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Abstract: Compressors are important components in various power systems in the field of energy and
power. In practical applications, compressors often operate under non-design conditions. Therefore,
accurate calculation on performance under various operating conditions is of great significance
for the development and application of certain power systems equipped with compressors. To
calculate and predict the performance of a compressor under all operating conditions through limited
data, the interpolation method was combined with a support vector machine (SVM). Based on the
known data points of compressor design conditions, the interpolation method was adopted to obtain
training samples of the SVM. In the calculation process, preliminary screening was conducted on the
kernel functions of the SVM. Two interpolation methods, including linear interpolation and cubic
spline interpolation, were used to obtain sample data. In the subsequent training process of the
SVM, the genetic algorithm (GA) was used to optimize its parameters. After training, the available
data were compared with the predicted data of the SVM. The results show that the SVM uses the
Gaussian kernel function to achieve the highest prediction accuracy. The prediction accuracy of
the SVM trained with the data obtained from linear interpolation was higher than that of cubic
spline interpolation. Compared with the back propagation neural network optimized by the genetic
algorithm (GA-BPNN), the genetic algorithm optimization of extreme learning machine neural
network (GA-ELMNN), and the genetic algorithm optimization of generalized regression neural
network (GA-GRNN), the support vector machine optimized by the genetic algorithm (GA-SVM)
has a better generalization, and GA-SVM is more accurate in predicting boundary data than the
GA-BPNN. In addition, reducing the number of original data points still enables the GA-SVM to
maintain a high level of predictive accuracy.

Keywords: compressor performance; interpolation method; support vector machine; genetic algorithm

1. Introduction

Compressors are often combined with gas turbines and are widely used in aviation
power, marine power, and cogeneration [1–3]. The performance of a compressor is usually
characterized by several sets of characteristic curves, which are obtained by connecting
discrete data points of the compression ratio and isentropic efficiency for different flow rates
at a fixed speed in a test under design conditions [4]. However, the actual operating condi-
tions of the compressor do not correspond to the design conditions, so the flow rate and
speed need to be corrected accordingly to obtain the reduced speed and reduced flow rate
for the corresponding design conditions. In modeling the compressor power system [5,6],
the performance indicators of the compressor directly impact the operating characteristics
of the entire power system and the accuracy of the booster matching calculation. Due
to the time-consuming and costly testing of the compressor under design conditions [7],
the use of limited test data to obtain the performance indicators of the compressor under
various operating conditions is very important for both practical application and simulation
analysis of the compressor [8].
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The mathematical model of the compressor is usually used to describe the relationship
between the pressure ratio and isentropic efficiency as a function of flow rate and rotation
speed. This mathematical model exhibits strong nonlinearity. The prediction of compressor
performance is mainly based on the compressor characteristic curve. If the compressor char-
acteristic curve under all operating conditions can be obtained through relevant methods,
compressor performance prediction can be achieved. The current popular methods include
the universal mathematical expression methods and artificial intelligence algorithm.

The universal mathematical expression methods are generally divided into polynomial
fitting and function parameter identification methods. Xie et al. used the least squares
method and cubic spline interpolation method to fit the compressor characteristic curve [9].
They used a total of 20 data points, and after calculation, it was found that the accuracy
of the cubic spline interpolation method was higher than that of the least squares method.
Fang used the Newton interpolation and least squares methods to fit several sampling
points on the compressor characteristic curve [10]. They found that the Newton interpo-
lation method is more accurate when there are fewer isokinetic curves to fit. As there are
more isokinetic curves to be fitted, the least squares method has higher prediction accu-
racy. Tsoutsanis proposed three kinds of deformable elliptic equation models based on the
original model [11]. The polynomial function was used to replace the original exponential
function and quadratic function to express the coefficient expression of the elliptic equation.
The related parameters were analyzed and adjusted through a multi-objective optimization
algorithm. The results showed that for 50 data points, their method had an average fitting
error of only 0.044%. For a compressor, the universal mathematical expression methods
involve parameter identification or fitting order selection in the application process. The
entire process takes a lot of time and labor. Different types of compressors require extensive
modifications to the parameters of mathematical expression methods.

