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Abstract: Thrust constitutes a pivotal performance parameter for aircraft engines. Thrust, being an
indispensable parameter in control systems, has garnered significant attention, prompting numerous
scholars to propose various methods and algorithms for its estimation. However, research methods
for estimating the thrust of the micro-turbojet engines used in unmanned aerial vehicles are relatively
scarce. Therefore, this paper proposes a thrust estimator for micro-turbojet engines based on DBO
(dung beetle optimization) utilizing bidirectional long short-term memory (BiLSTM) and a convolu-
tional neural network (CNN). Furthermore, the efficacy of the proposed model is further validated
through comparative analysis with others in this paper.

Keywords: dung beetle optimization algorithm; bidirectional long short-term memory; thrust
estimation; micro-turbojet engine

1. Introduction

In recent years, unmanned aerial vehicles (UAVs) have witnessed rapid growth
across various sectors, including surveillance, remote control, search and rescue, and
agriculture [1,2]. Owing to their exceptionally high thrust-to-weight ratio, simple structure
in comparison with larger aircraft engines, and compact size, micro-turbojet engines serve
as crucial power sources for UAVs [3]. Micro-turbojet engines have garnered considerable
attention in the commercial aviation sector [4] and are increasingly sought after for UAVs
and remotely operated flying devices [5]. Applications of micro-turbojet engines include
jet-powered flying robots consisting of four engines [6,7], as well as flying robots consisting
of multiple engines, with thrusts of 21 kg and 8 kg, respectively [8]. To ensure stable
operation, thrust control is typically the primary objective for the engines in these aircraft.
However, direct thrust measurement by sensors is often not feasible during operation.
Therefore, thrust needs to be calculated based on the engine’s state and model. However,
most micro-turbojet engines lack comprehensive instrumentation and are only adjusted
based on closely measurable variables, such as RPM [9]. This conservative approach to
thrust control may result in suboptimal performance. Thrust estimators can provide more
intuitive control values, thereby improving operational efficiency [10]. As the primary
power source for UAVs, the thrust of micro-turbojet engines has a significant impact on the
stable operation of UAVs.

Research on the direct thrust of aero-engines has drawn significant attention from
researchers. Henriksson et al. [11] discussed the utilization of two thermodynamic models
for thrust estimation on low-bypass-ratio turbofan engines. Litt et al. [12] employed a new
optimal linear design point method to adjust tuning parameters and estimate performance
parameters, such as thrust. While the aforementioned studies emphasize modeling-based
approaches, the incorporation of additional engine parameters and extensive processing
and measurements becomes necessary for models with difficult-to-determine parameters
and complex, nonlinear, multivariate objects [13,14]. In recent years, data-driven models
have been widely applied to the establishment of engine-performance models [15]. Kr-
ishnaKumar [16] employed neural networks and genetic algorithms as input selectors to
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predict jet engine performance. However, neural networks have limited capacity to fit
nonlinear features. Liu [17] utilized support vector machines (SVMs) [18] for estimating the
thrust of aircraft engines, which can reduce computational complexity. Song et al. [19] com-
bined particle swarm optimization (PSO) [20] and extreme learning machine (ELM) [21].
Li [22] integrated the particle swarm optimization (PSO) algorithm with the thrust esti-
mation of the radial basis function neural network (RBFNN). However, this approach
is susceptible to local minima and instability when adjusting network scale. Zhao [23]
estimated the thrust of aircraft engines under transient conditions based on long short-
term memory (LSTM) networks and gradient enhancement strategies. However, due to
the diverse structures of various networks, they possess their own characteristics and
limitations. For instance, training sequence data in only one direction with LSTM may
result in overfitting [24]. Momin [25] estimated the thrust of the micro-turbojet engine
by constructing a nonlinear state space model, but solely accounted for a single variable,
engine angular velocity. The aforementioned methods are predominantly employed for
predicting thrust in large aircraft engines. However, large aircraft engines are typically
larger in size and comprise multiple components, such as turbine combustors, necessitating
adjustments to the structure and parameters of prediction models. This paper focuses
on establishing thrust prediction models for micro-turbojet engines. These engines are
relatively small in size and lack comprehensive data instruments, posing challenges in
acquiring comprehensive sectional data during operation.

