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Abstract: Piezoresistive pressure sensors exhibit inherent nonlinearity and sensitivity to ambient
temperature, requiring multidimensional compensation to achieve accurate measurements. However,
recent studies on software compensation mainly focused on developing advanced and intricate
algorithms while neglecting the importance of calibration data and the limitation of computing
resources. This paper aims to present a novel compensation method which generates more data by
learning the calibration process of pressure sensors and uses a larger dataset instead of more complex
models to improve the compensation effect. This method is performed by the proposed aquila
optimizer optimized mixed polynomial kernel extreme learning machine (AO-MPKELM) algorithm.
We conducted a detailed calibration experiment to assess the quality of the generated data and
evaluate the performance of the proposed method through ablation analysis. The results demonstrate
a high level of consistency between the generated and real data, with a maximum voltage deviation of
only 0.71 millivolts. When using a bilinear interpolation algorithm for compensation, extra generated
data can help reduce measurement errors by 78.95%, ultimately achieving 0.03% full-scale (FS)
accuracy. These findings prove the proposed method is valid for high-accuracy measurements and
has superior engineering applicability.

Keywords: piezoresistive pressure sensor; multidimensional compensation; data generation; mixed
polynomial kernel extreme learning machine; aquila optimization; high-accuracy measurement

1. Introduction

Piezoresistive pressure sensors based on micro-electro-mechanical systems (MEMSs)
have been widely used in industrial control [1,2], health monitoring [3,4], automotive
applications [5,6], and wearable equipment [7,8]. Diversified application scenarios and
working conditions create lots of challenges for pressure sensors. Especially in many
industrial fields such as oil refining and chemical production, pressure sensors are usually
required to achieve high-accuracy (typically 0.05% FS) and high-stability measurement over
a wide range of temperatures (typically from —40 to 85 degrees Celsius). Unfortunately, the
inherent nonlinearity of the pressure sensor seems to be unavoidable. Material properties,
structural design, manufacturing process, and process bias all contribute to this result.
In addition, changes in the measurement environment (mainly temperature) exacerbate
the output response error and significantly reduce the measurement accuracy. Therefore,
sensor compensation considering both nonlinearity and temperature is essential to obtain
high-accuracy measurement results. Previous studies have proposed many compensation
methods, which generally can be divided into the hardware self-compensation approach
and software algorithm compensation approach.

Hardware self-compensation approaches mitigate temperature drift and nonlinearity
error primarily through built-in analog circuits [9-11], which are easy to implement and
offer good real-time performance. But the built-in circuits are also susceptible to tempera-
ture changes, which limits the sensor accuracy. Particularly in some industrial applications
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requiring a wide temperature range, a 1% full-scale error (FSE) level will still remain after
compensation [12]. In conclusion, the difference between the multiple sensor responses and
the corresponding compensation hardware characteristic makes it difficult for the hardware
compensation approach to attain high-accuracy measurement in batch production.

Software algorithm compensation approaches show strong robustness and demand
less manufacturing technology; therefore, they have numerous applications in practical
engineering. In essence, this approach is a post-compensation method. First, the pressure
sensor needs to be placed in different temperature environments, applying different pres-
sures and recording the response voltage of the sensor. These data about the input-output
response relationship of the sensor are called sensor calibration data. Then, based on the cal-
ibration dataset, additional compensation algorithms are used to correct the sensor output,
such as various numerical calculation methods: look-up table algorithm [13], polynomial
interpolation [14], and the hybrid compensation method [15]. Over the past few decades,
researchers have concentrated on developing more efficient compensation algorithms,
including some machine learning techniques [16-18], such as artificial neural networks,
support vector machines (SVMs), and extreme learning machines (ELMs). They also used
meta-heuristic algorithms [19,20] and ensemble learning methods [21] for temperature and
nonlinearity compensation.

