporate demand
response technology. Active distribution network management encompasses
various factors, including demand-side response to peak and valley load
characteristics that drive up operational costs. By reducing peak load demand
through improved consumption patterns, user guidance, and peak load shift-
ing, demand-side management can balance the load and lessen the pressure
on distribution system cables and equipment. Pricing and incentive-based
measures such as interruptible capacity planning and time-of-use power pric-
ing can also be employed to support demand response. Prior to implementing
demand response, power workers must ensure the effective functioning of
the power system by taking into account user characteristics to reduce dis-
tribution system loss, power purchase costs, and equipment wear and tear.
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Effective demand side response can enhance equipment voltage compliance,
extend equipment useful life, and improve component operating conditions,
which leads to improved system safety and higher control power over the
load. By matching the user’s electrical demand, demand side response can
reduce the risk of overload operations and greatly enhance power supply
security.

3 Model Formulation

Reinforcement learning’s sole objective is to learn from interaction and
accomplish a goal. The so-called Markov decision-making process is a
particular type of stochastic process that frequently describe this process.
The agent and environmental concepts are essential. Components of the
Markov decision-making process [40]. The agent is in charge of selecting
a solution after solving the puzzle. The agent primarily engages with the
environment to gather data. The ongoing relationship between the agent and
the environment is described by the technique below: The agent receives
feedback in the form of incentives as a result of the actions they take and
their environment. The agent aims to maximize the sum of its acquired
rewards over a predetermined (or indefinite) time scale. The relationship
between the agent and the environment happens at certain discrete intervals
of time t = 0, 1, 2, 3 . . . . After getting an accurate description of the state
of the environment, the agent selects a course of action for each time step t.
The environment reacts to the agent by sending a numerical signal relating
to the action that was chosen by the agent after it has completed it. The
signals are considered as a reward in this instance. The agent’s objective is to
maximize the rewards’ discounted total as determined by

∑
p γReward t+p.

The task of translating states to actions at each time step is then left to the
agent. The signπt stands for the agent’s policy, which refers to this map-
ping. Once again, this procedure is carried out until convergence is reached
before the system enters a new state [40]. Finally, the reward of acting in
the initial state and following the policy is clearly expressed as q(s, a) =
E[

∑
p γ Reward t+p|St = s, At = a]. Using this function, the optimum

policies for the current situation can be determined. In summary, the first
subsection’s long-term dynamic storage investment problem is reformulated
using the Markov decision-making process framework, which serves as the
foundation of the solution approach. The reward and transit functions are
described in depth, as well as the state and action sets. This paper tackles the
overestimation bias issue with Q-learning by using a novel approach termed
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metamodeling in combination with artificial datasets. As a result, the second
paragraph goes into the specifics and presumptions of the above technique.
The final step-by-step methodology is described before a test case and its
results.

In order to construct optimal policies using appropriate algorithms, it is
essential to provide definitions for all the actions and state sets, transition and
reward functions, and discount factor within every Markov decision-making
process.

State:

S = {si,n, ∀i ∈ I, ∀n ∈ Node}

si,n ∈ {0, 1}
(1)

si,b is a binary value of the state space, indicating whether to invest equipment
i in node n or not.

Action: The set of potential actions for the problem is defined by the agent’s
available actions. In the second scenario, the agent is expected to respond at
one of the various defined levels based on a discrete-time Markov structure.
Therefore, the following vector can be used to define the agent’s action:

A = {ai,∀i ∈ I}

ai ∈ {1, 2, 3, . . . , N}
(2)

ai is an integer value of the action space, an indication of which node the
equipment i is invested at.

