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Abstract. With the development of aerospace technology, many devices under test (DUTSs) in thermal vacuum
tests require balanced heating. However, traditional PID controllers mostly focus on single-channel indepen-
dent control, lacking effective solutions for the mutual influence among multiple channels. This paper propos-
es a PID controller based on average temperature feedback to address the issue of temperature imbalance in
multi-channel heating. Firstly, this method calculates the difference between each channel’s temperature and
the average of all channels’ temperature, and then feeds the difference into the input of the PID controller to
real-time adjust the heating rates for each channel, ensuring balanced overall heating. Secondly, by detecting
whether each channel has reached the lower limit of the set temperature range, the opportunity to exit the av-
erage temperature feedback is provided. Finally, a temperature acquisition and control synchronization system
based on the EtherCAT network was built, providing an experimental platform for validating the proposed
method. Through simulation and experimental validation, the proposed method not only reduces temperature
difference among channels during the heating process, but also enhances the overall stability and robustness
of the system. This makes it an effective solution for achieving precise thermal control in complex multi-chan-
nel environments.
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1 Introduction

In the development of modern aerospace and electronic equipment, thermal vacuum test (TVT) is a critical step
to ensure that devices can operate normally under extreme environmental conditions [1, 2]. This is particularly
important in the design and manufacturing of satellites, space probes, and high-altitude equipment, which often
must withstand extreme temperature variations and near-vacuum environments [3]. Such conditions necessitate
rigorous testing of the thermal management capabilities of these devices [4]. Thermal vacuum test simulates the
vacuum and extreme temperature variations that equipment will encounter in space, effectively evaluating the
thermal performance and structural reliability of the devices [5].

Typically, during a thermal vacuum test, a near-vacuum environment is provided for the device under test
(DUT) to simulate the space environment. On this basis, the corresponding heaters are controlled to provide the
DUT with high and low temperature environments for cyclical testing. The high-temperature test environment
simulates the state when the DUT is exposed to sunlight in space, while the low-temperature test environment
simulates the state when the DUT is not exposed to sunlight in space [6].

In thermal vacuum test, the appropriate heating method for DUT needs to be selected according to its type.
For spacecraft and solar panels that are exposed to the space environment, infrared lamps are typically used for
heating [7]. On the other hand, payloads that are installed inside the spacecraft generally require heating through
thermal conduction methods. In thermal vacuum test that primarily rely on thermal conduction, many heating
elements are attached to the DUT to provide uniform heating [8]. It is essential to maintain the entire device
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within the designed temperature range throughout the test to ensure the accuracy of the results and the safety of
the equipment. When conducting thermal vacuum tests on spacecraft and their payloads, the temperature control
system needs to regulate according to the DUT’s extreme temperatures to verify if it can operate normally under
these conditions [9]. Additionally, the system must strictly control overshoot and temperature imbalances be-
tween channels. Significant overshoot can cause the DUT to operate outside the permissible temperature range,
potentially damaging it. Excessive temperature differences between channels can lead to thermal stress on the
DUT, causing local deformation and, in severe cases, irreversible damage.

In the field of industrial control, the Proportional-Integral-Derivative (PID) controller is one of the most tech-
nically mature and widely used control regulators. The PID controller adjusts the system output to bring it closer
to the setpoint, correcting system errors through three basic functions: proportional, integral, and derivative.
Proportional control adjusts based on the current error value, that the larger the error, the greater the adjustment
effort, which aids in quickly responding to changes [10]. However, using it alone may not eliminate steady-
state error. Integral control adjusts based on the accumulation of errors over time, aiming to eliminate steady-
state error. Integral control can induce overshoot and oscillations of the system. Hence, it requires careful tuning.
Derivative control adjusts based on the rate of change of the error, serving to reduce error change trends, thus
enhancing the system’s dynamic response and helping to reduce overshoot.

When using a PID controller for system regulation, parameter tuning is a crucial step to ensure system sta-
bility and optimize performance. The three parameters of a PID controller, which are proportional gain, integral
time, and derivative time, determine the system’s response characteristics. Proper parameter configuration can
ensure that the system responds quickly, remains stable, and minimizes oscillation or overshoot [11]. However,
in each thermal vacuum test, the DUTs are not same, the number and layout of heaters as well as temperature
sensors are different. This necessitates tuning the three PID controller parameters for each test. Undoubtedly, this
parameter tuning can consume a significant amount of test time, which is intolerable for organizations that need
to conduct numerous tests annually. Therefore, some adaptive PID algorithms have been applied in the field of
thermal vacuum test. These algorithms can adjust the PID parameters in real-time during the control process, en-
abling the control system to operate stably.