However, existing research on software compensation has some problems, for example,
ignoring the importance of calibration data and the limitations of computational resources.
Calibration data are the basis for sensor compensation and increasing the amount of
these data can easily improve the compensation effect. Due to the time-consuming and
energy-consuming calibration process, it is not advisable to increase the amount of data by
adding testing temperature points and pressure points, as it would bring more costs and
reduce the production efficiency of the sensor. In the production process, one must make
a trade-off between calibration costs and target accuracy, while selecting the appropriate
compensation algorithm as well. Moreover, compensation algorithms are always executed
by a microcontroller unit (MCU) with limited computing resources. Compared with
traditional numerical fitting methods, machine learning, and intelligent optimization
algorithms improve compensation accuracy and induce higher computational complexity
at the same time. It forces manufacturers to endure more input and output delay times
(even being unable to run) or choose more expensive microcontrollers [22,23].

In this study, we present a novel compensation method to solve the above problems.
The feature of this method is that it uses the proposed aquila optimizer optimized mixed
polynomial kernel extreme learning machine algorithm to learn the calibration process and
generate more data. Then, it uses the bilinear interpolation algorithm for sensor compen-
sation in the dataset containing real calibration data and extra generated data to improve
the measurement accuracy. The proposed method can effectively realize high-accuracy
measurements in a wide temperature range with a small amount of calibration experiment
time. Notably, the training and prediction of the AO-MPKELM model described in this
method are implemented by an industrial personal computer. Only the bilinear interpola-
tion is executed by the MCU; thus, the present method has lower complexity and stronger
engineering practicability than those studies that use the machine learning method as the
compensation algorithm. This study is the first to propose that compensation accuracy
can be improved by generating more calibration data (without increasing calibration time),
which is highly innovative.

The remainder of this paper is organized as follows. In Section 2, the input-output
response of the pressure sensor and calibration compensation processes are theoretically
analyzed, and the specific implementation steps of the presented compensation method
are described. Section 3 provides the details of the proposed calibration data generation
algorithm AO-MPKELM. Section 4 analyzes and discusses the results of the calibration and
compensation experiments, and the conclusions are presented in Section 5.
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2. Principle and Method of Pressure Sensor Compensation
2.1. Pressure Sensor Response

The piezoresistive pressure sensor is a device that utilizes the piezoresistive effect of
silicon. Figure 1 shows the measurement principle of the piezoresistive pressure sensor;
it uses four silicon-doped varistors to form a Wheatstone full bridge to convert the input
pressure signal to the output electrical signal. The applied pressure causes the varistor to
deform, resulting in a change in resistance value and simultaneously affecting the output
voltage. In addition, the ambient temperature and the usage time can also affect the sensor
characteristics. Silicon is a temperature-sensitive semiconductor, which makes the pressure
sensor present different characteristics at different temperatures. If an input signal p is
given to a sensor s, its output voltage response us can be expressed as follows:

us =rs(p, T, 1) + AHs + ns, 1)

where 75(p, T, t) denotes the response function of the pressure sensor, p is the applied real
pressure, T and ¢ represent current ambient temperature and sensor usage time, respectively,
AH; is the uncertain hysteresis caused by the mechanical parts and structure materials,
and 7, represents the system noise. In this study, the current ambient temperature was
measured using an additional temperature sensor.

Figure 1. Measurement principle of the piezoresistive pressure sensor.

With the development of manufacturing technology, various system errors and time
changes (typically in the scale of years) have less impact on sensor performance; therefore,
(1) can be simplified into the following form:

us =rs(p, T). 2)

2.2. Calibration and Compensation

In fact, the calibration process of the sensor is the sensor response function (2). The
input—output response relationship can be obtained by placing the sensor at different
pressures and temperatures. In this process flow, sensor characteristics, measurement
range, working temperature zone, and target accuracy should be considered simultane-
ously when determining the specific number and value of pressure and temperature points.
Additionally, the cumulative errors of multiple processes in production will lead to differ-
entiation between the nonlinear characteristics and the piezoresistive effect [22] of each
sensor, even for sensors produced in the same batch. So, calibrating each pressure sensor
itself is necessary to achieve high-accuracy measurement; that is, each sensor must use its
own calibration experiment data for compensation.
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Taking sensor s as an example, assuming that 7, pressure points and n temperature
points need to be tested, the acquired calibration dataset includes the input—output response
of n, x nt groups. This calibration experiment dataset can be mathematically expressed by

Sc={(puTuyj)}, i=1--,np, j=1,--- ,nr. ®)

After obtaining the reference calibration dataset, the voltage response and the temper-
ature value obtained by the additional temperature sensor can be used to compensate for
measurement errors. This process can be expressed as follows:

p=olu 1), @

where p is the compensated pressure (i.e., the measurement result), and o is called the
compensation function [12]. As described in Section 1, many algorithms have been used
to fit this function accurately. But the data are considerably more important than the
learning model. Thus, more laboratory calibration data are needed to gain more accurate
measurement results.

