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Abstract

In wind tunnel testing, an active vibration suppression system based on piezoelectric actu-
ators is an effective means to ensure stable operation. However, in a cryogenic wind tunnel
testing environment, the performance of piezoelectric actuators degrades significantly
when they are exposed to cold temperatures and subjected to uneven cooling. This is
particularly problematic during real-time changes in the attack angle of a test model. To
ensure the reliable operation of wind tunnel tests, an active—passive hybrid thermal control
method is proposed in this paper. First, the insulation and heating structure was designed
based on the thermal analysis results. Then, combining simulation and measured data, the
temperature field was reconstructed in real time using a recurrent neural network algorithm.
Next, considering the non-uniform heat dissipation of the system, a thermal allocation
module was designed based on digital-physical integration to actively control the overall
and localized heat. Finally, a heat preservation performance test platform was established to
conduct cooling experiments in a small-scale cryogenic wind tunnel. The results indicated
that the proposed thermal control method reduced the average cooling rate of the system
by 97% and improved the overall temperature uniformity by approximately 94.23%.

Keywords: wind tunnel testing; thermal control; temperature field reconstruction;
cryogenic; vibration control

1. Introduction

In the development of high-performance aircraft, such as supersonic fighters and
hypersonic missiles, wind tunnel testing plays an important role and serves as an indis-
pensable step [1]. High-Reynolds-number wind tunnels simulate actual flight conditions by
generating cryogenic flow fields [2], which provide crucial technical support for research on
aerodynamic configuration and characteristics of high-performance aircraft [3]. The well-
established evidence for this is that high-Reynolds-number wind tunnel testing ensures
the reliability of high-performance aircraft that operate in complex high-speed flow field
environments [4,5]. A frequent challenge that is encountered during conventional wind
tunnel testing is that a model is subjected to aerodynamic loads, which cause the model to
vibrate significantly. This can adversely affect the maintenance of stable test conditions [6].
Currently, active vibration suppression systems that are based on piezoelectric actuators
demonstrate significant effectiveness in conventional wind tunnel testing. However, low
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operating temperatures significantly degrade the actuation capability of piezoelectric actu-
ators, which results in a substantial reduction in the vibration suppression capability of
the active system. This leads to significant destructive vibrations in the tested model [7,8].
Therefore, it is important to investigate effective thermal control methods in cryogenic
wind tunnel environments to maintain the output characteristics of piezoelectric actuators.

Regarding the aforementioned issues, some researchers have achieved passive thermal
control via the addition of insulating structures to sensitive components [9]. The advantage
of this solution lies in its economic simplicity. However, the absence of a heat source means
that passive methods can only sustain suitable temperature conditions for piezoelectric
actuators for a limited duration. Prolonged operation will inevitably result in a temperature
drop within the actuators. Moreover, the real-time variations in the angle of attack of
an aircraft model during a test can result in uneven cooling effects on the piezoelectric
actuators being distributed at different positions. Local low-temperature conditions cause
degradation in parameters such as the dielectric constant and piezoelectric coefficients
within the stacked ceramic laminates of piezoelectric actuators, thereby impairing voltage
control precision. The damage effects caused by temperature uniformity also require careful
attention. The addition of an active thermal control process to the system can effectively
address those limitations. Nevertheless, the development of active thermal control methods
for cryogenic wind tunnel testing has long posed severe challenges. It is difficult to acquire
full-field temperature data accurately and ensure temperature uniformity. To achieve active
thermal control, the primary task is to accurately acquire the temperature distribution
within piezoelectric actuators in real time. Then, these data are fed into the thermal control
system to achieve adaptive control by coordinating the output for multiple heat sources.

The latest temperature field measurement method for low-temperature wind tunnel
testing employs temperature sensitive paint (ISP) technology [10,11]. However, this
method is only capable of taking measurements at a single, local temperature point and
does not correlate the measured data with the temperature field, making it difficult to
obtain the temperature state for a system. Similarly, piezoelectric actuator temperature
measurement approaches such as autonomous temperature measurement circuits [12,13]
suffer from identical limitations while exhibiting lower accuracy than TSP methods. Current
temperature measurement methods are unable to capture full-field temperature data due to
the lack of an effective temperature field reconstruction method. Additionally, traditional
methods use feedback control for individual heat sources based on temperature monitoring
data [14], as well as fuzzy control methods that incorporate simulation algorithms and linear
gradient assumptions for temperature field reconstruction [15,16]. Both approaches achieve
partial adaptive control. Yet the lack of corresponding temperature field reconstruction
algorithms in existing temperature measurement methods poses a problem. Although
temperature uniformity is considered during the development of a control system, the
system is only capable of obtaining temperature data at the measurement points due to
hardware limitations. While this ensures thermal uniformity in the regions around these
measurement points, it impedes a system’s ability to directly regulate thermal uniformity
at unmonitored locations in real time. Consequently, there is a noticeable temperature
non-uniformity within an actuator during operation.

Therefore, the main objective of this research was to propose a new method that
not only ensured thermal insulation performance but also enabled the real-time adaptive
control of a system’s temperature uniformity. Two core issues were addressed with the
proposed scheme. The first issue was the determination of how to achieve precise recon-
struction of the system’s temperature field based on limited measurement points. The
second issue was determining how to ensure thermal control uniformity and adaptability.
Compared with previous research, this work has the following original contributions:
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(1) A high-precision temperature field reconstruction method for piezoelectric ac-
tuators based on a digital-physical integration algorithm was proposed that integrated
simulation and experimental data, utilizing machine learning to establish a mapping
between the virtual and real data.

This method enabled the prediction of full-field temperature data based on lim-
ited temperature measurements, thereby achieving the real-time reconstruction of the
temperature field.