Environment: This study evaluates the effectiveness of different planning
strategies, based on RES serving capability and the number of unserved loads
in the active distribution system. To evaluate this performance at each stage,
convex optimization models are used for each state, as shown below:

network constraints :



∑
j

(pji − rji|Iji|2) + p̃gi − Sicosφi =
∑
k

pik,∀i

∑
j

(qji − xji|Iji|2) + q̃gi − Sisinφi =
∑
k

qik,∀i

vi − vj − 2(pijrij + qijxij)

+ |Iij |2(r2ij + x2ij) = 0, ∀ij
vi|Iij |2 = p2ij + q2ij ,∀ij

(3)
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constraints of cutting power :


∆pCwind ≤ PCwind .max

∆pCsolar ≤ PCsolar .max

∆pClaod ≤ PCload .max

(4)

constraints of equipments :




Ees,t+1 = Ees,t − ηpes.c + ηpes.d ,

0 ≤ pes.d ≤ aesues.dpes.max ,

0 ≤ pes.c ≤ aesues.cpes.max ,

aesEes.min ≤ Ees,t ≤ aesEes.max

aunitPunit .min ≤ punit ≤ aunitPunit .max

aSVCPSVC .min ≤ pSVC ≤ aSVCPSVC .max

(5)

Constraint (3) consists of convexified power flow restrictions, which
include constraints on voltage, network power flow, branch current, and
relaxed second-order cone constraints. Constraint (4) imposes limitations on
renewable energy sources and loads that need to be respected. Constraint (5)
outlines the operating limitations for the energy storage system, unit, and
SVC. p̃gi is the energy output of generations in the distribution network,
considering the uncertain RES generations.

Reward: The reward function is the final Markov decision-making process
component to be defined. This is a key component of the definition since
it influences the signals that the agent receives from the environment or
rewards. The main forces behind the agent’s derivation of the best possible
policies are these signals.

Reward = −
[∑

i

C̃ostinv ,iai + Cost loss
∑
line,t

Iline,trline,t

+
∑
t

(C̃ostwind∆pCwind + C̃ostsolar∆pCsolar

+ C̃ost load∆pCload )

]
(6)

The reward function of the initial investment cost and yearly operating
costs is described by function (6), where The first term is the equipment’s
original investment cost, the second is network loss, the third is the cost of
decreasing wind and photovoltaic power, and the fourth is load curtailment
cost. C̃ost inv ,i, C̃ostwind , C̃ostsolar , C̃ost load are the cost of investment,
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wind curtailment, solar curtailment and load curtailment considering the
uncertainty from the government tax policies, environment, etc.

4 Solving Method

What results in the Q-learning method’s overestimation bias under highly
stochastic circumstances has been demonstrated. Since the action space
and state space are small, the reinforcement learning method based on Q
learning is the most efficient. In practical terms, this implies that the agent
might try to transition to a particular state, even if transitioning to other
states would be the best course of action, if it believes there is a chance
of receiving an exceedingly “excellent” reward. This section of the essay
discusses how this phenomenon pertains to the scenario under consideration
and proposes a potential solution to mitigate its impact. It is crucial to note
that the operational-level assumptions enumerated will be utilized solely in
this study’s investigation. The goal is to devise a computationally efficient
and unbiased method for computing the loss of the load cost component in
the reward function.

Assuming that the issue arises when the agent receives inaccurate signals
about the optimal approach, these signals serve as incentives for the agent
during each control period of the problem. The reward function contains
two negative components, namely capital costs and outage penalties. Increas-
ing storage capacity has a direct effect on investment costs, while outage
penalties are largely dependent on the stochastic occurrence of outages.
If there are few or infrequent outages during a decision period, the agent
may choose to continue operating the system as it is and accept the outages
instead of taking measures to prevent them, such as making investments. This
outcome generates the previously mentioned misleading signals. In the best-
case scenario, this occurrence would result in a slower convergence rate of
the solution algorithm. However, in the worst-case scenario, it could result
in the development of suboptimal strategies. To reduce the impact of this
phenomenon on the outage part of the reward function, a unique approach
must be developed using synthetic data and function approximation.

In contrast to real data collection and investigations, simulated datasets
are created dynamically using methods. In this case, a simulated dataset with
multiple input variables and a single output feature, the interruption cost, can
be generated using current simulation techniques. A function approximation
technique can then be used to map the desired and approximate output
from the given inputs. Since this cost component is dependent on the storage
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Table 1 The procedure of reinforcement learning for active distribution network planning
The procedure of reinforcement learning
1 initialization: Q table
2 for every episode do:
3 Observe current state s

4 Select action a based on the Q table according to ε-greedy policy
5 Obtain a new state and reward from the environment
6 Update the Q table based on the Bellman function
7 Update the current state
8 End for

unit in the system, a vector can be created using the necessary attributes to
estimate the cost of an outage.

