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Proton Exchange Membrane Fuel Cell (PEMFC) has unique thermal characteristics. The change in PEMFC temperature directly effects
the PEMFC performance. The voltage and temperature of PEMFC at different loading/ambient conditions is not easy to predict. In this
work a newly developed semi-empirical model is used and the parameters of the model are optimized for single cell PEMFC (base-case)
by using atom search optimization. The semi-empirical model was developed and tested for stack PEMFC system but any model devel-
oped for PEMFC cannot be validated unless it is effective for single-cell PEMFC system. The new parameters show promising results and
hence the model works is considered as good model. Previously due to unknown base-case parameters the ranges selected for parame-
ters are extremely large. In this model by considering the base-case parameters and previously extracted parameters the new short ranges
for parameters are given so that in future the optimization of parameters will take less time and this increases the chances of this model to
be used in online prediction of PEMFC temperature.
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| . PEMFC, the heat is produced during exothermic reaction
ntroduction . ' . ) e
i and the portion of this energy is converted into electricity

Proton Exchange Membrane Fuel Cell (PEMFC) is @ g rest of it is lost as heat energy. Due to this feature the
clean alternate energy source that uses oxygen and hy-  peMEC temperature increases, this is the main issue with
drogen as fuel. There are two types of PEMFCs: low  pEMEC that must be operated at certain temperature
temperature LT-PEMFC which operates under 373,13 K- ranqe which enhances the its efficiency. Very low and
while high temperature HT-PEMFC  operates above very high temperature is not good for PEMFC perfor-
373,13 K. Most commercial PEMFCs are LT-PEMFC for - nance “Ambient temperatures also effect the PEMFC
small scale power. HT-PEMFC is also getting popular  temperature directly that is why most of the ther-
and in near future both types of PEMFCs will be used for  maitemperature models consider the ambient tempera-
commercial uses [1_—3]._ ture as well [4-7].

LT-PEMFC which is commonly referred as PEMFC There are various techniques to model the PEMFC
has more application now-a-days than HT-PEMFC. The temperature. They are listed in Table 1 [8].
thermal characteristics are of extreme importance for

Table 1.  PEMFC thermal modelling techniques
Taonuya 1. Memoow: mepmuyeckoeo mooenuposarus TOIIOM

PEMFC
Sr no. thermal/temperature modelling approach Implementation procedure
Ne Sr Tloaxon k TerIoBOMy/TeMIepaTypHOMY IIpouenypa BHEeApEeHUS

moaenupoBanuio PEMFC

Implemented through numerical/analytical techniques by having deep knowledge of

Analytical/mechanistic approach chemical/electrical and mechanical structure of PEMFC
1 AHaTUTHYECKHI/ MEXAaHUCTHUECKUIN PeanuzoBano ¢ IIOMOIIBIO YHCJIEHHBIX/aHATUTHUECKUX MCTOIOB 6nar0;[apﬂ
MOJIX0JT IITyOOKUM 3HAHUSIM XHMHYECKON/2IEKTPHISCKON U MEXaHHIECKOH CTPYKTYPhI
T3IIOM

Implemented through less complex linear and non-linear equations which are com-

Semi-empirical approach bination of mechanistic and empirical approach

2 o PeaﬂmyeTc;{ C IOMOIIIBIO MCHEEC CJIOKHBIX JIMHEHHBIX U HEJTUHEHHBIX ypaBHCHPIﬁ,
Tomysmnupuueckuit moaxon o
KOTOPBIE IPEACTABISIOT coboit KOMGI/IHaHH}O MEXaHUCTHYECKOI'0 U SMITUPUYECKOI'O
nmoaxona
Implemented through artificial intelligence, statistical analysis and electrochemical
3 Empirical approach impedance spectroscopy (EIS) etc.
3MHI/IpI/I‘IeCKI/Iﬁ I0aX01 PeanuzoBano ¢ TIOMOIIBIO UCKYCCTBCHHOT'O MHTEIICKTA, CTATUCTUYECCKOr0 aHAJIN3a,

CIIEKTPOCKOITHH dIeKTpoxuMudeckoro umnenanca (EIS) u t. 1.
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The analytical approach of thermal modelling has
been done in [9], the model considers one-dimensional
flow of gases and PEMFC temperature model, the results
are promising but the model is too much complex and
cannot be used for online purposes. The numerical mod-
el/investigation of PEMFC is given in [10], this model is
also very complex. The modern thermal models are
moved towards empirical approach, in [11, 12] the empir-
ical thermal models of PEMFC are given, the empirical
models are not that reliable as compared to mechanis-
tic/analytical approach. The thermal model of PEMFCs
require extensive study and most empirical models use
data driven approach which is not adequate for modelling
the complex system of PEMFC. Semi-empirical approach
is therefore a good option for thermal modelling of
PEMFC. A good semi-empirical approach has been used
in [6] but more effective and simpler approach was used
in [13], this approach is further updated in [14] where Ar-
ea A and number of cells N in the PEMFC stack are used
in the modelling equations.