(2) A multi-heat source collaborative temperature control method was proposed based
on the temperature reconstruction result, which quantified the temperature uniformity
index, fused the virtual and real data, and was used to calculate the response of individual
heat sources to the system and optimize the control parameters in real time. This method not
only ensured excellent thermal insulation performance but also enhanced the temperature
uniformity of the system.

2. Overview of the Control System

As shown in Figure 1, the proposed temperature control system primarily consisted of
a passive thermal insulation structure, a heating source, a temperature acquisition module,
and a heat control module. The passive thermal insulation structure employed different
materials to cover the various geometric surfaces of the piezoelectric actuator, effectively
blocking the majority of the system’s heat dissipation. The addition of the heating source
compensated for the limitation of the passive insulation structure in maintaining the
system’s temperature level over extended periods while also addressing the temperature
uniformity. This was further enhanced by the integration of control algorithms to achieve
more precise temperature regulation.
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Figure 1. Thermal control system.

In terms of control, a high-accuracy combined interpolation method for the temper-
ature field was first developed by integrating the simulation data and considering the
temperature characteristics of different regions of the system. Based on this, the adaptive
moment estimation (ADAM) algorithm was employed to optimize the selection of simula-
tion feature points and balance the accuracy and efficiency of the interpolation process. The
optimized simulation dataset, along with the measured data, was used to jointly train a
recurrent neural network (RNN) model. This enabled the model to understand the complex
relationships between the simulated and measured data and output refined temperature
field data. Finally, the combined interpolation method was applied to reconstruct the
temperature field. Furthermore, a system heat dissipation model was established. Based
on this model, a heat allocation framework was constructed to quantify the heat required
for temperature compensation in both global and local regions. Independent heating tests
were then conducted for each heat source, and the simulated and measured data were once
again integrated. Using an optimization algorithm, the real-time response of individual
heat sources to the overall system was obtained, completing the establishment of the entire
control algorithm.

3. Active-Passive Hybrid Temperature Control System Design
3.1. Heat Dissipation Analysis

To better understand the thermal behavior of the piezoelectric active vibration suppres-
sion system in cryogenic wind tunnel tests, a heat dissipation analysis had to be conducted
prior to structural design. It was evident that the primary heat dissipation pathways for the
piezoelectric actuators were thermal convection between the sidewalls and the cryogenic air,
and the thermal conduction between the actuator ends and the support system. According
to Newton’s law of cooling, the heat dissipation power due to thermal convection is given
by the following equations [17]:

Q1 = [ By, (T (19,2) — To(,,2))4 <1>
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where (X, y, z) is the local convective heat transfer coefficient, A, is the differential area
of the piezoelectric actuator sidewall, Ts(x, y, z) is the local temperature of the sidewall,
and Tw(x,y, z) is the local temperature of the airflow. The heat dissipation power due to
thermal conduction and the boundary condition equation of the finite element method is
given by the following equation:

@ = f, kT lw D) D)

V- (k(T)VT)=0, TeQ
—kg%:h(x,y,z)(T—Tm), Tel

T =Tea, Tely

where k is the thermal conductivity of the material, A, is the contact area between the end
of the piezoelectric actuator and the support rod, Te(x,y,z) — Tj(x,y,z) is the temperature
difference between the two, L is the distance from the end to the support system, k is the
thermal conductivity, Te is the incoming flow temperature, () is the actuator domain, I'; is
the surfaces exposed to cryogenic flow, and I'; is the contacting surfaces with the support
system. Based on the physical model described above, finite element simulations were
conducted under different angle-of-attack conditions. Set the time process to 600 s; the
angles of attack to 0°, 10°, and 20°; the wind speeds to 5 m/s, 20 m/s, and 50 m/s; the
incoming flow temperature to 90 K, that constitute the boundary condition of the system;
the thermal conductivity of zirconia material to 2.5 W/(m-K), that of aerogel material
to 0.025 W/(m-K), and that of the piezoelectric actuator to 3 W/(m-K). Given that the
incoming flow temperature is extremely low, typically below 90 K, the minor influence
of thermal radiation on the system temperature can be considered negligible. The results
are shown in Figures 2 and 3. Due to space constraints, Figure 2 is presented only as a
schematic illustration of one representative simulation case.

Cryogenic Two-Phase Flow

77K

215K

=

Figure 2. Simulation results for the temperature field under a specific operating condition.
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Figure 3. Simulation data analysis.

3.2. Structural Design

Regarding the two heat dissipation paths mentioned in the previous section, the heat
loss due to convection was minimized by selecting aerogel as the insulation material for the
sidewall to [18] reduce the thermal conductivity of the materials and increase the thickness
of the insulation materials. Considering the fact that the actuator end needed to withstand
the contact stress, zirconia with high hardness and low thermal conductivity was chosen to
block heat conduction [19].

Next, considering the factors that influenced the temperature uniformity, a simulation
analysis was conducted on the temperature distribution of the piezoelectric actuator after
the incorporation of the thermal insulation structure, as shown in Figure 4. It is evident from
the figure that significant axial and radial temperature gradients still existed in the system’s
temperature distribution. To address this, a miniature ceramic heating rod was embedded
inside the zirconia to serve as an end heat source, with the objective of controlling the
axial temperature distribution. Additionally, two flexible PI heating films were selected as
side heat sources, covering the upper and lower sides of the actuator. This was primarily
intended to regulate the radial temperature distribution. This configuration ultimately
formed the heat source distribution illustrated in Figure 1. The two sets of temperature
control structures were mutually coupled and closely coordinated, collectively constituting
a design scheme for an actively and passively integrated temperature control system.
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Figure 4. Temperature distribution of the piezoelectric actuator after the addition of the insulation
structure.

