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Purpose. The purpose of the work is to develop an effective device for utilization of exhaust gas heat energy of the
gasoline Internal Combustion Engine (ICE) that meets the design of current car models; to create an appropriate
model and analytical calculations of the basic parameters of the thermoelectric generator that runs on exhaust gas
heat energy substantiating the possibility of electric power generation in amount sufficient to replace the existing
electromechanical car generator.

Methodology. Physical and mathematical modeling of the processes of heat transfer and generation of electric
energy in thermoelectric generators was used.

Findings. A physical analysis of the heat backflow process from the flow of exhaust gas in a generator pipeline and
defined the principle of calculations of the basic parameters has been provided. A mathematical model of heat trans-
fer in the pipeline block thermoelectric generator has been developed. A program using Wolfram Mathematica soft-
ware has been created and the relevant parameters for each block with different loads of ICE have been calculated.
A possibility of creating a device for the recovery of fuel energy emitted from the car ICE has been substantiated. The
correspondent device is a thermoelectric generator consisting of blocks using the exhaust gas heat. We proposed an air
cooling process to reach the optimum conversion efficiency. The possibility to generate up to 1 kW of electrical power
has been proven.

Originality. An innovative exhaust gas energy recovery device for existing vehicle models was developed. For the
first time the division of the thermoelectric generator into three units operating as separate thermoelectric generator
as well as insertion of special hollow cylinder in a gas flow were proposed and substantiated. The cylinder has length-
wise ribbing on a surface to improve the heat transfer by thermal radiation.

Practical value. The proposed thermoelectric generator allows replacing the electromechanical car generator using
a process of excess energy recovery. The energy saved as a result of recovery is at least 2 % in terms of fuel consumed
which is important from both economic and environmental perspective.

Keywords: energy conservation, thermoelectric generator, waste heat recovery, exhaust gases

Introduction. Tendencies of a rising cost for fuel
cause the necessity to increase effectiveness of the car.
But at the modern level the maximum efficiency of the
petrol internal explosion engines (IEE) is already
reached. The existing IEE only 25 % of fuel energy re-
work into mechanical energy. Taking into account losses
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on mechanical friction of the transmission and other
devices of the car, effectiveness decreases to 15 % in
practice. At the same time even very slight increase in
effectiveness gives a considerable economic effect.
However, 40 % of fuel energy is made on burst in the
form of thermal energy of exhaust gases. For this reason
the problem of increasing effectiveness of fuel due to uti-
lization of thermal energy from exhaust gases is ex-

ISSN 2071-2227, HaykoBui BicHuKk HI'Y, 2017, N2 3



TEXHONOTIi EHEPTO3ABE3NEYEHHSA

tremely urgent. One of its solutions is design of the ther-
moelectric generators (TEG), which recuperate this
energy. The obtained electric power can be used on
electrical needs of a car, thereby excluding the electro-
mechanical generator from its structure.

Unsolved aspect of the problem. The existing car in-
dustry technologies do not use energy of exhaust gases at
all. An exception is production of specialized trucks and
luxury models of the passenger cars, using the cogenera-
tion installations.

Methodological basis of thermoelectric generator
implementation includes research works by A.F. loffe,
A.1.Bernshteyn, A.R.Regel. In Ukraine, the Institute
of a thermoelectric of National academy of Sciences is
engaged in development of energy saving technologies
with involvement of the generating thermoelectric mod-
ules. The direction is headed by the academician Anati-
chuk L.I. The scientific and research efforts devoted to
energy of exhaust gases of internal combustion engines
applications have been made by such Ukrainian scien-
tists as Anatichuk L.I., Mikhailovskyi V.Ya., Ruty-
lo M. 1., Lutsyk I.B., R.V.Kuz, as well as by American
scientists T.Kaia, D.Sharp and T.Tritt; European
Zh.K.Tedenak and Yu.Green, scientists from Japan
and China T. Kadzikava, H. Hou and others.

When developing new cars of F class (Luxury cars),
for example, in the new models of BMW X6, Ford Lin-
coln MKT and Chevy Suburban installation of the ther-
moelectric generators working with the energy of ex-
haust gases [1, 2] is foreseen. Generative thermoelectric
modules are exclusively manufactured for them. In
Ukraine, due to economic problems, and also taking
into account a traditionally long term of operation of the
existing cars, similar models will probably not be pro-
duced. Therefore there is a need of developing the TEG
for the existing models of cars and puddle jumper cars.
This development will give a chance to reduce the cost
of car operation and can become economic break-
through for Ukrainian entry into the European market
of road haulage.