Additionally, many researchers have studied aspects such as the control [26,27], com-
bustion emissions [28,29], power simulation [30], and exhaust nozzles [31] of micro-turbojet
engines. However, there have been fewer studies combining deep learning with thrust pre-
diction for micro-turbojet engines. The data from micro-turbojet engines exhibit time-series
characteristics, being influenced not only by current input variables, but also by the vari-
ables from the previous time step. Therefore, based on the characteristics of micro-turbojet
engines, we attempt to utilize a deep learning approach to establish a thrust-prediction
model, which may further support the development of control for such engines in avia-
tion applications.

Long short-term memory (LSTM) [32] is an improvement upon recurrent neural net-
works (RNNs). LSTM effectively addresses the shortcomings of RNNs during training [33].
Bidirectional LSTM (BiLSTM) is a combination of forward LSTM and backward LSTM,
which can fit the data in both the forward and reverse directions of the sequence, combining
the exchange of information in both the forward and backward directions, which helps
BiLSTM to improve expressiveness and performance. Convolutional neural networks
(CNNs) can be used to extract data features. Many researchers are combining BiLSTM
with CNNs for various fields [34–36], such as recognition [37,38] and prediction [39]. The
selection of hyperparameters is crucial for the performance of the model. Due to the nu-
merous parameters being used in deep learning models, it takes a considerable amount of
time to adjust them [40]. Common techniques for hyperparameter optimization include
manual and automatic search. Manual search relies mainly on individual expertise, but
relying solely on personal experience is insufficient. Optimizing hyperparameters through
optimization algorithms can improve the performance of the model [41,42]. The dung
beetle optimization algorithm [43] possesses advantages such as fast convergence speed
and high accuracy, and it is used as an optimization tool [44].

To address the aforementioned issues, this paper proposes a thrust prediction method
for the micro-turbojet engine based on DBO-CNN-BiLSTM. The model consists of the
dung beetle optimization algorithm (DBO), CNN, and BiLSTM. CNN can extract features
from the input engine data sequence. BiLSTM can fully capture the interdependencies
among the input engine data sequences. The DBO conducts hyperparameter optimization
search, which demonstrates strong convergence and accuracy. Consequently, this method
can effectively avoid the issue of BiLSTM neural networks easily falling into local optima,
thereby accomplishing thrust prediction for micro-turbojet engines. The main contributions
of this paper are as follows:
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(1) For thrust prediction of the engine, DBO is combined with CNN-BiLSTM to construct
a predictive model for the thrust of a micro-turbojet engine;

(2) Based on the dung beetle optimization algorithm, the hyperparameters of CNN-
BiLSTM are adjusted utilizing the optimization capability of DBO;

(3) DBO-CNN-BiLSTM is validated for thrust prediction of a micro-turbojet engine, and
its performance is compared with that of other models.

This paper is structured into five sections. Section 2 describes the basics of the CNN,
BiLSTM, and DBO algorithms. Section 3 introduces the DBO-CNN-BiLSTM model for the
micro-turbojet engine thrust prediction and the experimental platform. Section 4 validates
the proposed model by comparing it with other methods. Section 5 summarizes the paper
and outlines future directions.

2. Methodology
2.1. Convolutional Neural Network (CNN)

CNN is a common deep learning algorithm that effectively extracts features from high-
dimensional raw data and mitigates the risk of overfitting [45]. Its remarkable capability
has led to its adoption in tasks such as image recognition and classification [46]. As shown
in Figure 1, a CNN consists of four parts: the input layer, convolutional layer, pooling layer,
dropout layer, and output layer [47]. The convolutional layer captures relevant features
from the input data, which are then collected and forwarded to the next module [48]. In the
pooling layer, it is responsible for selecting features captured by the convolutional layer,
retaining significant features and reducing complexity [49]. However, CNN has limitations
in feature extraction for time-series data in prediction tasks [50]. Therefore, combining
CNN with BiLSTM networks enhances performance.
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2.2. Bi-Directional Long Short-Term Memory Network (BiLSTM)

LSTM is a special type of recurrent neural network (RNN) comprising three com-
ponents: the forgetting gate, input gate, and output gate. LSTM addresses the issues of
vanishing and exploding gradients that traditional RNNs may encounter during learn-
ing [51]. The LSTM model incorporates multiple gate control mechanisms, including the
forget gate. The forget gate selectively retains or forgets key information from the previ-
ous time step, enabling better handling of long sequences and addressing the vanishing
gradient problem in traditional RNNs. An activation function is employed by the forget
gate to determine whether to retain or forget information in the cell state. Thus, even in
long sequences, LSTM can selectively remember information pertinent to the current task
without being hindered by vanishing gradients. However, LSTM still faces challenges in
preserving important information when processing long sequential inputs [52].