4. Hybrid Physical-Virtual Reconstruction Method for Piezoelectric
Actuator Temperature Fields

4.1. High-Accuracy Combined Interpolation Method for the Temperature Field

The accurate interpolation of discrete data is crucial for reconstructing temperature
fields. However, due to the varying thermal insulation materials used in different loca-
tions of a piezoelectric actuator within a passive thermal control structure, a non-uniform
temperature distribution exists in the actuator. If the common interpolation methods are
applied for temperature field reconstruction, the use of a single interpolation function
for global reconstruction may cause temperature gradient discontinuities in the transition
zones between the regions of large and small temperature gradients. Moreover, the same
interpolation function cannot simultaneously balance the interpolation accuracy for regions
with different characteristics.

To solve these problems, this section investigates a local large-gradient temperature
interpolation method and a global smooth temperature interpolation method based on
temperature gradients across different regions. By combining the transition zones of
two regions, a combined interpolation method was formed to prevent abrupt changes
in the temperature and its gradient. This framework enabled the real-time precision
reconstruction of the system-wide temperature field using discrete point temperature data.

First, quantitative classification was performed on the temperature zones based on
different characteristics. Based on linear optimization methods, this study analyzed
the thermal distribution across different regions of the piezoelectric actuator. The spa-
tial temperature gradient operator and the temporal temperature gradient operator are

defined as ST 9T 9T
N (22 94 95
Gt = (550 52 ) @
) oT;
Gi(i) = ETtl 5)

Based on the spatiotemporal temperature gradient model, the temperature variation
characteristics at all nodes within critical system regions under operational conditions were
extracted. A nodal significance factor is defined for each node as follows:

Wi = a-Gs(i) + B-Gi(i) 6)

In the expression, &« and  denote the weights corresponding to the spatial and tem-
poral temperature gradient operators. Based on Equation (6), importance ranking was
performed on all nodes. As depicted in Figure 5, the system was divided into three regions
according to the distribution of its temperature gradient: localized region, global region,
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and transition region. These regions are represented by ()1, (), and 3, respectively. The
localized region contained the top 20% of the nodes, while the global region contained the
remaining 80%.

Remain Area: The Global Area

Local Area

Figure 5. Temperature distribution of the piezoelectric actuator after the addition of the insulation structure.

For the localized regions exhibiting high temperature gradients, it is necessary to
employ a high-resolution and high-accuracy interpolation method capable of capturing
temperature variations at small spatial scales, accordingly, the radial basis function (RBF)
interpolation method [19] was adopted. However, the frequently used RBF interpolation,
which uses fixed basis functions and parameters and requires empirical parameter adjust-
ments, lacks dynamic adaptability under varying conditions. This limitation compromises
model robustness.

To address these limitations, an adaptive RBF interpolation method employing com-
pactly supported basis functions was proposed for achieving high-precision interpolation
in high gradient regions. This method is formulated as follows:

T<c>=iwi¢(licr,°i“) + o+ 1+ pay + paz )
i=1 1
CJa-drEd+1), <1 e
¢(T) - { O, d > 1 7 r = i (8)

In the formula, T;(c) represents the local region temperature function, and ¢(r) and
«; denote the basis function and its corresponding coefficients, respectively. The adaptive
support radius r; can be dynamically adjusted based on specific conditions, as given in the
following equation:

ri = min(BoPmy, max) )

where B, is the scaling factor, p,;, represents the average distance between local simulation
particles, and 7,4 denotes the maximum radius value with physical constraints. In this
problem, 7,y is defined from the perspective of heat conduction:

Tmax = YV ky-At (10)
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where 7 denotes the regulation coefficient, and kj, represents the thermal conductivity of
the local material at the interpolation position. The characteristic time scale At is set to the
simulation time step resolution.

Based on the characteristic of small temperature gradients across the global region, and
given the method’s continuity with respect to distance and high computational efficiency,
an inverse distance weighting (IDW) method was employed to establish a smoothed
temperature interpolation model [20], which is defined as follows:

my
L wiT;
j=1 1
Ty (x) = S/ wj :W,xeﬁz (11)
L wj i
j=1
Xj = (Xj,yj,zj)(j =1,2,...,my) (12)

where T>(x) denotes the global region temperature function; w; represents the weight
function, which is used to quantify the magnitude of influence of the temperature at point
x; on the temperature at point x; and p denotes the power parameter.

To address the problem of temperature discontinuity easily occurring in the transition
regions between the local and global areas, a transition region interpolation method based
on weight allocation was developed. This approach achieved a smooth temperature
transition and ensured continuity of the temperature field.

First, an overlapping domain was defined at the boundary junction between the two
previously studied regions (); and (). This overlapping domain was assumed to be the
new region formed by the bidirectional elongation of the boundaries of both regions, as
shown in the following equation:

03 = {x| - 51 < d(x,am) < 52} (13)

where d(x, 01 ) denotes the distance from a point in space to the region boundary.
Based on a cosine-type weight function #(x), a smooth transition between the two in-
terpolation schemes is achieved within the overlapping domain:

T3(x) = n(x) T (x) + (1 = 7(x)) Ta(x),x € O3 (14)
1 d(x,012) < =61

n(x) = %{1 +COS<”'%)} —01 <d(x,012) <2 (15)
0 d(x, 81,2) Z (52

The equation reflects the continuity of temperature within the overlapping domain.

The distinct interpolation methods for the three regions, as described in this section,
collectively formed a high-accuracy combined interpolation method for the temperature
field. Combined with the data refinement model described in the next section, this enabled
the accurate and rapid high-precision reconstruction of the temperature field.

4.2. Construction of the Discrete Data Refinement Model Integrating Simulations and
Measurements for the Temperature Field

In the temperature field reconstruction process, more discrete temperature data points
led to higher reconstruction accuracy. However, the number of available measurement
points is always limited in practical engineering applications. Accordingly, this section
describes how the RNN model [21,22] was employed by combining the measured and
simulated data to identify the mathematical relationship between them. The goal of this
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approach was to achieve the real-time prediction of the temperature field based on the
measured data, ultimately accomplishing the refinement of the temperature data points.