Analysis of the recent research. Thermoelectric gen-
erators are thermal machines for direct conversion of
thermal energy into electrical one. Because of small val-
ues of the effectiveness as main power supplies they were
applied in engineering in exceptional cases: at nuclear
power plants, spacecrafts, sea markers, etc. Taking into
account importance of the specified directions the theo-
retical basis of their applications has been developed
since the middle of the last century. However, in power
electric engineering they have been considered only as
alternative power supplies.

However, rather high values of generator efficiency
(to 12 %) received recently on semiconductor materials
with high values of mobility of charge carriers and
Q-values [3, 4], and also range extensions of their work-
ing temperatures puts the TEG into the main sources of
electric energy. If the effectiveness of generators which
are planned to make using compounds of samarium
corresponds to calculated value of 20 % [5], then extru-
sion by thermoelectric generators even of internal explo-
sion engines is quite possible. It is caused also by ab-
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sence of mechanical parts, as well as the long (up to 10
years) guaranty period of their operation without main-
tenance.

Starting since the middle of last decade estimated
and research operations on use the TEG on the exhaust
system of diesel engines of vessels and trucks [6] have
been published. Thermoelectric modules on the basis of
the SiGe and Bi,Te; [3] semiconductor were used in
generators. Their boundary upper temperature depend-
ing on module modification is equal to 350—550 °C. In
a collector of the engine, the temperature is more than
1000 °C. At the same time both the experimental and
existing industrial constructions essentially use exten-
sion of the exhaust system pipeline [4]. However, it re-
duces temperature of exhaust gas. Respectively, there is
a need for rather low temperature of a cooler. Therefore
generators have the integral unit with water cooling and,
respectively, all calculations and research developments
are bound to these conditions. Water cooling for the
built-in generators requires the appropriate finishing of
water cooling of the engine with changeover of the heat
sink and pump, and actually, development of new mod-
el of the car.

Unsolved aspects of the problem. For existing models
of cars, support of air cooling of the thermoelectric gen-
erator is necessary. Yet it is accompanied by some prob-
lems of heat extraction from the generator heat sink.
The first problem consists in need of increasing efficien-
cy of thermal energy selection of exhaust gases without
expansion in a pipeline diameter on the limited length of
the generator which is to be placed within the distance
from an engine collector to a catalytic afterburner of ex-
haust gases. Another problem is connected with the
need of increasing efficiency of assignment of thermal
energy from the generator heat sink on condition of re-
striction of the sizes of the latter. In this regard the prop-
osition to divide TEG on sections, that is offered in the
work, is interesting [7]. It offers an optimum approach
to energy selection in process of gas passing via the gen-
erator. However, this idea requires additional studying
and appropriate calculation.

Besides, the main objective of utilization is use of
TEG electric power. This job has not been considered
before because of her marginal values. Still the amount
of the recovery energy provided by the offered instru-
ment is sufficient, at least, for changeover of the electro-
mechanical generator in the car. Besides, the TEG will
produce also excess of this energy.

Objectives of the article. The modern models of pet-
rol internal explosion engines practically reached a max-
imum of the productivity and differ in the effectiveness
small values. At the same time 75 % of fuel energy is
emitted into the environment. Reduction of these emis-
sions at least by 1 % at the expense of a recuperation to
electric power is an important both economic and eco-
logical task. For passenger cars an additional installation
of the cogeneration devices which are relevant to bold
power generators is almost impossible because of com-
plication of car operation and its increasing weight. Use
of the thermoelectric generator makes an exception. Its
installation has already been provided for the developed
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new luxury models. Yet there is a need to upgrade the
existing cars. Development of the resource recovery de-
vice for them in the form of the thermoelectric generator
working on exhaust gas exergy is a solution. It includes
constructional development, development of physical
model of the generator, calculation of amount of the re-
ceived electric power and reviewing of methods of this
energy using.

Presentation of the main research. To solve the task
considered it is necessary to define a generator installa-
tion place, to make its physical model and to connect it
to the IEE parameters. It is natural that the generator
needs to be located as close as possible to a source of
thermal energy, namely to the internal combustion en-
gine, for reduction of losses. Installation on the pipeline
immediately after the collector or instead of it meets this
requiremen. The catalytic agent will be the receiver of
exhaust gas after the generator.

