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ENeKTpUYHi MalLvHK Ta anapaTu
UDC 621.313

https://doi.org/10.20998/2074-272X.2023.1.01

S. Arslan, H. Mellah

Analysis and testing of internal combustion engine driven linear alternator

Introduction. Internal combustion engine technology has been considered for the alternator system in the last two decades.
Especially when considering fuel diversity, reliability, portability, power density, research studies are increasing day by day. In this
respect, interest has been focused on linear generator studies. Purpose. The goal of the research is to investigate the performance of
a linear generator and its application to generate electrical energy from an internal combustion engine to solve the range problem of
small electric powered vehicles. The generator, unlike a traditional generator, consists of a linear generator with a crank mechanism
driven by an internal combustion engine. Originality. The configuration of the linear generator with internal combustion engine
crank has not previously been reported. Methods. The numerical solution of the generator was carried out by the finite element
method in the Ansys Maxwell software in a cylindrical coordinate system. The effect of stroke length and frequency on voltage and
output power was investigated by monitoring an external electrical load. A prototype linear generator has been designed and
produced considering the sizing dimensions. The configuration can be used in power-hungry applications and increase the range of
small electric vehicles. Results. The results from simulation and practice are largely in agreement. Practical value. A practical
mechanical system was built comprising a linear generator connected to a 2.2 kW internal combustion engine via a crank connecting
rod for analysis. References 35, table 1, figures 15.

Key words: linear generator, electric vehicle, hybrid vehicle, internal combustion engine.

BcTyn. OcTaHHi ABa AecATUAITTSA po3rnsganaca TexHika ABUryHa BHY TPILLHbOrO 3ropsiHHS AN CUCTEMU reHepaTopa 3MiHHOMO
cTpymy. OcobiMBo 3 ypaxyBaHHAM Pi3HOMaHITHOCTI BWAIB Manvea, HaLiiHOCTIi, MOPTATMBHOCTI, MUTOMOI MOTY>KHOCTI
KiNbKICTb AOCNIA>KEeHb 3pOCTaE 3 KOXKHMM AHEM. Y 3B’A3KY 3 UMM iHTepec OyB 30Cepe>KeHWiA Ha AOCNIA>XKEHHAX NiHIAHMX
reHepaTopis. MeTa. MeToOl AOCNIA>KEHHS € aHani3a MPOAYKTUMBHOCTI MiHIAHOrO reHepaTopa Ta MOro 3acTOCyBaHHS Ans
BUPOGNEHHS eNeKTPoeHepril Bif ABUryHa BHYTPILLUHLOrO 3rOpsAHHA ANS BUPILIEHHA NpobneMu 3anacy Xo4y mMaaux enekTpomobinis.
[eHepaTop, Ha BiAMIHY Bif TpaauuiiiHOro, cKnafaeTbcs 3 NiHIHOrO reHepaTopa 3 KPYBOLIMMHO-LUATYHHUM MeXaHi3MoM, L0
PYyXaeThCA ABMIYHOM BHY T PILLHBOrO 3ropsHHA. OpuriHanbHICTb. [P0 KOHGirypayito NiHiiHOro reHepaTopa 3 KPUBOLLMMOM [BUryHa
BHYTPILUHbOrO 3ropsiHHA paHille He nosigoMnanocs. MeToan. HYucenbHe pilleHHs reHepaTopa NPOBOAMIOCS METOAO0M CKiHYEHHMX
eneMeHTiB y nporpami Ansys Maxwell B uMniHAPMYHOI CUCTEMI KOOPAMHAT. BnavB JOBXKMHM Ta 4acTOTM X04y Ha Hanpyry Ta
BUXiAHY MOTY>KHICTb AOCNIA>KYBaNM LUASAXOM MOHITOPUHTY 30BHILUHBOrO €NeKTPUYHOrO0 HaBaHTaXKEHHA. 3 ypaxyBaHHsAM
rabapuTHMX po3MipiB po3po6ieHO Ta BUroTOBNEHO MPOTOTUN NiHIAHOTO reHepaTopa. KoHdirypauis Mo>ke BUKOpUCTOBYBaTUCA B
€HEeProeMHIX 3aCTOCYBaHHsX i 36inbLIyBaTY 3anac X0y HEBENMKMX eneKTpomobinie. PesynbTaTw. Pe3ynbTaTy MOAENOBaHHA Ta
3 NpaKTUKN NepeBa>kHO 36iralnThes. MpakTUyHa LWiHHICTb. [Ana aHanisy 6yno nobyaoBaHo NpakTUYHY MeXaHiuHy cucTemy, Lo
CKnajaeThbcs 3 NiHIAHOrO reHepaTopa, 3’€fHAHOr0 3 ABMIYHOM BHYTPILUHbOFO 3rOPsSHHA MOTY>KHICTIO 2,2 KBT uepe3 waTyH
Kpvsowmny. bibn. 35, Tabn. 1, puc. 15.