Good PEMFC models such as [15] model is first test-
ed on single cell PEMFC and then the models are extend-
ed towards PEMFC stacks where cells are attached in se-
ries to get high voltage. But due to commercial use of
PEMFCs most models now-a-days are tested and validat-
ed on stack system. The models in [13, 14] are tested on
PEMFC stacks. These models are never tested/validated
on single PEMFC system. It is necessary to test the mod-
els on single PEMFC especially in case of mechanis-
tic/semi-empirical models.

In this research the model of [14] is tested on single
cell PEMFC, the parameters of the model are optimized
by using Atom Search optimizer (ASO) presented in [16]
which is better and modern optimization technique as
compared to Lightening Search Algorithm and Quantum
Lightening Search Algorithm which were used for opti-
mization in [13, 14]. The results show that the new pa-
rameters give good results and the model seems to fit
with root mean square error (RMSE) less than 0,5. The
parameters varied so much from the previous research
work, however there is no bifurcation for low and high
currents as explained in [14], single cell PEMFC exhibit
different characteristics than stack of PEMFC. The model
parameters can be considered as the base ones which
were missing in previous research work.

The research work first explains the mechanistic
thermal model of PEMFC, then details the semi-empirical
model of [14] along with the implementation algorithm,
next briefly explains the Atom Search Optimization, after
that introduces the results and discussions, and finally the
conclusion/future prospects of the research.

Mechanistic (theoretical) thermal model of PEMFC

PEMFC is an electrochemical cell that provides elec-
tricity by consuming hydrogen and oxygen as fuel. The
hydrogen and oxygen are supplied at a specified pressure
and they react in the presence of the platinum catalyst.
The reaction produces energy which is converted into
electricity and heat. The by-product of reaction is water
and no carbon emission occurs during the reaction. The
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energy balance (thermodynamic) of PEMFC is given in
equation (1) :

net = Ychem — elec — sens+latent — Qloss » (1)
where (et is the net energy produced; Qepem is the chemi-
cal energy produced during reaction; Qe is the electrical
energy produced; Gsens+atent IS the sensible and latent heat
of PEMFC; (o5 iS the heat energy loss. The PEMFC tem-
perature is strongly dependent upon the gn and if
PEMFC mass my and specific heat capacity Cy of
PEMFC are known the PEMFC temperature can be easily
extracted [6]. These equations are for air cooled PEMFC
system, if special cooling mechanism is adopted then the
equations can be modified accordingly. The equation for
extracting PEMFC temperature is given in equation (2):

T = fﬁdt. )

The temperature profile along with heat generation

and thermal properties of different parts of PEMFC are
given in Fig. 1 [17].

Semi-empirical thermal model of PEMFC

The semi-empirical models of PEMFC simplified the
equation (2) and convert it into first order exponential
equation. The researchers in [18-20] adopted this first or-
der exponential based equation. The simple exponential
equation doesn’t fulfil all the requirement hence some
other supplement equations are used in [19] along with
the detailed algorithm in order to mode the PEMFC stack
temperature. The equation and algorithm are further sim-
plified in [14]. The equations and algorithm for [14]
model are given in equation (3):

Tmoa(k) = Lyl w0 T LZ(It @~ I; (k))e—L3(tk—fq)
+ Tamb (tk) - L4.

K=123.. . ©)

Here Tp,0q (k) in Celsius scale is the initial modelled
PEMFC temperature; I 4 is the load current at a sample
which is recorded before the last significant change in
current referred as q sample; I, ) is the current at the
running sample k; T, refers to ambient temperature in
Celsius scale.

