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The object of research is the processes of generation, consumption and storage of electricity in microgrids with renewable energy 
sources. They are characterized by the certain parameters and together determine the state of the energy microgrid. The task of assess-
ing the state of the microgrid, which is relevant for maintaining its stable operation, can be solved using machine learning methods.

Time series of data, which are created as a result of monitoring energy microgrids and contain indicators of their operation, were 
used as input dataset. Since microgrids operate in variable conditions, the ability of energy microgrids to meet the demand for electricity 
is characterized by uncertainty, and to assess the state of microgrids, there is a need for adaptive methods that can process inaccurate and 
incomplete data. Traditional methods of statistical analysis and deterministic algorithms do not provide sufficient accuracy in forecast-
ing, which creates risks of incorrect management of energy resources. To solve this problem, this study uses a combination of machine 
learning and fuzzy logic, which allows not only to forecast the load, but also to adaptively assess the state of energy assets in real time.

The essence of the obtained results is to create models for the information technology of assessing the state of microgrids, which 
integrates BiLSTM for forecasting electricity consumption and a fuzzy logic system for determining the state of the microgrid. The use 
of a neural network approach allows to take into account time dependencies in electricity consumption, while fuzzy logic classifies the 
state of the microgrid based on the battery charge level, current solar energy generation and forecasted load. The features of the obtained 
results are the integration of several approaches, which provides expansion of analytical capabilities and the formation of a comprehensive 
assessment of the energy balance in conditions of uncertainty and variability of input data.

The obtained results confirm the effectiveness of the proposed approach and its practical applicability in the tasks of monitoring 
and controlling microgrids. Experimental tests on real data showed that the BiLSTM model provides a mean absolute error (MAE) of 
load forecasting at the level of 18.15 W, a root mean square error (RMSE) of 20.74 W, and a mean absolute percentage error (MAPE) 
of 5.0%. The fuzzy logic-based assessment system classified the state of the microgrid with an accuracy of 93.2%, which indicates its 
ability to interpret situations with potential energy deficit. The developed models allow for timely detection of unstable operating modes, 
formation of solutions for load balancing, reduction of the load on batteries, and prevention of energy losses.
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1. Introduction

Microgrids are key components of modern energy infrastructure, 
contributing to increased reliability of electricity supply, integration of 
renewable energy sources (RES) and development of the concept of 
decentralized generation [1, 2]. In the context of increasing RES share 
in the energy balance, the need for tools capable of ensuring stable 
operation of such systems is increasing. In particular, it is important 
for distributed energy system operators to have means of early detec-
tion of disturbances in the functioning of energy facilities, forecasting 
peak loads and making decisions under conditions of uncertainty. This 
opens the way to the development of applied information technologies 
that allow reducing operating costs, increasing energy efficiency and 
guaranteeing uninterrupted electricity supply in critical infrastruc-
tures. The practical need is to develop tools that are capable not only of 

recording current changes, but also of forecasting instability in the op-
eration of the microgrid in advance. This allows for a prompt response 
to situations of power shortage in the context of a growing RES share.

The widespread implementation of microgrids allows for more 
efficient use of local energy resources, reduction of losses during elec-
tricity transmission and increase of energy sustainability of regions. 
However, the functioning of microgrids is accompanied by a number 
of challenges, including instability of RES generation, unpredictable 
load changes and the need to ensure their reliable operation in different 
operating modes [1]. That is why there is a need to create methods for 
automated assessment of the state of microgrids, which allow to ensure 
their stability and effective management.