Knto4osi cnoBa: NiHiAHWIA reHepaTop, eNeKTPOMObGiNb, ri6puaHNIA aBTOMOGINb, ABUTYH BHYTPILLUHLOIO 3ropsiHHS.

Introduction. Energy has become important for the
developing world. Electrical energy has typically been
produced using fossil fuels despite the harmful effects to the
environment. Vehicles, and the internal combustion engine
(ICE), are one of the major users of fossil fuel. Although
electric vehicles have zero emissions, they suffer from a
range and charging problems. However, with advances in
battery and charging technology, the number of electric and
electric/hybrid vehicles is increasing. Hybrid vehicles offer
an alternative compared to traditional fossil fuel-based
vehicles in the short and medium term. In addition, future
technology, such as fuel cells, promises to solve the range
problem in hybrid vehicles and is emission free. Further
advances in battery technology (long life, fast charge-late
discharge, high per unit mass capacity, and low cost) will
reduce the disadvantages of electric/hybrid vehicles.

Further energy-generating technology can be
incorporated in electric vehicles to improve the range and
make use of electric or hybrid electric vehicles more
attractive. It can be given as regenerative braking,
regenerative suspension systems, solar panels, wind
generator, thermo-electric generator, respectively.

In hybrid electric vehicles, the role of the ICE can be
categorized into series, series-parallel, and parallel classes,
according to its purpose in relation to the electrical
propulsion. Various forms of ICE have been used in hybrid
electric vehicles including two-stroke and four-stroke. The
two-stroke engine offers higher power and speed, and

lower vibration compared to the four-stroke engine [1].
Vibration is a major problem, especially at high speeds, and
studies on the effects of vibration have been conducted
between 10 Hz and 30 Hz [2-4]. The stroke length of the
linear motion of the ICE equals the length of motion of the
ICE piston. For example, in [5] the effective stroke length
is 62 mm. In studies [2, 6-10], it has been shown that the
free piston mechanism and the crank connecting
mechanism exhibit a very similar movement profile. Newer
forms of ICE, including the free piston system [11-13], are
being investigated as multi-fuel, high efficiency, low
emission options.

In the ICE, the linear force of the piston rod is
turned into torque and rotational motion through the
action of the crank rods and crankshaft. This rotational
drive can be applied directly to the shaft a conventional
rotating electrical generator. However, the linear motion
of the piston rod can be used directly as a free piston
mechanism for a linear motion drive [14, 15].

The moving part of a linear generator is arranged so
that it moves back and forth freely. In order for a free-
piston linear generator to operate with an ICE, the piston
has first to be moved to compress the air-fuel mixture.
This is difficult on the first stroke. Despite the limited
number of studies on the initial state of the linear
generator, some methods have been offered as solutions
to the starting problem [16-25], including mechanical

© S. Arslan, H. Mellah
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resonance [16-18], injection time control [23-26] or
special control system [19-26].

Some studies [27, 28] have investigated the Wankel
REX [29] and Otto REX [29], as these generate rotational
drive directly that can be connected to a conventional
electrical generator.

The goal of the paper is to investigate the generation
of electrical energy numerically and experimentally by
operating the tube type linear generator on an ICE with a
crank connecting rod mechanism.

