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I have explored a compressor-semiconductor hybrid refrigeration system to address the
issues of high energy consumption, slow response times, and poor temperature control
accuracy in traditional single-mode refrigeration systems. First, | proposed a fully integrated
solution that seamlessly combines multi-stage thermoelectric chips with low-power
reciprocating piston compressors, multi-layer insulated structures, and a water-cooled and
air-cooled composite heat dissipation system. The hardware components include Arduino
and C51 microcontrollers, MOS drivers, and DS18B20 sensors to enable real-time
temperature data acquisition and staged control. The software includes a discreet PID
algorithm and a two-stage control strategy, where the compressor rapidly pre-cools at large
temperature differences, and the thermoelectric module finely regulates at small temperature
differences. MATLAB multi-physics simulation results show that the system can reduce the
internal temperature from 300 K to 213 K within 160 seconds. This study provides a novel
refrigeration solution for applications such as pharmaceutical cold chains and precision
instruments.



SYMBOLS AND ABBREVIATIONS

Roman characters

electric current
Seebeck coefficient
resistance
temperature

thermal conductivity
mass

mass flow rate
specific heat capacity
heat flow or load
time

error (in PID control)

volume flow

control variable (in PID control)
reference/setpoint (in PID control)

measured output (in PID control)

Greek characters

thermal diffusivity

increment or difference symbol

density

partial derivative operator

time constant

VIK

<, K
W/(m K)
kg

kg/s
JI(kg K)

W

L/min

m<

kg/m3



overall heat transfer coefficient

Dimensionless quantities

COP

ZT

Subscripts

h

space
env
target
cond

box

out

eff

coefficient of Performance
thermoelectric figure of merit
proportional gain

integral gain

derivative gain

hot end

cold end

layer index or generic index
enclosed space

ambient environment
setpoint target temperature
conduction

refrigerator box

index of discrete time steps

cooling water inlet temperature

cooling water outlet temperature

effective value

W/(m K)



Additional Symbols for Numerical Simulation

T(X, Y, 1) Temperature field as a function of space and time
Ax, Ay Spatial grid step sizes in x and y directions
At Time step

Abbreviations

PID Proportional-Integral-Derivative control
PWM Pulse Width Modulation
TEC Thermoelectric cooler Peltier chip

DS18B20  Digital temperature sensor model
C51 C51 microcontroller

QD35Y Model of the reciprocating piston compressor
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1 Introduction

Global warming is increasing, leading to an exponential increase in the energy consumption
of cold chain equipment. Currently, cold chain systems in Finland consume approximately
180 million kWh of electrical energy per year, of which more than 70 % is consumed by
compressor equipment (Kalmi, Trotta and Kazukauskas 2021). However, the traditional
compressor-based refrigeration system suffers from high energy consumption, high noise,
slow cooling speed, and high maintenance cost (Liu 2017; Zhou, Liu, Ma and Wang 2019),
which makes it difficult to meet the modern society's demand for high efficiency, energy
saving and environmental protection. Therefore, this study aims to explore a combination of
a low-power compressor and a multi-stage semiconductor module with intelligent regulation
using PID algorithms: the compressor performs large-temperature-difference pre-cooling,
and the semiconductor module is responsible for fine-tuning the temperature; the structure
adopts a foam multi-layer thermal insulation structure and a water-air composite heat

dissipation method to reduce the heat leakage and suppress the noise (Huang and Lu 2015).

Firstly, through literature and theoretical analysis, a mathematical model of thermoelectric
coupled hybrid refrigeration system was established, and equipment selection was carried
out according to the refrigeration demand (Sarevski and Sarevski 2016); the hardware adopts
the Arduino and C51 microcontroller as the core control unit, together with the MOS driver
module and DS18B20 temperature sensor, which is used to complete the real-time
temperature data acquisition, PWM signal output (Sung, Lee and Lee 2009; Mansour 2011;
Wang 2019); Finally, MATLAB is used to establish a dynamic temperature field simulation
model to simulate the change rule of temperature and temperature feedback curve under
different conditions and environmental perturbations, two-stage power switching strategy,
as well as with a single compressor and a single semiconductor scheme to demonstrate the
feasibility of the project (Sung et al. 2009; Mansour 2011; Wang 2019). Comparison of
cooling curves with single compressor and single semiconductor solutions to demonstrate

the project's feasibility.



Based on the MATLAB simulation results, this study preliminarily verifies the feasibility of
synergistic cooling between the compressor and semiconductor module at the model level,
where the temperature can be kept stable at around -60 <C and demonstrates faster cooling
efficiency under simulated conditions. In the future, this hybrid refrigeration system can be
widely used in pharmaceutical cold chain, cryogenic laboratory equipment, portable
refrigeration, and fresh food transport, which has a broad market application prospect
(Huang and Lu 2015).
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2 Theoretical Backgrounds

This chapter mainly introduces the basic principles and development status of current
refrigeration technology, covering the working mechanisms and characteristics of
semiconductor refrigeration and vapour compression refrigeration, and discussing
breakthroughs in technology integration in hybrid refrigeration systems, providing a

theoretical basis for subsequent design.
2.1 Status of development of refrigeration technology

The applications of cryogenic refrigeration technology are growing in the fields of
biomedicine, material science, food preservation, and industrial manufacturing. Currently,

there are three main refrigeration methods in the market (Chauhan, Kaushik and Tyagi 2022):
A. Passive Cooling and Phase Change Refrigeration

(1) Dry ice sublimation refrigeration: The lowest temperature that can be reached is -78.9<C.
The cooling effect is obvious, but consumables are expensive, the temperature stability is

poor, and it is difficult to maintain for a long time (Acosta 2015).

(2) Evaporation refrigeration of liquid nitrogen: The lowest temperature can be as low as -
196 T, and its application is very wide. It is safe and reliable, yet it is inconvenient in

transportation and storage and cannot keep a stable low temperature long time (Liu 2017).

(3) Ice salt refrigeration: calcium chloride can reach -40<C to -50<C. Operation is simple,
yet the precision and duration time of temperature control are not good, thus, it cannot apply

to the demand for low temperature for long (Wang, Liu, Yu and Yang 2024).
B. Vapour Compression Refrigeration Technology

Uses compressors, evaporator, condenser, expansion valve, etc., to achieve a stable and
continuous low temperature and is widely used in industrial refrigeration, air conditioning,
cold chain transportation, etc. It has a high energy efficiency ratio but inferior precise

temperature control and rapid response performance (Gullo, Hafner and Banasiak 2018).
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C. Semiconductor refrigeration technology
Uses the Peltier effect to achieve active cooling through the flow of electric current. Its
advantages include high temperature control accuracy, fast response speed, silent operation,

compact size, and no mechanical moving parts.