Finally, p represents the full-scale range of the pressure sensor. The full-scale error of
the sensor measurement results can be expressed as:

FSE = PP 100%. )
Py

2.3. Implementation Steps of the Proposed Method

Figure 2 shows the framework of the proposed compensation method based on data
generation, which includes the following four steps:

Model Training Data Generation Multidimensional Compensation
Arbitrary uncalibrated data T Mol
} P1 Up " Upngyal

Trained model
iy =1y (Vp,VT)

l

i np+n. N+,  Un4nl np4n
Generation dataset Pry+ny Un,inh,1 Unp+nhnp+nf

Aquila Optimization -
Mixed Polynomial Kernel ELM SG = {(Vp, vT, Uyp,vr )} Bilinear interpolation

. Integrate S, S; to form Compensated results
I:> Data preprocessing . .
Compensation data table Sy Ds = 05(us, Ts)

Figure 2. Framework of proposed compensation method based on data generation.

Step 1: Calibration experiment. In this experiment, we need to apply different pres-
sures and temperatures to the sensor, obtain multiple sets of the input—output response
relationships, and then transmit the real calibration dataset to an industrial personal com-
puter for data generation.

Step 2: Model training. This step includes data preprocessing, learning the calibration
experiment process using the proposed MPKELM algorithm, and the hyperparameter
optimization of the learning algorithm using the AO. The detailed theoretical process will
be presented in Section 3.

Step 3: Data generation. In the previous stage, we will have learned the calibration
process of the sensor. The output response of pressure sensors can be predicted by inputting
uncalibrated points at arbitrary temperature and pressure into the trained model. The
above process is repeated to obtain the generation dataset Si. Finally, Sc and S are
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integrated to form a compensation data table St, and the values are sorted from small to
large. There are now n,, + n;q pressure points and nt 4 1/, temperature points, where n;,
and n, are the number of generated pressure and temperature points, respectively.

Step 4: Multidimensional compensation. The compensation data table is sent to the
MCU, and a bilinear interpolation algorithm is used to compensate for measurement errors.

3. Data Generation Algorithm
3.1. Extreme Learning Machine

The ELM [24] is a single hidden layer feedforward neural network (SLFN) learning
algorithm. By randomly generating input weights and bias, the output weights of the ELM
have a unique least square solution, which can be determined using the Moore-Penrose
generalized inverse matrix. Consequently, the training speed of the ELM is significantly
faster than traditional SLFNs with a gradient-based learning algorithm. Furthermore, it
still retains the powerful nonlinear approximation ability of SLFNs [24-26] and performs
well in regression and classification problems.

The structure of the ELM is the same as that of traditional SLFNs. Suppose the training
set has N arbitrary samples (x;, y;), where x; = [x;1, xj5,- - -, xin]T € R" denotes the inputs,
and y; = [y, Yio, -+, yim]T € R™ denotes the outputs. The weight w and bias b of each
hidden layer node have been randomly generated; therefore, the ELM algorithm only needs
to set the number of hidden layer nodes L to calculate the output weight 8. Then, the
estimated output §; of the ELM with activation function g(x) can be expressed by

L L
i =) Bjgj(xi) = Z,ng(w]'T'xi+bj>ri:1/"‘/N- (6)
j=1 j=1
This equation can be written in matrix form as follows:
Y =Gg. )
gwlxy+by) - g(wlx+bp)
G= : : . 8)
glwi-xn+bi) oo glwpxn+00)] g
P1 Y1
=Gty =|: ,Y=1: . )
IBL Lxm yN Nxm

where G is the hidden layer output matrix, GT is the Moore-Penrose generalized inverse
matrix of G, B is the unique solution of the output weight calculated by the minimum norm
least square method, Y is the expected output, and Y is the estimated output.

