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Purpose. Selection and substantiation of the method for maintaining the maximum power of a thermoelectric
generator unit to provide its energy-efficient modes of functioning in various modes of operation of the cogeneration
system.

Methodology. Theoretical studies were based on the theory of thermoelectric conversion law of thermodynamics,
heat transfer theory using the methods of mathematical and physical modeling according to the theory of identifica-
tion and theory of experiment. Designing computer models was implemented according to the simulations methods
using Simulink tools. The check of theoretical research on the experimental sample the cogeneration system in a
production environment was realized.

Findings. Based on the established mathematical relations, an algorithm was designed to maintain the maximum
power of the thermoelectric module taking into account the temperature coefficient of its internal resistance changes.
A simulation model of a cogeneration unit was designed, which includes, in particular, the heat generator subsystem
and power generating unit. It was proved possible to increase the efficiency and the maximum capacity of power gen-
erating unit by calculating and setting the input current required for it.

Originality. The algorithm for determining the maximum power of thermoelectric generator in cogeneration sys-
tems is defined. This can improve their energy efficiency under different temperature conditions.

Practical value. Application of the developed models can adequately reproduce the dynamics of the operation
of a thermoelectric module of a cogeneration system and to identify the parameters of the system under various
load conditions. The proposed algorithm for determining maximum capacity is implemented in the power gener-
ating unit control system module. This makes it possible to ensure improved energy efficiency of the cogeneration
system.

Keywords: power generating unit, thermoelectric modules, autonomous cogeneration system, heat generator, energy

efficiency, modeling

Introduction. Heat is a byproduct of literally any
technology. Heating and electricity generation are not
exceptions, there is always some amount of heat emitted
from the surfaces or exhausted into the air. The very
physics of the Carnot Cycle restricts the amount of en-
ergy that can be transformed into mechanical (and later
to electrical) form by the ratio of temperatures [1].
Roughly from 50 to 70 % of primary energy thus can be
just wasted, if only mechanical or electrical energy is
considered to be ‘useful’.

That is why the so-called co-generation or combined
heat and power generation technologies are a far more
thrifty way of energy utilization. There are various types
of such systems. Those including renewables and the so-
called micro cogeneration systems [2] are becoming
more and more popular because the advance in these
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technologies has made them more efficient and afford-
able.

The Peltier elements or thermoelectric generators,
being known for many years, have recently got their
wider application. They may be used for cooling by
supplying electricity to them, or, vice versa, consum-
ing thermal energy and generating electricity. Appli-
cation of cogeneration plants based on the use of re-
newable sources, including biofuels, is a promising
area of small power engineering. This is because the
heat and electricity is used directly in the place of
their generation, which is cheaper than construction
and operation of multikilometer heating mains and
power grids.

Autonomous energy sources with combined electric-
ity and heat generation can provide power reserve for
centralized utilities [3]. In addition, the reduction of
heat emissions into the atmosphere at a larger scale
would mitigate environmental problems.
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Therefore, the use of heat wastes in the recuperative
production process as a source of electrical energy is a
viable solution. One of effective ways to solve the above-
mentioned problem is the use of thermoelectric genera-
tors (TEG) that perform direct conversion of heat into
electric power [3].

The power of modern thermoelectric generators
(TEQ) varies from several watts to tens of kilowatts. De-
spite low efficiency in this mode, they have obvious ad-
vantages. They do not have moving parts, are easy to
install and, most importantly, do not require high tem-
perature differences. Due to their high reliability and
durability, simplicity of operation, absence of noise
TEGs can be used to supply facilities that are distant
from power lines as well as when they are the only pos-
sible source of electric energy [4].

Power generating modules based on thermoelectric
elements can work even at minimum temperature differ-
ences, including those on the surfaces of industrial
equipment. This is especially is important considering
that in industry 90 % of the heat energy is emitted from
the surfaces at temperatures up to 300 °C [4]. Thus, the
use of thermoelectric modules in cogeneration systems
as the source of accumulation of electric power from
thermal emission of heat generators, including the ap-
plication of heat obtained from flue gases, is a promising
area of power saving [2].

