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ABSTRACT Devices used to set and control the environmental temperature are critical to the performance
of gas-sensitive material analyzers, which use silicon microcantilevers to characterize the gas-sensitive
materials. This paper describes a novel microtemperature-control device that uses a double Peltier structure
to replace the traditional refrigerant temperature control system. A proportional-integral-derivative (PID)
algorithm is used to achieve accurate and fast temperature control, with a long short-term memory (LSTM)
network trained to identify the nonlinear dynamics of the Peltier system. A neighbor hybrid mean center
opposition-based learning particle swarm optimization (NHCOPSO) algorithm is proposed to optimize the
PID controller. The LSTM network identification is obviously better than that of previous Peltier system
identification methods, and the NHCOPSO algorithm is found to be superior to other improved PSO
and evolutionary algorithms on benchmark functions and in PID parameter optimization. Experimental
results show that the proposed temperature control device greatly improves the accuracy and efficiency
of gas-sensitive material analysis with a temperature control range of —40 to 180°C, a temperature
control tolerance within £0.05°C, a maximum heating rate of 20°C/min, and a maximum cooling rate
of —10°C/min.

INDEX TERMS Gas-sensing material analysis, intelligent system identification, long short-term memory,

particle swarm optimization, Peltier temperature control system.

I. INTRODUCTION

As microelectromechanical system (MEMS) technology con-
tinues to be improved, the applications of silicon micro-
cantilevers in gas-sensing material performance analysis are
expanding [1], [2]. In such systems, temperature control of
the cantilever directly affects the accuracy of the analysis.
Traditional temperature control uses a mechanical refrig-
erant device to control the cantilever. Reference [3] used
resistance wire heating and water bath cooling to control
the environmental temperature in an experiment to eval-
uate the sensitivity of an SnOj/rgo-4 composite to NO;.
However, in this system, the resistance wire heating had
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poor accuracy (£1°C), and the water bath had a low cool-
ing speed (3°C/min). In reference [4], a cantilever-based
gas sensor was placed in a water bath temperature-control
device to perform experiments to quantitatively calculate
material thermodynamic parameters. Although the volume
of the whole system was reduced, the temperature of the
test environment changed slowly within a small range.
In references [5]-[7], a silicon microcantilever-based gas-
sensitive material with a temperature range of —50 to 150°C
and uniformity of 2°C was developed using liquid nitrogen
refrigeration and blast heating. However, the instrument had
a large volume (1100 x 850 x 1740 mm), a low tempera-
ture change speed (3°C/min), and poor temperature control
accuracy (£2.5°C); furthermore, maintenance of the liquid
nitrogen refrigeration system was both difficult and costly.
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In short, according to the abovementioned literature, current
temperature control systems suffer from large volumes, low
temperature change speeds, and poor temperature control
sensitivity.

With the development of semiconductor refrigeration tech-
nology, temperature control devices based on thermoelectric
Peltier coolers have been increasingly used in applications
such as MEMS devices [8], medical instruments [9], optical
experiments [10], and microscope-sample temperature con-
trol [11]. This paper describes the development of a Peltier
temperature control device for a microcantilever-based ana-
lyzer that can characterize gas-sensitive materials. The pro-
posed device greatly improves the accuracy and efficiency
of gas-sensing material evaluation over existing devices.
However, due to the nonlinear characteristics of Peltier tem-
perature control devices, it is difficult to accurately construct
a mathematical model to analyze and control the system [12].
For example, tuning the parameters of proportional-integral-
derivative (PID) controllers based on trial and error [13],
[14] results in poor control performance and is very time-
consuming. Therefore, to obtain the optimum temperature
control effect, it is necessary to optimize the control method
and parameters through theoretical analysis or an intelligent
algorithm developed based on an accurate Peltier system
model. In reference [15], a battery temperature control system
based on the Peltier model was regarded as a first-order lin-
ear time-invariant system, and the parameters were analyzed
experimentally. Reference [16] analyzed the thermal model
of a heating and cooling system composed of a Peltier device,
a water container, and a fan radiator. The system models
presented in references [15], [16], however, do not have
adequate accuracy because they neglect the characteristics of
the Peltier model parameters, which vary with temperature.
Based on the nonlinear characteristics of Peltier systems,
an aluminum box microreactor system model has been the-
oretically analyzed [17]. Reference [18] derived a mathe-
matical model for Peltier heat conduction and examined the
relationship between the system parameters and temperature
through theoretical derivations and experimental analysis.
In reference [19], an analytical method for a thermoelectric
refrigeration system that includes the Peltier effect and the
Seebeck effect was proposed. Although the three references
mentioned above proposed nonlinear Peltier model analysis
methods, it is still difficult to quickly and accurately establish
the complex structure of a semiconductor temperature control
system model [16].

With the development of neural networks, various net-
work structures have been employed for nonlinear system
identification. This is because neural networks can perform
excellent nonlinear function approximation [20] through the
Hopfield [21], radial basis function (RBF) [22], back propa-
gation (BP) [23], nonlinear autoregression with external input
(NARX) [24], and broad learning system (BLS) [25] meth-
ods. In particular, long short-term memory (LSTM) networks
can expertly solve complex nonlinear engineering problems
through their powerful learning ability with regard to time
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series, [26]-[28]. However, LSTM has rarely been applied
to Peltier temperature control system model construction.
Therefore, this study develops an intelligent and accurate
identification method for a Peltier temperature control system
based on an LSTM network, thus eliminating the requirement
of knowing the thermodynamic and physical states of the sys-
tem. After establishing the “black box”’ model of the system
through an LSTM network, evolutionary algorithms are used
to search for the optimal PID control parameters of the sys-
tem. Here, we consider the artificial sheep algorithm (ASA)
[29], particle swarm optimization (PSO) [30], [31], genetic
algorithm (GA) [32], and fruit-fly optimization algorithm
(FOA) [33]. Compared with other evolutionary methods, PSO
can generate high-quality solutions quickly and has more sta-
ble convergence characteristics [34]. However, in most PID
parameter optimization problems, the search range can be
reduced experimentally or through experience, so the optimal
solution may be missed. Moreover, a large-scale parameter
search can lead to the algorithm becoming trapped around a
local optimum, so the PSO method must have strong global
convergence. By analyzing some PSO improvement strate-
gies, neighbor hybrid mean center opposition-based learn-
ing particle swarm optimization (NHCOPSO) is developed.
This technique improves the temperature control precision
and speed of a silicon microcantilever-based gas-sensitive
material analyzer by identifying the optimum PID control
parameters quickly and accurately over a large range.