However, simultaneously controlling the temperature of multiple channels remains a significant challenge for
temperature control systems. A multi-channel temperature control system must not only monitor and precisely
adjust multiple temperature points in real-time but also manage the thermal coupling effects between different
channels, which adds complexity to the system’s design and optimization [12]. While traditional single-input
single-output (SISO) control methods offer some resistance to external disturbances [13], the thermal interactions
between channels can exacerbate interference, potentially leading to temperature oscillations that prevent the
system from stabilizing within the desired temperature range [14].

Therefore, investigating how to achieve high-precision multi-channel temperature control under thermal
vacuum testing conditions has become a crucial topic for improving test accuracy and equipment reliability. In
thermal vacuum test, multi-channel temperature control tends to cause temperature differences between channels
during the heating process. This paper proposes a multi-channel PID controller based on average temperature
feedback to address the issue of temperature imbalance between channels during the heating process in thermal
vacuum tests. The main contributions of this paper are as follows:

(1) Optimize the PID controller by using the average value of the current temperatures across multiple chan-
nels as one of the feedback inputs for each channel’s PID controller, to adjust the differences between that chan-
nel and the others in real-time.

(2) Providing a mechanism for exiting average temperature feedback in multi-channel temperature control,
allowing for a smooth transition to traditional PID control after the heating phase.

(3) A temperature control system based on EtherCAT was set up, integrating all the temperature acquisition
and control circuits into the EtherCAT network. This enables synchronized temperature acquisition and control,
ensuring consistent time intervals for temperature control.

The remainder of this paper is organized as follows: Chapter 2 introduces related work. Chapter 3 presents
the main content of the proposed method. Chapter 4 provides a simulation validation of the proposed method.
Chapter 5 demonstrates the experimental results of applying the proposed method for multi-channel temperature
control in an actual thermal vacuum environment. Chapter 6 concludes the paper.
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2 Related Work

There has been considerable exploration and progress in the application of multi-channel temperature control
technology in thermal vacuum test. Traditional temperature control techniques primarily rely on PID controllers,
which adjust the proportional, integral, and derivative parameters to achieve stable temperature control across a
wide range of applications [15, 16]. However, when it comes to multi-channel temperature control, particularly
in thermal vacuum environments, the nonlinearity of system and thermal coupling effects between channels make
it challenging for PID controllers to achieve optimal control performance [17]. To address this issue, researchers
have proposed several improved methods, such as adaptive PID control and self-tuning PID control [18, 19].
Adaptive PID control introduces a parameter adaptation mechanism, allowing the PID controller to adjust its
parameters in real-time according to changes in the system state [20]. Self-tuning PID control, on the other hand,
is a self-optimization method based on real-time feedback. By monitoring the system’s response characteristics,
the self-tuning PID controller can automatically adjust the control parameters without manual tuning, thereby
improving the flexibility and accuracy of the control system [21]. These methods introduce mechanisms for pa-
rameter adaptation or model-based correction strategies, which enhance the response speed and accuracy of the
control system to a certain extent.

In recent years, with the advancement of computational capabilities and control algorithms, advanced control
theories have increasingly been applied to multi-channel temperature control. Methods such as Model Predictive
Control (MPC) [22, 23]and Fuzzy Logic Control (FLC) [24] have gained significant attention due to their abili-
ty to handle multivariable coupling and nonlinear systems. MPC achieves high precision and response speed in
multi-channel temperature control by predicting future system states and optimizing current control inputs based
on a predefined objective function. Reference [25] explores the integration of fuzzy logic with model predictive
control for managing nonlinear processes. However, the computational complexity of MPC is relatively high,
particularly in real-time control, requiring substantial computational resources and time, which limits its practi-
cal application in thermal vacuum testing. On the other hand, FLC addresses system uncertainties and nonlinear
characteristics through fuzzy rules. FLC can address the thermal coupling effects between channels through fuzzy
rules, and it exhibits good adaptability when dealing with system parameter changes during testing. YL Huang
introduced a fuzzy model predictive control (FMPC) approach to design a control system for a highly nonlinear
process [26]. While FLC can achieve effective control under certain conditions, the formulation of these rules
depends on expert experience, making it difficult to widely generalize.

