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Programmable Matrix-Array Thermoelectric System
With Tri-State Energy Conversion
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Abstract—This article presents a matrix-arranged thermoelec-
tric programmable control system. The system flexibly reconfig-
ures the functions of each thermoelectric module in the matrix,
overcoming the limitations of unidirectional energy flow and fixed
functionality in traditional thermoelectric systems. By constructing
a three-state (cooling/heating/energy harvesting) reconfigurable
topology, distributed cooperative control of temperature manage-
ment and energy recovery in nonuniform thermal fields is realized.
A dynamic temperature management strategy based on the fuzzy-
PID algorithm is adopted, allowing the region’s temperature to
converge rapidly. Experimental results indicate that, compared to
conventional methods, the proposed system achieves a temperature
error of only 1.72 °C, reduces convergence time by 50.88%, and
improves temperature conversion efficiency by up to 92.57%. In
energy harvesting mode, the system achieves a maximum captured
voltage of 320 mV, with a ripple rate below 1.6% after boosting to
5 V, and a peak power density of 7.24 × 10−5 W/cm2K. This work
provides an efficient and energy-consistent integrated solution for
semiconductor cooling, industrial thermal management, and other
applications.

Index Terms—Dynamic temperature management, energy
capture, fuzzy-PID, programmable thermal control.

I. INTRODUCTION

G LOBAL energy consumption primarily relies on nonre-
newable fossil fuels [1], [2], whose carbon emissions not
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only cause severe pollution but also contribute to global warming
[3], [4]. At present, key energy-consuming sectors, including
industrial equipment, building environments, and transportation
[5], [6], [7], [8], are driving a low-carbon transition by utilizing
green energy sources such as solar and geothermal energy.
However, the ongoing heat losses in this process intensify energy
waste, causing local thermal imbalance and system performance
degradation, which creates a vicious cycle of energy consump-
tion and system decay [9], [10], [11]. Therefore, the development
of new mechanisms that integrate both thermal management and
energy conversion has become imperative.

Thermoelectric technology, as a pollution-free, noiseless, and
easy-to-control solid-state energy conversion technology, takes
advantage of its bidirectional “heat-to-electricity” conversion to
efficiently recover low-grade thermal energy, such as industrial
waste heat and building heat waste [12], [13], and to utilize ther-
moelectric reversibility to meet the temperature control needs of
electric vehicle batteries, large solar panels (PV) [14], [15], etc.,
by combining Thermoelectric cooler-Thermoelectric generator
(TEC-TEG), achieving on-demand thermal control and waste
heat recovery. In contrast to traditional passive thermal man-
agement methods, this technology mitigates the risk of thermal
runaway while converting waste heat into a crucial energy source
that drives the system’s self-sustaining operation.

TEC employs the Peltier effect, controlling the current di-
rection to efficiently manage localized heat sources [16], [17].
For instance, Zhang et al. [18] applied partial TEC precooling
technology and developed a 4.5-kV power electronic switch
module prototype with an integrated precooling device, resulting
in a 15 °C temperature reduction for internal components and
about a 10% enhancement in current performance. Compared
to single-stage TEC, multistage TEC achieves higher cooling
efficiency and lower temperature by optimizing module size
and current control: Buchalik et al. [17] achieved temperature
reduction and maximized subcooling with a two-stage ther-
moelectric module (TEM), while Zhang et al. [19] achieved
a minimum temperature of −82.15 °C and a cooling power
density of up to 4 kW/m2 through precise control of the optimal
operating current for each stage. Nevertheless, while meeting
high-power temperature control demands, multistage TEC tends
to produce excess waste heat. Leveraging the Seebeck effect,
TEM can convert this excess heat into electrical energy, and
the reconfigurable design of multistage thermoelectric arrays
(Thermoelectric Array, TEA) [20], [21] enhances overall energy
efficiency. For example, Yousri et al. [22] utilized the Rime
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Optimization Algorithm (RIME) to dynamically reconfigure the
TEG array (including series-parallel, fully crosslinked, bridge-
linked, honeycomb, and other configurations), improving out-
put power and efficiency in nonuniform thermal fields, with
the bridge-linked design even enhancing output power by up
to 5%.