The following expressions in equations (4), (5) are
added to first order exponential equation of PEMFC, this
may be due to cooling and other complex thermal effects
present in PEMFC system:

T (tg)-T t
Tmodl (tk) = Tmod (tk) - L5 W#W ) (4)

Tmodz (tk) = Tmodl(tk) + L6 {Tmodl (tk) - Tmod(tq)}- (5)
Here T,,,.4. iS the final modeled temperature, and L, to
Le are optimized using ASO while t,is the time at sample
k. Table 2 shows the range values of parameters L (1 to 6)
taken from [13], [14] used in the model equations. Pa-
rameters L,and L, are used to convert the current and its
difference into temperature; L, controls the decay of ex-
ponent; L, is an offset from the temperature model; Ls and
Le are the constant parameters in the differential equa-
tions (4) and (5).
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Fig. 1. Thermal profile of PEMFC
Puc. 1. Tennosoii npogune TOIIOM

Table 2.  Parameter ranges for ASO

Tabnuua 2. /[uanaszousl napamempog O ONMUMUSAYUU
noucka amomos (OI1A4)

Parameter Min Max Parameter Min Max
[Tapamerp ITapametp
L, 1*10° 5 L, -400 400
L, 1*10° 5 Ls -200 200
Ls 1*10° 5 [ —-200 200

The code for implementing the temperature model is
given in Table 3 from [14], here filtering is not required
for single PEMFC as small variations must not be ne-
glected. The modelled temperature and ambient tempera-
ture will be in Celsius scale.

Atom Search Optimization

Atom Search Optimization (ASO) is also a popula-
tion-based heuristic algorithm which is inspired by basic
molecular dynamics. ASO mimics the atomic motion
controlled by interaction and constraint forces to design
an effective search mechanism for global optimization
problems. The time and accuracy of ASO is better than
all well-known optimization algorithms such as Particle
Swarm Optimization (PSO), Lightening Search Algo-
rithm (LSA), Gravitational Search Algorithm (GSA) etc.
as mentioned in [16]. The atoms join together in a mole-

cule due to force of attraction among them, some atoms
have force of repulsion among them as well. Both attrac-
tion and repulsion forces are used in this algorithm. The
mass of the atom is varied in this algorithm and the heav-
ier atom is close to the main solution. The movement of
heavier atoms is slower than that of lighter ones. At first
the initial population have been selected randomly where
number of atoms, i. e. solutions, have given different val-
ues within the range given above. The objective function
which is to be minimized is the root mean square error
(RMSE) and it is given in equation (6):
RMSE = [E°C. (6)
Here e is the error between the experimental and
modelled values of temperature. At first the repulsion
force is dominant in order to scatter the initial population
and with the time when some of the atoms are close to the
solution the force of attraction dominates. The heavier at-
oms start to attract the other atoms in order to find the
best optimum solution. The formulae for mass calcula-
tions, randomizing the initial population, calculating the
forces, velocity, acceleration and position can be taken
from [16], the Matlab code for ASO is also given on
Mathworks (Matlab) website. The pesudocode for ASO is
given in Table 4.
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Table3.  Code to implement the semi-empirical temperature model
Taonuua 3. Koo ona peanuzayuu noaysmnupudeckol memnepamypHol Mooeiu

Data: Experimental measurements of Temperature of PEMFC and current at sample k, set q as unity for initial value
JlanHble: DxcniepuMeHTanbHble u3mMepenus Temnepatypsl TOIIOM u Toka B oOpasue K, q 3aJaHa Kak eJUHUILA I HAYaIbHOTO 3HAUYSHUS
Output: Semi-empirical modelled temperature Tmog, (k)/Pesyisrar: [lomysmnuprdeckas cMoaenupoBaHHas TeMrepaTypa Tmodz (K)
Tmod 1 — Tamn,1; Set modelled temperature equal to ambient temperature at start/Ycranosure cMoenpOBaHHYO TEMIIEPATYpPy PaBHOI
TEMIIepaType OKPY’KaIOIei Cpe/Ibl IIPH 3aIycKe
j — k; set value of j equal to present value of sample/ycranoBute 3Ha4€HHE j PaBHBIM TEKYIIEMY 3HAUYCHHIO BEIOOPKU
While j>1/Korna j>1
If absolute (1t(k)-It(j))>1 then/Ecan adcomornoe (It(k)-It(j))>1, To