In [27,28], the orthogonal projection method is applied to solve the Moore-Penrose
generalized inverse matrix. Regularization coefficient y and identity matrix I are introduced
to enhance the stability of the ELM. Thus, the output weight B can be expressed as

-1
B=G'Y=GT (71 + GGT) Y. (10)

For any sample x, the output function of the ELM is

feLm(x) = g(x)B. (11)

3.2. Mixed Polynomial Kernel ELM

The kernel ELM is an extension of the ELM [28] that further improves its generalization
ability using a Mercer kernel, such as the Gaussian kernel. If we define the kernel matrix

Q = GGT, with O;; = g(x;)-g(x)) T «(xi, x;), then (11) can be written as follows:
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freim(x) = g(x)p=g(x)G" (vI+GGT) Y
x(x, x1) 12
= (vI+ Q).
w(x, xN)

Based on the analysis of the nonlinear output response of the pressure sensor, a mixed
polynomial kernel function is designed to accurately simulate the calibration process of
the sensor in this study. The mixed polynomial kernel function « (x;, x;) can be defined
as follows:

D d
K(xi,x;) =) 64 (xl-Tx]- + 1) , (13)
d=2
where 0 is the weight of the d};, degree polynomial kernel, and D is the highest order of
the mixed polynomial kernel function, which needs to be set artificially according to the
specific sensor type.

As mentioned above, the output nonlinearity of the sensor is not only affected by the
variation of the semiconductor piezoresistive coefficient at different temperatures but also
by many other factors in the manufacturing process, which may lead to different output
characteristics, even in the same batch. Hence, optimizing the hyperparameters of the
proposed MPKELM (including the weights 6, of each kernel function and regularization
coefficient ) is necessary to improve the robustness of the algorithm.

3.3. Parameter Optimization Using Aquila Optimizer

The aquila is a large bird of prey that is active in the northern hemisphere; its agile
flight and skillful methods to catch prey make it a top hunter. By observing and imitating
the predation process of the aquila, Abualigah et al. [29] proposed the AO algorithm in 2021.
Compared with other meta-heuristic algorithms, the AO exhibits considerable superior-
ity in practical engineering problems [29-32]. The modeling process for the parameter
optimization of MPKELM using the AO algorithm is as follows.

3.3.1. Solution Initialization

The AO is a swarm intelligence optimization algorithm. Assume a swarm with
population size P, and the problem to be optimized is Q-dimensional; the possible solutions
6 of the mixed polynomial kernel parameters to be optimized can be expressed as

011 - By e 01,0
0= 16,1 - Opg - Opo |, (14)
Opg -+ Opg -+ Opg
with
0y = rand x (UB, — LBy) + LBy, p=1,--- ,P,g=1,---,Q, (15)

where rand is a random number between 0 and 1, and UB; and LBy indicate the gy, upper
and lower bounds of the parameters to be optimized, respectively.

3.3.2. Global Exploration (6;)

When 7 < %T, the AO algorithm starts the exploration phase, where T and T denote
the current and maximum iteration numbers, respectively. In the first strategy, global
exploration, the aquila bird seeks the best prey areas at high altitudes by taking off vertically.
The mathematical model of this behavior can be expressed as follows:

91(T+ 1) = 9;7(’[') X (1 - %) + (GM(T) - Bb(T) * T&l?’ld), (16)
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with
1P
Om(T) = ﬁzlep(r), Vg=1,---,Q, (17)
p:
where 61 (T + 1) is the solution for the next iteration of T produced by 6;, 6,(7) denotes

the best solution until the Tth iteration, and 601(7) represents the average solution of P
populations at the Tth iteration.

3.3.3. Local Exploration (6;)

In the second strategy, local exploration, when the aquila bird has identified a prey
area, it circles the target prey, looking for the best time to land and prepare to attack. This
behavior is mathematically expressed as follows:

62(T+1) = 0p(7) x Levy(D) + 6r(T) + (n —m) * rand, (18)

where 0,(7 + 1) is the solution for the next iteration of T produced by 6,, Levy(D) is the
levy flight distribution function, which is expressed by (19), and 6 (7) represents a solution
that is randomly selected from P populations at the T/ iteration.