2.2 Semiconductor refrigeration

to.

TEC substrate

| Cu connector

H, P-type N-type
1 1

TEC substrate

to

Figure 2. The principle of thermoelectric cooling (Xiao, Xiao, Liu and Li 2022)

Thermoelectric cooling is based on the Peltier effect, whereby a direct current passing
through the junction of P-type and N-type thermoelectric materials absorbs heat at the cold
side and releases heat at the hot side. For a single thermoelectric arm, the heat flow at the

cold side can be approximated by the following model:

Qc =S 1" Tc -5 I2R-K (T, —T) )

Where Q:the cold end absorbs heat, S is the Seebeck coefficient (V/K), I is the current
through the thermoelectric arm (A), R is the thermoelectric arm resistance (Q2), K is the
thermal conductivity (W/K),T;, and T absolute temperatures (in Kelvin) of the hot and cold
ends, respectively. The first two correspond to the Peltier effect and Joule heating,
respectively, while the last term represents the energy lost due to heat conduction. If multiple
thermocouple arms are combined with a ceramic substrate to form a thermopile, the overall
cooling capacity can be regarded as the superposition of the contributions of each unit (Li,
Y., Chen, J. & Xu, L. etal., 2013).

Thermometric cooling chips are current-sensing cooling devices that integrate temperature
measurement and automatic control. They can achieve high-precision temperature control
by precisely regulating the current input and supporting computerized integration. To

improve cooling performance, the selected semiconductor materials must have high
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thermoelectric figure (ZT), excellent mechanical properties, and reliable weldability to
ensure a stable connection between the device and the heat exchanger. Although the
theoretical foundation is well-established, its widespread adoption is currently limited by
low cooling efficiency and complex manufacturing processes. Therefore, current research
efforts are focused on optimizing device structures and exploring new materials to enhance
thermoelectric conversion efficiency, reduce costs, and improve heat dissipation
performance, thereby meeting the diverse requirements of various low-temperature
applications (Xie 2007).

2.3 Vapour compressor refrigeration

Realization of thermal refrigeration relies on the refrigeration cycle: the compressor will be
adiabatic compression of low-pressure gases into high-temperature vapors, the refrigerant is
then condensed from the gas state to the liquid state, in the evaporator to absorb the
environmental heat and enter the superheated steam stage (Zhou et al. 2019). In the entire
refrigeration process, the compressor as the core component directly affects the overall
efficiency of the system, energy consumption and stability (Murshed 2019). To improve the
refrigeration efficiency, the compressor needs to have the following key characteristics:

A. High energy efficiency (COP): with a high energy efficiency ratio, to provide a larger
refrigeration capacity per unit of energy consumption (Liu, Gao and Cheng 2020);

B. Rapid refrigeration and temperature stabilization: the ability to quickly cool down and
maintain a stable low-temperature state for a long period, to ensure that the system operates
reliably (Gazda and Koziot 2013);

C. Reliability of operation and reasonable structural design: The operation of the system is
stable under different load conditions. Although the compressor is larger and heavier than
the semiconductor refrigeration chip, its structure is more compact, mature technology,

applicable to a variety of occasions such as industrial and household (Sung et al. 2009).
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2.4 Technical breakthroughs in hybrid cooling systems

Table 1. Comparison of performance parameters between traditional compressors and
semiconductor refrigerators (Li, Wang, Shi and Wu 2017)

Technical COP Noise(dB) | Temperature | Volume | Cost Ratio
Solution Control Ratio
Accuracy (°C)
Traditional 3.1 62 +.5 1.0 1.0
Compressor
Semiconductor 0.7 39 .3 0.4 1.7
Cooler

Figure 3. Hybrid Refrigeration Control Flowchart

After the user sets the target temperature, the system continuously monitors the temperature
inside the chamber via temperature sensors. When the difference between the current
temperature and the target temperature exceeds 5<C, the compressor (high power) and the
semiconductor cooling module (medium power) are activated simultaneously to rapidly
lower the temperature. Once the temperature difference drops to 5<C, the compressor power
automatically reduces, and the PID algorithm switches the semiconductor module to fine-
tuning mode to maintain the temperature within the target range. If the temperature exceeds
the set range again, the cooling process is restarted; otherwise, the system enters standby
mode (Xiao et al. 2022). The PID control algorithm seamlessly integrates the low-energy
compressor with the rapid-response semiconductor cooling system, leveraging the
compressor's efficient pre-cooling and the semiconductor's precise fine-tuning to
complement each other's shortcomings, achieving both rapid and stable temperature control
(Lietal. 2017).



14

3 Hybrid refrigeration system design

This chapter examines the basic components of the refrigeration system, refrigeration modes,
selection of key components, heat dissipation design, optimization of the backbone structure
and control system implementation. A C51 single-chip microcomputer is used in conjunction
with PID control and PWM signals to enable real-time monitoring and precise control.

Power
Supply

C51 + PID + PWM

Cooling
Chamber

Figure 4. Overall structure of the hybrid cooling system
3.1 Overall System Architecture Design

The heart of the hybrid cooling system consists of a compressor and a multi-stage
thermoelectric module (TEM). The compressor uses condensation and evaporation to
achieve high-power pre-cooling, while the TEM achieves fine temperature control by
adjusting the input current or voltage. When the temperature inside the box is close to the
set range, the system gradually reduces the compressor frequency and transfers part of the
load to the TEM. Then, the PID algorithm coordinates the output of the two under the same
temperature feedback loop to achieve fast cooling and temperature stability. The hardware
is designed with independent circuits, with the compressor and TEM powered by separate
circuits. Air cooling and water-cooling equipment are used to ensure that the cold end of the
TEM quickly returns to a low temperature. In terms of the refrigerator box, to meet the
requirements of strength and insulation, a layered structure design is used, with an
intermediate insulation layer and a waterproof layer inside. A rigid polyurethane foam board
with low thermal conductivity and light weight is selected as the insulation layer, and

aluminium foil is coated on its surface to improve the waterproof and airtight performance
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(Xie 2007). At the same time, a blowing agent is used to ensure that the joints between the

layers are tight and reduce heat exchange between the inside and outside.
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Figure 5. Overall structural design
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3.2 Refrigeration unit design and sizing

This chapter mainly outlines the overall design scheme of the hybrid refrigeration system
and the selection of key components. The integrated design of these two parts lays the
foundation for realizing the organic combination of rapid pre-cooling using compressor

refrigeration and fine temperature control using semiconductor chillers.