Existing systems are mostly based on single-function TEM
designs, failing to integrate TEG and TEC to achieve on-demand
temperature control, and struggle to meet large-area temperature
control demands [23], [24], [25]. To this end, in our earlier
research, our team developed a rapid temperature control system
for automotive batteries using an optimized Fuzzy-PID algo-
rithm [23]. The system employs switchable TEM and liquid
cooling assistance, reducing the temperature control time by
about 76% compared to multichannel liquid cooling. The ther-
mal runaway group can reduce the temperature from 63.5 to
25 °C in 280 s, while the freezing group can increase the tem-
perature from −10 to 25 °C in 185 s. Meanwhile, our proposed
intelligent thermal management PV-TEH system [24] achieves
precise control of photovoltaic panel temperature by unifying
TEM and PWM cooling adjustment. It not only improves the
conversion efficiency to 27.8%, reducing the temperature of the
photovoltaic panel by 6 °C, but also extends the pure power
supply time window in PV-TEG mode and increases the effective
output power from 6 to 8.1 W in PV-TEC mode. In addition, the
Kim et al. [15] constructed an array using 12 TEMs to develop
an integrated automotive energy recovery system. The system
generates electricity from exhaust heat via TEG and drives the
TEC to reduce the interior temperature of the car from 45 to
26 °C in 3 min.

However, existing combined thermoelectric systems still have
significant shortcomings: mode switching relies on global con-
trol, unable to dynamically adjust the state of individual modules
based on local temperatures, resulting in energy loss in nontarget
areas; the fixed layout of TEC and TEG is difficult to adapt to
the spatial distribution of nonuniform heat fields; and there is
a lack of real-time programming capability for TEM operating
states, making it difficult to achieve coordinated balance between
temperature control and energy recovery.

To solve the above-mentioned issues, this article designs a
matrix-based thermoelectric multiplexing programmable con-
trol system to achieve efficient temperature management and
energy collection. The system dynamically switches the TEM
working modes based on the temperature of each hotspot region
and reconstructs local heat flow paths in real-time to adapt to the
spatial distribution of nonuniform heat fields. By autonomous
decision-making, each region reaches its optimal working state,
effectively eliminating energy dissipation in nontarget areas as
seen in traditional schemes while simultaneously performing
hotspot cooling and waste heat capture. The integrated energy
recovery technology successfully captures and converts micro-
temperature difference waste heat into usable power, establish-
ing a cooperative channel for temperature gradient suppression
and energy feedback, thereby realizing closed-loop control of
heat field homogenization and energy regeneration. Section II
introduces TEM, Fuzzy-PID control, and red-black tree data
structures. Section III details the polymorphic multiplexing

Fig. 1. (a) TEG model. (b) TEC model.

design of the TEA. Section IV assesses system performance
through experimental results, while Section V concludes this
article.

II. PRINCIPLES AND THEORY

A. Thermoelectric Effect

The thermoelectric effect describes the phenomenon of en-
ergy conversion between temperature gradient and electrical po-
tential difference through specific materials, where the essence
lies in the diffusion and migration of charge carriers under a
temperature gradient [26], [27]. As illustrated in Fig. 1, the
TEM is composed of a bridge-coupled unit formed by P-type
and N-type semiconductor arms, arranged in thermal parallel
and electrical series connections. When a temperature difference
is applied across the two sides, the charge carriers (electrons
and holes) at the hot end are thermally excited, creating a
concentration gradient. This drives the directional migration of
charges to balance the chemical potential, ultimately generating
an internal built-in electric potential field within the material.

As shown in Fig. 1(a), in power generation mode, the temper-
ature difference ΔT drives P-type and N-type charge carriers
to diffuse towards the cold end, producing a thermoelectric
generation current ITEG that drives the load resistance RL to
supply electrical power. This process is based on the Seebeck
effect, and its open-circuit voltage Voc satisfies

Voc = SΔT (1)

where S is the Seebeck coefficient between the materials, which
is a critical parameter for evaluating the thermoelectric conver-
sion capability.