Investigation of linear generator with finite element
analysis (FEA). A linear machine converts mechanical
energy into electrical energy or converts electrical energy
into mechanical energy via linear motion [11]. Designs may
vary according to application, with different values of speed,
frequency, stroke distance, and force. Different types of
linear generator are detailed in [26, 27, 30]. The structure and
working principle (induction, synchronous, transverse flux,
or longitudinal flux) will determine the parameters for the
electric generator. This study investigates the permanent
magnet linear generator with longitudinal flux. The stroke
length of the generator has been limited to allow use as
tubular geometry and be coupled to an ICE. The tube-type
geometry has advantages compared to the flat-type linear
generators; it minimizes asymmetric forces between the
moving magnet and primary windings, and has higher
power-to-weight ratio, higher efficiency, and power density.
However, having the magnet as the moving part, a
deceleration force will occur between the primary windings
and the moving magnet. As the flux density of the magnet
increases, the generator output voltage and cogging force
increase [31]. This force can be reduced by methods such as
the geometry of the magnet, pole pitch ratio, split ratio and
including slot pitch. This study has taken the design of the
tubular generator as 4 magnetic poles and 6 primary
windings, as shown in Fig. 1, for analysis.

Windings

<
|l oo
N pole magnet

S pole magnet
Fig. 1. 3-D and 2-D views of tube-shaped linear generator

Primary
Translator

Output parameters of circular linear machines can be
calculated by using numerical analysis programs such as
Ansys Maxwell 2D/3D, MotorSolve [32], Speed, etc.

Generator numerical analysis. The 3-D geometry
of the linear generator can be converted to 2-D geometry
for analysis by the finite element method, as this reduces
computation time. 2-D FEA is often used to help in the
design of electric machines, and determine parameters
such as current density, magnetic flux distribution,
winding inductance changes and electromagnetic force.
The design parameters for the linear generator of this
study are given in Table 1.

Table 1
Linear generator design parameters
Parameters Value | Unit
Frequency 50 | Hz
Airgap length 1 |mm
Primary inner diameter 51 [mm
Magnet width 20 |mm
Alpha (pole pitch ratio) | 0.72
Beta (slot pitch ratio) 0.5
Slot / Pole 6/4
Slot filling factor 0.7

2-D analysis of the linear generator. Values have
been set for the moving force (magneto-static solution and
transient solution), and winding inductance (magneto-
static solution) for the simulation. In addition, two-
dimensional numerical analyzes can be applied to analyze
different situations (magnet shift technique [33], different
magnet geometries [34], etc.) for reducing cogging force
in the machine. The duration of the simulation and time
steps were also set. The force on the moving part of the
generator (in the seconder), magnetic flux density,
magnetic field intensity, flux paths, and current density
were determined in the simulation at each time step.

The simulation includes transient state and
continuous state analysis of the 2-D plane selected to
determine surface conditions. Mesh selection is very
important, with a high resolution mesh applied in critical
areas. For example, in time-dependent analysis, dense
mesh resolution is used in areas of movement to increase
the accuracy of the calculation of force.

Increasing working current will increase the current
density in the conductive regions. The increase in power
will increase losses and heat, which will require the
thermal value of the generator to be increased and may
require additional cooling.

The effect of variables such as a pole pitch ratio,
inner diameter outer diameter ratio, and slot pitch ratio on
parameters including cogging force, induced voltage, and
losses, can be determined by parametric analysis. Figure 2
shows the electrical equivalent of the linear generator
with and without load that is used for the numerical and
experimental studies.

Stroke Length

=yLa  Phase Inductances

Ra Phase Resistances

L3 L2 L1

Vr —{Vb} —(VaH No-load operation

=R (V)SR (V)=r Leadoperation

Fig. 2. Wiring diagram of linear generator for no-load and load
condition
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The phase windings have been configured with no-
load in FEA transient state analysis to analyse the no-load
condition and investigate the effect of frequency and
stroke length on induced voltage.