In addition, Neural Network Control (NNC) [27, 28] and Deep Learning Control (DLC) [29, 30], which
have emerged as intelligent control methods in recent years, are also beginning to show potential in the field of
multi-channel temperature control. NNC adapts control strategies by learning the input-output relationships of
the system, demonstrating strong adaptability when dealing with complex multi-channel temperature control
problems. In reference [31], actor-Critic learning was used to tune PID parameters in an adaptive way by taking
advantage of the model-free and on-line learning properties of reinforcement learning effectively. DLC further
leverages the representational power of deep neural networks, excelling in both control precision and adaptabil-
ity to complex scenarios. Wang peng proposed a PID approach for accelerating deep network optimization. This
approach first reveals the intrinsic connections between SGD-Momentum and PID based controller, then present
the optimization algorithm which exploits the past, current, and change of gradients to update the network pa-
rameters [32]. However, these methods also face challenges such as high computational costs and the need for
large amounts of training data, and their application in thermal vacuum testing is still in the exploratory stage.

In summary, although multi-channel temperature control technology has a certain research foundation in
thermal vacuum testing [33, 34], existing methods still face challenges in response speed, control accuracy, and
computational resource requirements. As acrospace technology advances, the demands on temperature control
continue to increase, prompting researchers to explore more effective and efficient control strategies to meet the
increasingly complex testing requirements. Therefore, this paper proposes a multi-channel temperature control
algorithm based on an average temperature feedback strategy, aiming to achieve balanced temperature rise across
channels during the heating process, thereby enabling the surface temperature of the device under test to uni-
formly reach the set temperature.

3 Proposed Method

This section mainly introduces the temperature control system under thermal vacuum test, the transfer function
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of heating system based on heating plates and the proposed multi-channel temperature controller.

3.1 The Structure of Temperature Control System

The environment of thermal vacuum test consists of a vacuum tank, the DUT, the heating plates, and T-type ther-
mocouples, shown as Fig. 1. Among them, the vacuum tank is the main equipment for conducting thermal vacu-
um test, which continuously extracts air through an external vacuum pump to make its interior close to a vacuum
environment. The DUT with a large number of heating plates and T-type thermocouples installed on the surface
will be placed in vacuum tank for corresponding tests. The heating plates and thermocouples are arranged ac-
cording to the designer’s requirements. In addition, during the thermal vacuum test, the liquid nitrogen is injected
into the interlayer of the outer wall of the vacuum tank to provide heat sink. The heating plate is controlled by
programmable power supply outside the vacuum tank, and the T-type thermocouple is also connected to the ex-
ternal temperature sampling circuit.
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Fig. 1. The structure of thermal vacuum test

In order to access a large number of temperature acquisition devices and power devices, thermal vacuum test
systems typically use conventional Ethernet methods to connect all devices via a switch, with the control pro-
gram running on a server that is also connected to this network. During temperature control, the server inputs the
temperature values of all valid channels into the corresponding PID control programs and calculates the current
values required for each channel. These current values are sequentially sent to each programmable power sup-
ply through Ethernet to achieve temperature control. However, in the process of sending current values to each
programmable power supply via Ethernet, the control program needs to wait for the response signal from the
power device before sending the current value for the next channel. When the number of channels is large, the
cumulative response time gradually increases, which affects the interval and consistency of temperature control,
ultimately impacting the accuracy of temperature regulation.
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In order to improve channel consistency and reduce control intervals for multi-channel controlling, this sys-
tem is designed with a temperature acquisition and programmable power control circuit based on EtherCAT
technology. EtherCAT is a high-performance real-time industrial Ethernet solution that enables high-speed com-
munication and control of industrial automation devices through standard Ethernet technology. Unlike traditional
Ethernet protocols, EtherCAT employs “processing on the fly” for data handling. This means that data frames are
processed and immediately forwarded by the slave devices as they pass through, rather than being received in
their entirety before processing. This approach significantly reduces communication latency and enhances data
transmission efficiency. Each data frame processing takes only a few nanoseconds, allowing EtherCAT to support
real-time updates of up to thousands of I/O points, with cycles under 100 microseconds.