Artificial intelligence algorithms, such as a robust nonlinear data processing method,
have been widely used to predict compressor performance [12]. For different compressors,
the neural network can predict the compressor performance only by training the charac-
teristic data points. Compared to universal mathematical expression methods, it is more
convenient and saves labor and time costs. Zheng combined the back-propagation neural
network (BPNN) and the particle swarm optimization (PSO) algorithm to establish a com-
pressor performance prediction model. Zheng finally made predictions for 27 data points
and found that the prediction of the model had 99.23% of the data error within 0.5% [13].
Lu, on the other hand, trained the compressor data with a GA-BPNN, radial basis function
neural network (RBFNN), and extreme learning machine neural network (ELMNN). After
training with 3000 sets of training data, 91 sets of data were tested. The results show that the
mean absolute percentage error (MAPE) of the GA-BPNN was only 0.189% [14]. Fei et al.
used a novel feedforward neural network (FNN) based on the Gaussian kernel function
for compressor performance training predictions. Thus, 32 data points were used during
the training process. Their unknown neural network outperformed existing BPNN and
SVM prediction performance [15]. Glamorize used 42 out of 54 experimental data sets as
training a sample and the other 12 as a test sample for performance prediction via BPNN.
They found that for BPNN, the Levenberg–Marquardt (LM) algorithm could be used to
achieve good results in the prediction of the performance of the compressor [16]. Zhou
adopted a multilayer perceptron neural network instead of the traditional interpolation
method to simulate the compressor map and employed an adaptive variable learning
rate back-propagation (ADVLBP) algorithm in the neural network training process. Zhou
used 200 sets of initial training data and found that the algorithm has a faster convergence
rate compared to the traditional training algorithm. After steady-state adaptation, the
maximum absolute measurement deviation was reduced from 6.35% to 0.44% [17]. Ying
proposed a new method of compressor performance modeling based on an SVM nonlinear
regression algorithm to overcome the difficulty of having only some of the design operating
points in the compressor characteristic map and found that the extrapolation performance
of ordinary SVM was better than that of BPNN [18]. Jiang used an SVM trained by 195 data
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points on known characteristic curves of a compressor to build a full-state numerical
simulation model of the compressor. After optimizing the SVM via the particle swarm
optimization algorithm, Jiang found that the model fitted well for the data points on the
known characteristic curve [19]. Xu used 140 training sample data and 77 training sample
data, respectively, to train the SVM optimized by the artificial bee colony (ABC) algorithm,
in order to study the impact of sample size on the prediction accuracy of the model [20].
The results indicate that even with a decrease in sample size, the SVM can still exhibit good
generalization performance.

Combining the above papers, it can be found that the BPNN is currently the most
commonly used artificial intelligence network in compressor performance prediction.
However, the performance of BPNNs is highly correlated with their initial weights and
thresholds. Moreover, phenomena, such as slow convergence and the tendency to fall
into local extremes, occur. Thus, good results may only sometimes be achieved in many
applications. In contrast, SVMs can find the optimal global solution during training, which
helps minimize the prediction error of the compressor. Nevertheless, most SVMs involved
in compressor performance prediction are trained using known data on the characteristics
of the compressor for comparison. Due to the strong overfitting characteristics of SVMs,
the accuracy of the compressor characteristic data at different speeds cannot be guaranteed
by using only the characteristic data at some fixed speeds for the design condition for
training. Therefore, to enable SVMs to predict the performance of compressors at full
speed accurately, β line-assisted interpolation and SVMs [4] are combined in this paper,
and a better generalization method for compressor performance prediction is proposed by
using GA.

2. Methods
2.1. Data Processing of Compressor Characteristics

Four parameters exist in the characteristic curve of a compressor: the reduced flow
rate

.
mr, the reduced speed nr, the compression ratio π, and the isentropic efficiency η. In

practice, the compression ratio and isentropic efficiency are related to the reduced flow rate
and the reduced speed, as shown in Figure 1.
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Figure 1. Relationship between input and output parameters of the compressor. Figure 1. Relationship between input and output parameters of the compressor.

The actual operating condition of a compressor is that the temperature and pressure of
the inlet gas are different from the design operating condition. Therefore, a reduced formula
needs to be adopted, where

.
m, Pin, and Tin are the flow rate, pressure, and temperature
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of the inlet gas during the actual operation of the compressor, respectively. n is the actual
operating speed of the compressor. P0 and T0 are the pressure and temperature of the inlet
gas at the design operating conditions of the compressor.

The compressor used in this paper is a centrifugal compressor. Centrifugal compres-
sors can provide a higher pressure ratio and smaller gas flow rate, which can be used as a
primary-stage compressor in aeroengines. The compressor used in this study incorporates
the principles of one-dimensional (1D) calculations during the design process, assuming
that the flow parameters at the inlet and outlet sections of the impeller are uniformly
distributed. According to the design requirements of the compressor in the cogeneration
system, simplified physical models and empirical formulas are used to calculate the basic
geometric parameters of the compressor impeller. Based on the 1D predictive results of the
compressor’s performance and considering the distribution of flow parameters, including
blade loading distribution and inlet flow angle et al., the geometric parameters of the
compressor, such as the impeller inlet hub diameter, the impeller back sweep angle, and
the number of main blades and splitter blades, were optimized.