Modern microgrids operate in conditions of high load dynamics, 
variable generation from RES and limited capabilities of energy storage. 
This leads to an increase in the risk of energy deficit, microgrid overloads  
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or system failures. Existing monitoring tools are mostly focused on fix-
ing current parameters without taking into account their dynamics. In 
addition, most approaches to assessing the operational state of energy 
facilities do not provide for forecasting changes, which can lead to delays 
in decision-making and a decrease in the reliability of supply. Therefore, 
the problem lies in the lack of integrated methods capable of combining 
forecasting and assessing the state of the microgrid, taking into account 
external influences and consumption characteristics. In recent years, 
there has been an active development of approaches to assessing the 
operational state of energy facilities, taking into account their dynamics 
and operating conditions. In particular, the study [3] considers a method 
for forecasting the state of microgrids based on deep recurrent networks 
taking into account time series. Another study [4] proposes the use of 
ensemble machine learning models to assess equipment degradation 
under unstable load conditions. The proposed approaches allow for 
high-accuracy forecasting of system failures and timely application of 
preventive maintenance measures. However, the work [4] does not take 
into account the dynamic change in the characteristics of microgrid 
elements in the long term, which limits its suitability for adaptive assess-
ment of the state in conditions of environmental changes. The study [3] 
lacks mechanisms for taking into account external influences, in particu-
lar weather or emergency factors, which reduces the effectiveness of the 
model in real operating conditions.

Assessment of the state of energy objects of a microgrid is one of 
the key aspects of managing distributed energy systems, as it allows not 
only to monitor the current state of the microgrid, but also to timely 
identify the risks of peak loads, generation instability and potential 
equipment failures [5, 6]. At the same time, the paper [5] does not con-
sider the mechanisms of generalization of scenarios taking into account 
multifactor uncertainty, which limits the application of the obtained 
results for the formal assessment of the energy state of microgrids. In the 
publication [6], the main attention is focused on long-term forecasting 
of natural factors, however, there is no coordination of the obtained 
forecasts with the criteria for the operability of energy components, 
which makes it difficult to directly use the model for tasks of diagnosing 
the state of microgrids. Today, there is significant progress in the devel-
opment of methods for analyzing the state of microgrids, but a number 
of unresolved problems remain. One of them is to increase the resilience 
of microgrids to external influences, including extreme weather condi-
tions and emergencies. To solve this problem, the study [7] proposed 
quantitative metrics for assessing the resilience of microgrids to wind 
storms, which allow forecasting potential damage and developing adap-
tation strategies. At the same time, the study [8] emphasizes the need to 
create methods for adaptive management of microgrids that can ensure 
their resilience in real time. In recent years, information technologies 
based on the concept of the Internet of Things (IoT) have been actively 
spreading, playing an important role in remote monitoring, telemetric 
data collection and energy resource management in microgrids. Such 
solutions allow integrating sensors, storage devices and renewable en-
ergy sources into a single digital ecosystem, which is the basis for the 
formation of modern DSS  [9,  10]. The IoT implementation makes it 
possible to provide continuous analysis of the functional state of equip-
ment and timely detect risks or system failures. However, IoT technolo-
gies are mainly focused on capturing current states, without the ability 
to predict future loads or change the energy balance.

The issue of long-term planning for the RES integration in a mi-
crogrid is also relevant, which is considered in the study [11]. The pro-
posed model of energy system development allows for optimizing the 
use of local resources, but it does not take into account the assessment 
of the state of equipment in real time, which is critically important for 
maintaining the reliability of microgrids. Additionally, the problem of 
fault diagnosis and forecasting of potential failures requires attention, 
since traditional control methods do not provide sufficient flexibility. 
The study [12] proposed methods for determining the location of dam-

age in DC microgrids, but their application is limited in complex dis-
tributed systems with a large number of energy assets. In addition, the 
analysis of the state of the microgrid is impossible without taking into 
account the degradation of battery systems, which affects the stability 
of energy supply. Study [13] considers methods for forecasting battery 
degradation in microgrids with renewable energy sources, but the pro-
posed approach does not take into account a comprehensive assessment 
of the entire energy system and its flexibility to change.

Modern microgrids operate in conditions of high consumption 
dynamics, variable generation and limited resource of storage systems. 
This creates additional challenges for their stable operation. In such 
conditions, the need to create tools that allow assessing the functional 
state of the system in real time is especially relevant. It is also impor-
tant to have tools for forecasting the main energy parameters. Such 
an approach is critical for maintaining uninterrupted energy supply, 
early detection of energy deficit and making informed decisions under 
conditions of uncertainty, which is especially important for microgrids 
with a high-RES share.