The control system in this document is designed with dedicated temperature acquisition circuits and program-
mable power control circuits. Both of these circuits support the EtherCAT protocol and facilitate communication
with the EtherCAT master station. The master station primarily handles network configuration and initiates data
communication packets for every slave station. The slave station is connected to the master station through a
switch in open connection mode, that these slave stations within the same switch network segment are treated
as one Ethernet device for addressing. Different slave stations within the same network segment are addressed
through sequential mode. Besides, the master station operates in periodic mode to ensure that all slave stations
can synchronously perform temperature acquisition and temperature control operations.

3.2 The Transfer Function of Heating System

The model of the heating plate temperature control system in a thermal vacuum test can typically be approximat-
ed as a First-Order Plus Dead Time (FOPDT) model, with its transfer function given by the following equation:

K
Ts+1

G(s):

e (1)

Here, K denotes the magnification factor, 7 presents the time constant, and 7 is time delay.

In industrial control applications, the step response method is typically used to solve for K, 7, and 7 in equa-
tion (1). The step response method is an important tool for analyzing the dynamic characteristics of linear
time-invariant systems. By introducing a unit step function as the system input, the system produces a corre-
sponding output response that varies over time. Eventually, its step response will reach a new steady-state value.
By observing the output response curve, one can evaluate the system’s dynamic performance and adjust control
parameters to achieve the desired behavior.

In the experimental environment of Section 3.1, the step response method is utilized to determine the trans-
fer function of temperature control system, that is, to fit the system’s transfer function based on the temperature
change curve under a fixed amplitude current output. In the Laplace domain, the system response F(s) of the
temperature control system is related to the system’s transfer function G(s) and the control signal U(s), which can
be expressed as:

F(s)=G(s)U(s) )
U (s)=% 3)

Where, U, denotes the amplitude of the step input. Substituting equations (1) and (3) into equation (2) gets the
following equation:

__K U
Ts+1 s

F(s) )

By applying the inverse Laplace transform to F(s), the transient response of the control system in the time do-
main can be obtained, which is shown as
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F)=£"[F(s)]= K'U‘)'[l‘” J B

0, t<t

Here, £' denotes the inverse Laplace transformation. The value of K could be calculated by the following

equation:

u(o0)—u(0) ©)

Where, f(o0) and u (o) represent system response value and the input amplitude at the steady state, respective-
ly. £(0) and u (0) denote system response value and the input amplitude at the initial state, separately.

Additionally, it is necessary to record the corresponding values of f'(¢,) and f'(,) at two known time points ¢,
as well as ¢,, and establish the following system of equations to solve for the values of # and 7.

f(2)-1(0)_ [F)

/() @)

Based on the above formulas, a constant input current (2A) was provided to the heating plate-based tempera-
ture control system. By recording the corresponding temperature response, the values of the relevant parameters
are determined: K = 72.83, T'= 121.71, ¢ = 2.3. Therefore, the transfer function of the heating system is repre-
sented by the following equation:

G(s) 7283 a3,

= 8
121.71s +1 ®

3.3 ATF-PID Controller

In thermal vacuum tests, traditional PID control regulates temperature based on the error between the current
temperature value of each DUT channel and the set value, as shown in Fig. 2. In Fig. 2, 7(¢) represents the final
stabilized value of the controlled channel, which is usually preset before the system executes control. y(#) is the
current response of the channel, namely the temperature value at the test point collected by the current channel’s
temperature sensor. The deviation between the current response y(7) and the set value 7(¢) is represented by e(?).
The PID controller C(s) computes the control output u(¢) through a combined operation of proportional, integral,
and derivative actions on e(?), as shown in equation (9).

u(t)=Kp-e(t)+K, -I;e(v)dv+KD-diT(tt) ©)

Where K,, K,, and K, are the proportional, integral, and derivative coefficients, respectively, which need to be
tuned in advance. The control variable u(¢) is the current supplied to the heater at this time by the programmable
power supply.
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Fig. 2. Traditional PID architecture for temperature control

After the current u(f) is input into the heater, the heater generates corresponding heat, which is conducted to
the DUT, causing a change in the DUT’s temperature. Finally, the temperature values at each control point on
DUT are obtained through corresponding sensor as well as acquisition circuit. These values are fed back to the
input of the control channel and compared with 7(f) to obtain e(f), thereby forming a closed-loop control system.