Then, a three-dimensional (3D) model is obtained. Subsequently, 3D computational
fluid dynamics (CFD) simulation software is used to analyze and optimize the performance
parameters. During the 3D simulation process, the governing equations are established
in a rotating Cartesian coordinate system. The turbulence calculation equation adopts the
Reynolds-Averaged Navier–Stokes (RANS) method, and the turbulence model used is
the Shear Stress Transport (SST) k-ω model. After further analyses and optimization of
the impeller’s sweep angle and back sweep angle, the final compressor impeller model is
obtained as shown in Figure 2. The compressor impeller consists of a total of 6 main blades
and splitter blades.
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Based on the 3D model, a corresponding experimental platform for the compressor
was constructed, where the outlet and inlet pressures of the compressor were measured
using multiple pressure probes. The measurement error for the inlet pressure was below
0.03 kPa, while the measurement error for the outlet pressure was below 0.3 kPa. Tempera-
ture measurements at the inlet and outlet were carried out using thermocouples, with a
temperature error below 0.15 K. By using the corresponding formulas, the pressure ratio
and isentropic efficiency were calculated, and the results were compared with the calcula-
tions from the 3D model for validation. When the validation of the model is confirmed, the
3D calculations can be appropriately and uniformly expanded to generate additional data
points for the compressor, facilitating subsequent prediction using data-driven methods.

Figure 3 shows the partial characteristic curve of the centrifugal compressor. The
flow rate varies only within a certain range at a fixed speed, and the compression ratio
becomes more sensitive to changes in flow rate as the speed increases, with the opposite
isentropic efficiency. The compressor at a certain speed flow decreases to a certain value;
the compression ratio increases to the limit value. Then, the gas flow will produce strong
pulsation or even backflow and blade vibration. Thus, the minimum flow rate at each



Aerospace 2023, 10, 558 5 of 20

speed to connect the boundary line is called the surge boundary. Similarly, when the flow
rate increases to a certain value, the compression ratio and isentropic efficiency begin to fall
sharply, and the flow rate cannot be increased any further. The boundary line connecting
the maximum flow rate values at each speed is called the choking boundary.
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To facilitate the use of existing data to find the compression ratio and isentropic effi-
ciency corresponding to a certain flow rate at each speed, the assist variable β is introduced,
i.e., in the flow rate range of each speed, n operating points are taken according to the flow
bandwidth range according to the serial number, and the operating points of the same
serial number obtained at each speed are connected in turn. The β line schematic is shown
in Figure 4. The operating points are uniformly obtained at iso speed lines. If there are
changes in the operating points on the compressor characteristic curve, β assist lines need
to be made in order.
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Once the reduced speed and β values have been determined, three two-dimensional
(2D) interpolation tables can be formed from the available characteristic data. Reduced
flow rate, compression ratio, and isentropic efficiency can all be calculated through β and
reduced speed. The above relationship transformation is shown in Figure 5.
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The speed range for the compressor characteristic data in this paper is 10,000 r/min
to 90,000 r/min, with 1 set of intervals per 10,000 r/min, for a total of 9 sets of speed data.
Thus, 25 points are taken in the flow range for each speed, so β is taken as all integers
between 1 and 25. To obtain the SVM training data, Latin hypercube sampling (LHS) was
used to randomly select 1000 initial training sample data points in the 2D space of the
corresponding range of values of the speed and β, and the interp2 function in MATLAB was
used to interpolate the sample data. After the calculation was performed, 1000 sets of speed
flow/compression ratio/isentropic efficiency data can be obtained as an initial training
sample, in which interp2 can be chosen from either the linear interpolation algorithm (input
linear) or the cubic spline interpolation algorithm (input cubic). For each of the 2 algorithms,
1000 sets of data are taken in this paper. The accuracy of both is compared in the subsequent
section. Meanwhile, subsequent sections will conduct data sensitivity analysis of the model,
and the training samples used will also be selected from these 1000 sets of data.

2.2. GA-SVM

Compared with traditional neural networks, the topology of the SVM is determined
by support vectors, which can avoid the problem of conventional neural networks that
need to be repeatedly adapted to determine the network structure. In contrast, the SVM
uses nonlinear kernel functions to map the original vectors to a high-dimensional feature
space, ensuring the good generalization of the model and overcoming the issue of dimen-
sionality [21]. The SVM can be used for pattern classification and regression, and in this
paper, it is applied to regression. Then, 2 regression-type SVMs were built, both with inputs
of the speed and flow and outputs of the compression ratio and isentropic efficiency.

The detailed derivation theory of the SVM can be found in the work content of
Cristianini, N [22]. This paper provides only a brief overview. When used for regression,
the SVM usually builds the model; the main idea of the SVM is to create a surface so that
the error of all sample points from the surface is minimized. In general regression, the error
loss is only 0 if the output value of the regression model is equal to the original sample
value. Nevertheless, in a regression-type SVM, an allowable error value ε is usually set,
and the error loss is considered to be 0 if the sample points are within ε distance from the
surface. As shown in Figure 6, points within the error band are represented by solid points,
while others are represented by hollow points. Solid points can default to an error of 0. ε is
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called the insensitive loss function parameter, and the larger the value of this parameter is,
the smaller the number of support vectors and the lower the regression accuracy.
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Figure 7 shows the basic structure of the SVM. For ease of understanding, it can be
assumed that there is a training sample {(xi, yi), i = 1, 2 . . . n}., where n is the sample size,
xi is the input column vector, xi ∈ Rd, yi is the corresponding output value, and yi ∈ R. The
linear regression function in the high-dimensional feature space is shown in Formula (1),
and the insensitive loss function described above is defined in Formula (2).

