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The analysis of literary sources show that thermoelectric devices are used in marine transport as electrical power
generators and coolers. Both applications require determination of the Peltier elements dynamic properties. Known dynamic
models of thermoelectric devices are relatively complicated and do not take into account the inertia of thermoelectric
processes. To overcome this contradiction, in this paper, a simulation model of the Peltier element based on the one-
dimensional heat conduction equation and the integral Laplace transform have been synthesised. This model consists of
elementary transfer functions and establishes a relationship between cold and hot junction temperatures and an electrical
current. The experiment has been conducted to verify the obtained model. During the experiment, the temperatures of the
thermoelectric cooler hot and cold surfaces have been measured at different values of the load current. A comparison of
the experimental investigation results with the results of numerical simulation in the Matlab/Simulink software environment
has been carried out. This comparison shows the convergence of the experimental and model time dependences of the
thermoelectric cooler hot and cold surfaces temperatures with an error not exceeding 5%. Thus, the functionality of the
synthesised model has been experimentally confirmed. The simplicity and clarity of the proposed model makes it quite easy
to build and adjust the parameters of thermoelectric marine cooling systems. Further improvement of the model is possible
by considering the temperature dependence of thermoelectric parameters and the Thompson effect.
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1. INTRODUCTION

The problem of shortage and rational use of energy resources is currently very relevant both in the world and, in
particular, in marine transport. The application of thermoelectric phenomena: the Seebeck effect, which is used in
thermoelectric generators to convert thermal energy into electrical energy, and the Peltier effect applied in thermoelectric
converters to transform electrical energy into thermal energy, can be a promising way to solve this problem.

Thermoelectric generators are used in marine transport mainly to convert the waste heat of exhaust gases into
electricity. As the analysis of literary sources shows, this direction arouses unabated interest from researchers. In particular,
(Konstantinou et al., 2022; Saha et al., 2023) note that marine internal combustion engines emit more than 50% of the
produced energy into the atmosphere with exhaust gases. Firstly, this leads to significant environmental pollution and
increases the negative impact of the greenhouse effect. Secondly, it reduces the overall efficiency of the propulsion system.
Authors (Patil et al., 2018; Alghoul et al., 2018; Fernandez-Yafez et al., 2021) prove that thermoelectric generators have the
following advantages compared to other means (Farhat et al., 2022) of exhaust gas thermal energy recovery: environmental
friendliness, absence of noise, vibration and working fluids, high reliability, low operating costs, etc.

In recent years, thermoelectric converters (Peltier elements) have become widespread in marine cooling systems,
such as fishermen’s vessel cold storage systems (Rahman et al., 2019), naval vessel radar refrigeration systems (Yim et al.,
2020), research vessel deep-sea water sampler cooling systems (Wu et al., 2022). The authors mentioned above note that
the use of thermoelectric coolers (TEC) in marine cooling systems has such advantages over vapour compression
refrigeration units (Bukaros et al., 2023; Onishchenko et al., 2023) as the absence of refrigerants emissions into the
atmosphere, reduction in fuel consumption, long service life, low inertia, and a wide range of Peltier elements operating
temperatures.

The considered marine systems, in particular, thermoelectric temperature stabilisation systems, necessarily provide
for automatic control of the TEC performance, which is impossible without knowledge of the Peltier elements dynamic
properties. However, as the analysis of literary sources shows, the known TEC dynamic models (Kotsur, 2015; Ji et al., 2016;
Bukaros and Onishchenko, 2023; Piggott, 2019; MathWorks, 2023) are too overloaded, do not take into account the inertia
of thermoelectric processes, the heat exchange of the TEC hot surface with the environment and are unsuitable for the
synthesis of classical proportional-integral-derivative temperature controllers (Kiam et al., 2005).

Until now there have been no sufficiently simple mathematical models that describe the dynamic properties of
thermoelectric coolers and could be easily implemented in simulation environments. At the same time, such models are in
demand for the construction of marine cooling systems. In order to resolve this contradiction, a simulation dynamic model
built on the basis of elementary transfer functions describing the main thermoelectric processes of the Peltier element is
proposed in this paper.

2. THEORETICAL INVESTIGATION OF THE THERMOELECTRIC COOLER

In the general case, the TEC shown in Figure 1 consists of Peltier elements, which are connected in series to the
electric current flow and in parallel to the heat flow. Each of the Peltier elements consists of two n-type and p-type
semiconductor rods. One end of these rods (hot junction) is supplied with a voltage with the polarity shown in Figure 1, other
ends are electrically connected (cold junction). When changing the direction of current flow, the hot and cold junctions
change places.