Levy(D) = { x 225, (19)

o]

where ( is a fixed constant 0.01, u and v are random numbers between 0 and 1, and ¢ is

expressed as follows:
T(1+2) x sin( %)
€= —= |, (20)
r(H2) xax 207

where A is a fixed constant 1.5. m and 7 in (18) can be calculated using the following formulas:

m=r xsin(¢) (21)
n=rxcos (), (22)
with
r=r1+UxQ (23)
3xm
p=-—wxQi+——, (24)

where rq is a random number between 1 and 20, U is a fixed constant 0.00565, Q1 represents
an integer number between 1 and the optimization problem dimension Q, and w is a
constant fixed at 0.005.

3.3.4. Global Exploitation (63)

When 7 > %T, the AO algorithm starts the exploitation phase. In the third strategy,
global exploitation, when the aquila bird has identified a prey area and is ready to land,
it descends vertically and launches a tentative attack to see how the prey responds. This
behavior can be mathematically expressed as follows:

03(t+1) = (0p(t) — Opm(T)) X &« —rand + ((UB — LB) x rand + LB) x 5,  (25)

where 63(7 + 1) is the solution for the next iteration of T produced by 63, and « and ¢ are
both adjustment parameters that are equal to 0.1.



Sensors 2023, 23, 6167

8 of 16

3.3.5. Local Exploitation (6y)

In the fourth strategy, when the aquila bird approaches its prey, it will attack based
on the stochastic movement of the prey. The mathematical model of this behavior can be
expressed as follows:

04(T+1) = QF x 0,(7) — F; x 0(t) X rand — F, x Levy(D) + rand x Fy, (26)

with
2xrand—1
QF(t) =1 (-1° (27)
Fi =2xrand — 1 (28)
T
F,=2x (1_T)’ (29)

where 64(7 + 1) is the solution for the next iteration of T produced by 64, QF is a tuning
function used to balance different iterative search strategies, which is calculated by (27),
F; represents the attack trajectory of the aquila based on the stochastic movement of the
prey, and F, denotes the flight slope during the AO algorithm, which decreases from 2 to 0
as the number of iterations increases.

3.3.6. Performance Measurement

In the parameter optimization process of MPKELM, we use the root mean square error
(RMSE) for performance measurement. The fitness function can be expressed as

E= *Z(?z‘ — )%, (30)

where #; is the predicted value of the MPKELM, y; is the true value, and m represents the
number of samples contained in the training set.

3.3.7. Parameter Optimization Flow

Figure 3 shows the optimization flow of the MPKELM using the AO algorithm, and
the specific process can be summarized in the following four steps:

Step 1: (15) is used to initialize the candidate solutions 6 of the mixed polynomial
kernel function to start the improvement procedure, and the relevant parameters are set
in the AO algorithm, such as the maximum number of iterations T and the adjustment
parameters & and J.

Step 2: The current population fitness value is calculated using fitness function (30).
Then, the best solution and average solution are selected based on the calculation results.

Step 3: At this step, the iteration begins. When 7 < %T, the AO algorithm enters the
exploration phase and randomly selects between global exploration and local exploration
to update the best solution. When 7 > %T, the AO algorithm enters the exploitation phase
and randomly selects between global exploitation and local exploitation to update the
best solution.

Step 4: When the current number of iterations T meets the maximum number of
iterations T, the optimization process ends, and the optimal parameter solution and fitness
value of the MPKELM are output; otherwise, Step 3 is repeated.
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Initialize the solution 6 of the mixed polynomial kernel function and set
the relevant parameters in the AO algorithm, (i.e.,T, a, §, etc).

Calculate the current population fitness value through fitness function (25),
then select the best solution and the average solution.

Update Update Update Update
solution solution 6 solution 8 solution
using (16). using (18). using (25). using (26).

Calculate the current population fitness value through fitness function (30),
then update the best solution and the average solution.

Meet the maximum
number of iterations T.

Obtain the best solution and fitness value of the MPKELM.

Figure 3. Parameter optimization flow of MPKELM using the AO algorithm.