Aerospace 2023, 10, x FOR PEER REVIEW 7 of 20 
 

 

value. Nevertheless, in a regression-type SVM, an allowable error value ε  is usually set, and 
the error loss is considered to be 0 if the sample points are within ε  distance from the sur-
face. As shown in Figure 6, points within the error band are represented by solid points, while 
others are represented by hollow points. Solid points can default to an error of 0. ε  is called 
the insensitive loss function parameter, and the larger the value of this parameter is, the 
smaller the number of support vectors and the lower the regression accuracy. 

 
Figure 6. Allowable error band in the SVM. 

Figure 7 shows the basic structure of the SVM. For ease of understanding, it can be 
assumed that there is a training sample {( , ), 1, 2... }.i iy i n=x , where n  is the sample size, 

ix   is the input column vector, d
i R∈x  , iy   is the corresponding output value, and 

iy R∈ . The linear regression function in the high-dimensional feature space is shown in 
Formula (1), and the insensitive loss function described above is defined in Formula (2). 

x1

x2

x3

xn

…
…

K(x1,x)

K(x2,x)

K(x3,x)

K(x4,x)

K(xn,x)

…
…

Σ

b

output
input

*
1 1α α−

*
2 2α α−

*
3 3α α−

*
4 4α α−

*
n nα α−

 
Figure 7. Schematic diagram of the SVM structure. 

( )y bϕ= ⋅ +w x  (1)

0, ( )
( )

( ) , ( )

y f
L

y f y f

ε
ε

ε ε
 − <= 

− − − ≥

x

x x
 (2)

( )ϕ x   in Formula (8) is the nonlinear mapping function, while w   and b  are the 
weight vector and deviation, respectively. According to the computational theory of the 
SVM [23], the problem of finding the optimal surface can be transformed into the optimi-
zation problem in Formula (3). 

Figure 7. Schematic diagram of the SVM structure.

y = w · ϕ(x) + b (1)

L(ε) =
{

0, |y− f (x)| < ε

|y− f (x)| − ε, |y− f (x)| ≥ ε
(2)

ϕ(x) in Formula (8) is the nonlinear mapping function, while w and b are the weight
vector and deviation, respectively. According to the computational theory of the SVM [23],
the problem of finding the optimal surface can be transformed into the optimization
problem in Formula (3).

min 1
2‖w‖

2 + C
n
∑

i=1
(ξi + ξ∗i )

s.t.


yi −w · ϕ(xi)− b ≤ ε + ξi
−yi + w · ϕ(xi) + b ≤ ε + ξ∗i
ξi ≥ 0, ξ∗i ≥ 0

, i = 1, 2, . . . , n
(3)



Aerospace 2023, 10, 558 8 of 20

ξ and ξ∗ are slack variables that prevent overfitting of the SVM. C is the penalty factor.
Moreover, a more significant value of C indicates a larger penalty for data points beyond
the ε band when the SVM fits better, but too large C will lead to poor model generalization.
After using the Lagrangian function for the optimal solution [24], the final regression
function is obtained, as shown in Formula (4).

f (x) =
n

∑
i=1

(αi − α∗i )K(xi, x) + b (4)

where αi and α∗i are the Lagrangian multipliers, and the solution corresponding to the
nonzero multiplier is the support vector. K(xi, x) is the kernel function, and the Gaussian
kernel function is chosen for the SVM in this paper, whose expression is Formula (5).

K(xi, x) = exp(−||xi − x||2

2σ2 ) (5)

where γ = 1
2σ2 and γ are the kernel coefficient; the larger its value, the narrower the

Gaussian distribution. The model only acts near the support vector, which is accessible to
overfit; if the value of γ is too large, the Gaussian distribution is too smooth, and the fit is
not good.