To simplify the theoretical description of the thermoelectric processes taking place in TEC, a one-dimensional model
of the Peltier element, consisting of two homogeneous rods with length | and cross-sectional area A, will be considered.
Since the electrical, thermal, and thermoelectric parameters of n- and p-type rods are close in value (Witting et al., 2019),
the volumetric heat capacity ¢, thermal conductivity k, specific resistance p and Seebeck coefficient « of both rods are
considered to be the same and equal to the average value. According to the accepted one-dimensional model, heat removal
from the side surfaces of the Peltier element is absent. In this paper, the heat exchange of a cold and hot surface (joint) with
the environment will be considered according to Newton's law with heat transfer coefficients h; and hy, respectively, but
without additional heat load qi (go). The points of Peltier elements connection with working surfaces and insulating plates are
considered objects with concentrated parameters, therefore, their temperature does not depend on the x coordinate. The
temperature dependences of the Peltier element electrical, thermal, and thermoelectric parameters, as well as the Thompson
effect (Piggott, 2019), are neglected.
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Figure 1. Thermoelectric cooler and Peltier element.

The given assumptions make it possible to write the equation of the Peltier element thermal conductivity in the

following form (Yang et al., 2005):

ATGer) . 0PT(xt) 102
C'T_k.?-i- (T) .......................................................................................... (1)

with the initial condition:

where T is the material temperature of the Peltier element, K; T, is the ambient temperature, K; I is the current, A;
t is the time, s; c is the volume thermal conductivity of the rod, J/(cm3:K); k is the thermal conductivity of the rod, W/(cm-K),
p is the specific resistance of the rod, Ohm-cm, x is the coordinate directed along the length of the rod, cm; while A is the

cross-sectional area of the rod, cm?.

The boundary conditions for equation (1) will have the following form:

e for a hot junction:

ke AT 4 g T(0,0) 1) + 2 P —ho AT, —Tol = co- T2 3)
e for a cold junction:
—k A TED g T 1) + 2 P + by A [T~ T(LD)] =cl-$ ................................. (4)

where ¢, ¢, is the insulation plate heat capacity of the cold and hot junctions, respectively, J/K; r;, ry is the specific
contact resistance of cold and hot junctions, respectively, Ohm-cm?; h;, h, is the convective heat transfer coefficient of cold
and hot surfaces, respectively, W/(cm?K); a is the Seebeck coefficient, V/K; [ is the length of the rod in cm.

To solve the equation (1) with initial condition (2) and boundary conditions (3), (4) the integral Laplace transform

has been applied:

FIED £ (5T 8) = Ta) 725 T2(5) = Do (5)
T, 0) = Toerveeeeeeeeeeeeee e e et e e e et ettt et et ettt et e ettt ettt 6)
$+%E-T(O,5)-I(s) + 2 12(5) = ho - [T(0,5) = Tal =2+ (5 - T(0,5) = Tw)| = 0o 7)
LD 4 2[2 7 s) 1) =2 12() = by [T = TU ] + 2+ (5 T 5) = T)| = 0 8)
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where s is the Laplace variable.
The general solution of equation (5) has the form:

T(x,5) = Cy - eXVes/k 4 Cy - e7xVesTk 4 Lo [2() +% ............................................................ 9)

To find an expression for the hot or cold junction temperature, the constants ¢, and C, are substituted into the
corresponding boundary condition (7) or (8) and the equation (9) with the coordinate x corresponding to the opposite
junction. As a result, a system of equations is solved relative to the constants C; and C,, after which the obtained values are
substituted into the general solution (9). Thus, the partial solutions of equation (5) for hot and cold junction temperatures
take the form:

. 2 — [s- —T.1-a- . —h-A- [T, —
7(0,5) = [p p + V1o 12(s) | cosh(y)-1 T T(Ls)  co[s:T(0,5)=Tal—-a-T(0,5)-I(s)—h-A-[T,=T(0,5)] ...(10)

- cosh(y) = l-coth(y)ls-c-A? cosh(y) s cosh(y) k-A-y/l-coth(y)
_ _ p yry 12(s) cosh(y)—-1 Ta T(0,5) _ cr[s TAs)-Tel+a-T(L,s)I(s)—h-A:[T,—T(1,5)]
Ts) = [p cosh(y) l-coth(y)] s-c-A? cosh(y) s = cosh(y) k-Ay/l-cothy) 77 )

where y = l/c - s/k.