To do that, it is necessary to solve many problems.
Among them is the problem of optimal operation of the
generation unit. These comprise heat generator, elec-
tricity generator and cooling system. The loads or con-
sumers — of both heat and electrical energy, should also
be taken into account. All the components are intercon-
nected; their performances affect each other and overall
efficiency. Heat transfer, cooling processes and electric-
ity generation are described by non-linear functions;
therefore, it is not easy to provide an optimal combina-
tion of component parameters [4]. Moreover, under a
varying load, a point of optimal operation should be set
up and sustained.

Therefore, the research on thermoelectric generators
under different operation conditions to determine the
energy efficient parameters of system operation is very
important. To do that, we first need a complex model of
heat and electric power generation module.

Objective. Research on the thermoelectric genera-
tor module performances via its modeling to determine
its energy efficient modes of operation for different
modes of cogeneration facility is the objective of this
paper.

Presentation of the main research and methods of.
Solving the task of improving the quality of cogenera-
tion system control should begin with development of
the effective systems of smooth adjustment of operating
parameters depending on preset values and environ-
mental conditions. Optimal control under these require-
ments needs identification of the object state and appro-
priate adaptation of the control system parameters with
regard to the requirements concerning stability of para-
metric and power disturbances.

In order to make an adequate model of the electric
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cogeneration system it is necessary to examine the op-
eration of the entire installation.

The technological process of cogeneration, imple-
mented on the basis of solid fuel heat generator is per-
formed according to the following sequence. The pro-
cess of burning of technological biomass in the cell oc-
curs simultaneously with forcing of air in the heat ex-
changer by the fan. When the heat generator is at rated
power, the power generating unit generates the energy
that is used to charge the battery and supplied to the in-
verter producing voltage for power supply of the fan and
to the consumer. On the wall of the smoke bonnet and in
the area of installation of the power generation unit the
thermal sensors are embedded, which, together with the
automatic control system, control the temperature of
the cold side, and do not allow the hot side temperatures
to exceed 150 °C. The process of adjustment is carried
out by changing the throttle position [1].

The studies show that the effective operation of
thermoelectric generator requires achieving the maxi-
mum allowable temperature difference between the sur-
faces of the module. The temperature difference on the
surfaces of the module installed in the heat generator
that works on solid fuel depends on several factors, in-
cluding the relationship of thermal power characteris-
tics of biofuels and technical parameters of the heat
generator [1]. Moreover, the value of the electrical re-
sistance of the load must approach the value of the in-
ternal resistance of the generator module in operating
conditions [2].

In this regard it is necessary to control the tempera-
ture modes of generator module operation ensuring
their limits, which is expedient to implement using the
method for determination of the hot surface module
temperature by its electrical parameters — output volt-

age and the load current [4].
2

where U is output voltage; / is load current; R, is the in-
ternal resistance of the module at temperature 7; o is
the temperature coefficient of resistance change; 7, 75,
are temperature values of hot and cold surfaces of TEG
respectively; & is the Seebeck coefficient.

According to dependence (1) for maximum output
power of TEG in the allowable temperature range AT
(50—110 °C), the current consumed by thermocouple
should be

U+I(R0+a0(
k

Ti:T2+ 5 (1)

I kAT
%&+ME—%»

where T, is the temperature of thermoelectric module
under normal conditions (20 °C); R, is electrical resis-
tance of thermoelectric module under normal condi-
tions (20 °C); T, is the average temperatures of the cold
and hot side of TEG; o7, — T;) is the component that
takes into account the dependence of resistance on the
temperature.

2
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Fig. 1. Imitating model of the algorithm of maintaining
the maximum power of TEG taking into account the
change of its internal resistance

The indicated relation (2) is the basis for developed
calculation algorithm of load current that provides max-
imum power output based on TEG load characteristics.
The algorithm is implemented as a separate module of
the control system of battery charger voltage converter
(Fig. 1).

The imitating model of cogeneration installation is
developed for the estimation of impact of external fac-
tors and identification of system parameters at different
loading modes in general and for operation analysis of
power generating module (Fig. 2).