In nonlinear regression-type SVM, common kernel functions include the Gaussian
kernel function, the sigmoid kernel function, and the polynomial kernel function [25]. In
this paper, the Gaussian kernel function was adopted due to the fact that the Gaussian
function can adapt to various complex nonlinear relationships. Although the sigmoid
kernel function can also adapt to some nonlinear relationships, its adaptability is weaker
compared to that of the Gaussian kernel function. As the degree of the polynomial kernel
function increases, it is prone to overfitting. In contrast, the Gaussian kernel function is
mapped through the Gaussian distribution function, which can map data to an infinite
dimensional space and has a stronger fitting ability [26,27]. Therefore, this paper will
demonstrate the accuracy of the Gaussian kernel functions in Section 3. The definitions of
the polynomial kernel functions and sigmoid kernel functions are as follows:

K(xi, x) = (γxi
Tx + r)

d
(6)

K(xi, x) = tanh(γxi
Tx + r) (7)

γ also represents the kernel coefficient. r is the constant coefficient.
In summary, it can be found that the performance of the SVM for regression prediction

depends mainly on the insensitive loss function parameter ε, the penalty factor C, and the
kernel coefficient γ. The insensitive loss function parameter ε can be set according to the
numerical accuracy of the sample data. At the same time, it is challenging to determine
the values of the penalty factor C and the kernel coefficient γ; thus, the use of optimization
methods to find the best combination of these 2 parameters will be the key to determining
whether the SVM can accurately predict the performance of the compressor [28].

The GA is an intelligent optimization algorithm combining biological genetic and
evolutionary mechanisms, which has the advantages of a good applicability and a high
probability of finding the best and fastest search speed. The computational process of the
GA mainly includes the encoding, initial population, calculation of fitness value, and three
basic operations of selection, crossover, and variation. In this paper, the GA is used to
optimize the penalty factor C and kernel coefficient γ of the SVM. The specific flow chart is
shown in Figure 8.
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Using 1000 sets of data points previously obtained by β-line-assisted interpolation as
the training sample and 225 sets of known data points of the compressor characteristics
as the test sample, the GA optimization process was carried out to determine the range
of values for the penalty factor C and the kernel coefficient γ. The range of values for C
was selected to be (0, 100), and the range of values for γ was chosen to be [0, 1000]. Then,
the initial population was coded and generated with a population size of 40. The SVM
model is invoked to calculate the mean squared error (MSE) of the training sample as the
fitness value of the individuals. The termination condition of the GA is that the number of
iterations of population genetics reaches 50. If the termination condition is not reached, a
loop iteration is performed. When the termination condition is reached, the penalty factor
C and the kernel coefficient γ with the lowest MSE are removed to decode and train the
SVM with this combination of parameters. The generalizability of the model is verified
using a test sample at the end of the training.

2.3. Evaluation Indicators

The performance indicators of the model generalization are the root mean squared
error (RMSE), mean absolute error (MAE), and MAPE. The definition of the above perfor-
mance indicators is as follows: [29,30].

RMSE =

√
1
n

n

∑
i=1

(ŷi − yi)
2 (8)
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MAE =
1
n

n

∑
i=1

(|ŷi − yi|) (9)

MAPE =
1
n

n

∑
i=1

(∣∣∣∣ ŷi − yi
yi

∣∣∣∣)× 100% (10)

ŷi is the predicted value, and yi is the true value.

3. Results

In this paper, the training and testing of the compressor prediction model were con-
ducted on a computer equipped with an AMD Ryzen 7 5800 8-Core Processor, operating at
3.40 GHz, with 16 GB of RAM and an NVIDIA GeForce GTX 1650 SUPER graphics card.

3.1. Kernel Function Selection

To establish an accurate prediction model in the future, it is necessary to make a
preliminary selection of the kernel function of the SVM. The steps are as follows: Randomly
select 200 sets of data from 225 sets of known data as a training sample, and the remaining
25 sets of data are a test sample. Train SVM using three different kernel functions. Figure 9
shows the comparison of the SVM’s performance in predicting compression ratio when
using different kernel functions.
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It can be found that the SVM using the Gaussian kernel function outperforms using
the polynomial kernel function and sigmoid kernel function in terms of prediction perfor-
mance in both training and test results. Using the Gaussian kernel functions in nonlinear
regression-type SVM will result in high accuracy of the model. Therefore, all subsequent
SVMs will use the Gaussian kernel functions.

3.2. Interpolation Method

The distribution of the 1000 combinations of β and speed obtained after sampling
are shown in Figure 10. Interpolating the data points in the figure allows for the calcu-
lation of 1000 combinations of flow speed/compression ratio/isentropic efficiency as a
training sample.
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Figure 10. Distribution of data points from the training sample.

The interpolated compression ratio training samples using the linear and cubic com-
mands were substituted into the GA-SVM program, and the changes in the resulting fitness
values of both are shown in Figure 11. The best fitness value curve of both gradually
decreases and stabilizes, which indicates that the genetic algorithm has a good effect on the
two parameters in terms of finding the optimum.
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The compression ratio and isentropic efficiency sample data obtained from the two in-
terpolation methods were substituted into the training, and the generalization performance
of the SVM was verified using a test sample (225 sets of known data points). The results of
the resulting parameter selection and the model performance metrics are shown in Table 1.
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Table 1. Comparison of the performance of the corresponding models for the 2 interpolation methods.