3.2.1 Parametric analysis of multistage semiconductor refrigeration chips

Semiconductor cooling chips are classified by structure into ceramic-free hollow stacks
(requiring an insulated layer-lined heat sink) and ceramic plate thermoelectric stacks (which
can be directly assembled with a heat sink). They are also classified by the number of stages
into single-stage and multi-stage configurations. Single-stage stacks are suitable for high-
power cooling with small temperature differences, while multi-stage stacks are ideal for

rapid cooling applications with significant temperature differences between the interior and
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exterior of an enclosure. This design employs multi-stage thermoelectric stack elements
TEC1-12706, with a rated voltage of 12 V, dimensions of 40 x40 x 3.75 mm, and a
maximum operating current of 6 A, to meet the requirements for rapid cooling and precise

temperature control (Huang and Lu 2015).

TEC1-12706

Figure 7. TEC1-12706 Picture (Ueda, Rahayu & Wardhono et al. 2023)
3.2.2 Reciprocating piston compressor selection basis

Reciprocating piston compressors can adapt to a wide range of operating conditions due to
their broad pressure range, wide energy interval compatibility, high-speed operation, multi-
cylinder structure, adjustable energy output, and high thermal efficiency (Wang, W., 2021).
For this reason, the refrigeration system in this project adopts a reciprocating piston
compressor as its basic principle, enabling stable and efficient operation under different
environmental conditions. | have selected the QD35Y compressor with a rated power of 50
W. Its specific technical parameters are as follows (Irshad, K., Zayed, M.E. & Saha, B.B.,
2025):

Table 2. Compressor QD35Y Data Chart (Alibaba.com n.d.)

220-240V ~ 50Hz

3.5
1/15

50

60
1.07

RSIR

PTC
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Figure 8. QD35Y compressor(Alibaba. com n.d.)

3.3 Multi-mode cooperative control mechanism

In a hybrid refrigeration system, temperature control relies on real-time measurement of the
deviation between the actual temperature and the setpoint to dynamically select the optimal
refrigeration mode, achieving rapid pre-cooling and precise regulation. During system
startup or sudden load changes, the compressor operates continuously in high-power/high-
frequency PWM mode, rapidly lowering the internal temperature through relay-driven
control. During this phase, simplified P control or incremental control algorithms can be
used to achieve rapid cooling and improve energy efficiency. Subsequently, the
thermoelectric modules take over for fine-tuning under medium to low loads, thereby
avoiding overheating and heat dissipation bottlenecks caused by prolonged high-load
operation, while effectively reducing overall energy consumption and equipment pressure,
and enhancing the system's long-term reliability (Smart card reader ICS based on C51
controller, 2002).

Temperature
sensor detects
and stores
data

MCU reads
temperature

Y 4

Above setpoint:
Semiconductor
cooling, then
compressar

Below
setpoint: Turn
off cooling

semiconductor | |  Maintain
& ¢ sor,
then reduce

Near setpoint:
ainta

Figure 9. Control section design ideas

When the temperature is close to the target (the temperature difference is less than 5<C), the

compressor power will be reduced or switched to low-speed mode to reduce energy
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consumption and noise, while the delicate temperature control task is handed over to the
Peltier module with fast response and high control resolution. The system uses a PID
algorithm to fine-tune the current of the semiconductor module in real time viaa PWM signal,
accurately correcting the temperature difference to ensure that the temperature remains
stable near the target (Wang 2019). In terms of hardware, a MOSFET driver board is used
to control the output, and a water-cooled or air-cooled system is used to ensure good heat
dissipation at the hot end. This multi-mode cooperative control gives full play to the
advantages of the compressor's fast cooling and the semiconductor's wide temperature

control range, achieving more precise temperature regulation.
3.4 Optimization of heat dissipation system and insulation structure design

To achieve better cooling, the large amount of heat at the hot end must be dissipated quickly.
Any delay or failure in heat dissipation will result in a decrease in cooling performance.
Therefore, good heat dissipation at the hot end is a prerequisite for effective cooling.
Common methods of heat dissipation include natural convection, forced convection by a fan,
water cooling and heat pipe heat dissipation (Xu, G., 2020). This project uses a hybrid
cooling solution that mainly uses water cooling and is supplemented by a fan. A copper
water-cooled radiator is installed at the hot end of the cooling fins to improve heat transfer
efficiency. A fan is also installed to enhance air convection in the box, which not only
eliminates temperature dead spots but also makes the temperature field uniform, stable, and

precisely controllable (LUand Huang 2019).

When the compressor (rated power 50 W) and the TEC1-12706 thermoelectric cooling
module (12 V <6 A =72 W) are operating at the same time, the hot end may need to dissipate
about 120-130 W of heat. If the heat cannot be dissipated in time, it will cause the
temperature of the hot end to rise and the cooling efficiency to decrease (Luyanda, Gettman,
Head, Shelby, Bullock and Mirchandani 2003).

The heat loss system is Q, where the cooling water flows from an inlet temperature T;,, to an
outlet temperature Tout after passing through a copper heat sink attached to the hot end.

Neglecting the pipe and boundary losses, the energy balance can be written as:

Q =m Cp (Tout - Tin) (2)
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where Q is the heat dissipation power at the hot end (W), m is the mass flow rate of water
(kgls), ¢, =4.2 x 103 J/(kg-K) is the specific heat capacity of water, and AT, qrer = Toyr —
T;,, represents the allowable increase in water temperature. We can then derive the mass
flow rate:
o Q
m= cp*ATwater (3)

To facilitate pump selection and piping design, we convert mass flow to volume flow V
(p = 1000 kg/m3):

Vz%*eo (4)

A heat removal of about 130 W is required for a temperature difference of 5 °C, which

requires a water flow rate of at least 0.37 L per minute.