Before collecting data from actual measurement points, extensive finite element simu-
lations were performed under relevant operating conditions, and the resulting temperature
data were compiled into a dataset for training. The operating conditions mainly include
four influencing factors: temperatures, inflow velocities, angles of the device, and heat
source. All possible combinations of these influencing factors need to be considered to
cover all scenarios. To streamline the workload, only a single operating condition is taken
into consideration for analysis and calculation in this paper. The sampling of simulation
samples introduced the ADAM algorithm [23,24] for optimization. The optimization objec-
tive was to ensure that the interpolation results predicted by the final sample points were
as close as possible to the real field distribution while maintaining high computational
efficiency. The specific form was as follows.

Based on the interpolation method given in the previous section, an interpolation
performance evaluation model is defined as follows:

P=wi-A+w,-S (16)

In the expression, w1 and w; are undetermined weighting coefficients; A is the recip-
rocal of the mean squared error between the actual and predicted values of each sample
point, which is used to measure model accuracy; and S is the reciprocal of the time interval,
which is used to measure the computational speed of the model.

The update rule of ADAM can be expressed as follows:

v = B2 011 4 (1— Ba)-[VP(6,1)]
~  _my

=T

Yt

= 1 )

0 = 01 — -5

my = Pr-my_1 + (1 —P1)-VP(0;_1)

~

Ot (17)

In the expression, the node location parameter of the simulation samples, denoted as
6, is a matrix composed of discrete points, with its form defined as follows:

X1t Y Z1t
Or=| : : : (18)

Xmt  Ymt Zmt

For the remaining parts, VP(6;_1) represents the gradient of the interpolation perfor-
mance function with respect to the node location 6;_1, and m; and v; are the first-order and
second-order moment estimates of the gradient, respectively. B; and B, are the momentum
decay rates, and 7 is the learning rate.

Collect simulation data corresponding to each sample point output by the algorithm
and update the dataset. Next, perform cooling experiments under corresponding actual
working conditions for all simulation cases, and the characteristics of the measured point
data were subsequently collected. Considering the frequent thermal exchange between the
high-speed airflow and the actuator in the cryogenic wind tunnel test environment, the
system temperature data exhibited periodic variations. This posed certain difficulties in
establishing a direct correlation between the measured temperature data and the simulation
data. Therefore, to capture the dynamic characteristics of the temperature data at the
measured points, data processing was performed in both the time and frequency domains.
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For the time point ¢;, the time-domain feature matrix at any measurement point is shown
in the following equation:

dT 2T
Fr = T(ti)rﬁ(ti)rﬁ(ti) (19)

Performing fast Fourier transform (FFT) on this matrix yields the frequency domain
feature matrix:
X(k) = FFT(T(t)) (20)

For the generated frequency domain signal X (k), the dominant frequency components
are extracted. These dominant frequency components are combined with their correspond-
ing amplitudes to form the frequency domain feature matrix:

Fr= [fi/Ai] (21)

In the equation, f; and A; are the dominant frequency and the amplitude value at
moment ¢;, respectively.

After obtaining the time—frequency feature matrix from the measured data, the matrix
is used as the input matrix to construct the RNN model, which consists of one input layer,
one hidden recurrent layer, and one output layer. The hidden layer comprises 128 memory
units, each implemented using the simple RNN cell. The choice of a single hidden layer with
128 units balances model capacity and computational efficiency for real-time temperature
field reconstruction. The dataset was randomly split into training (60%), validation (20%),
and test (20%) sets. The ADAM optimizer is used to update the network weights and the
mean squared error between the predicted and the true temperature fields is adopted as the
loss function. Finally, to prevent overfitting, the Dropout regularization strategy is adopted.
The model is shown in the following equations:

ht = 0p(Winxt + Wyhi_1 +by,)

yi = softmax(Wouths + bout) (22)
151 My )

L==Y — HT =T H
Bb§1 Mmgl " "

xt = [Fr, Fr] (23)

where ¢ is the time step, x; is the input vector, k; is the hidden state vector, and y; is the
output vector. Wy, is the input weight matrix, Wj, is the hidden state weight matrix, and
Wout is the output weight matrix. by, is the bias vector for the hidden layer, and by is
the bias vector for the output layer. L is the loss function, B is the batch size and M is
the sequence length. The activation function that is employed is the hyperbolic tangent
function, which is defined as 0}, = tanh.

After training was completed, the full-field temperature data could be predicted
using discrete measurement points, thereby enabling the reconstruction of the temperature
field based on the interpolation method proposed in the previous section. Finally, three
representative locations were selected to compare the temperature field reconstruction
results with those that were obtained using single interpolation methods. The error analysis
was conducted based on the results of the simulation calculations, as shown in Figure 6.
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Figure 6. Comparison of interpolation results of verification points.

It can be seen from the figure that the temperature field reconstruction method pro-
posed in this section demonstrated excellent fitting performance at different locations,
and the error remained within acceptable limits, which validated the effectiveness of
the method.

5. Multi-Heat Source Collaborative Adaptive Control Method

The framework of the multi-heat source collaborative adaptive control method pro-
posed in this section is illustrated in Figure 7. First, using the full-field temperature data
provided by the temperature field reconstruction, an energy dissipation model was estab-
lished, and the temperature uniformity indices were quantified. Subsequently, the control
program was divided into two components: an overall thermal control module and a ther-
mal allocation module. The overall thermal control module tracked the real-time full-field
temperature data and adjusted the overall thermal output to replenish the system’s thermal
deficit. The thermal allocation module captured the thermal uniformity status of the system
and distributed the total heat among the individual heat sources. Ultimately, this achieved
adaptive thermal regulation for the system.