Parameters
Compression

Ratio
(Linear)

Compression
Ratio

(Cubic)

Isentropic
Efficiency
(Linear)

Isentropic
Efficiency

(Cubic)

C 99.9012 87.5251 99.7891 99.2186
γ 36.7785 34.3228 257.0136 284.2515

RMSE 0.0475 0.0466 0.0121 0.0124
MAE 0.0395 0.0398 0.0076 0.0081

MAPE 0.0191 0.0203 0.0138 0.0145

The generalization performance of the SVM trained using linear interpolation is
superior in all aspects, and only the RMSE of the compression ratio is slightly higher
than that of cubic spline interpolation. Thus, the compressor data obtained using linear
interpolation are more accurate. Figure 12 shows the distribution of training sample data
points obtained using linear interpolation.
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3.3. Preliminary Comparison of Prediction Models

In this section, we will focus on comparing the prediction accuracy of the GA-SVM, the
GA-BPNN, the GA-ELMNN, and the GA-GRNN, followed by conducting data sensitivity
analysis on these four models.

The above three types of neural networks are widely used for nonlinear regression, and
their predictive performance in terms of compressors will be compared with the GA-SVM
here. GA is used to optimize the weight thresholds of the BPNN and ELMNN. Due to
the number of input parameters being two, the number of neurons in the hidden layer is
selected as five based on empirical values, and the genetic generations of the GA are also
determined as 50. Because more parameters need to be optimized compared to the SVM,
the population size is chosen as 80. There are no weights or thresholds in the GRNN, and
the performance is only determined via the smoothness factor. The GA is used to optimize
the smoothness factor, and the genetic generations are also 50. Since only one parameter is
optimized, the population size is chosen as 30.

After training four models using the initial training sample in Section 3.2, the predic-
tive performance indicators of the test sample were statistically analyzed for the models.
Figure 13 shows the compressor performance prediction indicators for these four models.
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It is easy to find that the prediction performance of the GA-ELMNN and GA-GRNN on
compression ratio and isentropic efficiency is significantly worse than that of the GA-BPNN
and GA-SVM. The prediction performance of the GA-BPNN and GA-SVM is comparable.
Among them, the GA-SVM has lower performance indicators than the GA-BPNN, except
for a slightly higher MAPE for predicting compression ratio than the GA-BPNN.

Table 2 presents the time taken for training four models using 1000 sets of initial data
points and predicting 225 sets of known data points. Among them, the GA-SVM and GA-
ELMNN exhibit faster training speeds, followed by the GA-GRNN, while the GA-BPNN is
the slowest. This is because the BPNN requires the use of a back-propagation algorithm
to compute and update the weights and thresholds, which involves multiple iterations
and gradient descent to minimize the loss function. Additionally, from Figure 12, it can
be observed that the training data points for isentropic efficiency exhibit a large amount
of clustering and local dispersion. On the other hand, the points for the compression
ratio are relatively evenly distributed. Therefore, the training time for the isentropic
efficiency prediction model is longer compared to the training time for the compression
ratio prediction model. The test time for the four models, except for the GA-BPNN, is
almost within 1 s. Considering that most of the prediction models are trained offline in
advance before their usage, the training and test times presented in this paper serve as
references. The subsequent analysis focuses more on the accuracy of the models.

Table 2. Model training and test time.

Predictive Variable Model GA-ELMNN GA-BPNN GA-SVM GA-GRNN

Compression ratio training time (s) 216.3 1626.3 218.5 677.5
test time (s) 0.74 1.38 0.71 0.87

Isentropic efficiency training time (s) 1479.5 3127.9 1421.4 1536.7
test time (s) 0.78 2.21 1.01 0.89

The extrapolation performance of the model is also a key factor in measuring the
accuracy of the model. This paper will use compression ratio to evaluate the performance
of extrapolation. The specific method is as follows: 1000 sets of initial data points are
arranged in ascending order for the reduced flow rate value, and the data points with
numbers of 200 to 800 are selected as extrapolation training samples. Take two sets of
points at iso speed lines near the distribution region of the training samples as the test
samples, as shown in Figure 14.
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The test data points with a smaller reduced flow rate in the figure are the low-speed
extrapolation test data points, while the larger ones are the high-speed extrapolation test
points. The extrapolation results obtained from the four models are shown in Figure 15.
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In the low-speed extrapolation results, except for the GA-GRNN, the trend of the
extrapolated data points of the other three models is consistent with the test data points. In
the high-speed extrapolation results, the trend of the four model extrapolation data points
is consistent with the test data points. It is obvious to see that whether it is high-speed
extrapolation or low-speed extrapolation, the extrapolation data points of the GA-SVM and
GA-BPNN are closer to the test data points. Table 3 shows the extrapolation performance
of four models.

Table 3. Comparison of extrapolation performance of four models.