In Fig. 1(b), in the cooling mode, the applied voltageVS forces
the current ITEC to drive charge carriers to migrate in reverse,
causing heat absorption at the cold end and heat release at the
hot end, thereby achieving active cooling. This process depends
on the Peltier effect [28], and the heat flow rate per unit time is
proportional to ITEC. The cooling performance is determined
by the heat absorbed at the cold end Qc, the equivalent thermal
conductivity K, and the temperature difference ΔT = Th - Tc,
with its coefficient of performance COP defined as

COP =
Qc

PTEC
=

SITECTC − 1
2I

2
TECRTEC −KΔT

PTEC
(2)

where Th and Tc represent the temperatures of the hot and cold
ends, respectively. The Peltier effect forms the physical basis of
solid-state cooling technology.
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Fig. 2. Thermoelectric-liquid cooling hybrid cooling system for nonuniform
thermal field regulation.

B. Power Calculation of TEA System

As shown in Fig. 2, in response to nonuniform thermal fields,
the TEA system is composed of N TEMs, working in conjunction
with liquid cooling technology to enhance the TEC temperature
control efficiency and the temperature difference of the TEG.
The total number of TEMs, N, is made up of the controllable
numbers of TEGs, NTEG, and TECs, NTEC

N = NTEG +NTEC. (3)

In the power generation mode, the NTEG TEGs in the TEA
are connected in series. According to (1), the captured voltage
VTEG and ITEG are as

VTEG =

NTEG∑
n=1

VTEG(n) = S(n)

NTEG∑
n=1

ΔTTEG(n) (4)

ITEG =
VTEG

RTEG +RL
=

S(n)
∑NTEG

n=1 ΔTTEG(n)∑NTEG
n=1 RTEG(n) +RL

(5)

where VTEG(n) and RTEG(n) represent the open-circuit voltage
and internal resistance of the nth TEG, respectively; S(n) and
ΔTTEG(n) are the total S and the temperature difference across
the terminals of the nth TEG, respectively; RL denotes the load
resistance.

The output power of the energy harvesting module TEG can
be calculated using the following equation:

PTEG = I2TEGRL = S(n)

NTEG∑
n=1

(
ΔTTEG(n)

RTEG(n) +RL

)2

RL. (6)

In the cooling mode, the current control of the TEC usually
works in conjunction with the H-bridge circuit. After applying
the PWM wave with a duty cycle of D(k) to the H-bridge, the
total voltage experienced by the TEC is the sum of the system
supply voltage Vs and the reverse voltage VTM(k) generated by
the TEG. The current ITEC(k) of the TEC unit is

ITEC(k) =
VSD(k)− VTM(k)

RTEC(k) +RIN

=
VSD(k)− S(k)ΔTTEC(k)

RTEC =
∑NTEC

k=1 RTEC(k) +RIN

(7)

where RTEC represents the total internal resistance of the sys-
tem’s TEC at the given moment; RTEC(k), S(k), and ΔTTEC(k)
refer to the internal resistance, total S, and the temperature
difference across the terminals of the kth TEC, respectively;
RIN is the internal resistance of the system power supply.

Consequently, the total power consumed by all TEC units at
a specific moment can be calculated as

PTEC = I2TECRTEC

=

NTEC∑
k=1

(
VSD(k)− SΔTTEC(k)

RTEC(k) +RIN

)2

RTEC(k). (8)

The conversion efficiency of the entire system reflects its abil-
ity to convert absorbed energy into other forms of energy. By the
collaborative operation of the TEG/TEC heterogeneous array,
the system creates a bidirectional energy conversion network: the
TEG module generates Seebeck voltage using the temperature
difference, while the TEC module achieves local cooling through
the Peltier effect. The effective energy factor ξ is defined as
ξ = PTEC-P/PTEC-N, which represents the effective cooling
power corresponding to unit irreversible energy consumption. In
the nonequilibrium state, the temperature conversion efficiency
η is given by

η =
PTEC−P − PTEG

PTEC−N + PTEC−P − PTEG

=
1

1 + (ξ + PTEG/PTEC−P )
−1 (9)

where PTEC-N is associated with losses from thermal manage-
ment delay, control overshoot, and parasitic heat conduction,
while PTEC-P represents the effective heat transport power in
the target temperature zone.