The remainder of this paper is organized as follows.
Section II introduces some theoretical foundations, including
the relationship between the performance characterization
of gas-sensing materials and the cantilever temperature and
the thermal models of existing Peltier devices. Section III
describes the structure of a temperature control device based
on the Peltier effect and analyzes the complexity of the
associated heat conduction model. Section IV discusses how
the LSTM network can be applied to Peltier temperature
control system identification and compares it with some other
methods. Section V describes the basics of the NHCOPSO
algorithm and compares its performance with that of other
improved PSO and evolutionary algorithms. Experimental
results of the silicon cantilever-based gas-sensing material
characterization temperature control device designed through
the above methods are presented in section VI. Finally,
section VII summarizes this paper.

Il. THEORETICAL BASIS OF THE SYSTEM DESIGN

A. EFFECT OF THE TEMPERATURE CHANGE OF THE
MICROCANTILEVER ON CHARACTERIZATION

OF GAS SENSING MATERIALS

Reference [4] describes the conversion of the adsorption and
desorption of gas molecules onto a gas-sensing material into
changes in the resonant frequency of the cantilever, which
enables the calculation of key dynamic/thermodynamic
parameters of gas-sensitive materials, such as the enthalpy
change AH, entropy change AS, Gibbs free energy G,
and Langmuir equilibrium constant K. Based on this
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derivation [4], the present paper mainly analyzes the relation-
ship between the enthalpy change of the gas-sensing material
performance parameters and the experimental temperature
deviation.

It is assumed that the two temperatures used in the variable
temperature weighting method are 77 and T>. The corre-
sponding partial pressures of the experimental gases are pj
and py. The gas constant is R. According to reference [4], the
enthalpy change AH is expressed as:

Ay = RBRTL P2
L-T1 pi

The temperature deviation is assumed to be caused by
temperature fluctuations or a temperature gradient in the
experiment, where the real temperature values are T + AT
and T + AT,. The enthalpy change AH’ given this error is:

_ R(Ty + AT>)(Ty + ATy), p>

AH = In— 2)
T, — T+ AT, — ATy p;

The error multiple E is expressed as:

AH'  (Ty + ATo)(Th + AT\ )(T2 — Th)

AH — T\T»(T>» — Ti + AT> — AT))
Let AT, and AT, in (3) be independent variables, let E

be the dependent variable, and set the other parameters as

constants. The derivatives of AT, and AT, can be used to
obtain Ear, and Ea7, as follows:

ey

E =

3)

_ TTy(Ty — T)(T2 + ATy

(T'To(T2 = Ty 4+ AT, — ATy))? (4)
=TTy = T))(T1 + ATh)?

(T'To(T2 — T1 + AT> — ATy))?

Taking the temperature control performance of the modi-
fied HWS-225L [5]-[7] as an example, the temperature uni-
formity is £2°C, and the temperature fluctuation is £0.5°C.
Therefore, ATy, ATy € [—2.5,2.5]. T1 and T, are experi-
mental ambient temperatures of 303 K and 318 K [6]. When
T, > Ty, we have Ea7; > 0 and Ea7, < 0. The error mul-
tiple E is approximately 1.5, taking into account the limiting
cases AT) = 2.5 and AT, = —2.5. Thus, the accuracy of the
enthalpy change calculation is greatly reduced.

EaT,

Enar,

B. PELTIER MODEL ANALYSIS

A Peltier module is a thermoelectric semiconductor cooling
module based on the Peltier effect. When an electric current
passes through a material that consists of two different types
of semiconductors, one experiences a cooling effect because
the charge carriers release excess energy as they move from
a high energy level to a low energy level. The other semicon-
ductor experiences a heating effect when the charge carriers
move from a low energy level to a high energy level and
absorb energy from outside the system.

Peltier’s model structure diagram is shown in Fig. 1. It is
composed of p-type and n-type thermocouples connected in
series by a guide vane with high conductivity. Peltier devices
can cool and head due to their PN junction structures, which
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FIGURE 1. Structure of a Peltier module. Voltage U is applied to the Peltier
module, and current flows through the n-type and p-type semiconductors.
Tc and T}, are the temperatures of the cold side and hot side, respectively.

have nonlinear volt-ampere characteristics. When a current
flows through the circuit, heat will be absorbed at connector
A and released at connector B so that 7}, > T.. Therefore, the
temperature difference between A and B is AT =T, — T,.

In practice, when a voltage U is applied to a Peltier element,
the Peltier effect, heat conduction, and Joule heat will occur
at the junction between the hot and cold ends. Therefore, the
heat Q. absorbed by the cold side can be expressed as:

1 kS
Qc =aT.d — E12R 5 T =10 ®)

In 5), a, I, R, k, S, and H denote the Seebeck effect
factor, the current flowing through the Peltier element, the
resistance value of the device, the total thermal conductivity
of the device, and the cross-sectional area and length of the
p-type or n-type semiconductors in the device, respectively.
The first term on the right-hand side of (5) represents the
Peltier effect. The second term is the Joule heat. As the Joule
heat is divided into both the cold and hot sides, only half of
the Joule heat is considered in the calculation. The third term
represents the heat conduction between the hot and cold sides
resulting from the temperature difference. Similarly, the heat
Oy, released from the hot side is expressed as:

0 —aT1+112R—Q(T—T) (6)
h=0olp 5 7 \n c

Due to the inhomogeneity of the materials, the parameters
o, R, and « in (5) and (6) often change with temperature.
These variations can be written as:

U
@= )
U (Ti—Ty
R= (- =) ®)
HUIT,
©)

T STT T
Once the temperature of the Peltier element’s cold and
hot sides has been determined, the relationships between
o, R, k, and temperature become linear, and the associated
expressions can be determined experimentally [18]. However,
the temperature of the hot and cold surfaces in the Peltier
system is not constant, and it is difficult to confirm its precise
value, so the above relationship is impossible to obtain.