Practical application involves the creation and development of 
mathematical models for information technology for analyzing the state 
of energy facilities in microgrids. This will ensure timely detection of 
malfunctions, increase the efficiency of energy resource management 
and reduce operating costs. The implementation of such an approach 
will ensure stable and safe operation of microgrids, increase their 
adaptability to changes in the external environment and contribute to 
more efficient use of renewable energy sources. The focus of research is 
the problem of ensuring stable and reliable operation of microgrids by 
timely detection of potential energy supply shortages based on forecasts 
of generation, consumption and storage charge level.

The aim of research is to develop a model for predictive assessment of 
the state of the energy microgrid taking into account the results of fore-
casting electricity consumption and generation. The use of such a model 
ensures timely detection of shortages and overloads, as well as increas-
ing the microgrid’s resilience to the impact of environmental changes.

To achieve the aim, the following research objectives were defined:
–	 to build a power consumption forecasting model based on  
BiLSTM (Bidirectional Long Short-Term Memory);
–	 to develop a microgrid state assessment module based on 
fuzzy logic;
–	 to form a set of fuzzy classification rules taking into account 
SoC (State of Charge), generation and load parameters;
–	 to conduct experimental testing of models on a real data set;
–	 to assess the accuracy and adaptability of the proposed models 
using the MAE, RMSE, MAPE metrics.

2. Materials and Methods

The object of research is the processes of electricity generation, con-
sumption and storage in microgrids with RES, which are characterized 
by parameter variability and uncertainty. They are displayed in the form 
of time series formed in the process of monitoring the operation of energy 
facilities. These data reflect changes in the parameters of electricity gen-
eration, consumption and storage, including the charge level of battery 
systems, the output power of solar panels, voltage, current and tempera-
ture characteristics of energy assets. The research is aimed at developing 
methods for analyzing these data, which allow to increase the accuracy 
of forecasting the operational state of the microgrid, timely detect pos-
sible equipment failures and assess the energy balance of the system.

The hypothesis of research is that the use of BiLSTM [14] for the 
analysis of time dependencies and fuzzy logic for assessing the operational 
state makes it possible to anticipate future energy deficit and identify po-
tential equipment failures compared to traditional methods of statistical 
analysis. Confirmation of the hypothesis is based on a comparison of the 
MAE, RMSE and MAPE metrics. It is expected that the combination of  
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these methods will ensure adaptability to changes in the system and reduce 
the number of incorrect decisions. The problem that the research solves 
is the need to build such a forecasting and assessment system that can 
provide early detection of energy deficit and unstable operating modes 
of microgrids without the need for continuous real-time monitoring.

The research includes the analysis and preparation of an input data 
set, which is formed on the basis of collected microgrid performance 
indicators received during monitoring from sensor systems and energy 
flow controllers. Data on solar energy generation, battery status, elec-
tricity consumption and network equipment operating parameters are 
used. Machine learning and fuzzy logic methods are used to process 
this data. In particular, electricity consumption forecasting is performed 
using the BiLSTM neural network, which allows taking into account 
time dependencies in load changes. The choice of the BiLSTM model is 
due to its ability to analyze both direct and inverse time dependencies, 
which is critically important in tasks where parameter changes depend 
on the context of previous and subsequent states. This allows the model 
to better detect complex patterns in energy consumption.

In the developed fuzzy system, the input variables are: forecasted 
load, current solar energy generation, and battery charge level (SoC). 
Three membership functions (low, medium, high) with a triangular 
shape are used for each variable. The output variable – the assessment 
of the microgrid state – is also described by three functions: "stable", "risk 
of instability", "shortage". The center of gravity defuzzification method is 
used to interpret the output. The rule base consists of expert statements 
of the "if–then" type.