C. Fuzzy-PID Algorithm

PID control achieves dynamic adjustment based on propor-
tional, integral, and derivative actions and is widely used in
continuous control systems [29]. However, in systems with large
delays, strong nonlinearity, and frequent disturbances, such as
temperature management, an incremental PID algorithm with
antisaturation and antidisturbance properties is required

Δuk = Kp(ek − ek−1) +Kiek +Kd(ek − 2ek−1 + ek−2)
(10)

where Kp, Ki, and Kd represent the proportional, integral, and
derivative coefficients, respectively; еk, еk-1, and еk-2 represent
the errors at the kth, k-1th, and k-2th instances.

To address the issue of linear PID failure caused by the time-
varying characteristics of temperature systems, the fuzzy-PID
algorithm adaptively adjusts the PID parameters through fuzzy
reasoning, effectively overcoming system nonlinearity and un-
certainty [23]. As shown in Fig. 3, its core process includes
three stages: fuzzification, rule inference, and defuzzification.
First, the temperature error and its rate of change are fuzzified
into linguistic variables, and the corresponding control strategy
is activated based on the constructed rule base. Then, defuzzifi-
cation methods, such as the centroid method, are used to output
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Fig. 3. Control principle of the fuzzy-PID algorithm.

Fig. 4. Structure of the red-black tree.

the correction amounts forΔKp,ΔKi, andΔKd parameters, and
the PID gains are updated in real-time based on the membership
function parameters and fuzzy-PID boundary constraints. The
numbers –3 to 3 map normalized errors (0= neutral;±3= large
deviations). Labels such as TN, CN, BN are linguistic variables
that drive the fuzzy adjustment of PID parameters.

D. Red-Black Tree Data Structure

In thermoelectric systems, the red-black tree, due to its self-
balancing and efficient retrieval properties, is an ideal choice
for managing temperature gradient data. As shown in Fig. 4,
this data structure employs red-black coloring (with the root
and leaves black, and red nodes noncontiguous) and dynamic
rotations, keeping the tree height stable within the range of
2log(n+1) [30]. All temperature nodes are arranged according
to the in-order traversal rule, meaning they are sorted in as-
cending order and are embedded with TEM data, allowing for
logarithmic-level complexity in insertion, sorting, and querying.

According to (11), real-time temperature data is collected by
starting at the root node, and the insertion position is determined
via binary comparisons across layers. This method reduces the
traditional traversal time from O(n) to O(logn), achieving a
microsecond-level response. The efficiency is attributed to the
strict balance maintained by the number of black nodes along
the path in the red-black tree. Imbalances are automatically
corrected through color flipping and subtree rotation, ensuring
that TEA temperature data is stored in a real-time and orderly
manner

Tinsert ∈
{
left− subtree,Tinsert< node.key
right− subtree,Tinsert> node.key

. (11)

Fig. 5. Framework of the TEA three-state programmable reuse system.

III. TRI-STATE PROGRAMMABLE MULTIPLEXING SYSTEM

OF TEA

To solve the issue of traditional fixed TEC/TEG layouts
failing to cope with uneven temperature field distributions and
energy loss in nontarget areas, this study presents a dynamic
programmable TEA three-state reusable system (see Fig. 5). The
system reconfigures the operating mode of TEMs dynamically,
dividing the array into TEC and TEG functional zones: the TEC
zone implements precise temperature control to suppress local
heat buildup, while the TEG zone recovers waste heat for power
generation, minimizing parasitic losses.