VOLUME 9, 2021



T. Lu et al.: Intelligent Modeling and Design of a Novel Temperature Control System

IEEE Access

(a)

K »n
Heat Sink (b)
<+ Coolant Inlet
Peltier Module

- - < Gas Inlet

! MEMS Cantileye Heating
ﬁ—' PT100 /Cooling Plate
. = Gas Outlet

Peltier Module
=Coolant Inlet
Heat Sink

FIGURE 2. Structure of temperature control chamber. (a) Structural
schematic diagram of the cantilever-based gas-sensitive material
analyzer. (b) Photograph of the experimental cavity.

Ill. STRUCTURE AND MODEL OF THE TEMPERATURE
CONTROL SYSTEM

A. STRUCTURE OF THE TEMPERATURE CONTROL SYSTEM
Based on the relationship between the characteristic parame-
ters of a gas-sensing material and the environmental tempera-
ture and on an analysis of the Peltier device thermal model, a
miniaturized cavity based on a double-layer Peltier structure
is proposed. The structure and the physical object are shown
in Fig. 2.

The temperature control chamber includes five main parts.

(a) Peltier modules are placed on the upper and lower
sides of the chamber to control the temperature of the test
environment through the heat transfer between the cavity wall
and the gas in the chamber. The shape of the cavity is a
cylinder with a height of 2 cm and a bottom radius of 3 cm.
The small volume of the cavity accelerates the temperature
change around the cantilever-based gas sensor.

(b) The Peltier elements on either side have a double-
layer structure. The outer Peltier element acts as a heat sink
for the inner Peltier element and exchanges heat with the
circulating liquid cooling device. The working state of the
inner Peltier element is controlled by the circuit to regu-
late the temperature. The inner components are TEC1-3505
and TEC1-3506 modules, while the outer component is a
TEC1-3506 module. The maximum temperature difference is
approximately 75°C. Therefore, the temperature range of the
device can be extended to —40 to 180°C by the double-layer
structure.

(c) The cooling system uses the circulating liquid provided
by a thermostatic bath for heat exchange.

(d) At the top and bottom, the wall of the chamber is
connected with an external conduit to introduce and discharge
the experimental gas, respectively.

(e) The structure of the temperature control system is
shown in Fig. 3. The temperature is detected by a PT100
device near the cantilever-based gas sensor, and the platinum
resistance signal is converted into a voltage signal by a signal
processing circuit before being transmitted to a microcon-
troller unit (MCU) through an analog-to-digital converter
(ADC). According to the current temperature value, the MCU
calculates and outputs the corresponding duty cycle of the
pulse width modulation (PWM) signal as the control signal.
Using the power isolation circuit and the driving circuit, the
Peltier system’s working power is finally regulated to achieve
temperature control.
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FIGURE 3. Flowchart of temperature control system.
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FIGURE 4. Peltier heat conduction structure diagram. Heat is transferred
between five layers, namely, a heat sink, an outer Peltier element, an
inner Peltier element, the cavity wall, and the gas around the cantilever.

B. MODEL ANALYSIS OF THE PELTIER TEMPERATURE
CONTROL SYSTEM

Although a thermal model of the Peltier module was pre-
sented and the relationship between the parameters of a
Peltier device and the temperature was analyzed in section II,
the specific temperature of the cold and hot sides of the
device cannot be determined in practical applications. It is
impossible to accurately establish the dynamic model of a
Peltier system in the process of temperature control using the
method described in reference [18].

The detailed components of the Peltier heating/cooling
parts (see Fig. 2) are shown in Fig. 4. The temperature con-
trol structure is divided into four parts, including a radiator
filled with circulating liquid provided by an external water
tank with a constant temperature of Ty; a Peltier layer for
heat dissipation, whose outer temperature is 7,1 and internal
temperature is 7,2; a Peltier element used for heating/cooling,
whose outer temperature is Tp; and internal temperature is
Ty2; and a cavity wall with a temperature of 7¢,,. The external
environment has a temperature of 7.

The actual temperature control process consists of four
heat exchange processes: (i) between the radiator and the
Peltier element; (ii) between the Peltier element for heat dis-
sipation and the Peltier element of the heating/cooling layer;
(iii) between the Peltier element of the heating/cooling layer
and the wall of the experimental chamber; and (iv) between
the cavity wall and the internal gas environment. It is difficult
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FIGURE 5. System identification training data. (a) Sequence input to an
actual Peltier temperature control device. (b) Sequence output from an
actual Peltier temperature control device.

to derive the temperature model for the whole system through
theoretical analysis and calculations, because the temperature
inside and outside the Peltier system cannot be accurately
determined.

IV. SYSTEM IDENTIFICATION BASED ON AN LSTM
NETWORK

A. BASIS OF SYSTEM IDENTIFICATION

System identification refers to the process of determining an
equivalent model that can describe the actual system char-
acteristics from many given models based on existing input
and output data from the system [39]. The advantage of this
method is that the system model can be obtained using only
input and output data from the system. The main process
includes system data acquisition, system model establish-
ment, and model parameter identification.

Because of the differences between the heating and cooling
stages of the temperature control system, it is necessary to
identify models for the heating and cooling stages indepen-
dently. This paper mainly examines system identification
based on an LSTM network, taking the heating stage as an
example. The input to the Peltier temperature control system
designed in this paper is a PWM signal (0—100%) with differ-
ent duty cycles calculated by the MCU, and the output is the
temperature value detected by the PT100 near the cantilever-
based gas sensor. There is a delay between the input and out-
put data due to the heat transfer through the two Peltier layers,
the cavity wall, and the internal gas environment. Thus, it
is difficult to accurately represent the system characteristics
from random input signal data. According to the law of tem-
perature change in the process of temperature control, the fol-
lowing groups of data are selected for system identification:
step response, increasing response, and decreasing response.
To facilitate the follow-up tests, the starting temperature of
each group of identification data is set to 24°C, and the system
returns to the initial state without input after the test. As
the system is in the initial state (~24°C) at the beginning
and end of each test, a series of 206218 samples is obtained
by connecting each group of data end-to-end. Fig. 5 shows
the input and output sequences of the system identification
training data.