The implementation of the forecasting software module was carried 
out in Python using the pandas, numpy, matplotlib, scikit-learn, keras, 
and tensorflow libraries. In particular, MinMaxScaler was used for data 
normalization, the Sequential, Bidirectional, LSTM, Dense modules 
from keras were used for model building, and the MAE, RMSE, and 
MAPE calculation functions from sklearn.metrics were used to assess 
the accuracy of forecasting. Model training and testing were performed 
on a personal computer with an AMD Ryzen 5 PRO 5650U processor, 
16 GB of RAM, without a hardware graphics accelerator (GPU). De-
spite the lack of a separate GPU, computational experiments were suc-
cessfully implemented due to the optimization of the BiLSTM neural 
network and the use of a compact dataset.

The dataset formed based on monitoring data from a microgrid 
of a private house with renewable energy sources was used. Informa-
tion was collected automatically through a monitoring system that 
periodically read indicators from sensor devices, inverters, and energy 
flow controllers. The obtained data was presented as a time series con-
taining meteorological parameters, solar generation characteristics, 
battery charge level, voltage parameters and energy balance of the mi-
crogrid. The input data is presented as a multidimensional time series

X x x xt t t t n  � �� ��� � �( ) ( ) ( ), , ... , ,1 2 	 (1)

where X t  – the vector of microgrid parameters at time t, containing the 
values of microgrid indicators (Table 1).

The target variable is the forecasted value of electricity consumption

Y pLoadt t= .	 (2)

To ensure the correct operation of the neural network, all input 
parameters were normalized using Min-Max normalization

X
X X

X Xscaled �
�
�

min

max min

,	 (3)

where X max , X min – the minimum and maximum values of the corre-
sponding parameter. After normalization, the data is passed to a bidi-
rectional LSTM.

Table 1

Input data set

Variable Value

Date Date and time of measurement of microgrid parameters

vpv1 Voltage on the first solar panel (V)

vpv2 Voltage on the second solar panel (V)

vBat Voltage on the battery (V)

ppv1 Power generated by the first solar panel (W)

ppv2 Power generated by the second solar panel (W)

pCharge Battery charging power (W)

pDisCharge Battery discharging power (W)

vacr Line voltage on phase R (V)

vact Combined voltage/frequency (Vac/Fac)

vepsr Input voltage to the house (phase R) (V)

vepss Input voltage to the house (phase S) (V)

vepst Input voltage to the house (phase T) (V)

pLoad Power consumed by the house (W)

ePv1All Total energy generated by the first panel (kWh)

ePv2All Total energy generated by the second panel (kWh)

pToGrid Power exported to the external grid (W)

pToUser Power imported from the grid (W)

eInvDay Daily energy input of the inverter (kWh)

BiLSTM – a modification of the standard LSTM (Long Short-Term 
Memory), which uses bidirectional learning. The standard LSTM oper-
ates on the basis of three information management gates [13]:

–	 Forget Gate

f W h x bt f t t f� ��� �� �� ��� ( ) , .1 	 (4)

–	 Input Gate:

i W h x bt i t t i� ��� �� �� ��� ( ) , ;1 	 (5)

C = W h , x +bt c t t ctanh .��� ��� ��1 	 (6)

–	 Cell state update

C f C i Ct t t t t� � � ��1
 .	 (7)

–	 Output Gate:

o W h x bt o t t o� ��� �� �� ��� ( ) , ;1 	 (8)

h o Ct t t� �tanh( ).	 (9)

Unlike the standard LSTM, BiLSTM consists of two data streams [10]:
–	 Forward propagation

h LSTM x ht
forward

forward t t
forward� � �( , ).1 	 (10)

–	 Backward propagation

h LSTM x ht
backward

backward t t
backward� � �( , ).1 	 (11)

–	 Joint output

h h ht t
forward

t
backward=[ , ].	 (12)
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The fuzzy logic module that performs the assessment of the op-
erational state of the microgrid was implemented based on the classi-
cal Mamdani fuzzy logic. All rules, membership functions and logical 
constructs are formulated and coded without using any artificial intel-
ligence or automatic generation methods. The system is built as a set 
of formalized rules based on the technical analysis of the microgrid 
operation and expert experience.