BiLSTM comprises both forward LSTM and backward LSTM, enabling it to simultane-
ously capture information from both forward and backward data sequences. It can better
explore the dependency relationships between preceding and succeeding data sequences
in both directions, whereas LSTM can only capture time-related data from one direction.
BiLSTM adds a backward LSTM, enabling it to capture data features and patterns that
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LSTM may overlook [53]. The incorporation of BiLSTM compensates for the limitations of
CNN in engine thrust prediction. Utilizing CNN for data preprocessing helps to filter out
irrelevant information, thereby enhancing the accuracy of thrust prediction. The structure
of BiLSTM is schematically shown in Figure 2 and can be expressed as Equation (1).

→
Gt = g(S1Xt + S2

→
Gt−1 +

→
j )

←
Gt = g(S3Xt + S5

→
Gt−1 +

←
j )

Ut = S4
→
Gt + S6

←
Gt + jy

(1)
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2.3. Dung Beetle Optimizer (DBO)

Proper optimization methods can achieve the desired solutions by finding variables
that satisfy the constraints to meet the requirements of the objective function [54]. The
parameters of CNN-BiLSTM play a crucial role in determining its final results. This chapter
proposes utilizing the dung beetle optimization (DBO) algorithm to optimize parameters
and enhance the accuracy of thrust prediction.

Inspired by the collective behavior of dung beetles, Xue [43] categorized their behavior
into four types: rolling behavior influenced by celestial cues (such as sunlight), as well as
dancing, spawning, and stealing behaviors. The dung beetle optimization algorithm is
innovative in its approach and has garnered considerable attention since its proposal.

2.3.1. Rolling Behavior

In nature, dung beetles exhibit fascinating behavior in which they roll dung balls to an
optimal location. During this process, they use weather information, such as sunlight or
wind direction, to guide their movement and ensure that they roll the ball in a straight line.
The position is updated as in Equation (2)

xr(t + 1) = xr(t) + β× e× xr(t− 1) + b× ∆x
∆x =

∣∣xr(t)− Xworst
∣∣ (2)
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In this context, xr represents the location of the dung beetle during the rolling behavior.
t indicates the current number of iterations. The deflection coefficient is denoted by e and
its values range from (0, 0.2]. The orientation coefficient, denoted by β, is assigned a value
of either −1 or 1 based on the probability value, indicating the presence or absence of a
deviation from the original orientation. The global worst position is represented by Xworst.
Additionally, ∆x is used to simulate the dung beetle’s perception of changes in sunlight
intensity in the surrounding area. Higher values indicate a weaker light source.

When dung beetles roll dung balls, they may encounter obstacles in their environment,
which can make it difficult for them to determine the correct direction. In such scenarios,
dung beetles use dancing as a means to regain their rolling direction and find an alternate
path. The new forward direction of the dung beetle will be selected by the tangent function.
Equation (3) simulates the position update during the encounter with the obstacle.

xr(t + 1) = xr(t) + tan α|xr(t)− xr(t− 1)| (3)

where α represents the angle of the direction chosen following the dancing behavior and
takes values within the range of [0, π]. If α equals 0, π/2, or π, then the dung beetle will
move in the original direction, resulting in no update. Additionally, |xr(t)− xr(t− 1)|
represents the difference in distance between two generations of individuals

2.3.2. Reproductive Behavior

In the natural world, dung beetles tend to choose safe and secure locations for laying
their eggs. The female dung beetle chooses a safe area as in Equation (4)

Ls = max
{

Xbest × (1− A), Lb
}

,

Us = min
{

Xbest × (1 + A), Ub
} (4)

In the equation, Ls and Us are the boundaries of the spawning area for female selection.
Xbest denotes the current local optimal position. Tmax in A = 1 − T/Tmax denotes the
maximum number of iterations. Female dung beetles choose a safe spawning area around
Xbest. The position at this point is defined as in Equation (5).

xB(t + 1) = Xbest + B1 × (xB(t)− Ls) + B2 × (xB(t)−Us) (5)

where B1 and B2 denote D-dimensional independent vectors and D denotes the dimension
of the search space.