Model GA-ELMNN GA-BPNN GA-SVM GA-GRNN

RMSE 0.1754 0.0844 0.0609 0.1627
MAE 0.1453 0.0655 0.0372 0.1406

MAPE 0.05 0.0273 0.0159 0.0651

It can be observed that in terms of extrapolation performance, the GA-SVM performs
the best. The RMSE of the GA-SVM is only 0.0609, 167% lower than the GA-GRNN and
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188% lower than the GA-ELMNN. The extrapolation performance of the GA-BPNN is
slightly worse than the GA-SVM.

To comprehensively evaluate the performance of these models, this section will also
conduct a data sensitivity analysis. The effects of training sample size on prediction
accuracy will be investigated. Set the sample size to 800, 600, 400, and 200. Randomly
sample 1000 sets of initial training data points based on sample size values to obtain new
training samples. The test sample is still selected as the known 225 data points.

From Figure 12b, it can be observed that the compression ratio training sample data
point distribution is more uniform compared to isentropic efficiency, and the randomly
obtained small size sample will also be more uniform. Therefore, the effects of different
sample sizes on the overall prediction accuracy of the model compression ratio will be
evaluated here. Figure 16 shows the RMSE of the compression ratio prediction results for
four models as a function of sample size.
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It can be observed that the prediction accuracy of the GA-ELMNN continues to
improve with the increase in sample size, while the GA-GRNN remains almost unchanged.
However, the overall prediction accuracy of the GA-ELMNN and GA-GRNN is still lower
than that of the GA-SVM and GA-BPNN. The prediction accuracy of the GA-BPNN and
GA-SVM remains consistent with the trend of sample size changes. As the sample size is
below 600, the prediction accuracy of the GA-BPNN and GA-SVM will begin to decrease.
As the sample size is between 600 and 1000, the numerical variation in RMSE is not
significant. This indicates that the GA-SVM and GA-BPNN have better generalization,
and reducing the number of training samples to a certain extent can still maintain good
prediction accuracy.

Both the GA-SVM and the GA-BPNN have good predictive performance. The next
section will give the error of each prediction point and focus on studying the detailed
differences between the two models.

3.4. Further Comparison of the GA-SVM and GA-BPNN

Since both methods have high prediction accuracy, to facilitate the observation of
the difference between the two models, the error of fitting the GA-BPNN and GA-SVM
test sample is calculated in this paper, and the distribution is shown in Figure 17. In
Figure 13a, the MAPE of the GA-BPNN predicted compression ratio is slightly lower than
the GA-SVM. From Figure 17a, it can be observed that the reason for this phenomenon
is that when the test sample number is between 1 and 70, the error value predicted by
the GA-BPNN fluctuates less. These data lead to a certain decrease in the MAPE of the
GA-BPNN prediction compression ratio.
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However, in terms of the prediction of the compression ratio and isentropic efficiency,
the error band of the GA-SVM is smaller than that of the GA-BPNN. At the same time, it
can be intuitively seen from the figure that the overall degree of fluctuation in the error
data of the compression ratio and isentropic efficiency predicted by the GA-SVM is minor.
Considering the overall predictive performance of the model, the GA-SVM predicts better
performance metrics than the GA-BPNN.

Figure 18 shows the locations of the GA-BPNN and GA-SVM larger error points in the
compressor flow and speed operating regions when using 1000 sets of training data. The
numbers of the more significant error points in the test sample were queried and located
according to Figure 17 (the GA-SVM is more accurate in predicting the compression ratio;
thus, there are no more significant points in Figure 18a with regards to the GA-SVM error).
It was found that the GA-BPNN predicted the compression ratio close to the choking
boundary, and the high-speed boundary was poorer. The compression ratio prediction
is poor. The larger error points of the GA-BPNN for isentropic efficiency prediction are
mainly concentrated in high-speed and low-speed boundaries. The larger error points of
the GA-SVM prediction are primarily focused near the choking boundary, mainly because
the isentropic efficiency is too sensitive to the flow rate change at a fixed speed in the low-
speed boundary. The phenomenon that the GA-BPNN has a significant bias in predicting
data in the boundary is known as the marginal effect [14], as only sample data from one of
the sides of the boundary are available during training, resulting in a loss of fitting accuracy.
Nevertheless, this phenomenon does not occur with the GA-SVM; therefore, the GA-SVM
is considered to have a better generalization.
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Figure 19 shows the final GA-SVM predicted data compared to the original data. The
compression ratio prediction is very accurate, although there is a small deviation in the
prediction of the isentropic efficiency at the boundary. However, considering that the actual
operation of the compressor will be far from each boundary, it can be considered that the
model can be applied in engineering and simulation.
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3.5. Optimization of Original Data

In this paper, we have a total of 225 known data points. Obtaining the characteristic
points of the compressor, whether through simulation or experimentation, is both expensive
and tedious. Therefore, in this section, we will employ the GA-SVM to optimize the known
data points to ensure that a predictive model can be established with a smaller amount of
known data.