As can be seen, expressions (10) and (11) contain hyperbolic cosine and cotangent functions, which can be
expanded into power series, and if we limit ourselves to the first two terms of the series, the expansion error will not exceed
4%. Therefore, by substituting the decomposed hyperbolic functions into expressions (10) and (11), after elementary
transformations, partial solutions of equation (5) have been finally obtained:

7(0,s) = (t)Kjo's+Kj0)12(s) | KpT(0.8)1(5) | KrolTa=T(05)] |, _(tp's+1)-T(Ls) U TeoS TR0 (12)
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72T (rps+1)(zpps+l) Tpr-s+1 Tpr-s+1 (tys+1)(tpps+1)  (Tys+1)(rpps+1) A7

with the transfer coefficients and time constants:
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where R, is the electrical resistance of the hot (cold) junction, respectively, Ohm; C is the heat capacity of the
Peltier element rod, J/K; K is the thermal conductivity of the Peltier element rod, W/K.

In expressions (12), (13), the first term describes the release of Joule heat in the volume of the Peltier element rod
and in the contact resistance of the hot (cold) junction, the second term describes the Peltier heat absorption, the third term
describes the heat exchange of the hot (cold) surface with the environment, the fourth term describes heat transfer according
to the Fourier law, and the fifth term takes into account non-zero initial conditions.

The obtained equations (12) and (13) make it possible to build a relatively simple simulation model of the Peltier
element, the structural diagram of which is shown in Figure 2. As can be seen, the obtained model consists of five elementary
transfer functions, each of which describes a separate thermal process occurring in the Peltier element in accordance with

(12), (13).
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Figure 2. Structural diagram of the Peltier element simulation model.

Since the same current flows through all Peltier elements in the TEC, and all hot and cold junctions are connected
by isothermal surfaces, the obtained simulation model is also used to describe the processes taking place in the TEC.

3. EXPERIMENTAL INVESTIGATION OF THE THERMOELECTRIC COOLER

To verify the simulation model, an experimental unit, the appearance of which is shown in Figure 3, has been
assembled.

Figure 3. Experimental unit for researching the TEC dynamic properties.
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Figure 3 shows: 1 — TEMO-3 thermoelectric cooler; 2 — B5-46 direct current power supply unit; 3 - DS18B20 digital
temperature sensors; 4 — Arduino Nano module based on ATmega328P-AU microcontroller; 5 — Extech MS420 two-channel
digital oscilloscope.

The main characteristics of the used equipment and devices are as follows:

1. TEMO-3 thermoelectric cooler — permissible temperature difference of hot and cold surfaces is 62 K,
characteristic current is 3,5 A, maximum cooling capacity is 4,5 W, resistance to alternating current flow is 0,68
Ohm, the time to set working values of parameters is 10 min;

2. B5-46 direct current power supply unit — output voltage is 0,01-9,99 V, load current is 0,01-4,99 A, voltage
setting discreteness is 10 mV, current setting discreteness is 10 mA, voltage error is 0,5 %, current error is
1%;

3. DS18B20 digital temperature sensors — range of measured temperatures, if from -55 °C to +125 °C, the
absolute error is £0,5 °C, programmable resolution ranges from 9 to 12 bits;

4. ATmega328P-AU microcontroller — bit depth is 8 bit, frequency is 20 MHz;

5. Extech MS420 digital oscilloscope — bandwidth is 20 MHz, range of measured voltages is 0-400 V, range of
measured currents is 0-20 A.

The TEMO-3 thermoelectric cooler used in the experiment consists of 96 Peltier elements made of material based
on bismuth telluride with geometric dimensions: length [ = 0,55 cm, cross-sectional area 4 = 0,037 cm? and thermoelectric
parameters (Witting et al., 2019): volume heat capacity ¢ = 1,4 J/(cm3K), thermal conductivity k = 0,0189 W/(cm-K), specific
resistance p = 0,0016 Ohm-cm, Seebeck coefficient a = 230-10¢ V/K.

Taking into account the different geometries of insulating ceramic and heat-emitting copper plates, their total heat
capacity in terms of one Peltier element is ¢, = 0,276 J/K and ¢; = 0,124 J/K for hot and cold surfaces, respectively.

During the experiment, the TEC has been installed on the side face, as shown in Figure 3, to ensure the same
conditions for convective heat removal from hot and cold surfaces. At the same time, the convective heat transfer
coefficients, calculated according to the method proposed by (Churchill and Chu, 1975) have been hj = 0,0128 W/(cm?-K)
and h; = 0,0182 W/(cm?-K), respectively.

The value of the hot and cold junction specific contact resistance is assumed to be the same and equal to
1o =1 = 510° Q-cm?.

During the experiment, the ambient temperature has been kept constant and equal to T, = 22 °C.

At the first stage of the experiment, a load current of 0,5 A has been set using the B5-46 power supply unit. The
ATmega328P-AU microcontroller has been switched to data transmission mode on the virtual COM port. With the help of
the Arduino IDE software, the temperature values of the hot and cold surfaces have been recorded from the DS18B20
sensors for 25 minutes. Then the power supply of the experimental unit was turned off for 1 hour to bring the TEC parameters
to their initial state.