Multi-heat Source Collaborative Adaptive Control Method

Temperature Uniformity Charateristics and Energy
Dissipation Model

Energy Input-Output Axial and Radial Stability Circumferential Uniformity
Balance Model Uniformly Characterstics Charasteristics

Optimization Objective of Heat
Control Target Distribution
Output Q1 Ql 1
Shortage OutPut Voltage Heat Dlstnbutlon %
of Energy Control System Control y e Q5 3
Signal 6 \'D Q3
Thermal 'd Disgrib-
Control e = " HU"'-:H‘
System I vera eat of
PID Controller Fuzzy Controller | Overall heat distribution . B Multiple
o/ | framework E> Uniformity Levepl
Realize Closed-loop Rgalize Adaptive 3 Fine distribution of heat E> Multi-level
Feedback Control of Total Adjustment of PID i Heat Dispatch
Heat controller Parameters L

Figure 7. Adaptive control principle based on temperature uniformity.

5.1. Thermal Dissipation Model Based on Full-Field Temperature Sensing

The objective of overall thermal management is to ensure dynamic equilibrium be-
tween a system’s thermal consumption and input. Consequently, the establishment of
an efficient and accurate model for system thermal dissipation is paramount. Traditional
thermal dissipation models are predominantly reliant on classical thermo-dynamics theory.
This approach suffers from slow computational speeds, rendering it unsuitable for the
real-time control of thermal management systems. Therefore, the primary goal of this
section is to propose a thermal dissipation model that balances computational efficiency
and accuracy. This model will lay the groundwork for the construction of an overall thermal
management framework.
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Based on the temperature field reconstruction results presented in Section 4, the
temperature data along the actuator axis and across the diameter of the midsection cross
plane at identical time points were extracted, as illustrated in Figure 8. Using the full-
field temperature sensing data as input, the temperature profiles were fitted with the
following outcomes.

T (T - Ty ze [ 5,0]
T (z) = T, %(T T ze [0,%} (24)
o [T @ = (T (@) = T5)(2) eeon]
Tilre,8,7) = {Tc,i (2) = (T (2) = Tu; ) (%)%, 6 € [m,271] )

Equations (24) and (25) correspond to the axial and radial temperature functions, respectively.

Z Temperature (K)
290 =

T T T T T <o< T T T T LIS
10 8 6 4 2 2 4 6 8 10

Figure 8. Temperature variation along different directions of the piezoelectric actuator.

For the i-th actuator, the thermal energy calculation is expressed as follows:

1/2 2 pr
E; = phch/ / / Ti(rx,0,2)rdr,d0dz (26)
172Jo  Jo

In the expression, pj, and ¢ represent the density of the actuator and its specific heat
capacity, respectively. The thermal energy corresponding to the target temperature field is
expressed as follows:
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Equations (24) and (25) correspond to the axial and radial temperature
functions, respectively.

1/2 27T pr
Etarget = PC/ / / Ttargetrxdrxdedz (27)
—1/2J0 0

Therefore, the energy dissipation model can be expressed as follows:

6
Eout = Z Etarget —E; (28)
i=1

The proposed model was used to evaluate the total thermal dissipation during the
dynamic temperature variations in the computational system discussed in Section 4. The
model transformed the complex problem of temperature field tracking into a thermal
compensation issue, providing a quantitative foundation for the subsequent design of
control methods.

5.2. Overall Thermal Control Framework Based on Fuzzy Adaptive PID

The primary control objective of the system was to ensure that the input energy
consistently matched the dissipated energy, thereby maintaining the controlled system in a
desired stable thermal state. To achieve this objective, a closed-loop PID control strategy
was employed. The PID controller’s time-domain expression is given as follows:

de(t)
dt

u(t) = Kpe(t) + K; / e(t)dt + Ky 29)
where 1(t) denotes the output signal, and e(t) represents the error signal.

Due to real-time fluctuations in temperature parameters during physical experiments,
the parameters of a PID controller must possess adaptive adjustment capabilities. To
achieve this, a fuzzy controller was introduced for tuning. The input variables for the fuzzy
controller were defined as the error ¢ between the actual heat and the target heat calculated
based on the energy dissipation model, along with the error change rate de. The output
variables were the PID controller parameters Ky, K;, and K. The resulting fuzzy adaptive
PID control framework is illustrated in Figure 9.

e ‘Triangular Membership Function Control parameter tuning I

, asxs<bh,
p(x)=1 ba [Input Membership | Fuzzy Rule | loutput Membershiq
<e [Func(lon r Formulation Function |

*
u E u e Y v
. Defurzificati | ——

_Object i

Input Heat Control Framework

Track energy changes, compensate for heat gaps,
and control the total input heat

o R
Heat Heat Piezoelectric qun
PID Controller J'-' ‘ Distributer " Source " Device

| :'. “_-:

[ . I

|

| Energy Dissipation Temperature Field
I Model Reconstruction

|

I Energy Dissipation Temperature

| Calculation i’ Sensing Module *

Figure 9. Schematic of the fuzzy PID control framework.
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In this work, a triangular membership function was employed to describe fuzzy sets,
with the specific form given as follows:

0, x<a
X—a
_ )= a<x<b 30
na(x) X pcx<o (30)
0, xX>c

Then, the process of fuzzy inference was expressed using IF-THEN rules, as shown in
the following equation:

If E is NB and EC is NB, then K, is IAD, K; is ISL, K; is ISL (31)

The fuzzy rules that correspond to the proportional gain K, integral gain K;, and
derivative gain K are shown in Tables 1-3, respectively.

Table 1. Fuzzy rules corresponding to the proportional gain Kj,.