In practical applications, equation (9) is not easy to implement due to the presence of integral and derivative
operations. To facilitate computation, the PID controller in continuous time is often discretized for use in actual
digital control systems. The discretized formula of PID controller at moment & is as follows:

u(k):KP-e(k)+K,- 'k e(j)+KD~(e(k)—e(k—1)) . (10)

Here, u(k) represents the control output at the moment &, and k£ denotes the number of samplings. e(k) and e(k-
1) indicate the deviation between the system response and the set temperature value at the current moment k£ and

previous moment k-1, respectively. 7" e(i) represents the accumulation of all errors e(j) from the start of control

to the current moment .

In the traditional independent channel control strategy, each channel’s PID controller only adjusts the tempera-
ture control response for the corresponding channel. In this case, the controller adjusts based on how quickly the
corresponding channel reaches the set value, without considering the temperature differences among channels.
Due to the uneven layout of the heating plates and certain performance differences among them, the response of
each channel during the heating process would be different, leading to inconsistent temperatures across channels
at the same moment. A very obvious example is that heating plates located in center area typically have a higher
heating rate and thus higher temperatures compared to those positioned at the edges. If this is not controlled, it
could lead to an increasing temperature difference between adjacent area on the DUT, potentially affecting the
DUT’s performance.

To address this issue, a PID controller based on average temperature feedback is proposed, with its basic
architecture shown in Fig. 3. This controller is divided into two main parts: the general PID controller and the
average feedback. The general PID controller is mainly used to implement temperature control for each channel.
The controller’s error e(f) not only includes the deviation between the current response and the set value for each
channel but also the deviation between the response of each channel and the average response of all channels.
The average feedback part calculates the average response of all channels, providing each channel with the devi-
ation from the average response. The average feedback part also offers the timing for the average feedback mech-
anism to exit. The specific implementation of these two parts is described as follows.

(1) The General PID Controller

The general PID controller part is mainly used for implementing temperature control. For multi-channel tem-
perature control, each temperature measurement point that needs to be controlled requires a complete set of ac-
quisition circuitry, heaters, and control programs to achieve closed-loop temperature control.

155



An Average Temperature Feedback based PID Controller for Multi-Channel Balanced Heating in Thermal Vacuum Test

Assume that in a thermal vacuum test, there are N temperature control points on the DUT that need to be mon-
itored, with each control point presetting a target temperature of 7,,(¢). To control the temperature at these points,
N sets of sensors, acquisition equipment and programmable power supplies are needed, with N sets of PID con-
trollers loaded into the control program.

At moment k, for the i-th channel, the error input e,(k) of its PID controller can be expressed as the deviation
between the current system temperature response y(k) and the preset value 7,,(k), minus the average deviation

e, (k) of the i-th channel, as shown in the following formula.
()= T (6)=3,(K) 5 (K). 1 =120 an

Here, e (k) represents the difference between the response y,(k) of the i-th channel and the average response

¥ (k) of all channels, as shown in the following equation.

& (k)= (k)= (k) (12)

According to equation (10), the discrete PID control formula for each channel can be derived as

u,(k)=Kp-e(k)+K, - +KD (k)—ei(k—l)) _ (13)

\
M»
Nm

Due to the accumulation component from the beginning to the present in the discrete PID control described in
equation (13), the computational complexity is relatively high. To optimize computational efficiency, the control
quantity can be decomposed by only calculating the change in control quantity, resulting in an incremental PID
controller. Substituting k£ =k-1 into equation (13), we obtain the following formula:

k-1
u (k=1)=Kp e (k=1)+ K-> e, ( (¢ (k=1)=¢;(k=2)) . (14)
j=0

Equation (13) minus equation (14), the following formula is obtained.
w (k) —u; (k=1)=Kp (g (k)—¢;(k=1))+ K, ¢, (k)+ K, -(e; (k) —2¢; (k=1)+e, (k-2)) 15)

By moving u(k — 1) to the right side of the equation, the incremental PID control formula for each channel is
derived, which only relates to the errors from the most recent three samples.

