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ABSTRACT

Peltier thermoelectric modules (TEM) have several significant advantages over classic compressor-based cooling
systems, such as better mass characteristics, non-dependence on special orientation, absence of moving parts, possibility
of the precise temperature control over time, etc. In order to adjust different temperature regimes based on TEM, high
quality automatic control systems are strongly needed. The development of such systems necessitates the use of
complex models which take into account nonlinearities of the Peltier module itself, as well as different other blocks of
the control system. The Functional diagram and model of the TEM-based climate control system have been represented.
The transfer coefficients of nonlinear links and a scheme as a whole based on piecewise linear approximation have been
obtained. A new methodology for modeling the nonlinear stability of climate control systems based on TEM under
arbitrarily large impacting disturbances have been deleloped. The presented technique based on the Popov’s frequency
criterion and piecewise linear approximation allows an analytical study of absolute stability in general for any order of
the model and with an arbitrary nonlinearities of components. Based on the proposed approach, Modeling of nonlinear
stability of climate conltol systems based on TEM was done. As a result of the simulation, the stability areas of the
system with various filters in the feedback loop were estimated. The possible application of the proposed approach in a
future for optimization and synthesis of TEM control systems was briefly discussed.

Keywords: Peltier module, thermoelectric system, piecewise linear approximation, nonlinear stability, Popov’s
frequency criterion.

INTRODUCTION

Currently, cooling systems based on Peltier thermoelectric modules (TEM) are gaining great popularity due to a number
of characteristics that favorably distinguish them from traditional compressor cooling systems [1]. In particular, such
advantages are the possibility of using both for cooling and heating by simply changing the polarity of the supply
voltage [2], high technological characteristics due to the absence of moving parts, ease of integration into trigeneration
systems with additional use of renewable energy sources [3-5], etc. Studies aimed at improving thermoelectric systems
consider, for example, the use of an additional cooling element [6], special operating modes to achieve maximum
efficiency [7-10], thermoelectric energy converters with high operating current [8]. A separate direction is the
development and research of control systems for thermoelectric elements to achieve high accuracy and speed of
temperature adjustment in dynamic mode and the possibility of thermostating by changing the supply current [11, 12].
The improvement of control systems for thermoelectric elements requires the development and implementation of new
methods for their modeling, allowing for the nonlinearity of the Peltier element in a wide range of control currents [13],
a high order [14] and a complex system structure with a large number of control objects and, accordingly, control
channels, which is typical for climate control systems in agriculture [15].

Despite a large number of studies and the widespread practical use of TEM in practice, the issues of ensuring their
sustainability and quality indicators have not been sufficiently considered.
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The aim of the work is to develop and apply a methodology for modeling the nonlinear stability of a trigenerative
climate control system based on Peltier thermoelectric modules.

FUNCTIONAL DIAGRAM AND MODEL OF THE TEM-BASED CLIMATE CONTROL SYSTEM

An example of a functional scheme of a trigenerative system based on TEM is shown in Fig. 1. The temperature
controller (TC) compares the desired temperature Tqes and the temperature at the output of the temperature sensor after
the inertia compensator (InComp) Ts comp, and also generates a control current for the Peltier thermoelectric module
(TEM) Ilc. The output parameter of the ventilation system (VS) and the control system as a whole is the temperature of
the point heat/cold source Tps, Which acts as a control parameter of the temperature sensor (TS) in the feedback circuit,
having a temperature Ts at the output.

Tdes |c TpS
—» TC TEM VS ——»

Ts comp

InComp [« TS

Figure 1. Functional diagram of the TEM-based climate control system with deviation control

The functional model of the TEM-based climate control system with combined regulation is shown in Fig. 2. The
transfer characteristics of the model blocks in the forward and backward control circuits contain lower indices 1 and 2,
respectively. The forward control circuit can be used to improve the dynamic properties of the system (increase the
speed of the transient process, reduce the dumping factor) while maintaining stability and suppressing external
interference determined by the parameters of the backward control circuit. The figure shows xr1.,— destabilizing factors
affecting the temperature sensors of the control circuits, ¢ — destabilizing effect on the temperature controller. The
transfer characteristics of TEM and VS in the model are normalized to 1. The inertial properties of the model are given
by blocks M1 2(p), where p is the differentiation operator. The nonlinear properties of the model are given by blocks
N1 2mn, R1,2mn, Em @and N, where m u n are the numbers of nodes for approximating nonlinear characteristics.