The assessment is based on three input parameters:
–	 {SoC} – battery charge level (%),
–	 { }P load
  – forecasted electricity consumption (W),

–	 { }Psolar  – current solar energy generation (W).
For each input variable, three triangular membership functions 

are specified, which overlap and ensure smooth transitions between 
linguistic levels, for SoC:

–	 Low – triangular function with a peak of 20%, stretched from 
0% to 40%.
–	 Medium – triangular function with a peak of 50%, range 30–70%.
–	 High – peak value of 100%, stretched from 60%.
Such functions were not formed automatically. They were speci-

fied manually according to the technical understanding of the physical 
processes in the microgrid.

The input variables of the fuzzy inference system are described as 
term sets:

{SoC} – {Low, Medium, High},

{ }P load
  – {Low, Medium, High},

{ }Psolar  – {Low, Medium, High}.	 (13)

Output variable

{Status} = {Deficit, Warning, Stable}.

Each term in these sets is a qualitative characteristic of the state of 
the variable, and is given by a membership function

�A x X� � � �� ��: , ,0 1 	 (14)

where X  – domain of definition, �A x� � – term membership function.
To determine the state of the microgrid, a base of fuzzy rules of the 

IF–THEN type was formed:

IF SoC is Low AND is

High AND is Low TH

P

P

load

solar

 {     {   

  {  

}}

}



 EEN Status Deficit { } " ",=

IF SoC is Medium AND is

Medium AND is

P

P

load

solar

 {     {   

  {  

}

}

} 

     {Medium THEN Status Warning} " ",=

IF SoC is High AND is

Low AND is High

P

P

load

solar

 {     {  

  {    }

} }

 TTHEN Status Stable { } " ".=

A total of 9 basic rules were defined, covering typical scenarios of 
microgrid operation. Defuzzification is performed using the centroid 
method – a classical method that calculates the center of the area under 
the output membership function.

The fuzzy inference system is formalized as a 7-element structure

F X Y A B R method defuzzificationi i
n

A Bi
� � �� ��{ , , } , , , , , _ ,1 � � 	 (15)

where X x x xn�� �1 2, , ...,  – vector of input variables ({SoC}, {Load}, 
{Gen}), Y y=  – output variable ({Status}), { }Ai  – sets of terms for input 

variables, { }B  – term set for output: {Deficit, Warning, Stable}, R – base 
of fuzzy rules (products), µ µA Bi

,  – membership functions for input/
output terms, defuzzification method: centroid method.

The entire system is implemented as a rule logic in Python using the 
scikit-fuzzy library. All rules, membership functions, and threshold val-
ues were proposed analytically, based on the practice of microgrid man-
agement and expert ideas about normal and critical operating modes.

Thus, the research is aimed at developing forecasting and classifica-
tion models that will become components of the information technol-
ogy for assessing the state of the microgrid, which allows improving the 
accuracy of forecasting equipment failures, optimizing energy resource 
management, and increasing the stability of energy supply. The com-
bination of the BiLSTM forecasting model with a fuzzy logic system 
allows, on the one hand, to obtain accurate forecasting of load changes, 
and on the other hand, to adaptively interpret forecast data in complex 
conditions. This provides a more flexible response of the system to the 
risks of instability in real time.

3. Results and Discussion

The integration of the predictive model into the microgrid state 
assessment system allows taking into account future load changes 
and assessing possible risks of power supply instability in advance. To 
implement this approach, a bidirectional recurrent neural network 
BiLSTM was used, which showed high efficiency in the tasks of time 
series forecasting and determining electricity consumption patterns. 
The choice of this model is justified by studies [14, 15], which proved 
that BiLSTM has a better ability to recognize complex patterns in data 
than classical LSTM or statistical analysis methods. Predictive model-
ing allowed not only to obtain future values of electricity consump-
tion, but also to improve the efficiency of fuzzy logic by expanding the 
set of parameters taken into account when assessing the state of the 
microgrid [16–18].