To compare the identification capabilities of various meth-
ods, we also collected three basic test sets and three control
test sets. The system input and output sequences of basic sets
testl—test3 and control sets testd—test6 are shown in Fig. 6.
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FIGURE 6. System identification test data. (a) Sequence input to an actual
Peltier temperature control device in test 1-test 3. (b) Sequence output
from an actual Peltier temperature control device in test 1-test 3.

(c) Sequence input to the actual Peltier temperature control device in test
4-test 6. (d) Sequence output from the actual Peltier temperature control
device in test 4-test 6.
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FIGURE 7. Structure of an LSTM cell with forget gate, input gate, and
output gate.

The control test sets represent the input and output sequences
obtained in the process of controlling the system with PID
parameters
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ki =0.2 ki=4.7 and {k =37
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B. LSTM NETWORK

A recurrent neural network (RNN) is an improved artificial
neural network that includes hidden layers with self-
feedback. Compared with general fully connected neural net-
works, RNNs have several advantages when dealing with
time series problems because of their short-term memory
ability. However, the traditional RNN is prone to gradient
explosion and gradient disappearance during iteration pro-
cesses with very long time series [26]. The LSTM network
is an improved RNN based on gate control. When processing
information at time ¢ in the time series, the internal state c;
is input for the transmission of circular information, and the
external state /; is output. The structure of the LSTM network
is shown in Fig. 7.
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The three gates in the LSTM structure are a forget gate f;,
an input gate i;, and an output gate o;. The forget gate controls
how much information needs to be forgotten by the internal
state ¢;_1 from the previous time step. The input gate controls
how much information needs to be saved for the candidate
state ¢, at the current time step. The output gate controls how
much information needs to be output to the external state &,
of the internal state c; at the current time step. The update
equations for the three gates are as follows:

ir = o(Wix; + Uihy—1 + by) (10
Jo =oWrx, + Ufht_l + bf) (11)
or = a(Wox; + Uphsi—1 + by) (12)

where x; is the input of the LSTM unit at time ¢ and h;_1 is the
external state at the last time step. Candidate state ¢;, internal
state ¢;, and external state /; are calculated by the following
equations:

¢; = tanh(Wex; + Uchi—1 + be) (13)
=0+ 06 (14)
hy = o; © tan(cy) (15)

The output sequence of a fully connected layer is often
added after the LSTM unit, and its expression is as follows:

Vi = ReLU (Wyeo(ReLU (Wyethy + bet)) + br) — (16)

where W;, U;, b;, Wy, Uy, by, Wy, Uy, by, We, U, and b,
in (10)—(15) are the weights of the LSTM cell, and W1, Wy,
b1, and by, in (16) represent the weights of the two fully
connected layers. The activation functions o (x), tanh(x), and
ReLU(x) are calculated as follows:

1
= — 17
oW = (17)
e —e™*
h(x) = ——— 18
tanh(x) g (18)
ReLUG) = | & ¥ =0 (19)
x>0

)

C. SYSTEM IDENTIFICATION BASED ON AN LSTM
NETWORK

This paper proposes a method of model identification for
the Peltier temperature control system based on an LSTM
network. A flowchart of the proposed approach is shown in
Fig. 8. First, a network is constructed with an LSTM layer
containing 25 hidden nodes, one 25 x 12 fully connected
(FC) layer and one 12 x 1 fully connected layer, and an
ReLU layer. The mean square error (MSE) of a loss function
and the Adam optimization method [27] are used to train
and update all weights in the network. Finally, the trained
network is initialized with hidden layer state 4o and memory
unit state cp, and the current system input sequence is sent to
the LSTM network to obtain the system output sequence of
the identification model for subsequent analysis.
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FIGURE 8. Structure of the identification system based on an LSTM
network. The “black box” model is obtained by offline training of the
LSTM network using the data in Fig. 5. The states of the network are then
initialized to process the current system input sequence and output the
corresponding sequence.

TABLE 1. Comparison of training results obtained from LSTM networks
with different structures.

Number of LSTM . o
Model layer hidden units Fitness (%)
LSTMI10 10 92.79
LSTM25 25 98.76
LSTM50 50 95.24

To explain the identification process more intuitively, the
fitness (%) is selected as the identification evaluation crite-
rion. This is calculated as:

fitness = 100(1 — |lymeasured — ymodel||,

——) (20)
|| ymeasured — ymeasured || 5
where Ymeasured and Yimeasured represent the actual system
output sequence and its mean value. y,,q4e; represents the
identification model output sequence, and ||-||, denotes the
2-norm calculation. The fitness evaluation function reflects
the similarity between the output of the identification model
and the actual system given the same input sequence. The
value of this function has a range of (—oo, 100], with higher
values indicating better system identification performance.

We compared the training results produced by LSTM
networks with different numbers of hidden nodes and their
performance on basic sets testl—test3. The model with the
highest fitness value was selected as the final system iden-
tification result. LSTM networks with 10, 25, and 50 hidden
nodes and two fully connected layers were selected for com-
parison after training. The final training results and perfor-
mance on the training sets and the basic test sets are separately
presented in Table 1 and Figs. 9-12. The results show that
network LSTM25 achieves the best performance in terms of
identifying the Peltier temperature control system designed
in this paper, as the output curve on the basic test sets is the
most similar to that of the practical system.

D. OTHER SYSTEM IDENTIFICATION METHODS
(a) As stated in section I, most Peltier system model-
ing methods are based on theoretical analysis and system
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FIGURE 9. Comparison of the performance of networks LSTM10, LSTM25,
and LSTM50 on basic test sets.

200
y —Measured
S #A LSTM10
5 1%0 § A LSTM25
5 4™
©100- A \
o I '.".
P h
5 50 / i\
l_ ~\}hh—_._.

0
0 2000 4000 6000 8000
Time(s)

FIGURE 10. Identification results for networks LSTM10, LSTM25. and
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FIGURE 11. Identification results for networks LSTM10, LSTM25, and
LSTM50 on test set 2.

identification, with a transfer function used as the simulation
model of the whole system. In this study, we used a training
sequence of length 206218 and the system identification tool
in MATLAB to establish the system model. To obtain the best
identification model, 24 transfer functions were constructed
based on the common structure shown in Fig. 13, which
includes the number of poles (1, 2, 3) and whether there are
zero points, delay terms, and integrators. The best model was
determined by comparing the performance of all 24 structures
on the training sequence and basic sets test1—test3.