3.5 Hardware control circuit design

In our cooling system, the Arduino microcontroller is the core controller, responsible for
coordinating the operation of each functional module. First, the power supply module
provides a stable voltage, which is regulated by the step-down module and then supplies
power to each component. The temperature detection module collects real-time temperature
data from the incubator and transmits it to the microcontroller for processing. According to
the set target temperature, the microcontroller controls the operating state of the
semiconductor refrigeration chip and compressor through the drive circuit module to adjust

the temperature.

Figure 10. Hardware design
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The temperature control of the entire thermostat is in a closed-loop control system, and the
specific functions of each module are as follows: Arduino single-chip microcomputer: the

control core of the entire temperature control system.

Table 3. Arduino Uno related parameters
(Aridhi, Abbes, Mami, Maarouf and Mhiri 2015)

Processor Program Operating Digital 1/0 Pins Analog Input
Memory Voltage Pins
ATmega328 32KB 5V 14 6

Figure 11. Arduino Uno (Aridhi, Abbes, Mami, Maarouf and Mhiri 2015)

Arduino is a series of systems. It is built on the AVR microcontroller. You can write a lot
of reusable libraries, writing many of them by fixing the peripheral circuit of the
microcontroller. And that part is as a low-level layer where non-professionals do not need to
care about timing and similar things that have to do with programming and non-programs;
they just write programs as if they were normal function calls and avoid some, not all,
complexity of the underlying layer but have the vast majority of functions for the respective
microcontroller (Petrecca 2014). It is something like the C language to assembly language.

It is easy to use Arduino, and its functions fit with this project.

Table 4. Hardware selection and function

Component Function
C51 Microcontroller Control Center
MOS Transistor Drive
Compressor Cooling
Semiconductor Cooler Cooling
Temperature Sensor DS18B20
Display Interaction
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3.6 Determination of thermal conductivity of multilayer insulation materials

In the design, materials such as aluminium foil, polyurethane foam and foamed insulation
boards are installed on the inner wall of the refrigerator in sequence to form a multi-layer
insulation structure. To quantitatively evaluate the insulation performance, | calculated the
thermal resistance of each layer based on the thermal conductivity data provided in the
literature (Peng 2019), and then summed the thermal resistances of all single layers to obtain
the overall thermal resistance of the overall insulation structure, and determined the overall

heat transfer coefficient through the stacked layers.

Ri=- (5)

The total thermal resistance of the aluminium foil, polyurethane foam, and foam insulation
board is the sum of the thermal resistance of each layer when they are bonded sequentially.
If the polyurethane foam is about 40 mm thick and the coefficient of thermal conductivity is
about 0.025 W/(m K), the foam insulation board is about 30 mm thick and the coefficient of
thermal conductivity is about 0.030 W/(m K), and the aluminum foil layer is very thin and
can be approximated to be ignored, then the total thermal resistance is the sum of the thermal

resistance of each layer (Phu, Hung, Ahmadian and Seun 2020).

thickness of the polyurethane foam (6)
coefficient of thermal conductivity of the polyurethane foam

Rorganosilicon -

thickness of the foam insulation board (7)
coefficient of thermal conductivity of the foam insulation board

Rexpanded polystyrene =

When the two are added together, the total thermal resistance of the stack is about 2.6

m?2 -K/W This leads to the overall heat transfer coefficient

When the aluminum foil effectively blocks water vapor and adheres tightly, the assembled
heat transfer coefficient is about 0.40 W/(m=3K), close to the calculated value. With an
inside—outside temperature difference of 80-90 K, raising the wall’s overall thermal
resistance to 2.6 m=3K/W significantly reduces the heat flux per unit area, easing the
refrigeration load and stabilizing the low-temperature environment. Thus, this multilayer
insulation structure still delivers excellent thermal retention and energy-saving performance
at around -60 <C.
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4 Methodology

This chapter mainly outlines the control method of the hybrid refrigeration system. The
system adopts a two-stage strategy, and a discrete PID algorithm is used to dynamically
calculate the control signal. With these methods, the advantages of the compressor and
semiconductor refrigeration can be effectively combined to achieve rapid pre-cooling and

precise temperature maintenance.
4.1 Refrigeration system control strategy

To achieve efficient cooling, | use a strategy that combines a compressor with a multi-stage
semiconductor refrigeration chip. (The compressor fully utilizes the high power of the pre-
cooling stage, and the semiconductor refrigeration module enables precise temperature
control) (Smart card reader ICS based on C51 controller, 2002).

User Input
Target
Temperature

!

DS18820 cs51
ocon!

Microcontroller ekl
eeeee
l on
odule

PID Algorithm
Module

Figure 12. Control System Architecture

The system consists of multiple interconnected functional modules, each with independent
data and signal transmission lines. The core part uses a C51 microcontroller and a DS18B20
sensor to collect temperature data in real time and perform PID calculations to compare the
actual temperature with the target temperature set by the user to generate control signals.
The control signals are then used to control each cooling component through the drive circuit
to achieve precise temperature control (Mansour 2011). At the same time, the
microcontroller transmits the digital temperature and status data to the display and
communication modules to achieve real-time monitoring and remote interaction (Li, Chen,
Xu and Fan 2013). The main cooling components of the system are the compressor and the

semiconductor cooling module. The compressor adopts a full-power switching mode, with
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the microcontroller driving a high-power thyristor to control start-up and shutdown. The
semiconductor module, on the other hand, uses a PWM signal to precisely regulate power
through a high-power MOS tube, thereby achieving more accurate temperature control
(Smart card reader 1Cs 2002).

4.2 Dynamic PID control algorithm design

The PID algorithm is one of the most widely used control algorithms in the industry and is
used in closed-loop control systems to automate corrections and ensure that the system
reaches its target state accurately and quickly. The algorithm has been developed for more
than 100 years and is widely used in many scenarios, such as quadcopters, balancing trolleys,
automobile cruise control, temperature controllers, etc. In this project, the PID algorithm is
used to control PWM (Pulse Width Modulation).