Since load forecasting is performed using the BiLSTM machine 
learning model [14], the results obtained allow not only to assess the 
current state of the microgrid, but also to make a forecast for future 
periods. This makes it possible to ensure stable operation of the mi-
crogrid by early identification of possible energy deficit. However, 
forecasting electricity consumption alone is not sufficient for a com-
prehensive assessment of the state of the microgrid, as additional fac-
tors such as the battery charge level and renewable energy generation 
must be taken into account. In this context, the use of fuzzy logic is 
a  key stage of the analysis, which allows taking into account uncer-
tainty in the data and providing a comprehensive assessment of the 
operation of the power system.

Using fuzzy logic, a state assessment model was built that integrates 
not only the forecasted electricity consumption data, but also the actual 
battery charge level and generation from solar panels. This allows for 
a more accurate assessment of the overall energy balance of the microgrid 
and to form decisions regarding its stability. The assessment is based on 
an analysis of the interaction of three main parameters: the SoC battery 
charge level, forecasted electricity consumption P load

 , and current solar 
energy generation Psolar. The presence of these parameters in the fuzzy logic 
system allows interpreting the state of the microgrid under conditions 
of uncertainty, which is critically important for its effective functioning.

The assessment of the microgrid state is carried out using fuzzy 
membership functions, which allow for flexible classification of the 
level of each parameter into three levels: low, medium and high. This 
provides a smooth transition between possible network states and elim-
inates sudden changes in the assessment, which can lead to instability 
of management decisions.

Since the obtained results are presented in the form of fuzzy vari-
ables, the method of defuzzification of the center of gravity (Centroid 
Defuzzification) was used to determine the final state of the microgrid. 
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The determined value shows the general state of the microgrid, which 
can be interpreted as "stable" (Stable), "risk of instability" (Warning ) or 
"electricity deficit" (Deficit). Accordingly, if the obtained value Snetwork  
is greater than 0.7, then the network is considered stable, if it is in the 
range from 0.3 to 0.7 – there is a risk of instability, and if the value is less 
than 0.3, then there is an electricity deficit in the microgrid.

The novelty of the proposed model lies in the use of the forecasted 
value of electricity consumption calculated using the BiLSTM neural 
network, combined with an adaptive assessment of the state of the mi-
crogrid based on fuzzy logic. This approach allows not only to increase 
the accuracy of the assessment of the energy state of the microgrid, but 
also to ensure timely detection of potential risks of electricity shortages. 
This contributes to more effective microgrid management, allowing 
timely measures to be taken to optimize energy consumption, reduce 
the load on the batteries and improve the stability of the system.

To quantitatively assess the accuracy of electricity consumption 
forecasting, classical metrics were used: mean absolute error (MAE), 
root mean square error (RMSE) and mean absolute percentage er-
ror  (MAPE).

To implement the forecast model, a bidirectional recurrent neural 
network BiLSTM, built using the Keras library, was used. The model 
architecture included an input layer with 24 features (measured mi-
crogrid parameters), one BiLSTM hidden layer with 50 neurons, and 
an output dense layer with linear activation for power consumption 
forecasting. Training was performed using the MSE loss function, 
Adam optimizer, and normalized input data (scaling using Min-
MaxScaler). The forecasting time horizon was 3 days, and the batch 
size  (batch_size) was 24. The model showed the following results:

–	 MAE (Mean Absolute Error): 18.15,
–	 RMSE (Root Mean Squared Error): 20.74,
–	 MAPE (Mean Absolute Percentage Error): 5.00%.
The results obtained are comparable or better than those in previ-

ous studies: in particular, in  [19] the hybrid PSO-LSTM-AE model 
showed MAE ≈ 22.5 and MAPE ≈ 6.4%. In our work , the BiLSTM 
model achieved MAE = 18.15 and MAPE = 5.0%, which indicates in-
creased accuracy under similar input data conditions. This indicates 
high accuracy of the model in forecasting daily load fluctuations. Peak 
discrepancies mainly occur in the evening hours, which is due to un-
even consumption and changes in RES generation.