The model of power generating panel 28 x TEG
Module comprises subsystem of elements taking into
account their total mass, heat capacity, space and wall
thickness, their thermal conductivity and other physical
characteristics. The input parameters of the block in a
power generating mode, defined in the settings, are
thermal characteristics of the selected number of TEG
elements; output parameters are electric ones.

The developed model is universal because it allows
the user to form power generating module with any

number of TEG elements taking into account their ther-
mal and electric power parameters.

This model is reversible: electrical characteristics
can serve as input parameters while the output will show
the thermal performance of the model.

Teplogenerator subsystem reproduces operation of
solid fuel boilers considering thermal parameters
(weight, specific heat, thermal conductivity, heat trans-
fer area, etc.) and its structural elements. The input pa-
rameters of the block are (in per units) a required
amount of air and biofuel that are designed respectively
as Vent fan and as Dozator screw feeder. Output param-
eters of the subsystem are thermal power and the tem-
perature of the “hot” side of thermoelements subsystem
as well as oxygen concentration in the flue gases, which
indicates the efficiency of combustion. Residual heat is
taken from the “cold” side of TEG module by Cooler
subsystem.

The Control System control module regulates the
operation modes depending on the magnitude of the
voltage, output temperature and oxygen concentration:
with increasing the voltage, fan speed of Cooler cooling
system decreases, and, therefore, the temperature dif-
ference between “cold” and “hot” TEG surfaces
decreases.

The input of the DC-AC subsystem inverter is fed by
the voltage from the battery, which is initially used for
the start of the installation, and then charged by gener-
ated power.

The input of DC-DC converter subsystem, which is
used to charge the battery, is supplied by voltages of
the thermoelectric elements subsystem. This process
occurs automatically, and the output current of ther-
moelectric module is maintained at efficient level dur-

=
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Bstt param

L —
ap

14.00

» 160
T1.°C

= |

-

-]
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=]
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Start Bio
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Fig. 2. The structure of the imitating model of a cogeneration facility:

1 — power generating block (28 < TEG Module); 2 — heat generator (Teplogenerator); 3 — cooling subsystem with a fan (Cooler);
4 — subsystems of the feeder and of the fan for ensuring the combustion process (Dozator, Vent); 5 — frequency converters (PWM1,
PWM?2); 6 — control subsystem (Control System); inverter (Inverter); 7 — power battery (Bat); measurement devices of input and
output parameters (Scope, Display); § — load elements with switching devices (R1, R2, R3, S1, S2, S3)
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ing the battery charging. Comparison of simulation
results suggests the feasibility of the algorithm devel-
oped, which will help to increase the output power by
25-50 %, depending on the lower end of input volt-
ages range.

Fig. 3, a and Fig. 3, b show the results of imitation
modeling of functioning of the power generating mod-
ule with the enabled and disabled algorithm of maxi-
mum power adjusting. Transients of the voltage, current
and power consumption for battery charging interval
10—100 % indicate that application of the algorithm al-
lows maintaining the energy efficiency at the maximal
level.

The electric circuit connection diagram of the volt-
age converter module with developed algorithm of max-
imum power adjusting is shown in Fig. 4. Conversion
scheme is implemented by standard schematics using
DC-DC controller with appropriate algorithms and per-
forms functions of raising or lowering the voltage de-
pending on the value of the input voltage that comes
from TEG.

Based on the experimental results, imitation simula-
tion results (Fig. 5), and developed functional diagram
of the cogeneration power generating module of experi-
mental setup, the physical model of the module of elec-
tric power accumulation and voltage conversion is im-
plemented.

Fig. 3. Transients of power parameters of the output of
TEG (U, I, R) with enabled (a) and disabled (b) al-
gorithm of maximum power regulation

The examined model with the power generating
module provided the following results during the tests:
TEG output voltage in idling is 45V, in load conditions
(with voltage converter): input is 22.5 V, output is less
than 14 V (at full battery charge).

The cogeneration installation (Fig. 6) was made us-
ing a 20 kW heat generator with a block of 28 TEG ele-
ments, inverter and control module with the embedded
developed algorithm of maximum power regulation.