(b) NARX was selected as a comparative system iden-
tification method [24]. In the literature, the NARX neural
network tool in MATLAB has been used to build network
structures. We selected the NARX model from MATLAB’s
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FIGURE 12. Identification results for networks LSTM10, LSTM25, and
LSTM50 on test set 3.
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FIGURE 13. Structure of the transfer function model, including
proportion, zero, delay, integrator, and poles.

Inputs (u) Regressors —+ Linear Block Outputs (y)
—TCS ST P : e
Outputs (y) y(t-1). y(t-2)--- —Nonlinear Block

FIGURE 14. Structure of the NARX model, including regressors, a linear
block, and a nonlinear block.

system identification tool to identify the system. The resulting
structure is shown in Fig. 14. The NARX model takes the
system input control variables and system state variables of
M moments as the regression factors of the model and then
inputs them into the linear and nonlinear modules, respec-
tively, to obtain the output sequence. To obtain the most
suitable NARX model for Peltier temperature control system
identification, we constructed 12 NARX models by setting
the input control delay of the system to O, 1, 2, or 3 and the
parameter M to 1, 2, or 3. The performance of each structure
on the training sequence and the basic test sets was then
compared.

(c) Theoretically, a three-layer BP neural network is capa-
ble of approximating any continuous function. Hence, BP
neural networks are often used to identify nonlinear sys-
tems [23]. However, BP has no memory function and cannot
deal with time series problems accurately. Thus, it is often
necessary to take the system state variables of M moments
as the current input of the BP network, as in the NARX
model. Fig. 15 presents the structure of a three-layer BP
neural network, including an input layer, a hidden layer with
sigmoid activation function, and an output layer. To obtain the
best system identification using a BP neural network, M was
set to 1, 2, or 3, and the number of hidden layer nodes was
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FIGURE 15. Structure of a three-layer BP network model, including the
input layer, hidden units, and output layer.

TABLE 2. Identification results using P3Z, NARX1, BP10-2, and LSTM25.

Model ;fer(;ilgirﬂfe Test 1 Test 2 Test 3
P3Z 54.8% 86.96% 90.92% 71.29%
NARX1 96.59% 95.30% 82.62% 87.28%
BP10-2 95.75% 93.91% 85.97% 88.32%
LSTM25 98.76% 98.55% 98.45% 96.83%

set to 10, 20, or 40. The resulting nine BP network structures
were then compared to determine the best model.

Finally, the best identification model was selected from
each of the three methods. These were the transfer function
model P3Z, with three poles and one zero, the NARX1 model,
with an input control delay of 0 and M = 1, and BP10-2,
with 10 hidden layer nodes and M = 2. Their identification
results on the training sequence and basic sets test1—test3 are
presented in Table 2.

Table 2 indicates that the P3Z model does not provide
satisfactory identification performance using the training
sequence. This may be because the long sequence contains a
large number of system characteristics, including many non-
linear features. Therefore, the model accumulates numerous
errors from the continuous input sequence, resulting in poor
identification. However, P3Z exhibits good identification per-
formance on basic sets test1—test3 because the short sequence
lengths allow little opportunity for error accumulation. In
contrast, NARX1 and BP10-2 perform well with both the
training sequence and the basic test sets.

E. COMPARISON OF IDENTIFICATION METHODS

The models with the best system identification performance
were P37, NARX1, BP10-2, and LSTM25. These four mod-
els were then compared using a two-step process. First, input
sequences consisting of control sets test4—test6 were used
as the input to each model, and their output curves were
compared with data from the actual system. As shown in
Fig. 16, the PID parameters corresponding to control sets
test4—test6 were directly used as the PID control parameters
of each model, and their response curves were compared. The
three groups of tests are named test4ctr, test5ctr, and testoctr.
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FIGURE 17. Fitness comparison of six tests using the four models.
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FIGURE 18. Identification results for set test4 using the four models.

Fig. 17 compares the fitness values of the four mod-
els for tests testd—test6 and testdctr—testoetr; the details of
each model identification curve for each test are shown in
Figs. 18-23. The graphs show the output curves of the four
models and of the real system. The system identification
performance of LSTM25 is better than that of the other
three models for all six groups of tests, simulating the output
curve of the system the most accurately. To verify the system
identification performance of the LSTM network, the output
curve measured by testing the actual system was compared
with that given by the LSTM network model in subsequent
system control parameter tests.

V. DESIGN OF PID PARAMETER OPTIMIZATION BASED
ON NHCOPSO

A. PSO ALGORITHM

PSO is a population-based stochastic optimization technique
[42]. It imitates the swarm behavior of insects and herds of
animals, birds, and fish as they search for food cooperatively.
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FIGURE 19. Identification results for set test4ctr using the four models.
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FIGURE 20. Identification results for set test5 using the four models.
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FIGURE 21. Identification results for set test5ctr using the four models.

Each member of the group changes its search mode by learn-
ing from its own experience and the experience of other
members. The convergence speed of the algorithm is fast, and
the calculation is simple and easy to implement. Martingale
theory [43] suggests that the PSO algorithm converges to the
global optimum with a probability of 1, so PSO has been
applied to various optimization problems [34].

However, as the search scope or complexity increases,
the PSO algorithm may become trapped around a local
extremum. Thus, improved PSO algorithms have become
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FIGURE 22. Identification results for set test6 using the four models.
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FIGURE 23. Identification results for set test6ctr using the four models.

the focus of considerable research. In reference [35], the
mean center was used to search the region of interest, and
opposition-based learning (OBL) was used to enable particles
to explore additional new regions. Reference [36] used a
random topology and OBL to improve the global search
ability of the algorithm, while reference [37] combined the
firefly algorithm with PSO to rapidly find a reliable solu-
tion. Reference [38] combined phasor theory with PSO and
achieved good results.