Output data which need to be known for calculation
of the thermoelectric generator is the power of a heat
load. It is caused by values of intake temperatures and
generator output, motion speed of a flow and its heat
capacity. The operating range of gas temperatures is set
by a collector on the input, and by the catalytic agent on
the output. At the end of a working piston stroke of the
engine pressure of a gas compound in the cylinder de-
creases to 0.3—0.75 MPas, and the temperature of a gas
compound has values within the range of 900—1200 °C
depending on the frequency of shaft turns. Further gas is
cooled in the collector and its temperature decreases re-
spectively to 800—1100 °C. Values of working tempera-
ture of the catalytic agent are in the range of 300—500 °C.
Flow rate of gas is defined by the engine capacity which,
in turn, depends on the frequency of shaft turns. For
petrol engines its value is regulated according to balance
of power of the car in the range of 1000—5000 RPM [8].
In case of movement the frequency of engine turns from
2000 to 4000 RPM is put into practice.

Volume velocity output of exhaust gas Vygis directly
proportional to the frequency of turns of the shaft n,,
number of cylinders producing gas for one turn (namely
to two for the four-cycle engine), to the engine capacity
Yr, and is inversely proportional to strokes #,, therefore

Vi _Ye 2 Y, i
60-n,  30-n,

From here, the line speed of gas flow via the genera-
tor with the internal section of S; will be

Ve _ Yun

S, S;-30-n

Heat capacity of exhaust gas of C, corresponds to a
heat capacity of a compound of its gases [8].

In TEG composition use of the serial semiconductor
high-temperature generating thermoelectric modules
(TEM) with efficiency of 12 % is provided. In Ukraine
such modules are produced as two-stage ones on the ba-
sis of crystals of BiTe and Si-Ge in series. These are
modules of Altek 1023 and Altek 1024. They have the
form of a horizontal rectangular cylinder. As a prototype
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of the thermoelectric generator on the basis of energy of
exhaust gases, the TEG of Hi-Z Corporation and
Thermpoelectric Institute Altek 8044 are taken [6, 9] in
which four modules are installed along the perimeter of
of the pipeline. However, their shortcoming is a big sec-
tion of working pass that leads to temperature decrease
of working gas and as a result, to low efficiency of the
generator. Therefore, in this operation it is offered to use
the square section of the generator pipeline which cor-
responds to the area of the section of a collector of the
IEE exhaust system.

For calculation of key parameters of the TEG in
Fig. 1 the model of a heat flux through one of the gen-
erator sides is offered. It consists of heat source (a flow
of exhaust gas), a wall of the generator pipeline, the
thermoelectric module and the radiator.

Transmission of energy from exhaust gas is offered to
be increased due to introduction of an empty cylinder to
the middle of a gas flow. This cylinder selects energy
from gas through convective exchange and transfers it to
a generator wall by a radial method. It provides compo-
nent transmission of thermal energy to the generator
pipeline wall at the level of convective exchange. The
surface of the cylinder is selected with longitudinal edg-
es which shall provide increase in the area of an output
surface at least, than three times.

For the model given in Fig. 1, the equation of heat bal-
ance counting per unit of time looks in the following way

0=0y+0,+0; end Q,— Q4= Pyt 0,

where Q is the thermal power of collector exhaust gas;
0, stands for losses of thermal power on elements IEE
heat source; Q, is the thermal power proceeding from
hot gases to the TEG both in a convective way, and ra-
diation from the thin cylinder (for calculations in opera-
tion, its area is considered twice as little as the interior
area of the pipe); O, is the thermal power which is led
out from the cold side of TEM to the environment by a
forced blowing; Q; is the thermal power which is led out
with gas; Q, stands for losses of thermal power on ele-
ments of the pipeline construction; Py, is electric power
of TEM. For calculation, we accept Q, and Q, equal to
Zero.

The mathematical model of gas heat transfer is to
consider the physical processes happening in the gener-

Q3 Pex QZ
T,

Fig. 1. Thermal process model of exchange in the thermo-
generator:
1 — heat source; 2 — hot heat exchanger; 3 — module; 4 —
heat exchanger (radiator); 5 — cylinder; T; — gas tempera-
ture; Ty, — wall temperature
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ator pipeline. Movement of exhaust gases begins in case
of their pushing out from the cylinder two times for a
turn of a shaft of the four-stroke engine. The main resis-
tance to movement is shown by the catalytic agent and
the resonator. At the same time the pipeline is filled ac-
cording to the IEE cylinder volume. Gas pressure in-
creases and gradually falls down before the following
pushing out. With a small error it is possible to allow
regularity of gas pressure along the pipeline. Gas moves
to the catalytic agent and cools down gradually while
moving. Therefore, the process which occurs is possible
to be accepted as an isobaric one with constant change
of temperature.

Let us a consider stable heat exchanging process (the
physical model corresponding to a thermal process
model) provided continuous pieline wall temperature
(Fig. 2) and we will give its mathematical model.