At the second stage of the experiment, a load current of 1 A was set, after which the sequence of the first stage
actions was repeated. In order to increase the results reliability and exclude possible systematic errors, the experiment has
been performed three times at each stage, with the temperature sensors changing places.

4. RESULTS

The results of the experiment are shown by circles in Figures 4 and 5. In the same figures, solid lines show the
results of the TEC hot and cold surfaces temperature numerical simulation according to equations (12), (13) in the
Matlab/Simulink environment.

Analysis of Figure 4 shows a high level of coincidence of model time temperature dependence curves and
experimental results at a load current of 0.5 A. The maximum discrepancy between experimental and model data for the
TEC hot and cold surfaces temperature does not exceed 0,75 °C or 4,5%.

A slightly different picture is observed in Figure 5, when the TEC is fed with a current of 1 A. The time dependences
of the TEC cold surface temperature obtained in the model (lower black solid curve in Figure 5) and experimentally show
good agreement. The maximum discrepancy occurs only at the beginning of the curve and does not exceed 1,25 °C or 5%.
At the same time, the maximum discrepancy of the TEC hot surface temperature model curve (the upper black solid curve
in Figure 5) with the experimental data is visible to the naked eye and is 2,6 °C or 3,6%. The relative value of this discrepancy
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in percentage remains almost constant over the entire time range, and its absolute expression increases with the increase
in the temperature of the hot surface.
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Figure 4. Time dependences of the TEC hot and cold surface temperature at current of 0.5 A.
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Figure 5. Time dependences of the TEC hot and cold surface temperature at current of 0.5 A.

5. DISCUSSION AND CONCLUSIONS

The nature of the discrepancy that is observed in Figure 5 indicates either the presence of a multiplicative error in
measuring the TEC hot surface temperature, or the imperfection of the model. The first remark is excluded by the experiment
conditions. In particular, the experiment was performed three times with the same environmental conditions, while the hot
and cold surfaces temperature sensors were changed. The second remark is quite valid, since the TEC model does not take
into account the temperature dependence of the Peltier elements parameters. Since the temperature of the hot surface at a
current of 1 A exceeds the similar temperature at a current of 0,5 A by almost two times, then, as (Witting et al., 2019) show,
the TEC parameters also undergo significant changes.
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Thus a correction of the Peltier elements parameters has been carried out, taking into account the increased
temperature of the hot and cold surface at the second stage of the experiment when TEC was supplied with a current of 1 A.
The adjusted values of the parameters, in accordance with (Witting et al., 2019), are: specific resistance p = 0,0018 Q-cm,
thermal conductivity k = 0,0174 W/(cm-K). The convective heat transfer coefficients of the TEC hot and cold surfaces,
calculated according to the method of (Churchill and Chu, 1975), have also been adjusted and were h, = 0,0134 W/(cm?-K)
and h; = 0,0191 W/(cm?-K), respectively.

The results of simulation with adjusted TEC parameters are shown in Figure 5 by grey solid curves. As can be seen,
the corrected TEC hot surface temperature model curve (the upper grey solid curve in Figure 5) is very accurately
superimposed on the experimental results, the discrepancy not exceeding 0,75 °C or 1%, and there is no multiplicative error.
The corrected TEC cold surface temperature model curve (lower grey solid curve in Figure 5) practically overlaps the
previously obtained curve. It can be noted that taking into account the influence of the hot and cold surface temperature on
the TEC thermoelectric parameters can increase the accuracy of the model by 2.6%.

Thereby, the obtained simulation results and the value of the maximum discrepancy of 5% in comparison with the
experimental data testify to the efficiency of the proposed TEC simulation model. Time dependences of the TEMO-3 hot and
cold surface temperature have been obtained for the first time. The resulting model in Figure 2, in contrast to the known
analogues (Kotsur, 2015; Piggott, 2019), is much simpler and consists of elementary transfer functions. Unlike the well-
known models (Ji et al., 2016; Bukaros and Onishchenko, 2023; MathWorks, 2023), the proposed one describes the
dynamics of the main thermoelectric processes, and also takes into account the heat capacity of the insulating plates, the
heat release in the contact resistance, and the heat exchange of the TEC hot surface with the environment. The simplicity of
the model makes it easy to calculate and optimise the setting parameters of marine cooling systems based on TEC.

It seems obvious that the accuracy of the considered model will decrease with increasing load current and hot and
cold surface temperatures. Therefore, in future research it is important to improve the model, taking into account the
temperature dependences of the TEC thermoelectric parameters, as well as the Thomson effect and additional heat load
from the cooled object.
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