The model of forming the deviation of the output parameter of the model Fig. 2 is determined by the expression

_ 1_n1Ml(p)Nlmn X + nlMl(p)Nlmn X . + nZMZ(p)Nan

= X

1+n2M2(p)N2mn 1+n2M2(p)N2mn " 1+n2M2(p)N2mn "
_ Nm & — nlMl(p)len + nZMZ(p)NZmn + Em .
1+n2M2(p)N2mn 1+n2M2(p)N2mn

Here, the transfer coefficients of nonlinear links based on piecewise linear approximation are defined as
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Figure 2. Functional model of the climate control system based on TEM with combined regulation
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Here, the transfer coefficients of nonlinear links based on piecewise linear approximation are defined as

1mn _Z n= OK Kan an’ 2mn =Z n= OK K2n(? QZn’ =ZM_1K Qm'
len Z Zn OK Ban an’ 2mn Z Zn OK BZnQ Q2n’ Zm -0 m

Qu=Qu(u+2)

where the symbols K and B are the coefficients of the approximating segments of the lines,

Qi = Qu(X—Xp1) , Qun = Qo (¥ —%,2)

are the inclusion functions of the segments of the approximating lines.

The inclusion functions Qn and Quan are either nonzero and equal to one only in the interval between nodes m and
m+1, or between the nodes n and n+1, respectively

Qm(u+5)— 2/1 ozy 0 /1+y

u+e-U, =5, +Al-1)

=Xy =Dy = Ay + A(l_ /11

Qn(X=xp) = 2A ZA ozy -0 My

Y = Xpy = Doy =7, +A(1_/11

1l 1 1 T4y
QZn(y - sz) - szlzozyzo(_l)

where A is an arbitrarily small quantity ((A—0), A and yare integers,

METHODOLOGY FOR MODELING THE NONLINEAR STABILITY OF CLIMATE CONTROL SYSTEMS
BASED ON TEM UNDER ARBITRARILY LARGE IMPACTING DISTURBANCES

According to V.M. Popov's criterion, for the absolute stability of the equilibrium position of a nonlinear system with a
stable linear part, the existence of a real g is sufficient for which the condition is satisfied

Vo>0:Re[l+ jog W (jo)]>-1/k Q)

where k the angle of absolute stability, W (jw) =Wg (a)) + W, (a)) is the complex transfer function of the filter in
the feedback circuit in the form of the sum of the real and imaginary parts.

We introduce a modified complex transfer function

W (jo) =Wg (@) + jW, (o) @)

W, (@)= oW, (a))

where

Then the sufficient condition of absolute stability (1) will take the form We (a))— gw, (a)) >-1/k
boundary, the condition takes the form of equality (the equations of the Popov line)

. At the stability

W, (@) - gW, (0)=-1/k . A3)

The expressions of the lines approximating the left part (4) at the current nodes will take the form
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*

WI m,n (WR ): gm,n (WR - bm,n )

: (4)
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where n, m are current numbers of approximation nodes,, R”) are angular

=W, -W

m,n Rm

*

I m,n / gm,n

coefficients, are abscissas of approximating lines.

We introduce a piecewise linear function

where Ko is the steepness of the lateral components of the inclusion function. The function is equal to 1 if its argument
belongs to the section [wn; wm], and 0 otherwise. Thus, the function excludes the "false™ values of the abscissa bmn
outside the section [wn; wm]:

b;,n = bm,n(?m,n (bm,n)

©)
b*
The boundary values of k for each true abscissa ™" are obtained by substituting (5) into the right part of (3)
Ky ==11b5 6
HH P P I(m n
The lower bound of stability N corresponds to the maximum of all negative values ™"
~, _
Nzower = max{km,n[l_q(km,n)]} (7)
~ 1
G(9)=—-[9+4/-|9]+4]
where 2A is the inclusion function taking the value 1 at >0 and 0 at 9<0. The upper limit
of stability is determined by a minimum of all positive values ™" :
N;pper: min{km,na(km,n)}. (8)

The presented technique based on piecewise linear approximation allows an analytical study of absolute stability in
general for any order of the model and with an arbitrary nonlinearities of components.