After forecasting pLoad, the results were transferred to the fuzzy 
logic block. Three input parameters were used: vBat, ppv1+ppv2 (gen-
eration), forecasted_pLoad. Triangular membership functions (Low, 
Medium, High) were defined for each parameter, and in total the 
system had 9 expert rules. The evaluation was performed manually 
according to the rule

Available Power SoC C Pscaled bat solar_ { } { } { },� � � 	 (16)

where { }Cbat  – system capacity in Wh. All calculations were performed 
with a sampling frequency of 1 hour.

The classification was as follows:
–	 Stable – when the available power exceeds the demand by 20%;
–	 Warning – when the power is just enough for the needs;
–	 Deficit – when the forecast exceeds the available resources.
To assess the accuracy of the classification of the microgrid state, 

the Accuracy metric was used

Accuracy TP TN
TP FP FN TN

�
�

� � �
� 93 2. %,	 (17)

where TP – the system correctly warned about the unstable mode; 
TN – the system correctly recognized the state as normal; FP – false 
alarm; FN – the system did not detect a critical state (the most danger-
ous case).

The reference values were formed based on the energy balance:  
if the forecasted load exceeded the generation and battery condition – 
a  deficit was recorded.

The obtained results (Fig. 1) of the analysis of electricity consump-
tion forecasting allow to assess the effectiveness of the applied method-
ology and draw conclusions about the current state of the microgrid. 
Visualization of the obtained data demonstrates that the constructed 
fuzzy logic system is capable of analyzing the forecasted load and de-
termining the level of microgrid stability. The presented results con-
tain historical and forecasted data on the consumed power, as well as 
a classification of the state of the microgrid based on fuzzy logic. This 
approach allows assessing the situation in real time, which allows to 
quickly make decisions on the optimal distribution of energy resources 
and prevent potential problems associated with a shortage of electricity.

 
Fig. 1. Results of microgrid state forecasting

Analyzing the graph (Fig.  2), which displays the forecasted and 
actual electricity consumption, it can be seen that the developed fuzzy 
logic model provides a high level of accuracy in assessing the state 
of the microgrid. The blue line represents the actual load, while the 
points of different colors correspond to the forecasted values and the 
determined state of the microgrid. Green indicates a stable state of the 
system, orange signals the need for monitoring due to a decrease in 
available power, and red indicates periods of electricity shortage. De-
tailed analysis shows that during peak loads, in particular in the evening 
hours, there is a significant increase in consumption, which can lead to 
an excess of available power. Identifying such periods allows for timely 
load balancing, energy redistribution and taking appropriate measures 
to maintain the stability of the microgrid.
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Based on the developed models, a decision support system was 
built that provides automated assessment of the microgrid state based 
on the integration of machine learning and fuzzy logic. For a better un-
derstanding of the automated assessment process, a UML diagram was 
used (Fig. 3), which demonstrates the interaction between the user, the 
forecasting system, the database and the model repository. The UML 
diagram demonstrates the logic of the interaction of the components un-
derlying the proposed model. Full-fledged software implementation of 
information technology is planned as the next stage of further research.

As a research result, mathematical models were developed that 
form the basis for building an information technology for assessing the 
state of the microgrid. Key components of this technology were imple-
mented, in particular, a BiLSTM-based forecasting model and a fuzzy 
logic state assessment module, which provide a consistent analysis of 
the load and energy balance.

The assessment process involved several consecutive stages. Af-
ter receiving a request for analysis, historical data on consumption, 
generation, and battery charge level were transferred to the forecast-
ing module. The BiLSTM model performed time series analysis and 
calculated a forecast of electricity consumption based on multifactor 
input parameters.