The installation passed production tests at the re-
gional enterprise “Ukrainian Technological Systems”
(the City of. Ternopil); maximum electric power ob-
tained is 200 watts.

In the future, the development of adaptive control
system is planned that operates on the basis of the devel-
oped algorithm for cogeneration facilities based on heat
generators of various capacities with the automated fuel
supply.

Conclusions.

1. On the basis of the established regularities, the al-
gorithm of maintaining the maximum power of the
thermoelectric generator considering the temperature
change coefficient of its internal resistance is developed.
The implementation of the algorithm allows providing
an increase in output power of TEG by 25—50 %, de-
pending on the lower limit of the operating range of
converter input voltage.

2. The imitation model of a cogeneration installa-
tion is developed that includes, in particular, heat gen-
erator and power generating block subsystems, that al-
lows examining operation of the system under different
loads.

3. According to the results of mathematical and
physical modeling it is determined that the load voltage
of TEG is equal to voltage drop on its internal resistance
and is invariable over time for interval of 10—100 % bat-
tery charging that indicates the efficiency of the pro-
posed algorithm.

4. Experimental tests of the developed autonomous
cogeneration system based on a 20 kW bio-thermal gen-
erator are performed. Installation produced maximum
electric power output of 200 watts.

VR1
+Vin , 11 s +5B 3 :
O P+ VCC " 7805
c1 c2 I_z 7 L
I_l_l i s, P+ VIOUT — z
I:rou Ioon —e. Frerfe 1000
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Fig. 4. The electrical circuit of the voltage converter module with developed algorithm of maximum power adjusting
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Fig. 5. Dependence of output power of a single TEG ele-
ment on the temperature difference between its sur-
faces and from load impedance

Fig. 6. Cogeneration installation that is based on a 20 kW
heat generator with TEG block and modules of elec-
tric energy conversion and accumulation
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Mera. Bubip Ta oOrpyHTYBaHHSI METONIYy ITiATpU-
MaHHSI MAaKCUMaJIbHOI ITOTY>KHOCTi TEPMOEJICKTPUUHO-
0 TeHepaTopHOro OJIOKY sl 3abe3MedyeHHsI HOoro
eHeproeeKTUBHUX PEeXUMiIB (DYHKIIIOHYBaHHS TIpU
Pi3HUX pexkrMax poOOTU KOTeHepaliifHO1 yCTAHOBKH.

Metoauka. TeopeTUUHi OOCTIIKEHHST Oa3yBanucs
Ha Teopii TepMOEIIEKTPUIHOIO TEePETBOPEHHS, 3aK0-
HaxX TepMOIMHAMIiKM, Teopil Terionepenadi 3 BUKO-
PUCTaHHSIM METOiB MAaTEeMaTUYHOTO i (Pi3MIHOTO MO-
JIeJIIOBaHHS 3TiTHO 3 TeOopi€lo imeHTUdikalii Ta Teopi-
€10 ekcrepuMeHTy. KOHCTpyroBaHHSI KOMIT' IOTEpHUX
MOJeJieil peasli3oBaHO 3a JOIMOMOIOI0 iMiTaliifHOro
MOJIEJIIOBaHHS 3 BUKOPUCTAaHHSIM iHCTpyMeHTapito Si-
mulink. IlpoBeneHa mepeBipka TEOPETUYHUX TOCHTi-
JKEHb Ha €KCIIEPUMEHTAIbHOMY 3pa3Ky KOoTeHepalliii-
HOI CUCTeMU Y BUPOOHUYMX YMOBaX.