MODELING OF NONLINEAR STABILITY OF CLIMATE CONTROL SYSTEMS BASED ON TEM

Tables 1-6 show the boundary values of the stable coefficients of the climate control system with band-pass filter (BPF)
of 4, 6 and 8th orders, as well as the rejection filter (RF) of 6, 8, and 10th orders in the feedback circuit.

Table 1. Lower limit of stability with a 4th-order rejection filter in a feedback circuit
operating in linear and nonlinear mode
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w1 lower
N 2

(linear mode)

-0.98

-0.96

-0.95| -0.9

4] -0.93

[ lower
N 2

(nonlinear mode)

-0.97

-0.93

-0.905| -0.8

8| -0.87

Table 2. Lower limit of stability with a 6th-order rejection filter in a feedback circuit

y 1 2 3 4 5
w1 lower
N2 (linear mode) -0.98 | -0.95 | -0.93 | -0.9 -0.89
N[ lower
N2 (nonlinear mode) -098 | -094 | -09 | -0.88 | -0.86

Table 3. Lower limit of stability with a 8th-order rejection filter in a feedback circuit

y 1 2 3 4 5
\| lower
N2 (linear mode) -0.99 | -0.96 | -0.92 | -0.9 | -0.88
N;ower (nonlinear mode) -0.99 | -0.95 | -0.91 | -0.88 | -0.86

Table 4. Upper limit of stability with a 6th-order band-pass filter in a feedback circuit

y 1| 2| 3| 4 5
N;”p” ( linear mode) 64 | 27 |18.9 | 1563 | 13.82

N| upper

N, ( nonlinear mode) 3211351 951 78 °9

Table 5. Upper limit of stability with a 8th-order band-pass filter in a feedback circuit

y 1 2 3 4 5
N;pper (linear mode) 64 | 20311269883

N| upper

N ( nonlinear mode) 46211461 91171 6

2961



JOURNAL OF ALGEBRAIC STATISTICS
Volume 13, No. 2, 2022, p. 2957-2963
https://publishoa.com

ISSN: 1309-3452

Table 6. Upper limit of stability with a 10th-order band-pass filter in a feedback circuit

upper
N2 ( linear mode) 923121912288 | 7.2

upper
N, ( nonlinear mode) 759 | 18 | 99 | 7.2]59

The transfer functions of the filters have the following form:

M, (p)=U(@+Tp)' M (p)=(Tp) /(L+Tp)"
M 7 (p) = H o (P)H o () = (TP 1[0+ Tp YL+ 7T )

M3 (p)=1-M° (p).

Here T is the time constant of the link in the LPF and the LPF, y is the ratio of LPF and HPF time constants in the
composition of the BPF and the RF. Modeling has shown that in the nonlinear mode of operation of the climate control
system, its stability area significantly narrows compared to the linear mode. Thus, the upper boundary value of stability
for the 6th order BPF decreases by a factor of 2 (Table 4). The difference in the stability regions decreases with
increasing order of the filter of both types (both bandpass and rejection). The results of the calculation of the lower
bound of absolute stability for PF coincide with the results for the linear regime.

CONCLUSION

The relevance of the study of the absolute stability of climate control systems based on Peltier thermoelectric modules
at an arbitrary magnitude of the impacting disturbances (stability "as a whole™) is noted. A method for analyzing the
absolute stability of high-order thermoelectric climate control systems with various types of control path filters has been
developed. The proposed approach is based on the Popov's frequency criterion and piecewise linear approximation of
the frequency characteristics of the system. Modeling of the stability regions of a thermoelectric system with filters of
various types and orders is performed. The conducted studies revealed a significant difference in the calculated
boundary coefficients of the device regulation in linear and nonlinear mode. The developed technique makes it possible
to analyze the stability of a system of arbitrary order with variable coefficients, which is important for diagnosing a
system with parameters that degrade during operation.
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