From gas with a total quantity of heat of Q, we will
select the layer of elementary volume with thickness dx
moving along a pipe. In process of passing it gives a part
of energy and cools down. At the beginning of a pipe we
take temperature of gas of 7, , at the end — T}, . Energy
of the gas cooling dQ passing through elementary sur-
faces of a wall d of the pipeline for a unit of time, con-
sidering the radiation of the empty cylinder is

dQ = Bgc(Tg ~Ti4 )+ (T, —Tw)}dS =p(T)-ds, (1)

where ¢ is wall material grayness coefficient (for the steel
covered with carbon film, € = 0.80); o is Stefan-Bolts-
man’s coefficient; o is coefficient exhaust gas — steel
heat transfer, depending on the speed of the gas flow and
the diameter of the pipeline (the relevant data are pro-
vided in [8]); p is thermal power which is absorbed by
wall surface unit; 7 is gas temperature from a source;
Ty, is the temperature of a wall of the pipeline; 7 is cyl-
inder temperature (Fig. 1).

The temperature of the cylinder is determined by the
equation

ma(T, ~T,) = %sc@g -1, ®)

where m is the relation of the total surface area of the
quill cylinder to the area transferring energy of its radia-
tion to a generator wall (when calculating m = 3).

Fig. 2. Physical model of the thermogenerator
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The energy which is released by the elementary vol-
ume of dY gas for a unit of time is also designated by loss
of its internal energy and is dU/df = dQ taking into ac-
count (1)

dT
C dY—=p(T)dsS.
A p(T)
For the square section of the pipeline with the side a

Cpazdx%: p(T)ds.

Taking into account that dx/dt = Vis the line gas speed,
we find the area on which gas temperature from initial 7},
will be reduced up to the finite temperature of 7,

Tr
dT
§=C,a | 3)

i, P(T)

Along with that, the difference of energies of the gas
which entered the generator and quitted it for a unit of
time is the integral power left by generator gas

C,dY(T,~T)) _

a’dx ‘ @
=C, T, ~T)) = C,aV (T, ~T)).

P(T,)=

It is known that solution of the equation of heat con-
duction is exponential dependence of temperature on
the way of gas passing. However, existence of the radiat-
ing cylinder in the pipeline results in more difficult de-
pendence than an exponential one, and requires the
joint solution of the equations from (1) to (4). The ap-
propriate program on the basis of the software of Wol-
fram Mathematica 10.4 was created for this purpose.
Engine capacity, engine shaft turn speed, temperature of
exhaust gas on a collector output, temperature of an in-
ternal wall and cross-sectional area of the generator
pipeline were accepted as output data for calculation.
For cars of the budget class, engine capacity is in limits
of 1.5—2.0 1 (on average 1.8 1). The output diameter of
the collector makes 53 mm. In case of a short collector
and its appropriate thermal insulation in calculations we
used the appropriate average temperature of exhaust gas
on an output equal to 1000 °C. Values of shaft speed
were taken with a step of 1000 RPM in the range from
1000 to 5000 RPM.

The need to provide the maximum value of the ef-
fectiveness of thermoelectric modules requires the most
effective selection of energy. It is possible in case of a
maximum gradient of temperature in these modules, or
at the greatest possible temperature of the hot side and
minimum possible temperature of the cold side. Re-
spectively, temperature of an internal wall of the genera-
tor pipeline, which is equal to 700 °C, was selected the
optimum working temperature (Altek 1023 or Altek
1024). The length of the generator pipeline is restricted
to a distance between the collector and the catalytic
agent, or 1.1 m.

The results of calculation are provided by graphic
dependences of gas temperature distribution (Fig. 3, a),
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and the thermal power absorbed by walls of the total
generator (Fig. 3, b, curves 1—5) on length of its pipeline
with different values of speed of a turn of a IEE shaft.
The analysis of the received dependences results in
the following. First, in case of an engine shaft turn with
a frequency of 3000 RPM the electric power of the ther-
moelectric generator can make up to 800 W that at least
allows excluding the electromechanical generator from
structure of the car. Secondly, in the distance which is
more than 0.3 m from the beginning, energy absorption
(less than 30 % to the last 0.8 m) sharply decreases that
causes small efficiency of further absorption. However,
gas temperature, naturally, does not fall lower than the
temperature of a pipeline wall and at its output has much
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Fig. 3. Distribution of temperature (a) of gas and thermal
power (b) which is absorbed by a wall, on generator
pipeline length at different speeds of turns of an en-
gine shafft:

1— 1000 RPM; 2,6 — 2000 RPM; 3,7 — 3000 RPM; 4 —
4000 RPM; 5 — 5000 RPM; 1—5 — one-block; 6,7 — the
three-block generator
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internal energy not used yet. As a result, there is a need
of division of the generator into composite units which
work as separate generators.