2.3.3. Foraging Behavior

After hatching and transforming into young dung beetles, they emerge from under-
ground and commence their search for food. Dung beetles choose foraging areas that lack
potential threats in order to minimize the risk of encountering predators. The foraging area
is defined as Equation (6):

L f = max
{

XGbest × (1− A), Lb
}

,

U f = min
{

XGbest × (1 + A), Ub
} (6)

where XGbest denotes the global best location. Uf and Lf denote the boundaries of the safe
foraging area chosen by young dung beetles, respectively. The locations of the foraging
young dung beetles are as follows:

xY(t + 1) = xY(t) + Q1 × (xY(t)− L f ) + Q2 × (xY(t)−U f ) (7)

where Q1 denotes a random number and Q2 denotes a 1 × D random vector belonging to
[0, 1].
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2.3.4. Stealing Behavior

Within dung beetle populations, certain individuals engage in the act of pilfering dung
balls from their counterparts. To simulate the dung beetle’s stealing behavior, XGbest is
considered the most favorable food source globally, thus assuming that positioning oneself
around the perimeter of XGbest offers the best opportunity for food competition. The dung
beetle exhibiting the aforementioned stealing behavior is shown in Equation (8).

xS(t + 1) = XGbest + S× E× (
∣∣xs(t)− Xworst∣∣+ ∣∣∣xs(t)− XGbest

∣∣∣) (8)

where xs represents the theft of dung beetle positional information, S is a constant with a
value of 0.5, and E represents a random vector of size 1× D following a normal distribution.

Dung beetle populations adjust their movement paths based on food information
to find optimal food sources. During the training process of the model, the setting of
hyperparameters affects the performance of the model, and there may be problems with
local optima during the training process [55]. This paper utilizes the searching capability of
the dung beetle optimization algorithm to allow dung beetles to search within the parameter
space. By using the fitness function, dung beetles adjust their movement direction during
the search, avoiding being trapped in local optima and gradually approaching the optimal
position, thus selecting the hyperparameter of the model.

3. Model and Data Processing

This section provides the DBO-CNN-BiLSTM prediction model. An overview of the
engine experimental platform is provided, as well as the data preparation phase and the
data processing phase.

3.1. DBO-CNN-BiLSTM Prediction Model

CNN’s ability to extract local features from data is utilized, and these features are
shared with BiLSTM. BiLSTM learns the temporal dependencies in the data. During the
optimization process, the dung beetle is employed to determine the optimal parameters.
The initialization position of the DBO population is within the upper and lower limits
of specified parameters (such as the number of hidden layer nodes and learning rate),
representing the search space of the dung beetle population. The fitness function is used to
measure the performance of parameter configurations searched by individual dung beetles.
In this paper, the fitness function of the DBO algorithm will consider the mean square error
(MSE) [56] of network training, which needs to be minimized during model training. MSE
is shown in Equation (9)

Fitness =
1
s

s

∑
j=1

(Tj − qj)
2

(9)

Select the position XGbest of the best individual in the search population based on the
fitness function. The exchange of information between populations is used to select the
next updated position. As the population moves towards the optimal point, it ensures that
it does not fall into local optima. During the training phase, initialization is performed
through DBO to obtain the best predictive parameters. DBO considers parameters with
the minimum MSE as the parameter scheme and provides the best parameters to the
predictive model.

The selection of hyperparameters has a significant impact on the performance of model
training and thrust prediction. Therefore, it is necessary to adjust hyperparameters, such as
the size and number of convolutional kernels, the number of hidden neurons, learning rate,
batch size, and number of iterations. For complex network models, selecting parameters
based on experience may lead to overfitting or underfitting. Therefore, we use the DBO
algorithm to optimize the training hyperparameters of the model to prevent the occurrence
of the above phenomena caused by empirical parameter settings.
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The update speed of the model is influenced by the learning rate. While a higher
learning rate accelerates the parameter updates of the model, setting it excessively high
can induce instability during training, possibly resulting in non-convergence; therefore,
the learning rate should not be set too high. Conversely, too small a learning rate slows
down the model parameter update rate, resulting in slower convergence of the loss func-
tion. Adjusting epochs during training can impact the model’s performance. Insufficient
epochs may result in the model failing to learn adequate features, leading to underfitting.
Conversely, if the number of epochs is too high, the model may overfit the training data, re-
sulting in high prediction bias on the test set. Increasing the number of epochs provides the
model with additional opportunities to learn patterns and features in the data, potentially
enhancing performance. However, overtraining may lead to decreased performance, and a
large number of iterations may prolong training times. Thus, selecting an appropriate num-
ber of epochs is crucial for enhancing the model’s performance. In this paper, we choose
the number of hidden layer nodes, epoch, and learning rate as optimization objectives.