Pe3ynbraTn. Kepytourncs BCTAHOBJIEHUMU MaTeMa-
TUYHUMM 3aJIeXKHOCTSIMU, OYyB pO3pO0JEHUI ajro-
PUTM OiATPUMAHHS MAaKCUMAaJIbHOI MOTYXXHOCTI Tep-
MOEJIEKTPUYHOTO MOMYJISI 3 ypaxXyBaHHSIM TeMIlepa-
TypHOTo KoedillieHTa 3MiHU 10r0 BHYTPillTHLOTO OITO-
py. Po3pobiieHa imiTaliiiHa Moaeab KOreHepawliiiHol
YCTAHOBKM, N0 CKJIaay SIKOi BXOOSITh, 30KpeMa, ITifI-
CHCTEMU TeIUIOTeHepaTopa Ta eJIEKTPOreHEPYUoro
0710Ky. JloBeneHa MOXJIMBICTb MiABUILEHHS Koepilli-
€HTa KOPMCHOI Mii Ta MAaKCUMaJIbHOI'O 3HAYE€HHS MO-
TY>KHOCTI €JIeKTPOr€HEepYIoUOoro MOIyJis HUISIXOM PO3-
paxyHKy ¥ 3agaHHsI HEOOXiJTHOTO TSI HbOTO BXiTHOTO
CTpYMy.

HaykoBa HoBu3Ha. BcTaHOBJIEHI 3aKOHOMiIpHOCTI,
Ha OCHOBI SIKUX BU3HAYEHO aJITOPUTM BiIOOPY MaKCH-
MaJIBHOI TTOTYKHOCTi TEPMOEJIEKTPUIHOTO TeHepaTopa
B KOT€HEpallilfHUX CUCTeMaX, IO Ta€ 3MOTY IiIBUIIH-
TH iX eHeproe(eKTUBHICTh IIPU Pi3HUX TEMITepaTypPHUX
pexXumMax.

IIpakTHuHa 3HAYMMICTh. 3aCTOCYBaHHSI PO3pobJIe-
HUX MOJeJieil J03BOJISIE afeKBaTHO BiATBOPIOBATU JM-
HaMiKy poOOTU TEPMOEIEKTPUYHOTO MOMAYJS Y CKaadi
KOreHepauiiiHO1 CUCTeMU TeTuloreHepaTopa Ta ileHTU-
(ikyBaTy mapamMeTpu CUCTEMM MPU Pi3HUX PEeXKUMAaX
HaBaHTaXeHHs. 3alpONOHOBAHUI aJrOPUTM BilOOpPY
MaKCHUMaJIbHOI MOTYXXHOCTi iMILJIEMEHTOBAHO B MO-
IyJIb CUCTEMHU KEepYyBaHHS €JIEKTPOTCHEPYIOUUM OJI0-
koM. lle mo3Bonamio 3a0e3neunTy IiaBUILEHHS eHep-
roeeKTUBHOCTI KOreHepaliitHOI CUCTEMMU.

Kimouosi ciioBa: esrexmpoeenepyrouuii 610k, mepmoe-
AeKmpu4Hi MoOyal, ABMOHOMHI KO2eHepauiliHi cucmemu,
biomennoeenepamop, eHepeoepeKkmueHicms, Mooenro-
BaHHS

Iens. Boi6bop 1 obocHOBaHME MeToJa TMOAIepXKa-
HUST MAaKCUMaJIbHON MOITHOCTH TEPMOIJIEKTPUUECKO-
ro TeHepaTOPHOTO OJI0Ka It 0OEeCTIeYeHUST ero IHEepP-
roadGEeKTUBHBIX PEXUMOB (DYHKIIMOHUPOBAHUS TIPU
Pa3IMYHBIX peXXUMax pabOThl KOTeHEepallMOHHOM ycTa-
HOBKH.
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ENEKTPOTEXHIYHI KOMNMANEKCU TA CUCTEMMN

Metomuka. TeopeTudyecKkre HCCIIeIOBaHUS 0a3u-
pPOBAIMCh HAa TEOPUM TEPMOIIEKTPUUIECKOTO IIpeodpa-
30BaHUs, 3aKOHAX TEPMOIUMHAMMKU U TEOPUHU TEILIO-
nepeaayu ¢ MCIoJb30BaHMEM METOMOB (DU3UIECKOTO 1
MaTeMaTUYECKOTO MOJEIMPOBAaHUS COIJIACHO TEOPUU
UIEeHTU(MUKALIMY U TeOpUM dKcnepuMeHTa. KoHcTpy-
UpOBaHME KOMIIBIOTEPHBIX MOIEJel peaaru30BaHO C
TMOMOIIBIO MMUTAIIMOHHOTO MOJEIMPOBAHUS C MC-
MnoJib30BaHueM UHCTpyMeHTapusi Simulink. ITpoBene-
Ha ITpoBepKa TEOPETUIECKUX UCCIeTOBAHUI Ha 9KCTIe-
pPUMEHTaJIbHOM 00pasile KOTeHepallMOHHOW CUCTEMBbI
B ITPOU3BOJCTBEHHBIX YCIOBUSIX.