Division of the generator into units provides deter-
mination of the block lengths. It must be divisible to
TEM dimensions. According to the analyzed modules
by the minimum size (75 x 75 the mm), and based on
temperature condition, Altek 1023 is most acceptable.
Then the optimum length of the first unit will be 0.3 m
with 16 TEM could be located (four from four sides).

The value of the entering gas temperatures for the
second unit in case of corresponding speeds of shaft
turns is selected according to graphic dependence of
Fig. 3, a, and for X = 0.3 m. From the proceeding data,
the temperature of a generator wall is selected 500 °C.

Altek 1023 corresponds to the temperature mode
and size of the second unit. The optimum length of the
second unit is also 0.3 m. However, this is support of
application in the third unit of thermoelectric Mars 65
modules that serves as a criterium of its length since they
are much cheaper than Altek 1023 and have maximum
temperature of the hot side up to 550 °C.

The length of the third unit is set by the maximum
length of the generator — from the collector to the cata-
Iytic agent. Except for lengths of the previous units there
is no more than 0.5 m of a pipe left. The entering tem-
perature of gas is the output temperature of the second
unit. 300 °C will be the optimum temperature of a pipe-
line wall for this unit. The results of calculations which
are carried out for each of the units in the system of the
three-block generator for shaft turn speeds of IEE are
2000 and 3000 RPM by the considered technique, are
provided in Fig. 3, b, curves 6 and 7, respectively. It is
obvious that in comparison with the integral (one-
block) generator, efficiency of energy selection grew
more than three times for both rotational speeds of an
IEE shaft. Corresponding results of calculation for all
speeds of a turn of the engine are shown in the Table.

The output temperature of the generator will be from
300 °C (in case of minimum engine shaft turn speeds) to
450 °C (in case of maximum speeds). Such a range of
temperatures corresponds to operating conditions of the
catalytic agent of the exhaust system of the engine.

The amount of the electric power which is worked
out by the thermoelectric module is proportional to a
flow of thermal energy passing through it. Yet the effec-
tiveness of such transformation depends on a tempera-

Table

Power of energy absorption by the wall of the generator
and total electric power of TEM

Frequency, RPM 1000 | 2000 | 3000 | 4000 | 5000

Power, kW
Block 1 1.8 3.6 4.2 5.2 6.2
Block 2 1.5 2.5 5.0 5.6 6.0
Block 3 2.0 34 4.8 7.5 10

Total electric power | 0.38 | 0.59 1.0 1.3 1.5
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ture gradient in the module as well. It is caused by the
basic principle of operation of the module — diffusion
process of transfer of charge carriers in semiconductors.
Therefore, it is necessary to provide power rating of a
heat flow via the module. If not, the effectiveness of the
transformation process will decrease. In case of uprating
of rated value there is an exhaustion of process of charge
carriers from the hot side of semiconductors. In case of
its understating the number of the charge carriers which
are moved in unit of time decreases in proportion to re-
duction of a temperature gradient. This value is electric
current. The electric potential on the cold ends of semi-
conductors is proportional to quantity of a charge. It
causes intrinsic current via semiconductors of the mod-
ule and external loading if it is. Therefore, the generative
thermoelectric module can be considered as the first ap-
proximation as the voltage source regulated by a heat
flux with internal resistance. Therefore, as the first ap-
proximation, the current effectiveness of transformation
n of a heat flux capacity which isn’t exceeding rated, can
be marked as known 7,

AO
[ S 5
n ATO Mo (5

where AT, is the temperature differential between the
hot and cold sides that corresponds to a difference of
minimum temperature for the cold side on passport data
of TEM; AT is the actual temeperature differntial be-
tween the hot and cold sides.

The real temperature differential will change perma-
nently in some limits depending on certain conditions.
The temperature of the hot side is set by the generator
wall temperature which depends on the motion speed of
gas, i.e. on the frequency of engine shaft turns. If the
frequency is high, the temperature of the wall becomes
higher. The temperature of the cold side is defined by
amount of thermal energy of the leading-out flow, ther-
mal resistance of the radiator and the ambient tempera-
ture (for calculation it is selected under normal condi-
tions). Thermal resistance is set by parameters of the
radiator and speed of its blowing by air, i.e. motion speed
of the car. The higher the speed is, the less thermal resis-
tance of the radiator is depending on its structure. The
leading-out heat flow depends on engine shaft turn fre-
quency. The structure of the radiator is not considered
in this work. But for the purpose of reduction of its sizes
when calculating effectiveness it is necessary to increase
temperature of the cooled surface. At the same time
such increase reduces AT and, according to expression
(5), reduces effectiveness of TEM. A compromise be-
tween these opposite requirements is the subsequent
temperature increase: for the first unit to 150 °C, for the
second — to 100 °C, for the third — to 50 °C.