The flowchart of DBO-CNN-BiLSTM is shown in Figure 3.
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Step 1: Normalize the experimental data and generate the experimental data into
sequences to generate the dataset.

Step 2: Shuffle the sequences and partition the shuffled dataset into training and
testing sets.

Step 3: Initialize the search for dung beetle individuals in the DBO-CNN-BiLSTM
algorithm.

Step 4: Input the hyperparameters optimized by DBO (learning rate, hidden layer
nodes, and epochs) into the CNN-BiLSTM network.

Step 5: Input the experimental data into the CNN-BiLSTM network for training and
testing. Calculate and return the fitness function.

Step 6: The DBO updates the positions of dung beetle individuals in the search space
based on the fitness values obtained from the hyperparameter search.

Step 7: If the algorithm satisfies the termination condition, output the optimization
results; otherwise, repeat the process from Step 4.

3.2. Experimental Setup

The experimental platform used to collect data from the micro-turbojet engine is
shown in Figure 4. It mainly includes a control system electronic control unit, a force sensor,
a control computer, a fuel pump, and a fuel tank, among others. The small turbojet engine
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consists primarily of a single-stage centrifugal compressor, an annular combustion chamber,
a single axial turbine, and an exhaust pipe, among other components. The micro-turbojet
engine is mounted on a sliding platform with linear bearings, and a thrust-measuring
device is installed on the sliding platform for thrust measurement. The engine used in
this paper has a maximum thrust of 130 N. The thrust sensor has a measurement range
of 0–200 N, a sampling frequency of 50 Hz, and a measurement error of 0.03%. After the
engine stabilizes, data are collected for 10–15 s and averaged to reduce errors. The fuel
output by the pump enters the engine through a fuel flowmeter, with the flow sensor
having an accuracy of ±0.5% of the full range. Engine speed and turbine inlet temperature
are measured by built-in sensors in the engine, with a sampling frequency of 500 ms. The
experimental platform inputs pulse–phase modulation (PPM) signals through an external
computer, with the signal range being 1000–2000. A signal of 1000 represents the idle state,
while 2000 represents full throttle, with the fuel pump supplying fuel to the engine. Due to
the short running time of the micro-turbojet engine, it is currently difficult to obtain data
on engine deterioration, so the factor of engine deterioration is not considered in this paper.
Since the micro-turbojet engine cannot start by itself, during the startup phase, our engine
needs to be driven by a motor as a starter before entering the working state. Once the
starter motor speed reaches the set speed, the engine can maintain its operation without a
starter. In our experiment, the startup period is not considered.
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3.3. Data Collection and Processing

The signal is input to the engine in order to obtain the relevant experimental data
when the engine is running. During the process of collecting experimental data, as the
experimental platform is located indoors on the ground, the operating environment is
relatively stable. Therefore, this paper did not select environmental temperature and
pressure as inputs. This paper selected parameters during engine operation as the dataset,
including the micro-turbojet’s speed, turbine inlet temperature, and fuel flow rate. The fuel
flow rate is one of the primary factors affecting the thrust generated by the micro-turbojet
engine, with the fuel supply determining the speed of fuel combustion and the resulting
output thrust. The intake airflow determines the oxygen content in the engine’s combustion
chamber, thereby affecting combustion efficiency. The compressor speed influences the
compression ratio and airflow of the intake air, thereby affecting fuel combustion efficiency
and thrust output. The turbine inlet temperature reflects the temperature of the air before
entering the turbine. These parameters reflect the operational status of the engine during
its operation.
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Experiments on the engine were conducted under various input conditions to prevent
the training dataset from being overly homogeneous, increase dataset diversity, mitigate
overfitting risks, and thus enhance the model’s generalization capability. In the experiments,
the engine was subjected to step input signals of 10% and 5%, along with random signal
inputs to prevent overfitting phenomena. Figure 5 illustrates the engine input signals
during the experiments. Upon receiving the input signals, the micro-turbojet engine
acquires operational parameters, such as the engine speed (N) (rpm/min) and exhaust gas
temperature before the turbine (EGT) (◦C), as depicted in Figure 6.
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During the model training process, if the numerical ranges of different features differ
significantly, the model tends to assign greater weights to features with larger numerical
ranges and smaller weights to features with smaller numerical ranges, leading the model to
be biased toward features with larger numerical ranges. Therefore, data normalization can
help the model to consider each feature more evenly. In this paper, the data collected from
experiments will be normalized. After normalization, the original data will be transformed
into dimensionless values, avoiding the influence of significant dimensional differences,
which is conducive to predicting the thrust of the engine and comprehensively evaluating
the training results. Due to the significant differences in the unit magnitudes among various
parameters of the engine, it is necessary to normalize the experimental data.

