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Abstract

In order to improve the efficiency of power supply systems, it is promising to use the principle of trigeneration
based on the simultaneous generation of electricity (for powering electronic devices), as well as heat and cold by
thermo-electric methods (for controlling the temperature of various objects). A block diagram of an energy-saving
trigeneration system based on thermo-electric modules (TEM) is proposed. A generalized hierarchical model has
been developed for the study of trigeneration systems and thermoelectric systems (TES) based on multilayer Peltier
elements. The model allows us to equivalently represent and analyze TES containing several control channels, local
and general feedbacks, as well as nonlinear and frequency selective links, when the system is affected by external
and internal disturbances. The performed simulation of TES based on the hierarchical model and piecewise linear
approximation has shown the effectiveness of the approach for analyzing nonlinear modes of TES with complex
structure.
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Introduction

In modern conditions, the problem of energy saving is becoming more and more relevant, determining the competi-
tiveness of products, environmental safety and economic well-being in general [1-5]. To improve the efficiency of
power supply systems, it is promising to use the principle of trigeneration [6], which is based on simultaneous gen-
eration of electricity (for powering electronic devices), as well as heat and cold (for controlling the temperature of
various objects). The thermoelectric method for obtaining heat and cold from electrical energy is based on the use of
thermoelectric modules (TEM), the principle of its operation is based on the Peltier effect [7-14]. This method al-
lows both cooling and heating of the object by simply changing the direction of current flow through the Peltier el-
ement. It is highly technologically advanced due to the absence of moving parts, which determines the convenience
of using TEM in trigeneration systems in comparison with classical compressor cooling systems.

For the analysis and synthesis of energy-saving trigeneration systems, it is convenient to use the methods of auto-
matic control theory. However, in cases where it is necessary to assess the presence of several controlled objects in
the overall climate control system and in each of them a set of point sources and sensors, in this case, the task of
obtaining the resulting transfer functions and their analysis will become more complicated.

To overcome this disadvantage, we can use the representation of climate control systems based on a generalized
hierarchical model similar to those presented in [15-18]. The developed hierarchical model of TES should allow for
a uniform representation of various system variants, in particular, taking into account nonlinear effects and charac-
teristics (for example, nonlinear amplitude characteristics of TEM such as dependences of junction temperatures on
the value of the control current). This model is built on the basis of a minimum number of similar structural blocks
with the possibility of their arbitrary increase, but the integrity of the general forward and backward connections
must be preserved. This model is a structural approximation of the general micro-climate control system and it con-
tains an arbitrary number of parallel, mutually connected channels - "rows" that form a "frame" and can be unfolded
in a raster mode both in "rows" (disclosure by levels) and in a "frame" with arbitrary lengths of "rows" and their
number.

Block Diagram of an Energy-Saving Trigeneration System based on TEM

The design of the Peltier semiconductor element is shown in Fig. 1 (Th and Tc are temperatures of the hot and cold
sides, respectively). In practice, the TEM uses multilayer Peltier elements. In TEM, several Peltier elements are
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connected in series electrically and in parallel thermally. Each side of the module, depending on the current direc-
tion, contacts either p-n or n-p junctions.
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Fig. 1: Design of the Peltier Semiconductor Element

The block diagram of an energy-saving trigeneration system based on TEM is shown in Fig. 2. The main modules of
this system are directly n-th objects under control (r=1...N) and the power supply system (PSS), which is common to
them. The following notation is accepted in the diagram: SC, is m-th solar cell (m=1...M), BP is a battery pack, PS
is a power supply, ACSPS is an automatic control system of power supplies, CCS, is the n-th climate control sys-
tem, TEMS,, is the n-th thermoelectric module of a system, VS, is the n-th ventilation system, PSTy; is the ni-th point
source of temperature (heat or cold), CS,; is the nj-th climate sensor, /contral is the n/-th control signal for thermoe-
lectric modules, Tpstni is the ni-th point source of temperature (heat or cold), Tcsnj is temperature recorded by nj-th
climate sensor.
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Fig. 2: Block Diagram of an Energy-Saving Trigeneration System
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The main consumers of AC voltage 220 V from the power supply system are climate control systems and power
units of ventilation systems, and consumers of DC voltage are TEMs based on multilayer Peltier elements. Monitor-
ing of the temperature regime at the control objects is carried out using climate sensors that register the temperature
values of Tsyj, which differ from the temperature values of Tpyj generated by point sources. The relationship between
the values of these temperatures can be described in terms of the Ay coefficient using a differential equation that
takes into account the inertia of an arbitrary sensor with respect to the process of forming the temperature field

dT ...
Ty, +Tnzf7snj:k

where T is the time constant (measure of inertia) of the climate sensor. This equation leads to an equivalent repre-

nij = Pni >

sentation of the transfer function for an arbitrary sensor relative to an arbitrary point source of heat or cold of the n-
th control object in operator form

T, k. .
Hmj (p)= > = -
TPni 1 + ijp
which corresponds to an aperiodic dynamic link.
The resulting expression can be used as a model of the transfer function of the climate sensor. For the other parts of
the functional scheme, mathematical models are presented, for example, in [19-21].