Air cooling has advantage in comparison with that by
water because in the process of speed change of the car
in case of direct blowing of the generator, there is a cor-
responding change of its thermal resistance. At small
speeds, especially in the idling mode, the air blowing of
the radiator of the generator first unit is sufficient for its
normal operation. At the same time other units are not
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threatened by overheating as the main loss of energy of
exhaust gas occurs in the first unit. In case of increase in
the motion speed, surface of radiators will be blowed by
external air with a speed over 15 m/s (60 km/h) that will
provide the preset values of thermal resistance, small
overall dimensions of radiators and the maximum effec-
tiveness of energy transformation of exhaust gases into
electric power.

When calculating effectiveness according to expres-
sion (5) values 0f 9.5, 7.5 and 5.0 % for the 1, 2™ and 3™
units respectively were received. Considering this the
total electric power of the generator, specified in the ta-
ble, is received. Namely, in case of probable working
frequency of the engine (about 3000 RPM.) power of
the TEG reaches 1 kW that when calculating on the
spent fuel will make more than 2 %. The TEG perma-
nently works out this energy. Some of its quantity will be
used by a car network. Residual should be directed on
the help of IEE.

There is also a problem with equalization of temper-
ature along one unit as it is necessary to have its identical
values on the TEM parameters. For equalization of val-
ues of the temperature along the pipeline of the genera-
tor it is offered to use thermal vacuum heat exchangers.
The project of such a heat exchanger is shown in Fig. 4.
It consists of a part of the pipeline and the associated to
it by means of electrical welding of a parallelepiped. In
emptiness the piece of sodium is placed and after that it
is vacuumized up to the pressure of 110 mm hg. In
case of high temperatures emptiness is filled by sodium
vapors. Heat conduction of such gas at least is 10 times
more than copper.

Methods for application TEG electric power, which
is excessive for the car network, make a separate ques-
tion. It is natural to direct this energy to creation of the
car movement. However, it is not provided in the mod-
ern cars with IEE. At the same time the TEG is an ad-
ditional source when using the electric motor and in
case of association to a mechanical system of the car.
Constructional continuation of development is change-
over of the electromechanical generator by the electric
motor which will unwind IEE shaft by means of the pass
transmission intended for the generator. The engine
must have a broad range of speeds, the high moment of
a shaft turns and, what is especially important, waste
control system. The motor-wheel which has been used
since the middle of the last century meets such require-
ments and now is widespread in the electric transport.

Conclusions and recommendations for further re-
search. The received results are technical and estimated
reasons for creation of the innovative device for the in-
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Fig. 4. Project of the Heat Exchanger
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ternal explosion engine of the car for energy recupera-
tion of the fuel which is released outside. This device is
the thermoelectric generator with a block structure
which works with thermal energy of exhaust gases for the
existing models of cars. When calculating the generator
its thermal and physical models are considered, use of
air cooling for obtaining optimum effectiveness of trans-
formation is justified. The possibility of receiving to
1 kW electric power in case of its use is shown that when
calculating on the consumed fuel makes at least 2 %. It
allows making replacement of the electromechanic gen-
erator of the car with further use of excessive energy of
recuperation.
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Meta. Po3pobka npucTpoto a5 yTuiizalii yacTu-
HU TEIUIOBOI €Heprii BUXJIOMHUX Ta3iB OEH3MHOBOTO
JNIBUTYHA BHYTPillIHbOTO 3ropsiHHs (AB3), 1mo Bianosi-
JIa€ KOHCTPYKIii aBTOMOOINIB, 5IKi iCHyI0Tb. CTBOpEH-
HSI BiIMOBIHOT MOJIEJTi Ta PO3PaXyHOK OCHOBHUX Mapa-
METpiB TEPMOEJIIEKTPUYHOTO TeHepaTopa, IO MPAIIoe
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Ha eHepril BUXJIONTHUX Tra3iB, 3 OOTPYHTYBAHHSIM MOX-
JIMBOCTiI OTPUMAaHHSI €JIEKTPUUHOI €Heprii B KiJIbKOCTI,
JIOCTaTHIM, IK MiHIMYyM, [JIsl 3aMiHU eJIEKTpOMeXaHiu-
HOTO TeHepaTopa aBTOMOOIIS.