1t(q)—1t(); Save previous value of load current before sufficient deviation
Coxpaﬂm‘e NpeAbIAYLICE 3HAYCHUE TOKA HAIrPYy3KH A0 JOCTATOYHOI'O OTKJIOHCHUS
tq—tj; Save time value for last significant deviation of current
CoxpaHnTe 3HAUYCHUE BPEMEHU JUIS ITOCIETHETO 3HAUYUTEIIbHOTO OTKIIOHEHHUS TOKa
=1
end if/3aBepuure, ecin
j—j-5 instead of one j can be reduced to five samples for reducing runtime as skipping ten samples have negligible effects

on results/BMecTO OJHOTO j MOXKET OBITh YMEHBIIECHO JI0 ISTU BEIOOPOK JJIsl COKPAILCHNUS BPEMEHH BBITOJIHEHUS,
MOCKOJIBKY MPOITYCK IECSATH BBIOOPOK OKA3bIBACT HE3HAUUTEIBHOE BIHSHHUE HA PE3yIbTAThI
end while/3aBepummnre, korna

It(k)<It
Li—Li, low curren/maJiblii TOK; low current parameters are to be used
JOJIKHBI UCITOJIb30BATHCA ITapaMETPhl HU3KOTI'O0 TOKa
Else/Muaue
Li—Li, high current/6osbmoii TOK; high current parameters are to be used
JOJDKHBI UCIIOJIB30BATLCA ITapaMETPbL GOJIBILIOrO TOKA
Tmod,2 (tk) — Calculate final value of modelled temperature from equations (3) to (5)

Bbluncinte KOHEYHOE 3HAYCHHE MOeIupyeMoii Temnepatypsl Tmod,2 (tk) u3 ypasaennii (3)—(5).

Table 4.  ASO general pseudocode
Tabnauua 4. Oowuii ncesdoxoo OI1A

Randomly initialize a set of atoms X (solutions) and their velocity v, and FitBest=Inf.
CryuaifHpiM 00pa30M HHHLHATH3UPYHTE HAOOp aToMOB X (pacTBOPOB) U UX CKOPOCTH V, U FitBest=Inf.

While the stop criterion is not satisfied do/Iloka kpuTepHii OCTaHOBKHU HE yIOBICTBOPEH
For each atom Xi do/J{yiis xaxaoro atoma Xi
Calculate the fitness value Fiti/Paccunraiite 3HaueHne npuroguocty Fiti;
If/Ecan Fiti< FitBest then/To
FitBest= Fiti;
XBest= Xi;

End if/3akonunre, eciu

Calculate the mass using equations/BberumciuTe Maccy, UCIONb3Ysl ypaBHEHUS

Determine the atom neighbors/Onpenenute coceneit atoma

Calculate the forces/PaccunraiiTe cHibI

Calculate the acceleration and update the velocity and position/Paccunraiite yckopeHue 1 00HOBUTE CKOPOCTh U MOJIOKEHHE
End for/3akonunte

End while/3akonunTe, koraa
Find the best solution so far XBest/Haiineno nyudiiee pemenue Ha gannbiii MoMeHT XBest

Experiment performed tracted by using ASO. The new parameters are the base-

The experiment is performed on single cell PEMFC  line parameters (B-1) for single cell PEMFC.
(Fischertechnik) of 300 mW power. The pressure of hy-
drogen remains at 1 atm while pressure of oxygen is Table 5. Parameters extracted for 1200 and 500 W

0,9 atm. The maximum limiting current is 0,9 A and the PEMFC stack
area of PEMFC is 4 cm’. The experiment is performed at ~ Taauna 5. [apavempoi, nonyuennsie ors TIOM mows-
normal room temperature, i. e. 298,13 K. The load current nocmyio 1200 u 500 Bm
varies from 0 to 0,7 A, the voltage of PEMFC varies from | L arameter extracted for PEMEC
. . apaMeTp, NOJYYCHHBIA I
1,210 0,3 V. Fig. 2 shows the experimental setup and cur- | .~ o 1200 W (-1) 500 W (P-2)
rent, VOItage and temperature waveform. morHocThio 1200 Br (P-1) | MormHocThio 500 Bt (P-2)
Ly 2,6278 0,995
Results and discussion L, 2,7825 1,429
The parameters are already extracted for 1200 and 500 W Ls 0,0112 0,031
PEMFC stack in [13, 14]. The parameters are listed in Table 5. tA Igégg;‘ 4,461
The temperature model extracted from the parameters > : 0405
Ls —0,36143 0,166

P-1 and P-2 is shown in Fig. 3. The RMSE is extremely
high for these parameters so the new parameters are ex-
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Fig. 2. (a) experimental setup (b); voltage-current curve; (c) temperature curve
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Fig. 3. Temperature model for parameters P-1 and P-2 comparison with experimental temperature
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Table 6.  Parameters extracted for single cell PEMFC
using ASO
Taonuua 6. Ilapamempul, noryuentvle 0 OOHOINEMEHNHOLO

TOIIOM c ucnonvzosanuem OIIA

currents (low and high). Hence it is better to optimize pa-
rameters for new type of PEMFC systems again in order
to validate the model.