EEC NB NS Z0 PS PB
NB IAD ISL K RSL RAD
NS ISL K RSL RAD RAD
Z0O K RSL K ISL IAD
PS RSL RAD ISL K ISL
PB RAD RAD IAD ISL K

Table 2. Fuzzy rules corresponding to the integral gain K;.

EEC NB NS Z0 PS PB
NB ISL K RSL RAD RAD
NS K RSL RAD RAD RSL
Z0O RSL RAD K ISL ISL
PS RAD RAD ISL K K
PB RAD RSL ISL K RSL

Table 3. Fuzzy rule corresponding to the differential gain K.

EC

E NB NS Z0 PS PB
NB ISL K RSL RAD RAD
NS K RSL RAD RAD RSL
Z0O RSL RAD K ISL ISL
PS RAD RAD ISL K K
PB RAD RSL ISL K RSL

In this framework, the input to the control system was the error between the calculated
energy of the piezoelectric device and the target energy. This input was processed by a
fuzzy adaptive PID controller, which output a control signal to adjust the heat input E;;, to
the system. The output signal then served as the input to the thermal allocation module.
After processing with this module, the system’s temperature distribution was influenced.
The altered system temperature was computed using the temperature field reconstruction
module and the energy dissipation model, updating the system state. This updated state
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was fed back into the system, and the control parameters were continuously adjusted based
on real-time system conditions until the desired control objectives were achieved, thereby
achieving closed-loop feedback control.

5.3. Development of an Experimental-Simulation Integrated Multi-System Thermal
Allocation Module

Based on the analysis in the preceding section, it was determined that the total energy
input required for the piezoelectric actuator varied across different temperature states. The
core issue discussed in this section is the determination of how to rationally distribute
the total energy among individual systems to achieve uniformity in the temperature field
allocation. Before the thermal allocation module could be constructed, a quantitative model
for reaction temperature uniformity had to be established.

For piezoelectric actuators, multiple circumferentially arranged actuators collectively
form an overall thermal system in three-dimensional space, while each actuator individually
constitutes several sub-systems. Temperature uniformity is primarily manifested as uneven
heat distribution among axial sub-systems at the overall system scale, and as axial and
radial temperature gradients within individual actuators at the sub-system scale. Thus,
the temperature uniformity can be quantified by calculating the standard deviations of
temperature along three distinct dimensions and directions. Based on the temperature
field reconstruction model established in Section 4, the system’s temperature field function
T(x,y,z,t) can be readily obtained, enabling the straightforward derivation of the average
temperature for piezoelectric actuators:

T(x,y,z,t)dV .
Tavg,i:fv ( ‘}i ) ,i=1,2---6 (32)

where V is the volume of the piezoelectric actuator.
The circumferential temperature uniformity indicator for the overall system is
denoted as

(Tavg,i - Tuvg) ? (33)

Ocircle =

N =
AMG\

i=1

For the sub-system that is composed of a single piezoelectric actuator, the axial tem-
perature uniformity indicator is given in the following equation:

1
Taxiali = \/ 5 ((Tc,i —T1)* + (T — Tz,i)z) (34)

The radial temperature uniformity indicator is denoted as

1
Oradiali = \/ 5 ((Tc,z' —T3;)° + (T — T4,i)2> (35)

The temperature uniformity indicator for the sub-system is formulated by combining
the aforementioned indicators with the corresponding coefficients A and B, as expressed in
following equation:

Usinglei = A'(Taxial,i + B'Uradial,i (36)

Based on the previous analysis, the first step involves completing the circumferential
thermal allocation for the overall system, which can easily be done.

For the i-th actuator, the weight coefficient of the thermal is defined as follows:
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Tavg,i

8t
Wheati = 6 1 (37)

i=1 Tuvg,i
Then, the respective energy input E;, ; for each actuator is

Eini = Wheat,i X Ein (38)

The thermal allocation framework for the integrated system is represented in Figure 10.

Overall heat

- distribution

Q1 Compensate for
temperature differences
Q2
:‘“"' Piezoelectric
- active vibration Q33—
Controller suppression
system Q4—

Qs

L_Q6

Figure 10. Overall heat distribution framework of the system.

After the completion of the heat distribution for the overall system, the amount of
available heat in each sub-system could be quantitatively calculated. The various types
of heat sources deployed in a sub-system had different contributions to each point in
the temperature field, and it was difficult to establish an accurate physical model for
characterization. It was also difficult to accurately elucidate these quantitative relationships
using conventional analytical modeling techniques. However, based on the experience
discussed in Section 4, an experimental-simulation integrated optimization approach could
still be developed to establish an accurate function in real time to describe the relationship
between the heat source inputs and the characteristic point temperature responses.

Based on the principle of temperature field superposition and the reconstruction
results detailed in Section 4, each heat source on the target actuator was individually
activated, and the temperature field point data were collected at each time instant. Taking
the i-th actuator as an example, the discrete-time state-space equations were constructed to
obtain the specific form of the coefficient matrices.

T; [k + 1] = Tl[k] + A;-P;-At (39)

A= y y y y @)

T
P = [Pl- P, Ps P (41)
where A; is the coefficient matrix of the power-temperature change rate.
For the j-th heat source, the relationship between its power P; and heat output Q;; can
be expressed as follows:
Qij =DMt j=1,234
4

% Qi = Eins 2
&= ij in,i
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By solving the above five equations simultaneously, an exact temperature response
function for the heat-source/input-characteristic-point can be obtained. This enables the
temperature at the characteristic points on the actuator to be indirectly represented by
the heat output Q;; of the heat source. Consequently, the temperature uniformity index
introduced in the previous section can be reformulated as a temperature-heat source
function, with the specific form shown below:

1
axiali (Qj) = \/2 ((Tc,i(Qij) - T1,i(Qij))2 + (Te,i (Qy) — TZ,i(Qij))2> (43)
1
Oradiati (Qjf) = \/2 ((Tc,i(Qij) - T3,i(Qij))2 + (Te,i (Qy) — T4,i(Qij))2) (44)
f(Qz]) = A'Jaxial,i (Ql]) + B'Uradial,i(Qij) (45)

Thus, an optimization problem intended to achieve maximum temperature uniformity
for individual units is constructed, as formulated in the following equation:

s.t.