Normalize the input data as per Equation (10) as follows.

x∗ = (xi − ximin)/(ximax − ximin) (10)

In the equation, x* represents the value after normalization, ximax and ximin denote the
maximum and minimum values before normalization, respectively, and xi represents the
data to be normalized. In this study, the entire engine dataset is divided into training and
test sets in a ratio of 7:3.
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In this study, data from engines operating above idle speed are chosen as inputs. This
includes fuel flow rate, exhaust gas temperature, and engine speed, with thrust serving as
the output.

f (t + 1) = g[N(t), N(t− 1), N(t− 2), . . . , N(t− k),
temp(t), temp(t− 1), temp(t− 2), . . . , temp(t− k),
W(t), W(t− 1), W(t− 2), . . . , W(t− k)]

(11)

In the equation, t denotes the current time, t − k denotes the k-th past moment, g
represents the network mapping, and f (t + 1) represents the prediction of thrust at the next
time step. The input data consist of the speed sequence N(t), N(t − 2), . . . N(t − k), the
exhaust temperature sequence temp(t), temp(t − 1), . . . temp(t − k), and the fuel flow rate
sequence W(t), W(t − 1), . . . W(t − k).

4. Experimental Results and Discussion
4.1. Experimental Environment Introduction

All experiments were conducted on the MATLAB 2022 platform using a PC with an
Intel (R) Core (TM) i5 CPU @ 3.70 GHz, 16 GB RAM, and an NVIDIA GeForce RTX 3060Ti
graphics card.

Based on the above foundation, the hyperparameters are searched as dung beetle
individuals within the specified range, selecting the combination of hyperparameters with
the minimum fitness function. The algorithm parameters are set as follows: the population
size of DBO is 10 and the maximum number of iterations is 10. The hyperparameter search
range is as follows: the range of epochs is from 40 to 100; the range of learning rate is from
0.0001 to 0.001; the range of hidden layer nodes is from 10 to 40. The hyperparameters of
the proposed model are shown in Table 1.

Table 1. The hyperparameters.

Methods Value

DBO-CNN-BiLSTM
optimal hyper-parameter combination is obtained by DBO.
activation function (RELU).
pooling layer activation function (RELU)

CNN-BiLSTM

batch size (128)
learning rate (0.001)
hidden nodes (100)
activation function (RELU)
pooling layer activation function (RELU)

CNN

batch size (128)
learning rate (0.001)
activation function (RELU)
pooling layer activation function (RELU)

LSTM

batch size (128)
hidden nodes (100)
learning rate (0.001)
activation function (RELU)

GRU

batch size (128)
hidden nodes (100)
learning rate (0.001)
activation function (RELU)

4.2. Performance Indicators

In order to evaluate the predicted results after training, several metrics are adopted
as standards for assessing the predictive performance of the model. These metrics in-
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clude the mean absolute error (MAE), root-mean-square error (RMSE), and coefficient of
determination (R2). The specific definitions of these metrics are as follows:

RMSE =

√√√√1
s

s

∑
j=1

(Tj − qj)
2

(12)

MAE =
1
s

s

∑
j=1

∣∣Tj − qj
∣∣ (13)

R2 = 1−

s
∑

j=1

(
Tj − qj

)2

s
∑

j=1

(
Tj − qj

)2
(14)

In the equations, T, q, and q represent the true value, predicted value, and mean value,
respectively. RMSE represents the square root error between the model’s predicted thrust
and the actual thrust, and is often used as a measure of prediction accuracy. MAE is used to
evaluate the deviation between the predicted and actual thrust values. R2 is used to assess
the correlation between actual and predicted values, with a value closer to 1 indicating
a better fit of the model to the data. Therefore, this paper integrates the aforementioned
statistical indicators to evaluate the predictive performance.