Figure 13. Simplified diagram of the PID control principle

In this project, the PID algorithm drives the circuit by adjusting the PWM duty cycle to
achieve precise control of the cooling power. This linear control algorithm forms a control
signal by combining proportional (P), integral (1), and derivative (D) components based on
the deviation between the setpoint and the actual temperature. This allows the system state
to be dynamically adjusted, ensuring stable operation within the specified temperature range
(Mansour 2011). This method improves temperature control accuracy and maintains system
stability under various environmental conditions. The classical continuous PID controller

can be written:

0= 0 8 2+ 5y + 2 ®

where e(t) represents the deviation between the setpoint and the actual output, u(t) is the

control variable, and K, Kj, K4 are the proportional, integral, and derivative gains,
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respectively. However, in a microcontroller environment, the system reads the temperature
and outputs the control variable at a fixed sampling interval T. Therefore, the integral and
derivative terms need to be converted into discrete difference forms to complete the
computation using discrete samples. At the kth sampling instant, the deviation is obtained as
e(k)=r(k)-y(k), where r(k)is the setpoint temperature, and y (k) is the measured
temperature. If a positional discrete PID approach is used, the control variable can be
expressed as:

e(k)—e(k-1)

u(k)= K e(k) + K;T Xico e (i) +Kq T €)

This form includes both the accumulation of all historical deviations (integral action) and
the difference between the current and previous deviations (differential action). However, in
engineering practice, this approach requires summing all historical deviations in each cycle
(Wang 2020), which can lead to an excessive computational load and increased sensitivity
to noise. Therefore, many applications adopt the "incremental” discrete PID method. This
method first calculates Au(k)=u(k)—u(k — 1) to represent the change in the control output
and then accumulates it to obtain the current control output. The specific formula can be
derived as follows:

e(k)—2e(k—1)+e(k-1)
; (10)

u(k)= K, [e(k) — e(k — 1)] + K;Te(k) + Kq

We set the initial temperature of the system to -60°C. When a short disturbance is applied at
t = 0 seconds, the temperature rises momentarily to -59.2°C; then, the incremental PID
controller responds quickly, reducing the temperature back to -60.1°C within t = 15 seconds
and stabilizing it at -60°C for the rest of the simulation. The key data is shown in the table

below:

Table 5. Temperature Control System Simulation Data (Wang 2021)

Time () Target Actual Temperature | Controller
Temperature | Temperature | Error (TC) Output (u)
Q%) Q%)
0 -60 -60.0 0.0 0.0
5 -60 -59.5 +0.5 +0.45
10 -60 -59.3 +0.7 +0.65
15 -60 -60.1 -0.1 -0.10
20 -60 -60.0 0.0 0.0
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The incremental PID controller can quickly adjust the control value when the temperature
difference is large, allowing the temperature to return to the set value within 15 seconds,
verifying its efficiency and robustness. Since this algorithm only relies on limited pre-
sampled data for real-time calculations and does not need to store all historical deviations, it
has stronger noise immunity and is particularly suitable for relatively stable objects such as

temperature.

4.3 Dynamic temperature modelling

The space temperature, cooling plate temperature, and ambient temperature in
thermoelectric cooling systems have a heat exchange relationship. The cooling plate's heat
capacity allows us to achieve a better temperature at the cold end, and the heat generated by
the cooling plate will heat the cold end. The thermodynamics and heat balance equation was
used to model and simulate the feedback relationship of the three and display the dynamic
change process of these factors in visual data. The temperature change of the system can be

described by the following dynamic heat balance equation:

depace _ Kcond(Tc - Tspace)_Kbox(Tspace_Tenv) (1 1)
dt Cspace

In a thermoelectric cooling system, the space temperature Ty, indicates the temperature in
the enclosed space, the cold end temperature T, is the temperature of the cooling plate, and
the ambient temperature T,,, IS the temperature of the external environment. The heat
transfer coefficient between the cooling plate and the space is K.onq, the heat transfer
coefficient between the space and the external environment is Kpox, and Cspace indicates the
heat capacity of the space. These parameters together determine the heat exchange efficiency

and temperature distribution of the system.

Meanwhile, the change in temperature at the cold end satisfies the equation of conservation
of energy, where m is the effective mass of the cold end and c is the specific heat capacity

of the material;

e - % (12)

dt mc
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4.3.1 Closed-loop response model for PID control of room temperature

In a hybrid refrigeration system, the change in room temperature can be approximated as
the response of a first order closed-loop system, which is mathematically modelled as:

-t

Troom (t) = Ttarget + (Troom,init - Ttarget) e woff (13)

Where Troom,inic d€notes the initial room temperature, Ti,rge IS the target temperature
(213.15 K) that the system wants to stabilise after PID regulation, and reff=1/a is the
effective time constant, reflecting the speed of the closed-loop response. Here, a is the
control decay rate after combining proportional, integral and differential effects. The formula
shows that the temperature decreases rapidly when the temperature difference is large, and
as the temperature difference decreases, the rate of decrease gradually slows down, and the

final temperature tends to be close to the Ti,rge (Wang, Liu, Yu and Yang 2019).

4.3.2 Segmented objective function for cold end temperature

The hybrid refrigeration system adopts the strategy of ‘pre-cooling and then fine-tuning’,
and the target trajectory of the cold-end temperature can be divided into two phases, which
are described by segmented linear functions. The pre-cooling stage (0 <t < 100 s) uses the
equation:

Tmid—Tc
Tser(t) = Teo + #t (14)

where T, is the initial cold end temperature and T,,,;4 indicates the desired temperature at
the end of the pre-cooling phase. In the fine-tuning stage (100 < t < 300 s), the target

temperature is set to:

Tcfin—Tmi
Tset(t) = Tmig + # (t —100) (15)

Where T,s;y, is the final target temperature (213.15 K). The segmented design reflects the

rapid cooling of the system by compressor cooling and the fine-tuning of the temperature by

semiconductor cooling modules with PID control.

4.3.3 Sinusoidal function of ambient temperature perturbation
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In practical applications, the ambient temperature often does not remain constant but is
subject to periodic fluctuations due to external factors such as temperature differences. To
simulate this perturbation, a sinusoidal function is used to represent the dynamic change of

the external temperature, which is given by the equation:

. 2Tt
Tenv(t) = Tenvo + Asin ( -

) (16)

total

Where T.py0 iS the centre value of the ambient temperature (300K), A is the amplitude of the
temperature fluctuation (2K), and total denotes the total simulation time (300s), which
ensures that the ambient temperature can complete a cycle of sinusoidal fluctuations
throughout the process. This formula is used to simulate the external temperature
perturbation to test the system's ability to adjust the output of the hybrid refrigeration module
in the face of external perturbations and to verify the robustness of the system and the effect

of high-precision temperature control.
4.4 Simulation of temperature distribution in the temperature field

In this section, a heat conduction model is developed in a two-dimensional coordinate system
to simulate the temperature distribution and evolution of the cold end of a semiconductor
refrigeration chip to evaluate the cooling efficiency and the reasonableness of the heat
dissipation design. The temperature of the cold end is set to 250 K, the temperature of the
hot end is set to 300 K, and the upper and lower boundaries are set as adiabatic conditions
(Xu F. 2020).