Nl

ij = Eini Qij =0

j (46)
min f ( Ql])

Taking the temperature distribution obtained after 30 s of cooling at 77 K and a 20°
angle of attack as the simulation case, the optimization progress under these conditions
was plotted, as shown in Figure 11. Upon final convergence, the corresponding thermal
allocation for each heat source was determined.

T T T T T
4.5 - Optimization .
process

4.0

I 0 , F k a
3.5 43K Formation \g °
I A a2 End heat source
s =
r\ Side heat source
= .
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Heat distribution strategy

2.0

el Qi1 Q21 - Qua _—
Q21 Q22 -+ Q2 .

LOf| & g ® : .

0.5

Temperature uniformity index (K)

Q‘61 Q64
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Number of iterative optimizations

Figure 11. Optimization process of refined heat distribution from each heat source.

This completed the design of the thermal allocation methodology for all heat sources,
achieving high efficiency utilization of the total thermal energy delivered to the piezoelectric
device while maintaining uniform temperature distribution across the system.

6. Experiment
6.1. Experimental Setup

Based on the thermal control structure and control method proposed in the preceding
sections of this paper, a heat preservation performance test platform was established, as
illustrated in Figure 12. This platform consisted of a small-scale cryogenic wind tunnel,
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a piezoelectric vibration suppression system, and a measurement and control hardware.

The wind tunnel consisted of a cooling device, blower, test section, contraction section, and

settling section, as illustrated in Figure 13. To achieve a low-temperature flow field envi-
ronment, liquid nitrogen was used as the coolant medium, resulting in a flow temperature

of 77 K and a velocity of 6.9 m/s. For the piezoelectric vibration suppression system, the

experiment primarily targeted the six circumferentially distributed piezoelectric actuators,
as illustrated in Figure 14. The entire hardware system included a Type T thermocouple, a

controller, a host computer, and a temperature acquisition board. Six thermocouples for

the temperature measurement on each actuator were grouped in sets of three. Each set

was uniformly spaced circumferentially at a location that was one-third of the length from

each end to facilitate the real-time reconstruction of the temperature field and collect data

at targeted locations of interest. Before the experiment begins, it is necessary to perform
both static and dynamic calibration on all thermocouple sensors to ensure their static and
dynamic measurement accuracy. The static calibration is carried out by measuring the
same flat plate at room temperature using pre-calibrated equipment. Dynamic calibration
is conducted on a heating stage, where data from the device to be calibrated and a standard
device are recorded during the heating process, and characteristics such as the response
time of both are compared. The sampling frequency for all measurements is set to 20 Hz.
The relevant software was developed on the LABVIEW platform (v2015). Furthermore, the
proposed method was verified by ground experiments.

low temperature enviroment created by i Piezoelectric actuator;

liquid nitrogen I ]

| - |
—-‘\\\\"> P EEEER AR
’\' -
Measuring - I L(S : ;
points .’ oo ST : !
& ; system
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Figure 12. Experimental setup.

N

L4
w7
i
77
77
77
77
77
7
77
7,
%

-

contraction” settling
section section

Figure 13. Small-scale cryogenic wind tunnel.
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Figure 14. Thermal control structure.

The purpose of this experiment was to evaluate whether the proposed thermal control
method could maintain temperature uniformity in piezoelectric actuators while ensuring
effective thermal insulation under cryogenic conditions. Therefore, an experimental setup
was configured without the passive thermal control structure and active thermal control,
retaining only the original piezoelectric active vibration suppression system and tempera-
ture measurement points. This configuration exposed sensitive components directly to the
cryogenic flow field cooled by liquid nitrogen. Temperature data were collected to assess
relevant performance metrics, establishing this configuration as the blank control group.

The piezoelectric active vibration suppression system that was added to the thermal
control structure was taken as the research object. For a single experimental run of this
system, the protocol was divided into two phases based on the activation status of the
active thermal control system:

In Phase 1 of the experiment (starting with the injection of liquid nitrogen and lasting
for 300 s), active thermal control remained deactivated, allowing only the passive thermal
control structure to impede heat dissipation. Then, the experiment proceeded to Phase 2
(lasting for 1500 s), active thermal control was activated immediately upon completion of
Phase 1 and maintained until the experiment concluded, enabling simultaneous operation
of both passive and active thermal control systems.

Following the experiment, temperature uniformity indicators proposed in Section 5
were calculated separately for both phases. Phase 1 of the experiment, along with the
control group, formed a controlled experiment to evaluate the effectiveness of the passive
thermal insulation structure. Additionally, Phases 1 and 2 constituted a self-controlled
experiment that was used to assess the effectiveness of the method after the intervention of
active control.

6.2. Analysis of Experimental Results

The experimental data for the blank control group are presented in Figure 15 and
Table 4. As indicated in the figure and table, the prototype system without any thermal
control structures exhibited a rapid temperature decline in the liquid nitrogen cryogenic
environment, with the maximum cooling rate among all key measurement points exceeding
255 K/min. To prevent the equipment from becoming too cold, we conveyed liquid
nitrogen for only 30 s. Additionally, the temperature exhibited significant variations in
all directions. The axial, circumferential, and radial maximum temperature differences
in the system exceeded 55 K, 49 K, and 13 K, respectively. Additionally, according to the
temperature uniformity indicators presented in Section 5, the actuator exhibited marked
temperature variations across all directions. Figure 16 presents the temperature variations
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in all six piezoelectric actuators in the experimental group, while Tables 5 and 6 detail the
calculated temperature assessment indicators for the two experimental phases.
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Figure 15. Experimental data for the blank control group.
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Table 4. Temperature assessment indicators of the blank control group.