From Section 3.3, we can infer that a training sample size of 600 allows the GA-SVM
to maintain good predictive performance. Therefore, we fix the number of interpolated
points at 600. On nine iso speed lines, data points were uniformly sampled at multiples
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of five, resulting in five sets of original data points with quantities of 45, 90, 135, 180, and
225, respectively.

The GA-SVM is trained using training samples obtained by interpolating different sets
of original data points. We still use the known 225 data points for testing. Figure 20 shows
the variation in RMSE of the prediction results with the number of original data points.
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When the number of original data points is below 135, the predictive performance of
the GA-SVM for the compression ratio starts to vary dramatically. In contrast, the predictive
performance of the GA-SVM for isentropic efficiency starts to vary dramatically when the
number of original data points falls below 90. The reason for this difference is that the
points on the compression ratio curve are widely distributed, and reducing the number of
original points significantly alters the characteristics of the curve itself. On the other hand,
the points on the isentropic efficiency curve are relatively close together at medium to high
speeds, so reducing the number of original points does not have a significant impact on it.

In summary, using 135 original data points still enables the GA-SVM to maintain high
predictive accuracy. This reduces the workload of acquiring 40% of the original data points.
However, if there is a higher tolerance for prediction errors, further reducing the number
of original data points is also feasible.

4. Conclusions

Based on the characteristic curves of a compressor model, a training sample of com-
pressor characteristic data was obtained using the β-line-assisted interpolation method. The
corresponding model was built in MATLAB to predict the compression ratio and isentropic
efficiency of the compressor. The main conclusions are as follows.

(1) As SVM is used for compressor performance prediction, Gaussian kernel functions
can achieve high prediction accuracy. Preliminary training and testing of 200 sets of
training sample data and 25 sets of test sample data were carried out. The MAE, MAPE,
and RMSE of the predicted results for the training sample are 0.0337, 0.0177, and 0.0385,
respectively. The MAE, MAPE, and RMSE of the predicted results for the test sample
are 0.0952, 0.0334, and 0.1589, respectively. These two sets of evaluation indicators are
superior to the sigmoid kernel function and the polynomial kernel function.

(2) The training samples obtained using the linear interpolation method were found to be
more accurate, corresponding to a higher prediction accuracy of the GA-SVM. At this
point, the GA-SVM kernel coefficient γ for predicting compression ratio is 36.7785,
and the penalty factor C is 99.9012; the GA-SVM kernel coefficient for predicting
isentropic efficiency γ is 257.0136, and the penalty factor C is 99.7891.

(3) Train four models using 1000 initial training samples from Section 3.2. The GA-SVM
and GA-BPNN have significantly better prediction accuracy in compression ratio and
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isentropic efficiency than the GA-ELMNN and GA-GRNN. The MAPE of GA-SVM
predicted compression ratio results is slightly higher than GA-BPNN, and all other
performance indicators are better than GA-BPNN. In addition, the GA-SVM and
GA-BPNN also outperform the GA-ELMNN and GA-GRNN in terms of extrapolation
performance. In data sensitivity analysis, GA-SVM and GA-BPNN can maintain
almost unchanged accuracy when the training sample sizes are 600, 800, and 1000.

(4) Analyzing the error size of 225 test data points from GA-SVM and GA-BPNN, it
was found that the error band of the GA-BPNN was larger than that of the GA-
SVM in terms of the compression ratio and isentropic efficiency prediction results.
The GA-SVM needs to be more accurate in predicting boundary data points. After
comprehensive comparison and detailed analysis, the generalization of the GA-SVM
is better than the GA-BPNN. Furthermore, reducing the number of original data
points to 135 still allows the GA-SVM to maintain a high level of predictive accuracy.

Author Contributions: Conceptualization, H.J.; Data curation, L.Z. and S.L.; Formal analysis, L.Z.
and H.J.; Funding acquisition, R.L. and X.M.; Investigation, L.Z. and Y.C.; Project administration, H.J.;
Resources, R.L.; Software, L.Z.; Supervision, R.L. and H.J.; Writing—original draft preparation, L.Z.
and H.J. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (Grant
No. 51865031); the State Key Laboratory of Engines, Tianjin University (Grant No. K2020-05);
and the Natural Science Foundation of the Jiangsu Higher Education Institutions of China (Grant
No. 20KJB470014).

Data Availability Statement: All data used to support the findings of this study are included within
the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Liu, Y.; Chen, J.; Cheng, J.; Xiang, H. Aerodynamic Optimization of Transonic Rotor Using Radial Basis Function Based

Deformation and Data-Driven Differential Evolution Optimizer. Aerospace 2022, 9, 508. [CrossRef]
2. Xin, R.; Zhai, J.; Liao, C.; Wang, Z.; Zhang, J.; Bazari, Z.; Ji, Y. Simulation Study on the Performance and Emission Parameters of a

Marine Diesel Engine. J. Mar. Sci. Eng. 2022, 10, 985. [CrossRef]
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