A. Intelligent Mode Switching of TEM

To achieve programmable dynamic reconfiguration of the
array, this article proposes an intelligent switching technology
for the three states (cooling/heating/energy recovery) of thermo-
electric reuse. Single-stage TEM mode switching relies on the
collaborative control of relays and H-bridge: the SIGOH signal
controls each column of TEMs to switch to TEC mode, while the
SIGOL signal controls each row of TEMs. Both signals together
determine the relay state, thereby deciding whether the TEM
switches to TEC mode. Simultaneously, the DIR signal indi-
cates the current direction of TEMs and controls the H-bridge’s
ON/OFF state. Finally, the three-state control signal Z is generated
by two XOR gates and an AND gate combining SIGOH, SIGOL,
and DIR, i.e., Z= (SIGOH�SIGOL)•(SIGOL�DIR). The mode
switching logic is shown in Table I. Initially, Z = 0, the relay is
open, and the TEM operates in TEG mode. When the row and
column signals are in opposite phases (SIGOH�SIGOL = 1)
and consistent with DIR(DIR= 1 directs current from SIGOH to
SIGOL, while DIR= 0 reverses it), the H-bridge drives the TEM
into TEC mode, with the cooling or heating direction determined
by DIR.

As shown in Fig. 6, the control process of a single-stage TEM
in three states is as follows: when the input serial data is 101
(DIR = 1) [see Fig. 6(a)], the H-bridge outputs forward current
to make the TEC enter the cooling mode. At this point, the
cold end of the TEC contacts the temperature field to lower the
temperature, while the hot end expels heat via the water-cooling
plate. When the input data is 010 (DIR = 0) [see Fig. 6(b)], the
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TABLE I
CONTROL LOGIC TABLE FOR SINGLE-STAGE TEM

Fig. 6. Tri-state control of single-stage TEM. (a) TEC cooling mode. (b) TEC
heating mode. (c) TEG energy harvesting mode.

H-bridge outputs reverse current, switching the TEC into heating
mode. The hot end of the TEC heats the temperature field, while
the cold end prevents condensation using the water-cooling
plate. In both modes, the signal Z is positive, which allows the
relay to close, and the system enters the active temperature con-
trol state, with the H-bridge providing voltage to drive the TEC.
Other data combinations produce a negative signal Z, as shown in
Fig. 6(b), causing the relay to open, and the system automatically
switches to TEG mode. The temperature difference is utilized
by the LTC3108 circuit to supply power to low-power devices
and batteries, enabling bidirectional recycling of thermal and
electrical energy.

B. TEA Integrated Control System

In the single-stage TEM control method described above,
using the array connection shown in Fig. 7(a), only X+Y control
signals are required to program and control X•Y TEAs. As
illustrated in Fig. 7(b), when SIGOH-1 to SIGOH-X are set

to “10 …0”, SIGOL-1 to SIGOL-Y are set to “00 …0”, and
DIR = 1, all TEMs in the SIGOH-1 column switch to TEC
mode, while the remaining TEMs remain in TEG mode, thus
enabling the parallel operation of TEC and TEG.

Based on the intelligent reuse of TEM, Fig. 8 presents the
TEA integrated control system, which is composed of three
main units: central computation, temperature management, and
energy collection. The microcontroller unit (MCU) retrieves
temperature information from the TEA temperature distribution
data stored in the red-black tree and uses the fuzzy-PID algo-
rithm to dynamically control the temperature of the target sur-
face, identifying critical regions requiring precise management.
The MCU then generates analytical data and transmits parallel
control instructions to the temperature management unit via SPI.
After parsing the instructions, the unit produces control signals
through logical operations and sends them to the H-bridge circuit
and array control board, precisely regulating the working state
of each TEM to achieve accurate temperature regulation in the
specified area. Simultaneously, waste heat not managed by the
temperature control system is converted into electrical energy by
the energy collection module and stored in the battery, ensuring
effective energy recovery and reuse.

C. Dynamic Temperature Management

In the presence of nonuniform heat sources, TEC ther-
mal management faces the issue of temperature diffusion. A
weighted method can be employed to identify key regions for
temperature management, as illustrated in Fig. 9. This method
begins by analyzing the overall temperature error gradient and
calculating the temperature distribution ratio Ki for each region
to assess the intensity of its thermal control requirements. By
multiplying the error Ei of each region with its corresponding
distribution ratio Ki, the priority Mi of potential hotspot regions
is determined, allowing precise identification of areas requiring
urgent temperature regulation. This approach not only effec-
tively addresses complex temperature distributions and achieves
optimal control performance but also leverages natural temper-
ature diffusion to minimize system energy consumption.