4. Analysis of Experiments and Results

The silicon piezoresistive differential pressure sensor selected in the experiment has a
measurement range of —250 to +250 kPa and an operating temperature of —40 to +85 °C. We
use a modular pressure controller (GE Druck PACE5000, Baker Hughes Company, Houston,
TX, USA) to control the pressure precisely. The accuracy of this device can reach 0.001% FS
(including nonlinearity, hysteresis, repeatability, and temperature effects over the calibrated
temperature range) within the required working conditions. The experimental temperature
environment is determined by a high—low temperature test chamber (ET0440, Guangzhou-
GWS Environmental Equipment Company, Guangzhou, China). The set temperature of
this equipment ranges from —40 to +150 °C, and the ambient temperature fluctuation is less
than 0.5 °C. Figure 4 shows the actual calibration experiment system, where the pressure
transducer is the device packaging the pressure sensor and the additional temperature
sensor described in Section 2.

First, we carry out a detailed calibration of the sensor equipment to analyze the
nonlinearity and temperature drift characteristics without compensation. The pressure
calibration points are selected in an arithmetic sequence with a range of —250 to 250 kPa,
tested every 31.25 kPa for a total of 17 pressure points. Temperature calibration points are
also selected in an arithmetic sequence with a range of —40 to 85 °C, tested every 5 °C for a
total of 26 temperature points, and 442 groups of data are finally recorded. A low-noise
24-bit analog-to-digital converter (AD7799) collects the output voltage and transfers the
data to the industrial personal computer. Each voltage data point is collected and averaged
several times after stability to reduce the measurement uncertainty (the RMS noise of this
device is approximately 27 nV).
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Figure 4. Actual calibration experiment system.

After collecting the real calibration data, the input-output relationship of the sensor is
considered as a simple first-order linear function to obtain the response deviation without
compensation. Taking two points, 250 kPa and —250 kPa at room temperature (25 °C), as the
benchmark, the uncompensated measurement error can be obtained through calculation.

Figure 5 is the pressure bias surface before compensation, from which we can find
that the measurement error of the silicon piezoresistive pressure sensor increases with
the applied pressure increase. This is due to the inherent nonlinear effect between the
change in resistance of the silicon-doped resistor and the applied pressure, which becomes
more obvious when the input signal varies widely. Meanwhile, as the deviation between
ambient temperature and the room temperature (25 °C) increases, the measurement error
increases, which is related to the changes in temperature-induced sensitivity. When the
sensor is subjected to positive pressure, the measured pressure rises at high temperature
and falls at low temperature, and the opposite is true when subjected to negative pressure.
The rising temperature decreases semiconductor silicon resistivity, thus reducing sensor
sensitivity. Without compensation, the maximum error of this pressure sensor occurs at
(—250 kPa, —40 °C) and (250 kPa, —40 °C), which is 46.92 kPa and —42.07 kPa, respectively.
We can use (5) to calculate the FSE of these two points as 9.38% and —8.41%, respectively.
The results of the experiments demonstrate that the output of the silicon piezoresistive
pressure sensor exhibits some nonlinearity and is affected by temperature drift significantly.
Consequently, the measurement error of this sensor is considerable without compensation
and cannot meet the demands of engineering and scientific applications.
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Figure 5. Pressure bias surface before compensation.

4.1. Calibration Experiment

Next, we compare the real calibration data and the generated data to verify the
effectiveness of the proposed method. In this experiment, we select five temperature
points, —40, —10, 25, 50, and 85 °C, and nine pressure points, —250, —187.5, —125, —62.5,
0, 62.5, 125, 187.5, and 250 kPa, as the calibration dataset for algorithm training, with a
total 45 groups of input—output relationships. The remaining 397 groups of experimental
data will serve as the test set and will be compared with the generated data to measure
the performance of the proposed calibration generation method. Actually, in the batch
application of this method, the quality of the generated data does not need to be verified;
only the correlation points of the training dataset must be tested. The distribution of the
training data is relatively uniform and centralized; therefore, we use (26), the min—max
normalization, to normalize different input features x; to the range of [0, 1] to eliminate the
influence of data units and improve the convergence speed and accuracy of the model:

x; — min(x;)

T max(x;) — min(x;) " G

In the proposed algorithm, the highest order D of the mixed polynomial kernel
function is a parameter that needs to be artificially set to better simulate the calibration
process of the sensor.