In the basic PSO algorithm, problem optimization involves
each particle learning its own best position pbest and that
of the population gbest. For a d-dimensional search space
problem, suppose that the number of particles in the pop-
ulation is n and the position and velocity of the popu-
lation are gi_ven by Xi = _(xi,xé, S ,xfl, . ,xlg) and
vi = (V],Vy, -+, VY, -+, vp), respectively, where i =
1,2,---,Nandd = 1,2, ---, D. The positions and veloc-
ities are updated according to (21) and (22), where k is the
number of iterations, w is the inertia weight, c¢; and c; are
learning factors, and r; and r, are random numbers in the
range (0, 1).

i,k+1 ik i,k i,k
Vi = o™i 4 e (pbest) — x;")
+cz*r2*(gbest¢’i’k — x;’k) (21)
i,k+1 ik i,k+1
xd = xd + Vd (22)
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B. THEORY AND STRUCTURE OF NHCOPSO

Although the PID parameter optimization problem for the
Peltier temperature control system has only three dimensions,
the unknown system model makes it difficult to establish
the search range for the control parameters. Therefore, the
algorithm needs to search over a large range to ensure optimal
control performance. To speed up the convergence of the
algorithm in the process of parameter optimization and to
prevent the algorithm from becoming trapped around a local
optimum, an improved PSO algorithm based on the neighbor
hybrid mean center (NHMC) and OBL is designed.

It has been noted [44] that particles in a given neigh-
borhood can interact with each other and search for more
regions in the problem space after being divided into several
neighborhoods according to a certain topology. Additionally,
combined with the partial mean center theory [35], NHMC
can replace the neighborhood center of gravity [36] to guide
the local particle motion. Reference [36] uses a random topol-
ogy as the neighborhood structure and found that the conver-
gence was better than that of square and circular topologies.
Therefore, in this paper, random topology is used to form a
domain j with K particles, find the neighbor hybrid mean cen-
ter NHMC; and calculate the reverse position of the particles
based on the OBL algorithm.

The mean center NMC; and local mean fitness are calcu-
lated in neighborhood j using:

K
1 .
5= g 2 23)
i=1
| K
Fawy = 2 D 1 29
i=1
where xglyc represents the information on neighborhood

mean center NMC; in each dimension d, ﬁtj’ represents
the fitness value of particle x! in neighborhood j, and
i=1,2,.--, K. Particles with fitness values greater than the
average Fyy; in neighborhood j are then selected as particle
m, where 1 < m < K. Each dimension of the neighborhood
partial mean center NPC; can be expressed as:

K
1 .
NPC
W= 3 (25)
i=1

In (25), M is the number of particles that have fitness values
better than F NM; in neighborhood j, and d is the dimension.
Finally, to better guide the motion of the local particles, the
lowest fitness value is selected from among NMC;, NPC;,
and the lowest fitness value nbest; in neighborhood j as the
neighborhood hybrid mean center point NHMC;:

NHMC; = min(nbest;, NMC;, NPC)) (26)

Although NHMC allows the algorithm to quickly identify
the optimal local value, the particles may become trapped
around a local extremum when the search range is large
because of a decrease in population diversity. In the proposed
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TABLE 3. NHCOPSO algorithm.

Input: Problem to be optimized
Output: Global optimal particle and its fitness
Function: Find the best solution for the problem
Initialize the population x; and v; of
population size N;
Calculate the fitness of particles f(x;);
while k < Tqs
if rand <P
Rebuild particle neighbor matrix;
Calculate neighborhood hybrid center
NHM(C; according to (23)—(26);
forj=1:N
fori =1:K
Calculate opposite particles OBLx} according to
2729,
if f(OBLx}) < f(x})
xji = OBLx]-i;
end if
end for
end for
else
Update the velocity and position of each particle according
to (21), (22);
end if
Update the personal best (pbest) and the global best (gbest);
k =k+1;
end while

method, OBL is used to evaluate the current solution and its
opposite solution at the same time, with the results applied to
accelerate the search process [43]. Combined with the method
described in this paper, the neighborhood hybrid mean center
NHMC; is used to move particle x/l in the opposite direction
to obtain OBLx; . Suppose that the dynamic boundary [a;, b;]
of neighborhood j is calculated by the following equation:

aqj = min(xé), byj= max(x;) 27
where ag4 j and by j are the minimum and maximum values of
all points in neighborhood j and dimension d. The opposite
point position OBLx; is calculated by (28), and each dimen-
sion of the opposite point is constrained by (29).

OBLx] = 2*NHMC; — x; (28)
aqj~+ rand x (NHMCy j — aq j),
. OBLx), ; ;
OBLY) . = dj = (29)
J NHMCy j + rand  (bg j — NHMCy j),
OBLx} ; > by j

In the above equations, rand is a random number in [0, 1],
and P is an artificially set threshold. According to the above
calculation and analysis, the NHCOPSO algorithm can be
divided into three steps. First, the population is initialized,
and then the neighborhood structure is constructed randomly.
Finally, the hybrid centers of each neighborhood are calcu-
lated, and the particles are guided to move. Table 3 describes
the details of the algorithm.
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TABLE 4. Results on CEC2013 test functions (D = 30).