Pesyabrathl. PyKOBOACTBYSICH yCTaHOBJIEHHBIMU
MaTeMaTUISCKUMM 3aBUCHUMOCTSIMH, OBLIT pa3paboTaH
AJTOPUTM MOIACP>KAHUS MaKCUMaJIbHOU MOIITHOCTHU
TEPMOIJIEKTPUYECKOTO MOYJISI C YUETOM TEMIIepaTyp-
HOTro Ko3(p(puiimeHTa u3MEeHEeHHs €ro BHYTPEHHETO CO-
npoTuBieHusi. PazpaboraHa MMUTALMOHHAs MOMAEIb
KOTeHepalMOHHOM YyCTaHOBKH, B COCTaB KOTOPOI BXO-
ISIT, B YaCTHOCTH, IOACUCTEMbI TeIlJIoTeHepaTopa u
aJIeKTporeHepupylomniero 6ioka. JlokazaHa BO3MOX-
HOCTb TIOBBIIIEHUS KOA(P(PUIIMEHTa TOJIE3HOro Aeii-
CTBUSI 1 MAaKCUMaJIbHOTO 3HAYEHUsI MOIIHOCTHU 3JIeK-
TPOTEHEPUPYIOIIETO MOMYJISI IIyTEM pacueTa 1 3aJaHus
HEOOXOIMMOTO TSI HETO BXOITHOTO TOKA.
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Hayuynasi HoBM3HA. YCTaHOBJIEHBI 3aKOHOMEPHO-
CTU, HA OCHOBE KOTOPBIX OMpeNesieH alTOPUTM 0TOOopa
MaKCHMaJIbHOW MOIITHOCTU TEPMODJIEKTPUIECKOTO I'e-
HepaTtopa B KOr€HEPAllMOHHbBIX CUCTeMaX, YTO TO3BO-
JISICT TIOBBICUTh MX 3HEeproa(deKTMBHOCTh MPHU pa3-
JIMYHBIX TEMIIEPATYPHBIX pesKUMaXx.

IIpakTHyecKas 3HAYMMOCTD. [IprMeHeHME pa3pabo-
TaHHBIX MOJEJICH MO3BOJISIET aleKBaTHO BOCITPOM3BO-
IUTHh TMHAMUKY PaOOTHI TEPMO3IEKTPUIECKOTO MOIY-
JIsl B COCTaBe KOT€HEPAllMOHHOM CHUCTEMbI TeTUIOTeHe-
paTtopa W HUACHTUOULMPOBATH IMapaMeTpbl CHUCTEMbI
MPU Pa3IMUHBIX pexkuMax Harpy3ku. I1peaiokeHHbIi
aJITOPUTM OTOOpa MaKCHMMaJIbHOW MOIIHOCTU UMILIE-
MEHTHPOBaH B MOJYJIb CUCTEMBI YITPaBJICHUS 3JI€KTPO-
reHepUpPYIIIHUX 0JOKOM. DTO MO3BOJUIO 00ECTIeUUTh
TIOBBIIIEHUE 2HEPTo3((HEKTUBHOCTU KOTEHEpaIlMOH-
HOW CHCTEMBI.

KioueBble c0Ba: saexmpocenepupyiowuii 610k,
mepmosneKmpu1ecKue Mooyau, adémMoHOMHbIe KO2eHepa-
YUOHHbBle CcUCmeMbl, MeNni02eHepamop, sHepeoIhoex-
MUBHOCMb, MOOCAUPOBAHUE

Pekomendosarno 0o nybaikauii dokm. mexH. HayK
B. A. Andpiituykom.  lama  nadxoodxcenHs — pyKonucy
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