The critical temperature control point Mm, identified using
this method, is managed automatically via the dynamic temper-
ature management algorithm illustrated in Fig. 10. The system
first determines whether the temperature error Em at the point
meets or exceeds the threshold Emin. If Em<Emin, a specific
configuration signal is transmitted to adjust TEA. Next, Em and
its rate of change ΔEm are fed into the fuzzy-PID controller
to update the PID parameters (as detailed in Algorithm 1). A
PWM signal is then configured to control the H-bridge output
current to the TEC, effectively managing nonuniform tem-
perature regions. If Em>Emin, the system ceases temperature
management.

IV. RESULTS AND DISCUSSION

A. System Environment Setup

To verify the effectiveness of the proposed system, an experi-
mental platform was constructed, as shown in Fig. 11. It mainly
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Fig. 7. (a) Array connection method. (b) Operating modes of each TEM in the TEA when the control signals SIGOH-1 to SIGOH-X are 10 …0, SIGOL-1 to
SIGOL-Y are 00 …0, and DIR = 1.

Fig. 8. TEA integrated control.

comprises a TEA module, a display device, a thermoelectric
control module, and peripheral devices for energy harvesting
and storage. The TEA module consists of nine TEM and an
associated water-cooled heat dissipation system. The devices are
coupled together with thermal grease to form a square array. The
system also includes a display device that visually presents key
experimental parameters, such as temperature, power, and the
operating status of each TEM in the array. As the core of the sys-
tem, the thermoelectric control module enables programmable
control of the TEA, managing both temperature regulation and
energy harvesting. This module is primarily composed of an
MCU, an H-bridge circuit, an energy harvesting circuit, and a
TEM programmable circuit. The parameters of these experimen-
tal devices are detailed in Table II.

B. Temperature Management

Based on the system hardware test platform, we conducted
a comparative experiment between the array control mode and
the traditional control mode. The experimental area was divided
into nine adjacent temperature regions (Section 1–9), each cor-
responding to different temperature distributions (T1–T9). In
the traditional mode, the thermoelectric system consists of three
TECs connected in series to form a unit, and three such units
are connected in parallel, with a relatively fixed functionality
and connection method as shown in Fig. 12. In the array mode,
nine programmable TEMs can be independently controlled,
providing adaptive control capabilities. The main differences
between the two modes are shown in Table III.
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Fig. 9. Tracking of temperature-sensitive points.

Algorithm 1: Fuzzy Control Logic.
Output: Adjusted PID parameters ΔKp, ΔKi, ΔKd;
Input:

- Error (e)�[−Emax, Emax];
- Error change (ė)�[−ΔEmax, ΔEmax];
- Fuzzy structure (fuzzy_struct);

Initialize:
- Membership arrays μe[�], μė[�];
- Active rule indices idxe[�], idxė[�];
- Joint membership matrix μjoint[�];

Steps:
1. Normalization:
Map inputs to normalized domain [−11]:

enorm = e
Emax

ėnorm = ė
ΔEmax

2. Fuzzification:
Compute membership degrees for enorm and ėnorm:

μe[i] = trimf(enorm, ai, bi, ci)
μė[i] = trimf(ėnorm, a

′
i, b
′
i, c
′
i)

Prune μe, μė with μ < 0.0001.
Store valid memberships and indices:
idxe[�]←{i�μe[i] ≥ 0.0001}, idxė[�]←{j�μė[j] ≥
0.0001}.

3. Rule Activation:
For each pair (i, j) � idxe × idxė:
Retrieve consequent fuzzy set Ck

i,j from partitioned
rule base Rp, Ri, Rd (ΔKp, ΔKi, ΔKd blocks).

Compute activation strength μjoint:
μjoint[i, j] = min(μe[i], μė[j]).

4. Defuzzification:
For each PID parameter ΔK�:

ΔK∗ =
∑

(µjoint[k]·Ck)∑
µjoint[k]

Ck: Centroid value of output fuzzy set
(e.g., CNB = −1.0, CPB= 1.0).