Function OPSO GOPSO NCOPSO HCOPSO NHCOPSO
fl 2.46E-04 9.36E-04 2.27E-13 2.73E-13 5.33E-04
2 3.26E+07 3.19E+07 3.65E+06 4.89E+06 4.29E+06
3 4.03E+09 6.20E+09 7.28E+07 1.89E+08 6.59E+07
4 3.47E+04 3.49E+04 2.05E+04 1.66E+04 4.54E+03
f5 2.74E-02 2.22E-02 2.85E-03 1.18E-12 5.48E-02
f6 1.16E+02 1.32E+02 1.08E+02 4.15E+01 2.99E+01
f7 1.13E+02 1.16E+02 2.93E+01 5.90E+01 3.69E+01
f8 2.10E+01 2.10E+01 2.10E+01 2.10E+01 2.09E+01
9 3.55E+01 3.41E+01 2.34E+01 2.75E+01 1.84E+01
£10 1.50E+01 3.73E+01 2.36E-01 7.30E-01 7.97E+00
fl1 5.74E+01 5.38E+01 6.02E+01 4.23E+01 3.67E+01
f12 1.53E+02 1.44E+02 5.93E+01 8.39E+01 6.19E+01
f13 2.28E+02 2.31E+02 1.33E+02 1.66E+02 1.30E+02
f14 1.63E+03 1.52E+03 6.98E+03 1.19E+03 2.02E+03
f15 4.54E+03 4.68E+03 6.23E+03 6.12E+03 4.55E+03
fl6 2.62E+00 2.46E+00 2.51E+00 2.37E+00 2.09E+00
f17 6.59E+01 6.92E+01 1.83E+02 8.26E+01 6.41E+01
f18 2.57E+02 2.86E+02 1.80E+02 2.43E+02 2.01E+02
f19 5.70E+00 5.61E+00 9.39E+00 3.84E+00 2.73E+00
20 1.47E+01 1.45E+01 1.32E+01 1.22E+01 1.15E+01
21 2.93E+02 3.16E+02 3.06E+02 3.11E+02 4.00E+02
22 1.86E+03 2.04E+03 6.69E+03 1.18E+03 2.11E+03
23 4.87E+03 5.26E+03 7.23E+03 5.62E+03 3.55E+03
24 2.92E+02 2.96E+02 2.40E+02 2.74E+02 2.55E+02
125 3.19E+02 3.20E+02 3.11E+02 2.91E+02 3.08E+02
£26 2.02E+02 2.02E+02 2.74E+02 2.58E+02 3.22E+02
27 1.22E+03 1.22E+03 7.14E+02 9.82E+02 8.57E+02
28 8.78E+02 1.09E+03 3.00E+02 5.99E+02 9.61E+02

Ranks 3.55 3.95 2.77 2.52 2.21

C. COMPARISON OF ALGORITHMS BASED ON CEC2013 P = 0.3. For the other four improved algorithms, the

FUNCTIONS

Four improved PSO algorithms mentioned in reference [35]
were selected as comparative algorithms: opposition-based
particle swarm algorithm (OPSO), generalized opposition-
based particle swarm algorithm (GOPSO), neighbor-
hood centroid opposition-based particle swarm algorithm
(NCOPSO0), and hybrid mean center opposition-based learn-
ing particle swarm algorithm (HCOPSO). Additionally, the
28-function CEC2013 benchmark was chosen to compare
the performance of the algorithms. To ensure the correct-
ness of each algorithm, the optimization results on the
30-dimensional CEC2013 benchmark functions from refer-
ence [35] were directly used for the subsequent comparison.
The parameters for the NHCOPSO algorithm were set as
follows: w = 0.5,¢c; = ¢ = 2,K = 5 N = 30,and
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maximum number of evaluations maxfes was set to 10°. Each
algorithm was executed independently 25 times on each of the
28 functions, and the mean value was taken as the final result.
The experimental results are presented in Table 4.

Compared with the other algorithms, NHCOPSO exhibits
superior performance on the optimization functions. The
Friedman test was carried out on the optimized results, and
NHCOPSO was found to have the best average rank (2.21).
This verifies that the overall optimization performance of the
NHCOPSO algorithm is better than that of the other four
algorithms.

D. COMPARISON OF PID PARAMETER OPTIMIZATION

The black box model obtained by identification of the Peltier-
based temperature control system with the LSTM network

VOLUME 9, 2021



T. Lu et al.: Intelligent Modeling and Design of a Novel Temperature Control System

IEEE Access

PID
Controller

PID
Parameter

NHCOPSO

FIGURE 24. PID parameter optimization process.

(see section IV) was used as the control object to optimize the
PID parameters. First, the temperature control targets were
set to 120°C and 180°C to compare the control parameter
optimization results for different temperature points in the
same temperature segment. The calculation result u(k) given
by (30) was then used to control the black box model. System
control performance was evaluated in terms of the integrated
time and absolute error (ITAE), which is also used as the
fitness function of NHCOPSO. Finally, the PID parameters
were identified according to the algorithm in Table 3. A
flowchart of this process is shown in Fig. 24.

t
u(t) = Kpe(r) + K; Z e(j) + Kgec(t) (30)
j=0
ITAE = /tle(t)|dt 31
0

where e(¢) is the difference between the system output and
the target value, and K, K;, K; represent the proportional,
integral, and differential coefficients of the PID, respectively.
The ITAE is used to evaluate the performance of the con-
trol system, with smaller values indicating better control
performance.

In this study, the ASA [43], PSO [44], and GA [46] meth-
ods were used for PID control parameter optimization, and
their results were compared with those of NHCOPSO. After
several optimization experiments for control parameters in
different ranges, we choose a typical set of search scopes
as an example to show the algorithm comparison results.
The search range was K, € (0,3000), K; € (0,15),K; €
(0, 8000), and the number of evaluations was set to 10000.
The parameters of NHCOPSO were the same as those spec-
ified in the previous section; the ASA, PSO, and GA param-
eters were set according to references [29], [30], and [32],
respectively. Table 5 lists the parameter values and control
performance of the PID algorithm as optimized by the four
algorithms under the target temperature of 180°C. Fig. 25
shows the ITAE convergence curves of the four algorithms
during PID parameter optimization under the target tempera-
ture of 120°C.

NHCOPSO is obviously superior to the other three algo-
rithms in terms of search speed and precision, rapidly iden-
tifying PID control parameters that are more suitable for the
system model at different target temperatures.
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FIGURE 26. PID1-PID5 control curves during PID parameter optimization.

To better illustrate how NHCOPSO optimizes the PID
parameters, Table 6 presents five sets of PID parameters
derived during the iteration process, the corresponding con-
trol effect in terms of ITAE, and the fitness between the output
curves of the LSTM network model and the actual model.
On the other hand, comparing the PID control parameter
optimization results shown in Table 5 and Table 6 when the
target temperature is 120°C and 180°C, respectively, it can
be demonstrated that the optimal control parameters in a
temperature range are very similar, so segmented PID control
method can be used. Fig. 26 shows the control curves corre-
sponding to the five sets of parameters. Figs. 27-31 show the
response curves of the LSTM network model and the actual
temperature control system controlled by these five sets of
PID parameters. The results verify that the LSTM network
proposed in this paper accurately identifies the Peltier system.