(k) =u; (k=1)+Kp (e (k)—e (k=1))+K; -e, (k) + Kp, -(e; (k) —2¢; (k—1)+¢;, (k—2)) (16)

(2) The Average Temperature Feedback

The average temperature feedback part is primarily used to provide each channel with the deviation between
its temperature and the temperatures of other channels. This ensures that the channels which are heating up too
quickly slow down their heating rate, while the channels which are heating up too slowly try to increase their
heating rate. This allows all channels to heat up evenly at any given moment.

In the thermal vacuum test, to ensure that all channels can heat at a more similar rate, we selected the average
value of the output responses from all channels as the measurement standard. As can be seen from equation (11),
the difference between the proposed method and the traditional independent control method lies in the fact that
the input to the PID controller also subtracts the deviation between the current channel temperature and the av-

erage temperature, which is defined as the average deviation (k). Therefore, the key to the proposed method is

the introduction of the average deviation.
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In the process of multi-channel temperature control, the average value of the output responses from all chan-
nels is utilized as the criterion for evaluating whether each channel is heating up too quickly or too slowly, which

is denoted as y(k):

(k)= 2 (k) (17

i=l1

Here, N presents the number of all channels for the temperature control system, and y,(k) denotes the system
response of the i-th channel. By comparing the current system response y,(k) of each channel with y(k), it is
possible to determine whether the temperature of that channel was too high or not. The difference between y,(k)
and y(k) is defined as the average temperature deviation:

e, (k)= (k)-7(k) . (18)

In multi-channel temperature control, significant temperature differences among channels often occur during
the heating phase. Once the temperature values of each channel reach the set value one after another, the chan-

nels, which reach the set temperature earlier, will still have their average deviation ¢€,(k) subtracted from the

input term of their PID controller. This will ultimately lead to all channels stabilizing at a temperature slightly
deviating from the set value, preventing the thermal vacuum test from evaluating the DUT at the expected tem-
perature. Considering that once all channels are uniformly heated to near the set temperature, the temperature
differences among channels become very small, and the traditional PID algorithm can effectively control each
channel to the preset temperature and maintain stability, it is crucial to exit the average temperature feedback
strategy in the final stages of heating. The timing for exiting this strategy will be discussed below.

Typically, in thermal vacuum tests, a target temperature is set for each channel along with a tolerance range for
that target temperature. The temperature tolerance is always provided alongside the preset temperature to protect
the equipment. For instance, if the target temperature is set at 60°C, the actual control temperature can fluctuate
within 2°C above or below 60°C, meaning the permissible temperature range is [58°C, 62°C]. In this paper, the
timing for disengaging the average temperature feedback from the temperature control system is determined by
the channel that first reaches the lower limit of the set temperature range. When the first channel reaches the low-
er limit of the temperature control range during the heating process, the average temperature feedback would be
disconnected for all channels within the PID controller. At this point, for channels with temperatures higher than
the average temperature Y(k), the increased input error e,(k) to the PID controller will accelerate the heating rate,
which would be quickly adjusted by the PID controller. For other channels, as e,(k) decreases, the control current
will be further reduced, minimizing the risk of overshooting. Additionally, as the current in the latter channels
decreases, it also reduces the influence on the temperatures of the former channels. To this end, a variable S is de-
fined to determine whether the temperature control system needs to integrate the average temperature feedback,
with the formula as follows:

1, max{yl (k),y2 (k),...,yN (k)} > T

S = .
0, max{yl(k)’yZ(k)""’yN (k)}<T$n

(19)

Where T"" represents the lower limit of the preset temperature range. Based on the value of S, (k) can be ex-

set

pressed as:

- 10570
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Therefore, the input e,(k) for the PID controller in each channel is expressed as:

¢ (k) =Ty (k)= yi (k) -€ (k) &S, i=12,..N 1)

Based on equation (16), (19), and (21), iterative updates can be performed to achieve temperature balance
control across multiple channels.
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Fig. 3. The structure of average temperature feedback based PID controller

4 Simulation

In order to validate the proposed method, we designed a temperature control simulation for a 3x3 array and com-
pared the temperature differences among channels when using the proposed method and when not using it.