Table 7.

empirical thermal model

Tabnuya 7. Ypasuenue npocHo3uposanus napamempos O
NOLYIMAUPUYECKOT THEeNT0801 MOOeNU

Parameters prediction equation for semi-

5 8 Parameter extracted for/Ilapamerp, 1osy4eHHbIH st

g 2|single cell (B-1) | 1200 W PEMFC (P-1) {500 W PEMFC (P-2)
© § OT/ICTLHOU PEMFC wmomrHocteio | PEMFC monHocTBIO
& E| sueitxu (B-1) 1200 Br (P-1) 500 Bt (P-2)

L 1,90680 2,6278 0,995

L, 1,94388 2,7825 1,429

Ls 3,29821 0,0112 0,031

L, —0,62803 —4,2894 4,461

Ls 93,36161 13,0207 0,405

Le —8,00470 —0,36143 0,166

Table 6 demonstrates that the parameters for single
cell PEMFC show lot of variation as compared to the pa-
rameters extracted for PEMFC stack system. Fig. 4 gives
the comparison of modelled temperature and experi-
mental one. Here RMSE is less than 0,5 which is ac-
ceptable in this case.

The parameters change from single cell to 1200 W
PEMFC stack in Table 6 are very haphazard. This is due
to the cooling system and material choice in various
commercial PEMFCs. The thermal characteristics change
from one PEMFC to another. 500 W PEMFC stack was
manufactured by Horizon while 1200 W — by NEXA. All
air cooled PEMFC systems do not exhibit the same be-
havior, the materials used in PEMFCs are updating day
by day [21]. Previously the model in [14] gave equations
of the parameters based on the area A and number of fuel
cells in the stack as given in Table 7. But these equations
are not reliable as in this case the area of PEMFC is 4 cm?
and number of fuel cell is 1 so it is not possible to apply
the equation on single cell PEMFC. Moreover no such
concept of threshold current that differentiate parameters
for low and high current is witnessed in this case, pa-
rameters (B-1) fit the experimental temperature for all

32

Function Function
Parameter (in the low current) | (in the high current)
ITapamerp OyHKUIuA DyHKIUA
(Ip1 HU3KOM TOKE) | (IIpH CUIIBHOM TOKE)
Ly 0,403+1,071 NA 0,498+1,071 NA
L, 2,182-3,08 NA 2,519-3,08 NA
Ls 0,1821-0,3237 NA | 0,1777-0,3237 NA
Ly —5,329+21,02 NA —4,858+21,02 NA
Ls 3,3937-7,432 NA 3,5953-7,432 NA
Le 1,3988-3,054 NA 1,4730-3,054 NA
It (threshold cgrrent) 30.34-0,01029 P
It (moporoBblii TOK)

Still this model can fit all types of air-cooled PEMFCs
but the parameters will change and these parameters can
be tuned by using any good optimization techniques. But
since after this research the base parameters are known
and other stack parameters were also known, so the range
of the parameters can decreas. This will reduce the opti-
mization time and give better results in quick time. The
new parameter range is given in the Table 8 based on the
parameters variation in Table 6.

Table 8.  New parameter ranges for thermal modelling
Tabnuua 8. Hoevie duanazonvl napamempos sk meniosoo

MOOenuposanus
Parameter Min | Max Parameter Min Max
[Tapamerp [Tapametp
Ly 0.1 5 Ly -10 10
L, 0,5 5 Ls 1*10° | 150
Ls 1*10°] 5 Le -15 5




Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2022. V. 333. 8. 27-35
Amine Abbou, Abdennebi EI Hassnaouib. Validation of semi-empirical temperature model of PEMFC using atom search optimization algorithm

42 T T T T T T T T

0 == Modelled temperature for single cell PEMFC (parameters B-1) -
= ===Experimental temperature for single cell PEMFC e

38+ . T

Temperature (C)
N oW 8 g g
(=] o N [=2]