In Table 1, we compare the performance of the AO-MPKELM models under different
highest mixing orders, including the RMSE and mean absolute error (MAE) of the training
set and test set, as well as the time required by the algorithm. When D = 4, the model
exhibits the best performance in the test set, and its RMSE and MAE are 1.66 x 10~* and
1.23 x 1074, respectively. When D = 5, the model exhibits the highest accuracy on the
training set; however, its performance on the test set is inferior to that of the fourth-order
AO-MPKELM, which indicates that the introduction of the fifth-order polynomial kernel
function has caused certain overfitting problems in the model.

Table 1. Performance of the AO-MPKELM models under different highest mixing orders.

RMSE MAE

D Time (s)
Training Testing Training Testing

2 478 x 1073 4.08 x 1073 3.62 x 1073 3.16 x 1073 0.68

3 487 x 1074 463 x 1074 398 x 1074 348 x 1074 0.78

4 8.76 x 107° 1.66 x 1074 6.26 x 107° 1.23 x 1074 0.97

5 6.54 x 107° 1.80 x 104 481 x 1075 1.34 x 10~4 1.16
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Owing to limited data, the optimization process of the AO is conducted on the training
set. The larger the value of D, the more likely overfitting will occur; thus, selecting the cor-
rect parameter D is important in the proposed method. Both theoretical and experimental
results show that when the model becomes more complex (D increases), the running time
of the algorithm will also increase. However, compared with a calibration time of tens of
hours, a difference in calculation time of a few seconds between different D levels can be
ignored. All the above experiments were conducted using the Python3.7 environment, and
the test device used a 10th-generation Intel Core i5 processor and 16 GB memory. There is
no doubt that the commonly used industrial computer can meet the above calculation load.

Table 2 shows the set hyperparameter range and optimization results of the AO under
different highest mixing orders. In this study, the population number and iteration times of
the AO are set at 15 and 20, respectively.

Table 2. The set hyperparameter range and optimization results of the AO under different highest
mixing orders.

Result
Parameter Range

D=2 D=3 D=4 D=5
v [1x10%1x107] 752 x10° 2.90 x 10° 1.91 x 10* 3.80 x 10°
0, [1,1 x 10%] 92.31 6.88 21.86 57.16
03 [1,1 x 10%] 0 70.01 13.14 27.49
04 [1,1 x 10%] 0 0 27.52 64.79
65 [1,1 x 10?] 0 0 0 37.57

In practical application, we only tested the data of the training set and did not know the
real voltage value of the test set; thus, we could not select the hyperparameters according
to the results of the test set. Therefore, in the subsequent analysis and experiment, we
adopted the AO-MPKELM model (D = 5), which performed best on the training set, to
express the application effect in the actual project objectively.

Figure 6 shows the voltage deviation between generated and real values at each
temperature and pressure point. In most cases, the voltage deviation is less than 0.5 mV,
and its maximum deviation is 0.71 mV under all working conditions. Through several
calibration experiments, we observed millivolt voltage deviations between calibration data
in the same working conditions under the influence of superimposed errors by the GE
Druck PACE5000, temperature chamber, and pressure sensor. It proves the authenticity and
consistency of the generated data and indicates that we can correctly simulate the calibration
process of the pressure sensor by modeling its input—output response relationship to
generate more calibration data.
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Figure 6. Voltage deviation between generated and real values at each temperature and pres-
sure point.
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4.2. Compensation Experiment

After verifying the quality of the generated data, we conducted a series of ablation and
comparison experiments to demonstrate the superiority of the proposed method. A variety
of compensation algorithms were selected for comparison in the real calibration dataset,
including bilinear interpolation (BI), polynomial regression (PR), back-propagation neural
networks (BPNNSs), support vector machines (SVMs), and kernel extreme learning machine
(KELM), all of which have better compensation effects in this field and are currently
more suitable for implementation in microprocessors. Although the above algorithms can
achieve online compensation, the training process of machine learning still consumes lots of
resources, and the Bl is undoubtedly the most convenient and fastest algorithm for practical
applications. Therefore, in the proposed compensation method based on data generation,
BI is adopted as the multidimensional compensation algorithm, and the compensation
dataset contains both generated data by AO-MPKELM and real calibration data. We use
DG-BI as an abbreviation for this method; the DG represents the data generation process
using AO-MPKELM, and BI represents the final compensation algorithms. Some setting
parameters of these algorithms are shown in Table 3.