Next, the forecast results were transferred to the fuzzy logic module, 
where, together with the current values of battery charge and solar 
energy generation, an assessment of the overall energy state was car-
ried out. For this, three inputs with triangular membership functions 
were used, describing the levels "low", "medium" and "high". The system 
classified the microgrid state as stable, potentially unstable, or deficient 
using a set of fuzzy "if–then" rules. The final value was calculated using 
the center-of-gravity defuzzification method.

Comparison of forecasted and actual values confirmed 
sufficient accuracy and stability of the model, as well as its 
ability to detect critical deviations in the energy balance. 
Visualization of the results showed that the model correctly 
responds to peak loads and periods of reduced generation.

The conducted research allowed to form a practical basis 
for further design of a fully functional information technol-
ogy for assessing the state of microgrids. A promising direc-
tion is to expand the set of input parameters by forecasting 
weather conditions and changes in consumer activity, as well 
as improving the system of fuzzy rules to increase sensitivity 
to non-standard operating modes.

The results obtained create a basis for further expansion 
of the system functionality. In particular, it is promising to 
supplement the model with an economic evaluation block 
taking into account the cost of storing and selling electricity 
to the grid. This will allow implementing adaptive logic for 
choosing the operating mode: accumulating or selling excess 
energy. Other possible directions are automatic generation 
of fuzzy rules using tutored learning methods, as well as 
integration of weather forecasting to improve the accuracy 
of the generation model.

The experiments were partially complicated by limita-
tions associated with the martial law conditions in Ukraine, 
in particular, the inability to conduct continuous testing on 
a physical object for a long time. This limited the possibility 
of large-scale testing on third-party microgrids.

 
Fig. 2. Forecasted and actual electricity consumption data with microgrid state assessment

 
Fig. 3. UML diagram of microgrid state assessment
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The limitations of research are the use of only one type of mi-
crogrid (a private household), the absence of external weather variables 
in the forecast, and the use of fuzzy logic with fixed membership func-
tions, without automatic adaptation.

Further research should be aimed at eliminating the identified limi-
tations, adapting models to changing external conditions, and integrat-
ing additional influencing factors, including weather. Special attention 
should be paid to improving network status assessment algorithms and 
developing automated decision-making support mechanisms.

4. Conclusions

The article solves the problem of assessing the state of a microgrid 
under conditions of variable energy balance using technology that inte-
grates machine learning and fuzzy logic. For this purpose, appropriate 
models, methods and software tools have been developed, which are 
combined into a comprehensive system for analyzing the operational 
state of energy assets. The proposed approach automates the assessment 
of the level of stability of a microgrid based on the forecasted electricity 
consumption, battery charge level and solar energy generation.

The features of the obtained results are the combination of time se-
ries forecasting methods and fuzzy logic, which provides the possibility 
of assessing the operational state of microgrids in future periods of time, 
which is important for maintaining their stable functioning.

The obtained results confirm the effectiveness of using fuzzy logic 
for analyzing the state of a microgrid. Forecasting electricity consump-
tion using BiLSTM is only the input stage of the assessment, which 
provides the necessary data for the fuzzy model. The use of fuzzy mem-
bership functions allows classifying the state of the microgrid into three 
categories: "Stable", "Warning" and "Deficit". This approach minimizes 
the impact of uncertainty on the analysis results and ensures the adapt-
ability of the network assessment.

The interpretation of the results shows that the BiLSTM model dem-
onstrates high efficiency in forecasting short-term changes in electricity 
consumption even without specialized hardware. The fuzzy logic system 
adequately responds to typical microgrid operating modes and allows for 
early detection of potential deficit risks. The peak forecast error occurs in the 
evening hours, which is due to high consumption with reduced generation.

The practical application of the developed models allows increas-
ing the reliability of microgrids, reducing the risks of energy deficit and 
improving energy resource management. The combination of BiLSTM 
and fuzzy logic provides accurate load forecasting and effective process-
ing of uncertainty, which allows microgrid operators to make more 
informed decisions. Comparison with traditional approaches showed 
that the combination of machine learning and fuzzy logic is a promising 
direction for increasing the resilience of microgrids.
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