Indicator Value
Average cooling rate (K/min) 138.2
Maximum cooling rate (K/min) 255.7
Axial uniformity indicator (K) 329
Axial temperature range (K) 155.6
Radjial uniformity indicator (K) 8.4
Radial temperature range (K) 13.7
Circumferential uniformity indicator (K) 14.5
Circumferential temperature range (K) 49.5
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Figure 16. Process of temperature variation at the key points of the piezoelectric element over time.

Table 5. Temperature assessment indicators for Phase 1.

Indicator Value
Average cooling rate (K/min) 2.4
Maximum cooling rate (K/min) 5.7
Axial uniformity indicator (K) 5.2
Axial temperature range (K) 19.1
Radial uniformity indicator (K) 6.5
Radial temperature range (K) 171
Circumferential uniformity indicator (K) 2.6
Circumferential temperature range (K) 7.6

Table 6. Temperature assessment indicators for Phase 2.

Indicator Value
Average temperature control deviation (K) 0.9
Maximum temperature control deviation (K) 1.2
Axial uniformity indicator (K) 2.1
Axial temperature range (K) 2.3
Radial uniformity indicator (K) 1.5
Radial temperature range (K) 3
Circumferential uniformity indicator (K) 0.15
Circumferential temperature range (K) 0.9
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The results showed that following the activation of the active control system, the
temperatures for all of the piezoelectric elements continued to exhibit a gradual decline for a
brief period due to thermal response lag. Furthermore, the temperatures at certain locations
exceeded the set point temperature during the subsequent heating process, indicating the
presence of an overshoot phenomenon.

A comparative analysis of the temperature assessment indicators between the control
group and the Phase I experimental group revealed that after the addition of the passive
thermal control structure, the actuator achieved significantly lower cooling rates under
cryogenic conditions. The maximum cooling rate across all calculated points was below
6 K/min, and the average cooling rate was below 3 K/min. Compared with the control
group, this represented a 98% enhancement in the thermal insulation performance, which
confirmed the effectiveness of the passive thermal control structure. In addition, the thermal
uniformity was enhanced at the same time. However, experimental results simultaneously
indicated that a significant temperature gradient persisted, and the system continued to
exhibit slow cooling in the cryogenic environment even after incorporating the passive
thermal control structure. Without external intervention, this configuration remained
insufficient to meet the testing requirements of cryogenic wind tunnel experiments (which
may extend to several hours). Consequently, relying solely on passive thermal control
structures for thermal insulation cannot achieve persistent and stable thermal management
for piezoelectric devices. To achieve further optimization, active thermal control needed to
be implemented.

Furthermore, by comparing the temperature assessment indicators from Phases 1 and 2
of the experiment, it became evident that after the active thermal control system was en-
gaged, the actuator began heating at an average rate of 1.42 K/min in the cryogenic
environment. After temperature stabilization, the maximum deviation from the set point
temperature was 1.2 K, while the mean deviation was as low as 0.9 K. Regarding tempera-
ture uniformity, the circumferential temperature uniformity indicators were improved by
approximately 94.23%. The axial and radial temperature uniformity indicators were im-
proved by approximately 59.62% and 76.92%, respectively. The proposed method achieved
improvements exceeding 80% in all three indicators compared with the control group,
which indicated significant improvements in the temperature uniformity of the system,
with only minor residual gradients observed across all directions. This demonstrates
that the implementation of the active—passive hybrid thermal control method effectively
maintained the piezoelectric actuators within the target temperature range. However, the
proposed method exhibited a temperature overshoot relative to the target temperature,
which will require further research.

7. Conclusions

This paper has proposed an active—passive hybrid thermal control method combined
with a digital-physical integration algorithm for cryogenic wind tunnel testing. The method
employed a composite thermal control structure that not only maintained excellent insu-
lation performance but also prioritized temperature uniformity to ensure testing stability.
Moreover, on the basis of high-precision real-time temperature field reconstruction, this
paper further establishes a heat dissipation model and constructs a corresponding thermal
allocation module, thereby completing the development of an active thermal control system.
The effectiveness of the proposed method was validated through two-phase comparative
experiments. The specific research conclusions of this paper are summarized as follows:

(1) An active—passive hybrid thermal control system was proposed. First, the design of
the passive insulation structure was completed based on heat dissipation pathway
analysis. Subsequently, considering temperature uniformity factors under varying
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angle-of-attack test conditions, the active thermal control structure was designed.
Compared with traditional single thermal control structures, this approach enables
prolonged stable operation in cryogenic wind tunnel testing.

(2) A hybrid physical-virtual reconstruction method for piezoelectric actuator temper-
ature fields was designed. First, the piezoelectric actuator regions were classified
and corresponding temperature field interpolation methods were developed for the
local area, global area, and transition area, forming a combined interpolation method.
Then, the simulation sample layout was optimized with the objective of maximizing
interpolation accuracy and computational speed, integrating virtual and real data
to establish a mapping relationship from sparse experimental measurements to dis-
crete temperature fields. Ultimately, comprehensive monitoring of the piezoelectric
actuator temperature was achieved in real time.

(3) A multi-heat source collaborative adaptive control method was proposed. Based on
the real-time reconstruction algorithm of the temperature field, a thermal dissipation
model and a temperature uniformity assessment framework were established. The re-
sults demonstrated that the temperature uniformity index was improved by over 80%
after employing the thermal control system, and the average cooling rate remained
below 3 K/min when the heat source was deactivated, outperforming conventional
thermal control methods.
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