Mertomuka. BukopucroByBanocst ¢iznuHe il mare-
MaTUYHE MOJEIIOBaHHS MPOIIECiB Terulonepenadi ta
reHepauii eJeKTpUYHOI eHeprii B TepMOEIEeKTPUUHUX
reHepaTopax.

Pesyabratu. IlpoBeneHo aHami3z dizuuHoOi Mojeri
MpOLECy, 1O BiAOYBAETHCS MPU Bilgavi TETUIOBOI eHEP-
Tii BiJi MOTOKY BUXJIOMTHOTO Ta3y y TPyOONPOBOi reHe-
paTopa, Ta BU3HAYCHO IIPUHIINAI PO3PAXyHKY MOTO
OCHOBHUX TmapameTpiB. Po3pobireHa MaTeMaTIHa MO-
JieJib TeTJI000MiHY y TpyOOIIPOBOIi 6JI0KOBOTO TEPMOE-
JIEKTpUYHOTO TeHepaTopa. CTBopeHa mporpama Ha 6a3i
nporpamMHoro 3abe3rneyeHHs Wolfram Mathematica ta
MPOBEIEHO PO3PaxXyHOK BiAMOBIZHMX TapaMeTpiB IJis
KOXKHOTO OJIOKY IpH pi3HuX HaBaHTaxeHHsix J1B3. Tex-
HiYHO OOIPYHTOBAHO CTBOPEHHS MIPUCTPOIO ST PEKY-
Trepallii eHeprii najiMea, 110 BUKUIAETHCSI HA30BHi, IJIs1
JIB3 nerkoBux aBToMOOiTiB. BinnmoBigHUM MPUCTPOEM €
TepMOEJIEKTPUUHUIA TeHepaTop i3 0JJOKOBOIO OYI0BOIO,
10 MPALIOE Ha TEIJIOBiM eHeprii BUXJIOMHUX ras3iB. 3a-
IIPOITOHOBAHO BUKOPHUCTAHHS ITOBITPSTHOTO OXOJIO-
IKEHHS IUTsT oTpuMaHHS ontuMaiibHoro KKJI mepetBo-
penHs. [lokasaHa MOXIIMBICTH OTPMMAHHS TIPU MOTO
BUKOpUCTaHHi 10 1 KBT ejekTpuuHOi eHeprii.

HayxkoBa HoBusHa. Po3po6JieHO iHHOBaLIiMHWIA TTpU-
CTpiil yTuiti3allii eHeprii BUXJIOMHUX Ta3iB 1151 Moaesei
aBTOMOOIJIIB, 110 BXKe iCHYIOTb. YTIeplle 3arpoIroHOBa-
Ha il O0rpyHTOBaHA CTPYKTYpa PO3ALICHHS TEPMOEJIEK-
TPUYHOTIO reHepaTopa Ha Tpu OJI0KHM, 1110 MPAIIOIOTh SIK
OKpeMi TepMOeJIeKTPUYHI TeHepaTOpH, a TAKOK BBE/ICH-
HSI B CEpeIMHY Ta30BOTO TIOTOKY TTOPOKHBOTO IIAJTiHApa
3 TIOB3I0XKHIMU pedpaMu Ha TTOBEPXHi AJI MTOKPAILEH-
HS TeIUToIepeaadi 3a paXyHOK BUITPOMiHIOBaHHS.

IIpakTyHa 3HauMMicTh. BuKopucTaHHS 3amporio-
HOBAHOTO TEPMOECJIIEKTPUYHOTO TeHepaTopa ITO3BOJISIE
MPOBECTU 3aMiHy eJIeKTPOMEXaHIUHOro TIeHepaTopa
aBTOMOOIISI 3 TTOAAJIBIIMM BUKOPUCTAHHSIM HaJIMII-
KOBOi eHeprii pekymnepartiii. EHepris, 1o 30epexeHa B
pe3yabTaTi pekyrnepailii, y nepepaxyHKy Ha CIIOXUTE
MaJuBO CKJIanae He MeHIe 2 %, 110 € BaKJIUBUM SIK B
€KOHOMIYHOMY, TaK i B €KOJOTiYHOMY acreKkTax.