Figure 3 shows how the induced voltage increases as
the stroke length increases at constant frequency. Figure 3
also shows how the induced voltage increases as the
frequency increases at constant stroke length. In fixed
frequency operation, as the stroke length increases, the
induced voltage increases, while in the loaded condition, the
iron loss and copper loss increase and the induced voltage
decreases at larger stroke lengths. The windings include
inductance and so a capacitor of 100 uF has been connected
in series with the phase windings and load in order to
compensate for the effects [35]. Figure 2 shows the generator
with a load connected to investigate the power generated;
two load resistances were considered, 10 Q and 30 Q.

Induced Voltage(V)
30

28

26

%)
B

~
L]

Freguency(Hz)
» 8

20 30 40 50 60 70 80
Stroke Length(mm)

Fig. 3. Induced voltage according to stroke length and frequency

in no-load condition.

The output power of the linear generator was
investigated for stroke length and frequency for the two
loads, with and without series capacitor (Fig. 4,a-d).

Figure 4 shows that output power increases with stroke
length and frequency, and an optimum operating point can
be determined. Figure 4 also shows that compensating for
the winding reactance increases significantly the power
delivered to the load at high frequencies. However, there is
no increase in output power at low speeds. It would be
important to determine the optimum value for the capacitor
for the specific operating condition. This could include use
of different capacitors for power compensation at different
operating speeds of the generator.

In 2-D analysis, the effect of load resistance changes
on the power and efficiency produced in the linear
generator can be examined. Thus, maximum power and
maximum efficiency are obtained according to the
changing external load resistance. The variation of power
generation and efficiency performance with different
external load values is shown in Fig. 5.

According to the results, the efficiency is 83.7 % at
10 , where the maximum power is obtained. However, one
can note that as the external load increases, the efficiency
increases significantly and the power decreases. The load
value at which the efficiency is maximum (93.87 %) is 70
At the optimum load value (16 ), the power obtained from
the generator is 787 W, the efficiency is 88 %.
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Fig. 4. Output power for stroke length and frequency: 10 Q (a);
10 Q with 100 pF capacitor (b); 30 Q (c);
30 Q with 100 pF capacitor (d)
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Fig. 5. Power and efficiency variation of the linear generator vs
load resistance

Linear generator manufacture and testing. The
linear generator in this study has been made in a tubular
topology using the dimensions determined from the FEA.
The primary laminates are produced from 0.5 mm M43
quality steel using laser cutting. 1020 quality steel is used
for the moving secondary shaft, on which the magnets are
mounted. The windings are wrapped on a mould made of
delrin material. Figure 6 shows the individual components
of the linear generator.

d

Fig. 6. Materials: CNC-produced winding mould (a);
windings (b); laser-cut primary laminate (c);
CNC-produced magnetless shaft (d)

Generator drive system. In a free piston system,
the linear velocity is close to sinusoidal in form. For this
study, an eccentric system with a crank mechanism has
been designed to connect to an existing ICE to provide a
sinusoidal linear speed profile. The Por-MAX CS-5200
2.2 KW gasoline engine (Fig. 7) has been used as ICE to
provide the drive to the linear generator.

The ICE provides a power of 2.2 kW at 4000 rpm,
giving a torque as given as (1), giving engine torque as
5.25 N m. This value is calculated as the torque produced
by the ICE:

Tm 9550 Pp/Np . 1)
There was concern that the ICE could cause
significant vibration and result in damage to the engine
when connected to the linear generator and operated at
low speeds. A reducer was therefore used to reduce these
effects. The torque at the output of a reducer is
proportional to its gear ratio, whereas the output speed of
the reducer is inversely proportional to the gear ratio of
the input speed, as in (2):
Trg /Trc u/z,. )
The gear ratio of the reducer used in this study is
6:1, giving the output torque of the gearbox as 31.5 N m,
with output speed of 666.6 rpm (4000/6). The
arrangement of ICE, reducer, linear generator and load is
shown in Fig. 8.

Fig. 8. Linear genertor system with ICE drive

Preliminary testing was carried out to eliminate
mechanical problems. Different stroke lengths were
achieved by placing mount holes in different locations
along the length of the crank of the reducer. A laser
displacement sensor (Micro-Epsilon ILD 1420 model)
was used to measure shaft displacement accurately. The
output of the sensor is shown in Fig. 9.