To describe the thermal conductivity process in the plane, | use the two-dimensional
unsteady heat conduction equation:

oTCiye) _ (T OO
G 6y2) (17)

Where: T (X, Y, t) is the temperature field « is the thermal diffusivity (mzls).g—: is the rate

2

0°T S
5,7 are the second order derivatives of

2
of change of temperature with time.ZTZ and

temperature in space.
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In numerical simulation, the finite difference equation (11) is used for discretization, where
Ax and Ay are the grid step sizes in the x and y directions, respectively, 4z is the time step,

and the update equation at grid node (i,j) can be written as:

.o .. T(i+1,j)-2T(i,j)+T(i—1,)) T(i+1,j) —2T(i,j)+T(i,j —-1)
Tnew(i, )= T(i,j) +a -At - [ — + 1y ] (18)

The formula advances the temperature field backwards by one small step at each time step,

reflecting the heat transfer process between the cold end and the hot end

The boundary is set as an adiabatic condition, i.e., the temperature gradient on the boundary

is zero:

Z—Z =0 At x=0 and x=Lx; ‘;—; =0 Aty=0and y=Ly

Thermal diffusivity a set to 1x10-3m?/s, defined as:

_k
a= (19)

where k is thermal conductivity, p is density, and Cpis specific heat capacity.

4.5 MATLAB hybrid system control simulation

This chapter primarily demonstrates the temperature control process of a hybrid

refrigeration system through MATLAB simulation.
4.5.1 Temperature profile method for hybrid refrigeration systems

First, the space temperature is updated based on discrete time steps, and a ‘two-stage’ control
strategy is used to deal with two different operating conditions: large temperature differences
and small temperature differences. When the error between the current space temperature

Tspace (k) and the target temperature Tyarget

E(k) =Tspace(k) - Ttarget (20)

If the difference is greater than the present value, the system considers the temperature
difference to be large and enters the first stage — the rapid pre-cooling stage. In this stage,
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the compressor power is fixed at 40 W, the Peltier cooling (Peltier current is 0 A) is switched

off, and a large cooling rate is used, i.e. using the formula:
Tspace (kK + 1) = Tspace (k) — coolRatePhasel * e(k) (21)

Among these, coolRatePhasel is used to quickly lower the temperature so that the room

temperature can quickly drop in the case of a large temperature difference.

When the temperature decreases to below the preset value, the system switches to the second
phase, the fine control phase. In this phase, the compressor is turned off (set to 0 W), while
the Peltier module operates with a fixed current (4A) and updates the temperature at a smaller
cooling rate, calculated using the formula:

Tspace (kK + 1) = Tspace(k) — coolRatePhase2 * e(k) (22)

Here, the coolRatePhase?2 is small, which can achieve a smooth temperature drop and fine
control, ensuring that the final temperature stabilizes near the target value. In this partial PID
control, the control output is calculated using the discrete PID algorithm equation (8)
described above to achieve the synergistic effect of the compressor and the semiconductor.

4.5.2 Comparison of multiple cooling methods with PID synergies
For all temperature updates for a single cooling mode, | used a linear recursive formula:
Tm)=Tn—1)—r*[Th—-1) - Ttarget] (23)

Where T (n) represents the temperature at the nth sampling moment, T,rgc¢ is the set target
temperature, and r is the cooling rate coefficient that matches the characteristics of each
refrigeration equipment. For the semiconductor refrigeration mode, r takes a smaller value
due to its high refrigeration accuracy but slower cooling rate, while the compressor

refrigeration mode adopts a larger value of r due to its rapid response.

For the hybrid refrigeration mode, | adopt a staged control strategy and combine it with a
discrete PID control algorithm so that the hybrid refrigeration mode can accelerate the
convergence, reach and maintain near the target temperature in advance. The specific update

equation can be expressed as:



30

Thybria (M) = Thybria (0 — 1) — (baseRate * upip) * [Thypria (M — 1) — Trargee ] (24)

The base rate is pre-set for each control stage (e.g., high in the pre-cooling stage and low in
the fine-tuning stage). The real-time output of the discrete PID controller dynamically
adjusts this rate based on the current temperature difference, achieving ‘forced rapid cooling
when the error is large and slow cooling when the error is small.” As a result, the hybrid
cooling mode converges to the target temperature earlier than a single compressor cooling
system in the later stages, effectively balancing cooling speed and temperature accuracy.



31

5 Results

This chapter mainly verifies and optimizes the hybrid cooling system through multi-physics
field modelling and MATLAB simulation.

5.1 Temperature distribution simulation results

2D Steady-State Temperature Distribution

0
0 001 002 003 004 005 006 007 008 009 01
X (m)

Figure 14: Two-dimensional steady-state temperature distribution

The different colours in the figure indicate the temperature distribution along the straight
line: overall uniform, but a significant low-temperature zone forms rapidly at the cold end.
Under this temperature gradient, heat primarily diffuses from the high-temperature end to
the cold end through conduction. Simultaneously, convection effects caused by the sinking
of cold air and the rising of hot air promote gas movement and result in a coupled distribution.
As time progresses, a ring-shaped gradient forms between the hot and cold ends. When the
temperature at the cold end drops to 250 K, the boundary remains at 300 K, verifying the
efficiency of the heat sink and revealing the temperature diffusion patterns within a limited
space. Based on the heat conduction control equation, I constructed a two-dimensional
numerical model in MATLAB to simulate the temperature diffusion at the cold end within
a limited space and its impact on the temperature field at the far end, providing data support

for optimizing the system's heat dissipation and insulation design.
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5.2 Temperature Feedback of the Peltier Element

Si ion of the temperature fe k of a Peltier
T T T T T

Room Temperature (Blue)
= = Cold-side Setpoint (Red)
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. . . . .
0 50 100 150 200 250 300
Time (s)

Figure 15. Peltier element space temperature feedback

The graph above shows that the dynamic ambient temperature (green) generally stabilizes
around 300K, while the room temperature (blue) gradually decreases under the continuous
action of the cooling fins; at the same time, the cold-end temperature (red) is also decreasing,
which indicates that the whole cooling process is running continuously. Since the simulation
also considers the effects of room heat capacity and external heat exchange, the room
temperature does not reach the cold end temperature instantaneously. Instead, as the cooling
end continues to dissipate heat, the temperature will slowly drop until it reaches an

equilibrium value between the cold end temperature and the ambient temperature.