5. Parameter Clipping:
ΔK∗ = clip(ΔK∗,ΔKmin

∗ ,ΔKmax
∗ )

Limits defined by the max and min of each PID
parameter.

TABLE II
RELEVANT PARAMETERS OF THE EXPERIMENTAL SETUP

TABLE III
COMPARISON OF MODE DIFFERENCES

As depicted in Fig. 13(a), the initial temperature field follows
a radial distribution (28–51 °C), with the central region TT-3

exhibiting the highest temperature. The initial total error is
Etotal = 83.31 °C. Using TT-3 as a reference, the target temper-
ature is set to Ttarget = 25 °C (optimal operating temperature),
and a fuzzy-PID control strategy is implemented for thermal reg-
ulation. The experimental results under different control modes,
shown in Fig. 13(d) and (e), reveal that in the red-marked regions,
all TECs effectively transport heat toward Ttarget, achieving a
stable 25 °C without overshoot. Moreover, PTEC-P > PTEC-N

and ξ shows a notable increase, indicating that the array ef-
ficiently tracks hotspots and enables precise thermal control,
reducing overshoot, shortening regulation time, and minimiz-
ing energy consumption. In contrast, the blue-marked regions
exhibit ineffective heat transfer due to excessive TEC cooling
(PTEC-P<PTEC-N, leading to a decrease in ξ), causing delayed
temperature regulation and increased power consumption.

The fundamental drawback of the conventional control mode
arises from the rigid operational characteristics of TEM units. As
depicted in Fig. 13(d), forcibly cooling TT-3 to Ttarget induces a
reverse thermal gradient due to continuous cooling in surround-
ing regions, resulting in localized ineffective heat transfer. This
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Fig. 10. Flow chart of dynamic temperature management algorithm.

Fig. 11. Experimental setup.

Fig. 12. Traditional connection.

causes ξ to drop to a minimum of 0.1168, thereby reducing
the system’s effective COP. Furthermore, the total temperature
error rebounds, ultimately reaching Etotal = 147.09 °C [see
Fig. 13(c)], with a prolonged regulation time of 511 s. These
results highlight the conventional mode’s inherent challenge in
reconciling localized cooling with global thermal equilibrium.

In contrast, the array control mode effectively addresses
the aforementioned issues through a three-stage coordinated

regulation process [see Fig. 13(e)]. During the transient response
phase (0–56 s), distributed cooling dominated by proportional
control rapidly reducesEtotal. In the transition phase (56–195 s),
integral compensation is introduced to gradually converge the
overall temperature. After 195 s, differential control suppresses
thermal diffusion oscillations, ultimately achieving a quasi-
equilibrium state with Etotal = 1.72 °C in just 251 s [see
Fig. 13(b)]. This approach elevates the peak ξ to 383.6154,
significantly enhancing system COP.

C. Performance Comparison

As illustrated in Fig. 14(a), the array control mode employs
a single TEM-TEC concentrated driving strategy (D(k) = 1) in
the initial phase, utilizing high ITEC density to rapidly converge
ΔEm. In contrast, the traditional mode experiences regulation
lag due to uniform current distribution across the entire array.
In the final phase, the array mode dynamically reallocates
TEC/TEG states to achieve multiregion temperature equilib-
rium, reducing the adjustment time by 50.88% compared to the
traditional mode. In contrast, the traditional mode, restricted by
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Fig. 13. Temperature variation curves and distribution. (a) Initial temperature distribution. (b) Final temperature distribution in array mode. (c) Final temperature
distribution in traditional mode. (d) Traditional control mode. (e) Array control mode.

TABLE IV
PERFORMANCE COMPARISON OF TEA RELATED STUDIES

its fixed TEC function, leads to localized heat accumulation,
resulting in convergence only within a single region.

Analyzing PTEC and efficiency η [see Fig. 14(b)], the array
mode exhibits a PTEC-P ratio of 99.89% (PTEC-N = 0.11%),
with a substantial ξ improvement and a maximum η differ-
ence of 92.57%, significantly outperforming the traditional
mode (PTEC-N = 89.54%, ξ ≈ 0). This advantage arises from
the dynamic TEC/TEG switching strategy, which eliminates
power backflow losses caused by global TEC operation in
the traditional mode (where PTEC−P is only 10.46%) and

enhances single-TEM power optimization in near-equilibrium
states, thereby maximizing η.