4.1 Simulation Setup

To verify the proposed algorithm’s effectiveness in suppressing inter-channel interference, we conducted a simu-

lation by using nine temperature control channels, arranged in a 3x3 array. The layout of these channels and their
numbering are shown in Fig. 4.
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Fig. 4. The layout diagram of the heating plates and sensors for multi-channel temperature control system

Based on the above layout, we have provided the coupling coefficient representing the mutual temperature
influence between channels:

[03 005 0 005 002 0 0 0
0.05 03 0.05 0.02 005 002 0 0
0 005 03 0 002 005 O 0
0.05 0.02 0 03 005 0 005 002 0
a=0.02 0.05 002 0.05 03 0.05 0.02 0.05 0.02 (22)
0 002 005 0 005 03 0 0.02 0.05
0 0 005 002 0 03 005 0
0 0 002 0.05 002 0.05 03 0.05
0 0 0 002 005 0 005 03]

S o O

oS o O

In addition, considering that each channel is subject to certain environmental influences in practical situations,
a noise with A'(0, 1) has been provided for each channel.

We set the initial temperature of these nine channels to 20°C, with a target temperature of 90°C and a target
temperature range of [8§7°C, 93°C]. The corresponding simulation verification is conducted under these condi-
tions.

4.2 Simulation Result

In this simulation, the feasibility of the proposed method is verified by comparing with the traditional PID algo-
rithm under the condition 1, whose PID control parameters for each channel are as follows:

Kp=0.0317
K, =0.0003 . (23)
K, =0.0021

Fig. 5 illustrates the heating control effectiveness of the traditional PID algorithm under multi-channel condi-
tions. As shown in the figure, there is a significant temperature difference among the channels during the heating
process. The central channel, Channel 5, is most influenced by the other channels, leading to the highest tem-
perature during the heating process and the largest temperature difference compared to the other channels. Fig. 6
shows the temperature difference between Channel 5 and the other channels under this condition. It is clear from
the figure that the temperature difference between Channel 5 and the other channels ranges from [0°C, +11°C].
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Fig. 5. The multi-channel control effects of PID algorithm under condition 1
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Fig. 6. The temperature difference of PID algorithm under multi-channel condition 1

Fig. 7 demonstrates the heating control performance of the proposed ATF-PID algorithm under multi-channel
conditions. To ensure a fair comparison with the PID algorithm, the PID control parameters used in the proposed
method are the same as those used in Fig. 5 and Fig. 6. As shown in Fig. 7, the temperature differences among
the channels during the heating process are effectively suppressed. Although the temperature of Channel 5 re-
mains the highest during the heating process, the temperature difference between it and the other channels has
been significantly reduced. Fig. 8 shows the temperature difference between Channel 5 and the other channels
under this condition, with the temperature difference range narrowed to within [0°C, +4.2°C].
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Fig. 7. The multi-channel control effects of ATF-PID algorithm under condition 1
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Fig. 8. The temperature difference of ATF-PID algorithm under multi-channel condition 1

To further verify the effectiveness of the proposed method in the temperature control process, a more aggres-
sive control process is used for comparison. The new control process will result in a faster temperature rise, with
a little overshoot. The relevant coefficients of the condition 2 are as follows:

K, =0.07
K, =0.00075 . (24)
K, =0.001

At first, Fig. 9 shows the control effect of the traditional PID under Condition 2. It can be seen that, compared
to Condition 1, the overall heating speed of the system under Condition 2 is faster, but some overshoot has also
occurred. Due to its central position, Channel 5 remains the fastest heating channel. The faster heating rate under
Condition 2 also leads to greater temperature differences among the channels. As shown in Fig. 10, the maximum
temperature difference between Channel 5 and the other channels has reached 12°C.
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Fig. 9. The multi-channel control effects of PID algorithm under condition 2
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Fig. 10. The temperature difference of PID algorithm under multi-channel condition 2

Based on the PID control in Fig. 9 and Fig. 10, we further integrated the average temperature feedback tech-
nique into the PID controller. Fig. 11 shows the control effects of the ATF-PID under Condition 2. It can be ob-
served that although all nine channels exhibit some overshoot, the temperature consistency among the channels
has been enhanced. As shown in Fig. 12, the temperature difference between Channel 5 and the other channels
has decreased from the previous maximum of 12°C to within 8°C. This demonstrates that the proposed method
can effectively ensure temperature consistency among channels during the heating process under different PID
control parameters.
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Fig. 11. The multi-channel control effects of ATF-PID algorithm under condition 2
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Fig. 12. The temperature difference of ATF-PID algorithm under multi-channel condition 2

5 Experiment Result

In this section, the proposed method is applied to a real multi-channel temperature control system and evaluate
its performance by comparing it with the traditional PID method.