VI. EXPERIMENTS AND COMPARISON

A. SYSTEM STRUCTURE

The test device, shown in Fig. 32, mainly includes an
experimental gas flow control module, a circulating cool-
ing device, the testing device, a power supply module, and
a temperature control circuit board. The circuit board is
connected with Peltier modules in the upper and lower
plates of the cavity through the driving detection line, and
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TABLE 5. Results of PID parameter optimization under the target temperature of 180°C.

Parameter ASA GA PSO NHCOPSO
K, 211.7 183.5 863.9 210.0
K; 11.2 4.5 11.9 4.6
Ky 1164.6 0 1354.7 236.7
ITAE 2.03E+06 2.29E+06 2.72E+06 1.56E+06
TABLE 6. PID parameters obtained during iteration process under the target temperature of 120°C.
Parameter PID1 PID2 PID3 PID4 PIDS
K, 1422 1422 3324 171.9 211.5
K; 13.37 13.37 14.74 6.3 4.6
Ky 55.68 1093.4 1049.4 1093.4 184.5
ITAE 1306057 1263190 533451 455436 430700
Fitness/% 85.48 90.1 96.8 92.8 87.2
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FIGURE 27. Comparison of the PID1 control curves between the LSTM
network and the actual system (measured).
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FIGURE 28. Comparison of the PID2 control curves between the LSTM
network and the actual system (measured).

the temperature around the sensor is then adjusted by heat
conduction. The Peltier module dissipates heat through the
water/coolant circulation system. The cavity is opened or
closed by lifting the upper plate. The upper and lower
plates are served by experimental gas inlet and outlet chan-

nels, respectively, and the flow rate is controlled by the
gas valve.
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FIGURE 29. Comparison of the PID3 control curves between the LSTM
network and the actual system (measured).
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FIGURE 30. Comparison of the PID4 control curves between the LSTM
network and the actual system (measured).

B. PERFORMANCE TEST OF THE TEMPERATURE CONTROL
SYSTEM

Sections IV and V introduced the intelligent identification
method for the Peltier temperature control system heating
model based on an LSTM network and optimization of the
PID control parameters at 120°C using NHCOPSO. The
identification model for refrigeration temperature control can
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TABLE 7. Parameters of piecewise PID control.

Parameter —40°C < Typo < —20°C ~20°C < Tyoo < Ty T, < Tyom < 90°C 90°C < Typq < 180°C
K, 268.9 153.6 1283 2115
K 48 57 6.9 46
K, 482.6 362.3 193.8 184.5
T,,(°C) -30 0 60 120

TABLE 8. Performance of the temperature control system.

Parameter Method 1 proposed in this paper Method 2 used in references [5], [6], [7]
Heating method Peltier Blast heating
Cooling method Peltier Liquid nitrogen
Maximum heating rate 20°C/min 3°C/min
Maximum cooling rate -10°C/min -2°C/min
Temperature fluctuation +0.05°C +2.5°C
—40°C control time from room temperature ~17 min >45 min
60°C control time from room temperature ~3 min >15 min
180°C control time from room temperature ~18 min >45 min

150
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FIGURE 31. Comparison of the PID5 control curves between the LSTM
network and the actual system (measured).

be obtained using the same method, and the optimal PID
control parameters at various temperatures can be determined
using NHCOPSO. Different target temperature values were
divided into temperature ranges (see Table 7), and the corre-
sponding PID parameters were used for temperature control.
The temperature interval segmentation method is based on
the optimization results for the control parameters under each
temperature target. In Table 7, Ty, represents the current
system target temperature, and 7 represents the current room
temperature. The PID parameters of each temperature seg-
ment were obtained by PID parameter optimization at some
temperature T, close to the center of the temperature range.

This section considers five target temperature points,
—40°C, 0°C, 60°C, 120°C, and 180°C, and examines the
temperature control performance at each one. The temper-
ature control curve is shown in Fig. 33. The experimen-
tal results show that the Peltier temperature control system
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FIGURE 32. Structure of the test device, including the power supply,
temperature control circuit board, heat sink, airflow control module, and
testing device.

allows the target temperature to be reached quickly and stably
at high temperatures (120°C, 180°C), moderate temperatures
(0°C, 60°C), and low temperatures (—40°C) and offers a good
degree of temperature stability and control accuracy.

Table 8 compares the performance of the cantilever temper-
ature control system designed in this paper (method 1) with
the devices used in references [5], [6], and [7] (method 2).
The performance of method 2 was measured with tests con-
ducted at the Shanghai Institute of Microsystem and Infor-
mation Technology, Chinese Academy of Sciences. It can
be seen from the table that the heating and cooling speeds
of method 1 are more than five times faster than those of
method 2. The ambient temperature stability around the can-
tilever reaches £0.05°C, and the heating/cooling times from
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FIGURE 33. Temperature control curves with corresponding
120°C, and 180°C.

room temperature to —40°C, 60°C, and 180°C are much
shorter than when using method 2.

VIl. CONCLUSION

This paper described a temperature control system for
a cantilever-based analyzer to characterize gas-sensitive
materials using Peltier elements, an LSTM network,
and an improved PSO algorithm. First, the influence of
environmental temperature control effects on material perfor-
mance evaluation was analyzed. Based on the thermal model
of semiconductor temperature control devices, an innova-
tive cantilever temperature control device based on Peltier
elements was proposed. Second, the nonlinear relationship
between the input PWM duty cycle of the temperature con-
trol system and the temperature around the cantilever was
established using an LSTM network. Finally, an improved
PSO algorithm based on the neighborhood hybrid center and
opposition-based learning was proposed. The NHCOPSO
module offers better performance than other evolutionary
algorithms on benchmark functions and for PID param-
eter optimization for the Peltier temperature control sys-
tem. Experimental results show that the temperature control
range of the Peltier system is —40 to 180°C, the stabil-
ity is +0.05°C, and the maximum heating/cooling speed
is 20°C/min. Compared with traditional mechanical tem-
perature control methods, this system can greatly reduce

21146
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enlargements showing temperature stability at —40°C, 0°C, 60°C,

the size of the equipment required for gas-sensing material
characterization. Furthermore, the proposed system improves
the characterization accuracy, increases the heating/cooling
speed, and simplifies the system integration process.
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