4.3. Forecast Results and Discussion

In this study, DBO-CNN-BiLSTM is compared with various methods, such as CNN-
BiLSTM, LSTM, GRU [57], and CNN. Also, all the methods were trained on the collected
dataset five times and the average of performance metrics were calculated based on the
results on the dataset. Table 2 demonstrates the experimental data results. Figure 7 shows
the variation in the fitness value curve of DBO-CNN-BiLSTM.

Table 2. Comparison results with other models.

Evaluation Metrics DBO-CNN-
BiLSTM GRU LSTM CNN CNN-BiLSTM

RSME 0.0502 0.0647 0.0587 0.0636 0.0625
MAE 0.0391 0.0486 0.0429 0.0492 0.0508

R2 0.9924 0.9834 0.9901 0.9885 0.9884
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Table 2 presents the experimental data results. The table presents the results of utilizing
DBO-CNN-BiLSTM, GRU, LSTM, CNN, and CNN-BiLSTM to calculate the RMSE, MAE,
and R2 of the micro-turbojet engine dataset. A higher R2 value and lower RMSE and MAE
values indicate better overall performance. The results demonstrate that the proposed
DBO-CNN-BiLSTM in this paper achieved an RMSE value of 0.0502, which was 19.68%
lower than that of CNN-BiLSTM (0.0625), 14.48% lower than that of LSTM (0.0587), 22.41%
lower than that of GRU (0.0647), and 20.98% lower than that of CNN (0.0636). For the MAE
value, the performance improvement was significant, with DBO-CNN-BiLSTM achieving
a value of 0.0391, which was the smallest among the compared models, representing
reductions of 19.54%, 8.86%, 20.45%, and 23.14% compared with those of GRU, LSTM,
CNN, and CNN-BiLSTM, respectively. Additionally, DBO-CNN-BiLSTM achieved an R2

value of 0.9924, which was the highest compared with the others, indicating a higher level
of prediction stability.

In order to better evaluate the thrust estimation of DBO-CNN-BiLSTM, engine experi-
mental data at different time points of engine operation were introduced in this study to
evaluate the performance of the model. In Experiment A, a large step signal was input to
the engine to obtain experimental data for approximately 184 s. Figure 8 shows the thrust
prediction results of DBO-CNN-BiLSTM and other models. The figure plots the actual
test thrust values and the predicted values of each model. The black color represents the
actual values tested on the test stand, while the red color represents the predictions made
by DBO-CNN-BiLSTM.
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Figure 8 illustrates that, after the input of a larger step signal, the thrust value rose
rapidly and then stabilized at a certain level. Fluctuations occurred in the predictions of all
models during the rising phase. During the subsequent steady-state phase, the predicted
values of DBO-CNN-BiLSTM were closer to the experimental test values. The fluctuations
may have been due to unstable data changes in a rapidly changing state. To better evaluate
the predictive performance of the model, we introduced MAE and RMSE, mean error,
and maximum error as evaluation metrics. The percentage error was calculated as the
percentage absolute value of a fraction of the maximum thrust achievable by the turbojet
engine. As shown in Table 3, in this experiment, the MAE value of DBO-CNN-BiLSTM
was 0.0406, 7.11% lower than that of CNN-BiLSTM (0.0437), approximately 10.57% lower
than that of LSTM (0.0454), and 25.37% lower than that of CNN. For RMSE, the value of
DBO-CNN-BiLSTM in this experiment was 0.0651, the lowest among other methods, with
the largest decrease compared with GRU (0.0840) being 22.5%. The mean error obtained
by DBO-CNN-BiLSTM was 2.01%, and the maximum error was 8.71% in the face of larger
state transitions, which rose little in comparison with the other models. The error rose at
larger state transitions, possibly caused by faster state transitions that resulted in unstable
temperature changes inside the engine.
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Table 3. Results from experiment A.