Figure 9 shows the displacement of the shaft and
indicates vibration was occurring. After correcting the
error, the displacement is seen to have a sinusoidal form.
The stroke length is determined from the extremes of
displacement, in this instance 102.0965 mm.

- ILD1420 DAQTo0! V357 - omm
§ R bus Sprachelmgiage 7

ssssss

nnnn

optoNCDT 1420 @

Reading| 29,6835

”’ ‘H

Ax

Fig. 9. Displacement of the moving component
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Test and experiment results. The speed of the ICE
shaft was measured with a laser tachometer and the speed
of the linear generator determined from the reducer ratio.
The induced voltage of the linear generator versus speed

of rotation in the no-load condition is shown in Fig. 10.
26

24
22

Induced Voltage (V)
»

10 Speed (rpm)
200 300 400 500 600 700
Fig. 10. Induced voltage versus linear generator rotation speed

Figure 10 indicates that the induced voltage
increases with rotation speed in the no-load condition, and
is 0.0353 V/rpm (2.12 V s/rad). This would indicate that
the results from FEA agree with experiment. The induced
voltage at no-load condition for generator rotation speed
of 277 rpm (engine speed 1664 rpm) is shown in Fig. 11
and for 525 rpm (engine speed 3150 rpm) in Fig. 12.

% 20 " ﬂ ‘ w !
£ 10 H |  _ il
%EL i ” 4! M ‘[ | M' "
§-1o v M " | l\ / | '
2 2 " ‘ | i
-30 i
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Fig. 11. Phase voltages measured with an oscilloscope at 277 rpm
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Fig. 12. Phase voltages measured with an oscilloscope at 525 rpm

An expanded version of the induced voltage at
generator rotation speed of 528 rpm is given in Fig. 13.

30+ —

30 V.

/

—\

Phase Voltage (V)

004 nnn o044 o002 oo
-U,Ui

Fig. 13. Phase voltage change according to generator rotation
speed of 528 rpm

Figure 13 shows that the phase voltage in each of the
three phases. When the shaft is in mid position of travel
and magnets pass windings, there will be sinusoidal
waveform, but as the shaft approaches extreme of travel,
it will slow and reverse direction. This will have the effect
of modulating the amplitude of the waveform. At mid
travel, the waveform has a higher frequency than at the
extremes due to higher speed of the shaft. The waveform
inverts when the direction of the shaft changes. The
amplitude of V, (voltage, V(t)) in each generator shown in
Fig. 13 and Fig. 14 is less than the magnitude of E; (Fig. 3
and Fig. 10) due to the resistance (Rpnase) and inductance
(Lphase) of each winding. Since the linear generator works
at a fixed stroke distance, the frequency changes in
response to the speed of the engine.

Figure 14 shows how induced voltage increases with
generator rotation speed and load resistance. Figure 15
shows how the phase current increases with generator
rotation speed and decreases with load resistance.

Conclusions.

1. This study investigates the performance of a linear
generator through numerical analysis with finite element
analysis and with a practical linear generator driven by an
internal combustion engine. Both no-load and loaded
conditions were examined by numerical analysis and
practical measurement to characterise the linear generator.

2. A tubular type linear generator was produced for
test. A reducer was used to connect the crankshaft of the
internal combustion engine to the linear generator to
match the speed of the engine to the working speed of the
linear generator and overcome problems of engine
vibration at low engine speed.

3. Stroke length and frequency increase the induced
voltage and thus output power. The voltage and power
obtained from the linear generator were found to be
sufficient for battery charging.

4. If the practical issues of the linear generator, such as
bearings and control of the speed of the internal
combustion engine can be achieved, then the linear
generator can be used in place of the rotating generator.
However, as the travel of a piston in the internal
combustion engine is limited, the stroke length in the
linear generator will likewise be limited. Stroke length
can be increased by connecting rod mechanisms.
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A. Ibrar, S. Ahmad, A. Safdar, N. Haroon

Efficiency enhancement strategy implementation in hybrid electric vehicles
using sliding mode control