Hierarchical Model of Thermoelectric Systems based on Peltier Elements

The hierarchical model being developed should allow us to equivalently present and study various thermoelectric
control systems containing multiple control channels, local and general feedback, as well as power supply systems
based on the principle of trigeneration which includes simultaneous generation of electricity (for powering electron-
ic devices), as well as heat and cooling (for controlling the temperature of various objects).

The generalized hierarchical model of signal transformer (TS) (Fig. 3) contains similar TS, control device (CU),
control paths (CP) and weight distributor (WD). The transformer consists of two regulation circuits: forward and
backward one.

Each CP includes series-connected detector and a filter. Blocks are designated as TS*'.,, where x1 is the level num-
ber and x2 is the block number. The symbols U indicate the external main input and output signals and the symbols
u indicate the auxiliary signals. The upper and lower indices of signals are designated as [?')5,3, where y1 is the lev-
el number, )2 is the block number to which the signal belongs, and y3 is the signal identifier. The y3 identifier can
take the following designations: 1—input signal of the block, 2—output, c—control signal of the CU, /~CP of the for-
ward regulation circuit, >—CP of the backward regulation circuit.

The TS model can be expanded similar to a TV raster by "rows"(level disclosure) and by "frame". Fig. 2A and Fig.
2B indicate the second and the a-th (a=>1) level of model disclosure, respectively. The level a=0 corresponds to the
unfolded TS.

Let's denote the matrix transfer functions of the blocks: TS— II, CU — K, WD —n, CP—>W. The indices of the
functions correspond to the indices of their blocks. According to Fig. 1 transfer functions of the TS model have the
form: for level 0 Q°=I1°; (unfolded TS); for level 1 Q'=IT"K!iIT'5; for level 2 Q*=IT% K 1%, K T1%K2I1%, and for
level a

Q* =M5" =I5, K53, (1)
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Fig. 3: Hierarchical Model of TES

Taking into account the transfer functions of the WD and CP for the current edition of the disclosed layer, we obtain

a-1 Uz_lz a Hgﬁ*l _f/O;fK;c
e =2 2o, , 2)
Uy, 1+10,85 K,

where 5= n% W%, and f%s= n“s W% are transfer functions of the forward and backward regulation circuits,
respectively, and K% is transfer function of the CU (for a signal u%s).
Equating right parts of (1) and (2), we obtain the transfer function of CU as

o o o

o 241
ﬁ - a a (04
1+105,65 K
In the absence of forward and backward loops, (3) is simplified to the following equation: II*!s=I1%pI1%.,.
In a wide range of control currents, the Peltier element has a significantly nonlinear characteristic, and the nonlinear-
ity of the control system blocks must also be taken into account during the modeling process. The use of piecewise
linear approximation of characteristics [15-18] allows us to obtain generalized expressions of dynamic modes of
TES for any order of the system under study and any character of nonlinearity. The general form of the TES's dy-

namic characteristic y(¢) is the sum of partial solutions yx(¢) taking into account their time shifts tNk :

3)

c

K-1
(0= k(= 1)0m 3O Ony. - )

k=0
Where K is the number of partial solutions; Q, ., O, and Q,, are piecewise linear functions of approximating

segments on the k-th section of the general solution. Partial solutions are determined taking into account the initial
conditions (the values of the impacts and response of the system, as well as their derivatives). The characteristics of
linear devices are a special case of the general expression (5) for K=1.

TES Modeling Based on a Hierarchical Model and Piecewise Linear Approximation

Fig. 4 shows the dynamic characteristic of TES with combined control and proportional-integrating low-pass filters
of the 3rd order in the control paths, under the combined influence of external and internal disturbances. The input
influence has a complex form; the destabilizing effect is harmonic; internal disturbances applied to the detectors of
the control paths have the form of a Heavyside function. In this example, the hierarchical model has three non-linear
links—the control device and both detectors. To calculate the dynamic characteristic, it was necessary to sum up 13
partial solutions.
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Fig. 4: Dynamic Characteristic of TES with Combined Regulation Type in Nonlinear Mode

Conclusion

The proposed method makes it possible to calculate the dynamic modes of TES with forward and backward connec-
tions, as well as various characteristics of nonlinear and frequency-selective links, for any deterministic effects, us-
ing generalized expressions of the hierarchical model. The performed simulation of TES based on the hierarchical
model and piecewise linear approximation showed the effectiveness of the approach for analyzing TES with several
nonlinear links under the combined influence of external and internal perturbations of complex shape. The approach
makes it possible to analyze various nonlinear thermoelectric control systems containing several control channels,
local and common feedback loops, as well as power supply systems based on the principle of trigeneration which
includes simultaneous generation of electric energy (for powering electronic devices), as well as heat and cold (for
controlling the temperature of various objects).
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