Evaluation
Metrics

DBO-CNN-
BiLSTM GRU LSTM CNN CNN-BiLSTM

MAE 0.0406 0.0509 0.0454 0.0544 0.0437
RSME 0.0651 0.0840 0.0717 0.0762 0.0662

Mean Error 2.01% 2.52% 2.21% 2.69% 2.16%
Maximum Error 8.71% 11.79% 10.58% 11.50% 9.76%

In Experiment B, we input a smaller step signal to the engine for a duration of about
200 s. The results of each model for the Experiment B data are shown in Figure 9. The
corresponding evaluation metrics are shown in Table 4. With the smaller step input, both
MAE and RMSE showed a decrease compared with Experiment A. Specifically, DBO-
CNN-BiLSTM achieved an MAE of 0.0410, which was 13.87% lower than that of GRU
(0.0476), and decreases of 9.49% and 9.89% compared with those of CNN-BiLSM (0.453)
and LSTM (0.455), respectively. In terms of RMSE, there was a maximum reduction of
17.55% compared with GRU (0.587). The mean error of DBO-CNN-BiLSTM was 2.03%,
which was 9.78% lower than that of GRU (2.35%). The maximum error of the model in this
paper was also kept lower than other models under smaller state changes.
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Table 4. Results from experiment B.

Evaluation
Metrics

DBO-CNN-
BiLSTM GRU LSTM CNN CNN-BiLSTM

MAE 0.0410 0.0476 0.0455 0.0469 0.0453
RSME 0.0484 0.0587 0.0549 0.0548 0.0554

Mean Error 2.03% 2.35% 2.25% 2.32% 2.24%
Max Error 8.05% 9.49% 10.14% 10.67% 8.91%

For Experiment C, involving continuous acceleration and deceleration of the engine
for approximately 107 s, the predictive results of each model are shown in Figure 10.
Based on the evaluation metrics in Table 5, it is observed that both MAE and RMSE
increased compared with the previous two experiments. The MAE value of the proposed
method was 0.0478 compared with the other methods. Although the RMSE obtained in this
experiment also increased compared with the experiments with continuous step inputs, the
proposed method showed a decrease of 9.13% compared with CNN-BiLSTM and 10.47%
compared with LSTM. The mean error of DBO-CNN-BiLSTM was less variable compared
with other models.
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Table 5. Results from experiment C.

Evaluation
Metrics

DBO-CNN-
BiLSTM GRU LSTM CNN CNN-BiLSTM

MAE 0.0478 0.0632 0.0569 0.0627 0.0521
RSME 0.0608 0.0759 0.0679 0.1048 0.0669

Mean Error 2.10% 3.13% 2.81% 3.10% 2.57%
Max Error 8.24% 9.67% 9.31% 10.07% 9.08%

The data indicate that, when faced with irregular controls, DBO-CNN-BiLSTM ob-
tained lower MAE and RMSE values compared with other algorithms. This indicates that
the model could capture local features within the input sequences, thereby enhancing its
performance in the face of complex variations. Three experiments compared the predictive
performance of the model under different conditions and compared it with other models.
Among several evaluation metrics, DBO-CNN-BiLSTM achieved better results than the
other models. The models fluctuated when faced with acceleration and deceleration state
switching with fast speeds, which may have been due to the unstable changes during the
state transition while the temperature distribution inside the engine was uneven or the
transfer of the temperature change rate was relatively slow, as well as the vibration caused
by the changes in the engine at high speeds.

5. Conclusions

The paper proposes a CNN-BiLSTM network optimized by DBO for thrust estimation
of micro-turbojet engines. CNN can better extract latent features from the data of the
engine, while BiLSTM analyzes the dependency between the data, thereby improving
the model’s ability to capture the time-series characteristics of the micro-turbojet engine
data. DBO optimizes the training hyperparameters of the model, further enhancing the
model’s performance prediction capability and accuracy for the micro-turbojet engine.
DBO-CNN-BiLSTM was compared with other models on the test dataset, and metrics such
as RMSE and R2 were used to evaluate the model. In addition, the model was tested under
different step inputs and analyzed by four metrics: MAE, RSME, mean error, and maximum
error, and the data showed that the optimum was obtained in three experiments. The mean
error was lower than that of the other models. Although the MAE and RSME of all models
increased in response to continuous input variations, DBO-CNN-BiLSTM outperformed
the other models under irregular input testing, achieving lower MAE and RMSE values. In
future work, we will consider additional factors, including environmental conditions such
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as ambient pressure, and adjust the model to incorporate these factors in order to further
improve its predictive accuracy under different environmental conditions.
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