This result is closer to the real world, where there is always some heat exchange between
the room and the outside world. This confirms our previous findings on the cooling effect of
the system. It also helps to observe and understand how the continuous cooling of the COLD-
SIDE SETPOINT affects the room temperature.
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5.3 Simulation results for hybrid cooling system control

This section presents the results of MATLAB simulations of hybrid cooling system control.

5.3.1 Temperature Variation Curve of Two-Stage Hybrid Refrigeration

System

300
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Figure 16. Cooling curves for the project

The results curve shows that during the initial stage (0-20s), the system operates at full

power with the compressor, accompanied by significant output from the PID controller when

the error is large, rapidly lowering the temperature from 300 K to near the target value.
Subsequently (approximately 20-160s), as the temperature difference decreases, the PID
controller's output signal gradually decreases. At this point, the controller strategy switches:

the compressor stops (or runs at low speed), and the semiconductor cooler is activated for

fine-tuning. Through continuous micro-adjustments of the semiconductor modules, the
temperature is smoothly brought to and maintained at the target value.

5.3.2 Comparison of various cooling methods with PID cooperative cooling
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Figure 17. Cooling Curves of Hybrid Refrigeration with PID Control
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As shown in the figure, the temperature response differences between different cooling
modes are significant. Semiconductor cooling (red line) is stable and highly accurate but has
a slower cooling rate; compressor cooling (purple line) cools rapidly initially but experiences
minor fluctuations near the target temperature due to heat dissipation and control accuracy
limitations; hybrid cooling (blue line) synchronizes with compressor cooling for rapid pre-
cooling in the first 50 seconds, then transitions to precise regulation by the Peltier module,
continuously fine-tuning via PID algorithm until reaching the target temperature of 213 K
and stabilizing. This staged collaborative strategy balances the compressor's efficient pre-
cooling with the semiconductor's precise temperature control, demonstrating the practical
advantages of PID collaborative control in achieving rapid and stable temperature control.
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6 Conclusions

This paper primarily explores a novel hybrid refrigeration system that combines compression
refrigeration with semiconductor refrigeration to address the issues of high energy
consumption, slow response speed, and low temperature control accuracy inherent in
traditional refrigeration technologies. The system was designed and implemented by
integrating multi-stage thermoelectric modules, reciprocating piston compressors, multi-
layer insulated structures, and water-cooled/air-cooled composite heat dissipation systems.
By employing a discrete PID control algorithm for coordinated control, the system leverages
the rapid cooling advantage of compression refrigeration during the initial stage and then

switches to semiconductor refrigeration for precise regulation.

Numerical simulation results indicate that the hybrid cooling model demonstrates
preliminary capabilities in rapid cooling and high-temperature stability, effectively
balancing cooling speed and precise temperature control. However, the current research is
still limited to theoretical and numerical simulation stages, and physical experiments have
not yet been conducted to verify the system's actual energy efficiency, noise levels, or long-
term stability.

Despite this, the hybrid cooling system holds broad application prospects and is suitable for
fields such as cold chain logistics, laboratory precision instruments, and pharmaceutical
storage. If future research can further enhance the performance of thermoelectric materials,
optimize heat dissipation structures, and conduct actual system testing, the application

potential of this hybrid cooling mode is expected to be further expanded.

The hybrid cooling system proposed in this paper also has certain limitations, including
reliance on high-performance insulating materials and difficulties in scaling up applications
under extreme temperature ranges. Therefore, future research should explore adaptive
control strategies, high-performance thermoelectric materials, and novel heat dissipation
solutions to enhance the system's reliability and adaptability.
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Appendix 1
Matlab code for Cooling curves for the project:

clear; clc;

%% 1) Basic Parameter Settings
Tzong = 200;

dt=1;

Time = 0:dt:Tzong;

N = length(Time);

TTarget = 213;

TInitial = 300;

Threshold= 5;

CoolingS1 =0.10; %

CoolingS2 = 0.02;

%% 2) Allocate Space for Data Storage
SpaceT =nan(N,1);

Current = nan(N,1); %
CompressorPower = nan(N,1);
SpaceT(1) = Tlnitial;

Current(1) = 0;
CompressorPower(1) = 40;

%% 3) Main Loop: Cooling Process
fori=2:N

cuowu = SpaceT(i-1) - TTarget;

if abs(cuowu) > Threshold
CompressorPower(i) = 40.0;
Current(i) = 0.0;

SpaceT(i) = SpaceT(i-1) - CoolingS1 * cuowu;
else

CompressorPower(i) = 0.0;



Current(i) = 4.0;

SpaceT(i) = SpaceT(i-1) - CoolingS2 * cuowu;

end

end

%% 4) Plotting: Displaying Results

figure('Position’, [200, 200, 1000, 500]);

% (A) Top: Space Temperature vs Time

subplot(2, 1, 1);

plot(Time, SpaceT, 'b-', 'LineWidth', 2); hold on;

plot(Time, TTarget * ones(size(Time)), 'r--', 'LineWidth', 2);
xlabel('Time (seconds)’);

ylabel('Space Temperature (K)");

legend('Space Temperature', "Target Temperature', 'Location’, 'best’);
title('Curve of Space Temperature vs Time');

grid on;

ylim([210, 300]);

% (B) Bottom: Variation of Compressor Power and Peltier Current
subplot(2, 1, 2);

yyaxis left

plot(Time, CompressorPower, 'g-', 'LineWidth', 2);
ylabel('Compressor Power(W)");

ylim([0, 50]);

yyaxis right

plot(Time, Current, 'm-', 'LineWidth', 2);

ylabel('Peltier Current (A));

ylim([0, 6]);

xlabel('Time (seconds)?);

title("Variation of Compressor Power and Peltier Current’);
legend('Compressor Power', 'Peltier Current', 'Location’, 'best');

grid on;



Appendix 2

Matlab code for Peltier element space temperature feedback:

clear; clc;

dt=10.1;

t_total = 300;

time = 0:dt:t_total,

T_room_init = 298;

T_target = 213.15;

alpha = 0.03;

tau_eff = 1/ alpha;

T_room_hist = zeros(size(time));

for i = 1:length(time)

T _room_hist(i) = T_target + ...