Table 3. The setting parameters of different compensation algorithms.

Algorithm Parameter Value
PR Highest order 5
BP Hidden layer number 4
Optimizer Adam
Learning rate 1 x 1073
SVM Penalty parameter C 1 x 106
Tolerance 1x 1073
Epsilon 1x 1073
KELM Penalty parameter C 1 x 10°
Variance o of gaussian kernel 1

Table 4 shows the compensation results of different compensation methods, including
the maximum positive full-scale error, maximum negative full-scale error, average full-scale
error (absolute value), and standard deviation. Detailed compensation results of different
algorithms under different temperatures and pressures are presented in Figure 7. The
full-scale error surface of bilinear interpolation is smoother than that of the polynomial re-
gression algorithm, with a smaller average FSE and standard deviation, and the maximum
error occurs at a room temperature of 25 °C. The polynomial regression performs poorly at
60 to 80 °C, and the excessively high-dimensional nature caused overfitting in the high-
temperature region, so its maximum full-scale error reached 0.123%. As the most popular
regression model in recent years, BP has been proven to have a strong generalization ability
in various tasks. But in this experiment, the performance is not satisfactory. Insufficient
training data hindered us in obtaining optimal weights and bias through gradient descent.
The two machine learning methods suitable for small data (SVM and KELM) are both based
on the kernel function theory and thus perform similarly, outperforming the models men-
tioned above. However, there is still nearly 0.06% FSE under extreme working conditions.
The proposed DG-BI exhibits the most robust performance and provides the most stable
compensation effect over the full-scale and temperature region. Compared to the control
group for the ablation experiment that used the BI algorithm only in the real calibration
dataset, its measurement error is reduced by 78.95%, which proves the correctness and
superiority of the presented theory in this paper.
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Table 4. Compensation results of different methods.

Method Max Positive FSE Max Negative FSE Average Std
BI 1.33 x 1073 —1.15 x 1073 3.36 x 1074 445 x 1074
PR 1.23 x 1073 —9.32 x 1074 439 x 1074 561 x 1074
BPNN 2.82 x 1073 —4.93 x 1073 8.72 x 1074 117 x 1073
SVM 548 x 1074 —7.82 x 1074 1.77 x 1074 2.05 x 1074
KELM 579 x 1074 —6.11 x 1074 1.83 x 1074 2.25 x 1074
DG-BI 2.36 x 104 —2.80 x 10~4 5.90 x 10~ 7.81 x 10~5
x10~3 x1073
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Figure 7. Full-scale error surfaces after multidimensional compensation using different methods:
(a) bilinear interpolation, (b) polynomial regression, (c) back-propagation neural network, (d) support
vector machines, (e) kernel extreme learning machine, (f) proposed DG-BI method.

In this measurement system, the achievable accuracy after compensation is about
0.03% FS, which is better than other methods. The maximum positive full-range error and
maximum negative full-range error of the sensor are 0.024% and —0.028%, respectively.
Contrasted with the corresponding values before compensation, the errors are reduced to
0.25% and 0.33%. These findings verify that the compensation method in this study can
significantly decrease the measurement bias. Moreover, the complexity of this method is
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lower than that of BP and other learning algorithms; therefore, this method is conducive to
achieving high-accuracy compensation in practical engineering applications.

5. Conclusions

In this study, we presented a novel multidimensional compensation method, DG-BI,
for piezoresistive pressure sensors, which combined the AO and proposed MPKELM to
generate more calibration data and used BI for compensation to improve measurement
accuracy. Experimental results show that the AO-MPEKLM accurately simulated the cali-
bration process of the pressure sensor and can further improve the compensation effect by
using additionally generating high-quality data. The maximum voltage deviation between
generated data and actual calibration data is 0.71 mV, and the full-scale error after compen-
sation is 0.028%, only 0.33% of that before compensation. Through the ablation experiment,
we found that the measurement accuracy was improved by nearly five times compared to
that using only the real calibration data and BI algorithm. This compensation method has
a guiding effect on existing compensation research. The high-accuracy measurement can
be achieved by using more generated data rather than complex compensation algorithms,
which makes software compensation more suitable for engineering applications.
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