5.1 Experiment Setup

In this experiment, a multi-channel temperature control system was set up in thermal vacuum environment, as
shown in Fig. 13. Firstly, eight heating plates were mounted on the surface of the DUT in two rows and four
columns, with sensors attached to the inner side of the DUT, directly opposite the heating plates. Then, both the
sensors and heating plates were connected to the temperature acquisition circuit and power control circuit in the
control room, respectively. These circuits were interconnected via EtherCAT network, which allows for syn-
chronized control. The time interval for temperature acquisition and control is one second. In this experiment,
the proposed algorithm uses the same coefficient parameters as the traditional PID control algorithm to facilitate
comparison of the effects:
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Kp =0.04
K, =0.0015 | (25)
K, =0.001

The DUT, along with the sensors and heating plates attached to it, was placed inside a vacuum chamber. After
sealing the chamber, the vacuum operation began. When the pressure inside the vacuum chamber dropped to 10
x10Pa, liquid nitrogen was introduced into the interlayer of the vacuum chamber walls to provide the thermal
sink. Meanwhile, the temperature control algorithm was activated and maintained at 22°C. Once the chamber
wall temperature stabilizes at -170°C, the heating experiment started.

circuit baSed SnJitherCAT <
- B - - - A1 -
™~ - - - > =

Temﬁﬂ‘a.turé ac}lai;il'r(‘m \

= Programmable -

' Power Supply

circhit based on Exhef

Fig. 13. Experiment setup: control circuit (left), DUT and heating plate (right)

5.2 Experiment Result

Due to the fact that the temperature differences among channels in a multi-channel temperature control process
are mainly significant during the heating phase, this experiment primarily observes the phase where the tempera-
ture rises from 22°C to 90°C.

Fig. 14 and Fig. 15 show the temperature control effects on the DUT using the traditional PID algorithm and
the ATF-PID algorithm, respectively, in the experimental environment mentioned above. It can be seen that the
ATF-PID also plays a role in reducing the temperature differences between channels during actual heating con-
trol. Fig. 16 and Fig. 17 record the temperature differences between channels during the heating process for these
two methods, respectively. It can be seen that, the ATF-PID algorithm reduces the temperature difference from
the range of [-4, 6] in the PID algorithm without average temperature feedback to the range of [-2, 3], significant-
ly improving the temperature consistency in the multi-channel heating process.
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Fig. 14. The multi-channel control effects of PID algorithm in experiment
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Fig. 15. The multi-channel control effects of ATF-PID algorithm in experiment
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Fig. 16. The temperature difference of PID algorithm for multi-channel heating in experiment
165



An Average Temperature Feedback based PID Controller for Multi-Channel Balanced Heating in Thermal Vacuum Test

8 T T T T
—— Channel 1-2
—— Channel 1-3
6 Channel 1-4 |1
— Channel 1-5
——— Channel 1-6
o 47 Channel 1-7 |
e —— Channel 1-8
£
=
" 2F :
g
=%
£
@
= 0F v b
2F -
4 L 1 L L
0 200 400 600 800 1000

Time (seconds)

Fig. 17. The temperature difference of ATF-PID algorithm for multi-channel heating in experiment

6 Conclusion

In this article, an average temperature feedback based PID controller is proposed to reduce the temperature dif-
ference among the channels for thermal vacuum test. This method calculates the average of the output responses
from all channels and feeds back the difference between each channel’s output response and the average to the
error input of the PID controller, thereby adjusting the heating rate of each channel in real time to achieve over-
all balanced heating. Compared to the traditional PID algorithm, which lacks average temperature feedback and
results in larger temperature differences between different channels, the ATF-PID algorithm not only minimizes
these differences but also enhances the overall stability and robustness of the system. Through simulation and
real experiments, the proposed ATF-PID algorithm has demonstrated significant improvements in temperature
control for multi-channel systems, effectively reducing temperature deviations among channels and ensuring
greater consistency during the heating process.
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