In the initial stage of this process, it became evident that a systematic
approach was necessary for generating data to be included in the data
collection. Each of these findings is based on n distinct and independent
simulations of the system, with the results subsequently being averaged.
To ensure independent observations, each input feature of a data set (includ-
ing all time characteristics and electricity production for all storage units)
is randomly chosen from the corresponding ranges. We generate n network
model realizations after selecting the input data for a specific observation and
inducing outages for each test. The corresponding outputs (outage cost) are
then computed by evaluating the outcomes of these simulations.

Prior to presenting the numerical case studies and results, a comprehen-
sive and schematic outline of the proposed methodology is provided. While
the categorizing Q-learning approach remains the foundation of the algo-
rithm, a pre-processing stage involving the generation of synthetic datasets
and function approximation has been incorporated. Table 1 illustrates the
process, which comprises the standard phases of the Q-learning algorithm
modified to suit the specific situation.

5 Results and Discussion

This section presents case studies that were conducted to validate the
proposed approach in various technology combinations. The proposed algo-
rithms were implemented using TensorFlow Python backend and executed on
an Intel Core 1.6 GHz system with 8 GB of RAM. The optimization model
was solved using GUROBI. To avoid computational complexity, a k-means
clustering method was employed to group daily operating vectors and select



A Multi-objective Optimization Planning Framework 1753

Figure 2 Illustration of the original IEEE 33 system before planning.

Table 2 Reinforcement learning algorithm parameters
Symbols Value

Learning rate – 10−3

Batch size NB 64
Discount factor γ 0.9
Episode size T 96

a subset of representative days that adequately capture various operating
conditions, such as load, wind, and solar, across seasons. The second module
was designed to select multiple sample days and streamline the model before
conducting the proposed tasks. Load, wind, and solar yearly profiles were
normalized and separated into daily profiles, which were then combined to
generate a high-dimensional vector. This process was repeated to establish
all representative days of each year across the planned horizon. The proposed
technique was tested on the IEEE 33-bus distribution network, as shown
in Figure 2. Table 2 lists all the parameters for the reinforcement learning
algorithm, while Table 3 displays the investment at each node. Finally, the
desired performances were achieved.

To highlight the advantages of the proposed approach, Table 4 compares
the proposed example with other scenarios. Case A has the same investment
as the baseline example at all stages. In Case B, a mathematical optimization
method is utilized.

In Table 4, the numbers in parentheses represent the possible nodes
for installing equipment, and the feasible space of the decision variables is
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Table 3 Investment result using the proposed method
Energy Storage System Units SVC

Step 1 Invest in Node 14 Invest in Node 14 No
Step 2 Invest at Node 29 No Invest in Node 6
Step 3 Invest in Node 21 Invest in Node 5 Invest in Node 3
Step 4 No Invest in Node 32 No

Table 4 Comparison with other cases
Case Investment Cost (k$) Operation Cost (k$) Total Cost (k$)
Base case 231.32 132.42 363.74
Case A 321.43 132.42 453.85
Case B 352.19 174.03 526.22

Figure 3 Convergence result of reinforcement learning.

only partially explored in this case. As a result, despite the relatively low
investment cost, there is minimal improvement in performance. Considering
the high cost of energy storage system installation, we expand the potential
nodes for SVC and units. The results show that while the load curtailment is
significantly reduced, the photovoltaic curtailment remains below the target
level.

As shown in Figure 3, the return of the proposed reinforcement learn-
ing can be converged to −363.74, meaning the total planning cost of the
distribution network is 363.74 k$ within 1000 training times.
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6 Conclusion

This research presents a novel performance-oriented active distribution
network planning method using reinforcement learning. Unlike traditional
methods that optimize an objective function over a known solution space,
reinforcement learning dynamically updates the active distribution system
until the desired performance is achieved. The proposed solution effectively
achieves the target performance at a low investment cost by minimizing load,
wind, and photovoltaic curtailment. As the element set expands to include
feeders, switches, and charging stations, and more complex performance
indices such as dependability, social conflict, and EV hosting capacity are
introduced, the approach can become even more sophisticated over time.
With the proposed method, the investment cost and the operation cost are
reduced by 32.42% and 23.91%, respectively.
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