Table IV compares the temperature management performance
of TEA systems proposed in recent years. The array mode
achieves a response speed of 0.1195 °C/s, representing a 57.2%
improvement over Kim et al.’s scheme (0.076 °C/s). Moreover,
it completes a 30 °C temperature adjustment within 251 s
using only 36 W of cooling power, improving efficiency by
104% compared to traditional series-parallel systems. Tem-
perature control accuracy is enhanced to 1.72 °C through the
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TABLE V
PERFORMANCE COMPARISON OF TEGS ARRAY RELATED STUDIES

Fig. 14. (a) Comparison of I-V characteristics of TEC under different control
modes. (b) Comparison of η-PTEC under different control modes.

implementation of dynamic topology programmable technol-
ogy, and a deviation reduction of 98.8% is achieved relative to
the baseline experiment (147.09 °C).

Fig. 15(a) illustrates the differences in energy recovery be-
tween the two modes. In the traditional mode, full TEC operation
leads to VTEG = 0, eliminating waste heat recovery and causing
an Etotal rebound at 39 s due to temperature overshoot. In con-
trast, the array mode leverages a TEG series topology to achieve
peak energy harvesting at VTEG = 320 mV. As depicted in the
voltage-power (V-P) characteristics of Fig. 15(b), integrating
the LTC3108 ultra-low-voltage boost module (startup thresh-
old: 20 mV) enables the system to perform constant-voltage
charging at VTEG-B = 5 V within Δt = 33 s via a 470 μF
supercapacitor and charge pump (voltage ripple < 1.6%). This

Fig. 15. (a) Comparison of Etotal-VTEG under different control modes.
(b) Comparison of V-P characteristics of TEG after boost under array mode.

circuit effectively mitigates voltage drops caused by pulse loads
and ensures continuous power output when VTEG > 20 mV,
reaching a peak PTEG-B of 277.82 mW. The energy buffering
mechanism guarantees stable power supply during dynamic
thermal regulation, resolving the issue of unidirectional energy
consumption in conventional TEA systems.

Table V compares the energy harvesting performance of
recently developed TEG systems. With a constrained cover-
age area (128 cm2) and a moderate temperature difference
(ΔT = 30 °C), the system achieves a power density of
7.24 × 10−5 W/cm2K, marking a 12.6% improvement over
Goswami et al.’s heat recovery system (6.43 × 10−5 W/cm2K)
and exhibiting notable efficiency advantages over conventional
static enhancement structures, such as Lan et al.’s staggered fin
configuration. While the maximum temperature difference and
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power output (0.278 W) fall short of large-scale systems (e.g.,
Pourhoseini’s design), the energy density per unit temperature
difference is enhanced by a factor of 5.6.

V. CONCLUSION

This study proposes an intelligent control system based on
a programmable TEM array, integrating a fuzzy-PID algorithm
with a tri-state dynamic topology (cooling/heating/energy recov-
ery). The system achieves a global temperature control accuracy
of 1.72 °C in a nonuniform thermal field, representing a 98.8%
improvement over conventional methods, with a 50.88% reduc-
tion in convergence time and a response rate of 0.1195 °C/s.
By incorporating an LTC3108 ultra-low voltage boost circuit,
the system converts waste heat voltage (peak 320 mV) into a
5-V dc output (ripple < 1.6%), achieving a power density of
7.24× 10−5 W/cm2K. The dynamic switching strategy reduces
ineffective heat transport power consumption PTEC-N to 0.11%,
increases the peak energy efficiency factor ξ to 383.6, and
enhances temperature conversion efficiency η by 92.57%. This
approach overcomes the limitations of conventional thermoelec-
tric systems in terms of function rigidity and energy imbalance,
offering a highly efficient and energy-synergistic solution for
semiconductor cooling, industrial thermal management, and
other applications.
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