KmoueBi ciaoBa: enepeosbepescennsn, mepmoenex-
MPUMHULL 2eHepamop, YMuaizayisi, 8UXA0NHI 2a3u

Hemb. Pa3paboTka ycTpoiicTBa sl yTUWIX3ALUU Ya-
CTH TETUTOBOM SHEPTUY BBIXJIOITHBIX Ta30B OCH3MHOBOTO
nmBurartenst BHyTpeHHero cropanHust (IBC) B cootset-
CTBUHU C KOHCTPYKLIMEN CYILIECTBYIOILIMX aBTOMOOWJICH.
CozmaHue COOTBETCTBYIOIICH MOMCIA M pacdyeT OCHOB-
HBIX TTapaMeTPOB TEPMOIJIEKTPUIECKOTO reHepaTopa, pa-
0OTaIOIIEro Ha SHEPTUU BBIXJIOIMHBIX Ta30B, C 000CHOBA-
HMEM BO3MOXKHOCTH IOJYyYEHUST JIEKTPUIECKOU 3Hep-
MU B KOJIMYECTBE, TOCTATOYHOM, KaK MUHIMYM, JIJIST 3a-
MEHBI 3JIEKTPOMEXaHMIECKOTO TeHepaTopa aBTOMOOWIIS.

Metoauka. VMcnonb3oBanoch Gpu3nyeckoe U Marte-
MaTHYecKoe MOMAEIMPOBAHKUE MPOILIECCOB TEIUIONEpe-
JIAYM ¥ TeHepaILluy 3JIeKTPUIECKOM SHEPTUH B TEPMO-
BIICKTPUICCKUX TeHepaTopax.
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PesyabTatel. [1IpoBeneH aHanus pusnyeckoit Mmoae-
JIU Tpoliecca, MPOMCXOASIIEro MPU OTAavye TErUIOBOM
SHEPTUU OT MOTOKA BBIXJIOMTHOIO ra3a B TPyOOIpoBo/Ie
reHeparopa, W OIpeaesieH MPUHLIUIT pacyeTa ero oc-
HOBHBIX TTapaMeTpoB. Pa3paboraHa MaremaTmdecKast
MoJieJib TEMJI000MeHa B TpyOoIpoBoae OJOYHOIO Tep-
MO3JIEKTpUUYECKOTo TeHepaTtopa. Co3gaHa mporpaMmma
Ha 0a3e rporpaMMHoro obecrnieueHus Wolfram Mathe-
matica ¥ ImpoBeIeH pacyeT COOTBETCTBYIOIIMX ITapame-
TPOB UISI KaXIOro 0JioKa MPU Pa3IWyHBIX Harpyskax
JABC. TexHuyecku 000CHOBAHO CO3JaHNE YCTPOMCTBA
IJIST peKymnepaluu BbIOpachiBAaeMOl HapyXXy SHEPruu
toruuBa aist JIBC nerkoBbix aBTomoouieii. CooTBeT-
CTBYIOIIMM YCTPOMCTBOM SIBJISIETCSI TEPMOIJIEKTpUUE-
CKUi1 TeHepaTop OJIOYHON CTPYKTYPhI, KOTOPBIA pabo-
TaeT Ha TeIJIOBOI 3Hepruu BHIXJOMHBIX ra3oB. [lpen-
JIOXKEHO WCITOJB30BaTh BO3AYIIHOE OXJIAXKICHUE I
noaydyeHus ontumanbHoro KII mnpeobGpa3zoBaHusi.
IToka3zaHa BO3MOXKHOCTD ITOJTYICHMS IIPU €TI0 UCTIOIb-
30BaHUM A0 1 KBT a1eKTpuyecKoii SHEPIruu.

Hayynasa noBu3Ha. PazpaboTaHO MHHOBALMOHHOE
YCTPOMCTBO IO YTUIM3ALIMU SHEPTUU BBIXJIOIHBIX ra-
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CUMETPYBAHHS HA MOJIEJI TPU®A3HOI CUCTEMU
3 ®LJIbTPOM 3BOPOTHOI CKJIALOBOI

Purpose. The determination of the optimal mode of asymmetric three-phase electrical system using the sym-
metrical component filters and computer power system model is considered.

Methodology. The system is represented as a visual model that uses a resistive-capacitive filter to select reverse
symmetrical components. Its amplitude is a function of the target value, which in the process of optimization is re-
duced to zero. The variables used to be optimized are the parameters of the balun. Optimization is performed by a
zero-order method.

Findings. In the process of optimizing the balun device parameters are calculated. The power supply system is set
to symmetrical mode. Changing the angle of the line currents with respect to the phase voltages by changing the pa-
rameters of the balun device, and at the same time symmetric mode in the system is maintained. Thus the optimum
mode can be achieved in which the reactive power in the power system is fully compensated.

Originality. A new approach to the problem of balancing the three-phase power supply systems based on the use
of the visual system models and optimization techniques is proposed. The principles of formation of the objective
function in order to achieve a symmetrical mode are formulated. The possibility of using filters of symmetrical com-
ponents for this purpose is shown. The method of exclusion of their direct impact on the power system with depen-
dent sources is found.
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