(T_room_init - T_target) * exp(-time(i) / tau_eff);
end

T c0=273;

T _mid =230; %

T cfin = 213.15;

T_setpoint_hist = zeros(size(time));

for i = 1:length(time)

if time(i) <= 100

T_setpoint_hist(i) = T_cO0 + (T_mid - T_c0) / 100 * time(i);
else

T_setpoint_hist(i) = T_mid + ...

(T _cfin-T_mid) / (300 - 100) * (time(i) - 100);
end

end

T _env0 = 300;

Amp = 2;

T_env_hist = zeros(size(time));



for i = 1:length(time)

T _env_hist(i) = T_env0 + Amp * sin(2*pi * time(i) / t_total);
end

figure('Position’, [300, 200, 750, 500]);

plot(time, T_room_hist, 'b-', 'LineWidth', 2); hold on;
plot(time, T_setpoint_hist, 'r--', ‘LineWidth', 2);

plot(time, T_env_hist, 'g--', 'LineWidth', 1.5);

xlabel('Time (s)', 'FontSize', 12);

ylabel('Temperature (K)', 'FontSize', 12);

xlim([0, t_total]);

ylim([200, 305]);

legend({'"Room Temperature (Blue)', ...

'Cold-side Setpoint (Red)', ...

'‘Ambient Temperature (Green)'}, ...

‘Location’, '‘Best");

title('Simulation of the temperature feedback of a Peltier element’, 'FontSize', 14);

grid on;



Appendix 3
Matlab code for Two-dimensional steady-state temperature distribution:

clear; clc; close all;

%% Parameters

Lx=0.1;

Ly =0.1;

Nx = 51;

Ny =51; %

dx = Lx/(Nx-1);

dy = Ly/(Ny-1);

tol = 1e-5;

maxIter = 30000; %

T = zeros(Ny, Nx); %

% Set boundary conditions
T(:,1) = 300;

T(:,end) = 200;

for iter = L:maxIter

T old=T;

for j = 2:Nx-1
fori=2:Ny-1

T(i,j) = 0.25 * (T_old(i+1,)) + T_old(i-1,j) + T_old(i,j+1) + T_old(i,j-1));
end

end



forj =2:Nx-1

T(L) =T@J);

T(end,j) = T(end-1,));

end

err = max(max(abs(T - T_old)));

if err <tol

disp(['Converged at iteration: ', numz2str(iter)]);
break;

end

end

x = linspace(0, Lx, Nx);

y = linspace(0, Ly, Ny);

[X, Y] = meshgrid(X, y);

figure;

contourf(X, Y, T, 20, 'LineColor', 'none’);

axis equal,

xlabel("X (m)");

ylabel("Y (m)";

title('2D Steady-State Temperature Distribution’);
blue =00 1];

yellow =[110];

nColors = 256;

cmap = [linspace(blue(1), yellow(1), nColors), ...
linspace(blue(2), yellow(2), nColors)', ...
linspace(blue(3), yellow(3), nColors)];
colormap(cmap);

colorbar;



caxis([200 300]);



Appendix 4
Matlab code for Cooling Curves of Hybrid Refrigeration with PID Control:

clear; clc; close all;

%% 1) Basic Parameters

tEnd = 300;

dt=1,

time = 0:dt:tEnd;

N = length(time);

T _target = 213;

T _initial = 300;

rate_sem = 0.02;

rate_comp = 0.04;

wavelnitAmp = 0.12;

waveFreq = (8*pi)/70;
rate_hybrid_fast =0.12;
rate_hybrid_med = 0.06;

%% 2) Preallocate

T _red = zeros(N,1);

T purp = zeros(N,1);

T _blue = zeros(N,1);

T_red(1) = T_initial;

T_purp(1) = T_initial;

T _blue(1) = T_initial;

%% 3) Red line: simple linear
fori=2:N

err_red = T_red(i-1) - T_target;
T_red(i) = T_red(i-1) - rate_sem * err_red,;
end

%% 4) Purple line: linear + decaying wave(100~170), bigger amplitude
fori=2:N

err_comp = T_purp(i-1) - T_target;
T_purp(i) = T_purp(i-1) - rate_comp * err_comp;
if time(i) >= 100 && time(i) <= 170



alpha = (time(i)-100)/70;

ampNow = wavelnitAmp*(1 - alpha); % decays linearly
waveVal = ampNow * sin( waveFreg*(time(i)-100) );
T _purp(i) = T_purp(i) + waveVal;

end

end

%% 5) Blue line (Hybrid + small PID)

offsetBlue = 0.5;

Kp =0.0001;

Ki =0.0001;

Kd =0.0001;

error0 = T_initial - T_target;

SUmE = 0;

e old =T _blue(1) - T_target;

fori=2:N

if time(i)<50

T _blue(i) = T_purp(i) - offsetBlue;

else

currentTime = time(i);

err_blue = T_blue(i-1) - T_target;

SUME = sumkE + err_blue;

dE = (err_blue - e_old);

e_old =err_blue;

u_pid =1 + Kp*(err_blue - error0) + Ki*sumE + Kd*dE;
if u_pid <0, u_pid=0; end

if currentTime <= 30

baseRate = rate_hybrid_fast;

elseif currentTime <= 80

baseRate = rate_hybrid_med;

else

baseRate = rate_hybrid_med;

end

T _blue(i) = T_blue(i-1) - (baseRate*u_pid)*err_blue;

end



end

%% 6) Plot
figure('Position’,[200,200,1100,600]);
plot(time, T_red, 'r-', 'LineWidth',2); hold on;
plot(time, T_purp, 'm-', 'LineWidth',2);
plot(time, T_blue, 'b-', 'LineWidth',2);
xlabel('Time (s);

ylabel('Temperature (K)";
legend({'Semiconductor Cooling (Red)', ...
‘Compressor Cooling (Purple)', ...

'Hybrid Cooling with PID (Blue)'}, ...
‘Location’,'best");

title('Cooling Curves of Hybrid Refrigeration with PID Control');
grid on;

xlim([0,300]);

ylim([210,300]);