[~]
(=2

24

Time (s)

| 1 1 1 I
0 100 200 300 400 500

1
600 700 800 900

Fig. 4. PEMFC temperature comparison by using parameter (B-1)
Puc. 4. Cpasnenue memnepamypor TOIIOM c¢ ucnonvzosanuem napamempa (B-1)

Conclusion

In this paper the semi-empirical thermal model is val-
idated for base case, i. e. single cell PEMFC. The model
was only validated for large PEMFC stack systems. The
model parameters are optimized by using newly devel-
oped optimization technique. The new parameters fit the
experimental temperature well and can be considered as
the base ones for all air-cooled PEMFC systems. Previ-
ously all parameters are optimized by using larger range
for parameters, which cannot be useful for fast optimiza-
tion. Now based on the previous and newly optimized pa-
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Mapokko, 10090, Pabar, np. 61 CuHa, 765.
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Mapokko, 10000, Pabar, np. Xamkn Axmes Yepkaym, 753.

TonnugHbIli 3nemeHm ¢ npomoHHoU 0bmeHHOU MembpaHolU obnadaem yHUKanbHbIMU MensosbIMU Xapakmepucmukamu. VsmeHeHue
memnepamyps! MONIUBHO20 SM1EMEHMaA C NPOMOHHOL 06MeHHOU MembpaHol HanpsMyro efusiem Ha €20 Xapakmepucmuku. Hanpsixe-
HUe U meMmnepamypy mMONUBHO20 SMIEMEHMA C NPOMOHHOU 0BMEHHOU MeMBpaHOU NpU PasnuUYHbIX YCro8USIX Haepy3KU/OKpyXatowel
cpedbi npedckazamb Henpocmo. B amoli pabome ucnonb3yemcs HedagHO pa3pabomaHHasi nomysMnupuyeckass Mooesb, napamempb|
Komopoli onmumMu3uposaHb! 01 MONIUBHO20 drieMeHMa ¢ NPOMOHHOU 06MeHHOU MembpaHoli ¢ 0dHoU sYelikol (6asosbill criyyall) ¢ uc-
nosb308aHUeM onmumu3ayuu noucka amomos. [Tonyamnupudeckasi modenb bbina paspabomana u npomecmuposaHa A1 MHO203/1e-
MEeHMHOU cucmeMbl MONUBHO20 11EMEHMa ¢ NPOMOHHOU 0bMeHHOU MembpaHol. Ho He kaxdas modenb, paspabomaHHas 0nsi mon-
JIUBHO20 3/1eMeHma ¢ NPOMOHHOU 0bMeHHOU MembpaHoU, Moxem bbimb ymeepxdeHa, ecriu oHa aghghekmusHa 0ns 0OHOITEMEHMHOU
cucmembl MONJIUBHO20 31eMeHma ¢ NPOMOHHOU 0bmeHHOU MembpaHol. Hoeble napamMempb! Nokasbieatom MHo2000ewawue pe3yib-
mambi, U Noamomy Modesib cyumaemces xopowel. [Juana3oHbl, 8blbpaHHble paHee 0nsi napamempos 6a308020 criyqasi, bbuiu Ypessbi-
yaliHo eenuku. B amoli modenu ¢ yyemom napamempos 62308020 Cyyas U paHee U3eIeyeHHbIX hapamempos 3a0almces Ho8ble Kopom-
Kue duanasoHbl napaMempoe, Ymobbi 8 BydyLuem ux onmumMu3ayus 3aHUMana MeHbLE 8PEMEHU, YMO Y8enu4uBaem WaHCh! UCNOb30-
8aHUs smoli MoOenu e OHnaliH-NPO_HO3UPOBaHUU meMnepamyp MonUBHO20 deMeHma ¢ NPOMOHHOL 06MeHHOU MembpaHoU.

Kniouesnbie cnoea:

Tepmuyeckutl, ModenupogaHue, onmumMu3ayusi, NoTyamnupuyeckud,
monnueHbIl 3neMeHm ¢ npomoHHoU obmerHol membparol (TONOM), anzopumm.

WUHdopmauus o6 aBTopax
Amun A66y, aciupanT, kadeapa deKTpoMeXaHuKy, MmkeHepHas 1kona MoxaMMaauu.
Aboennedu Iny Xacnayud, pyKoBOJIUTENb OTIENA dJEKTpOMeXaHUKH, HalloHanbHas BbICIIas TOpHAs MIKOJA.
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