Introduction. Hybrid electric vehicles are offering the most economically viable choices in today's automotive industry, providing best
solutions for a very high fuel economy and low rate of emissions. The rapid progress and development of this industry has prompted
progress of human beings from primitive level to a very high industrial society where mobility used to be a fundamental need. However,
the use of large number of automobiles is causing serious damage to our environment and human life. At present most of the vehicles are
relying on burning of hydrocarbons in order to achieve power of propulsion to drive wheels. Therefore, there is a need to employ clean
and efficient vehicles like hybrid electric vehicles. Unfortunately, earlier control strategies of series hybrid electric vehicle fail to include
load disturbances during the vehicle operation and some of the variations of the nonlinear parameters (e.g. stator’s leakage inductance,
resistance of winding etc.). The novelty of the proposed work is based on designing and implementing two robust sliding mode
controllers (SMCs) on series hybrid electric vehicle to improve efficiency in terms of both speed and torque respectively. The basic idea
is to let the engine operate only when necessary keeping in view the state of charge of battery. Purpose. In proposed scheme, both
performance of engine and generator is being controlled, one sliding mode controllers is controlling engine speed and the other one is
controlling generator torque, and results are then compared using 1-SMC and 2-SMC’s. Method. The series hybrid electric vehicle
powertrain considered in this work consists of a battery bank and an engine-generator set which is referred to as the auxiliary power
unit, traction motor, and power electronic circuits to drive the generator and traction motor. The general strategy is based on the
operation of the engine in its optimal efficiency region by considering the battery state of charge. Results .Mathematical models of
engine and generator were taken into consideration in order to design sliding mode controllers both for engine speed and generator
torque control. Vehicle was being tested on standard cycle. Results proved that, instead of using only one controller for engine speed,
much better results are achieved by simultaneously using two sliding mode controllers, one controlling engine speed and other
controlling generator torque. References 37, figures 11.

Key words: hybrid electric vehicles, electric vehicles, sliding mode control, efficiency enhancement.

BcTyn. Mi6puaHi eneKTpoMo6ini NPonoHyTb HalGibLL EKOHOMIYHO AOLNLHWIA BUGIP Y CydacHiii aB TOMOBINbHIV NPOMUCAOBOCTI, Hafakuw
HaliKpallyi pilleHHs Ans Ay>Ke BMCOKOI eKOHOMII MamMBa Ta HM3bKOro piBHA BUKMAiB. LLIBMAKWIA nporpec Ta pO3BMTOK L€l ranysi
MigWTOBXHYNN NH0Ael A0 Nepexofy BiA MPUMITUBHOTO PiBHS A0 Ay>Ke BMCOKOrO iHAYCTpPiaibHOrO CycninbCTBa, A6 MOBINbHICTL Gyna
(hyHOaMeHTasbHO NOTPe6ot0. OfHaK BUKOPUCTaHHA BENMKOT KifbKOCTi aBTOMOGINIB 3aBAae Cepiio3HOI LUKOAM AOBKINMO Ta >KUTTIo
NoguHN. HuHi 6inbLUICTb TPaHCNOPTHYX 3ac06iB NOKNAAATHCA HA CNaNoBaHHA BYINEBOLHIB 38151 [AOCArHEHHS NMOTY>KHOCTI pyxy Ha
MPOBiHMX Konecax. OT>Ke, HeobXiAHO BUKOPUCTOBYBATY YACTI Ta epeKTVBHI TpaHCnopTHi 3aco6u, Taki K ribpuaHi enekTpomobini. Ha
>Karb, paHille cTpaTerii ynpaBniHHA CEpiiiHNM TibpuaHM eneKTpomMobinemM He BpaxoByBaM 36YPeHHs HaBaHTa>KEHHS Mif Yac poboTu
aBTOoMOGINA i AesKi 3MiHW HefiHIHMX napameTpiB (Hanpuknag, iHOYKTVBHICTb PO3CitoBaHHA CTaTopa, onip 06MOTKM i T.4.). HoBusHa
3anponoHoBaHOI PobOTH 3acHOBaHa Ha Po3pobLi Ta peanisauii ABOX HafiiHWX KOHTpOnepis koB3HOro pexkumy (SMC) Ha cepiiiHomy
ribpuaHoMy enekTPoMOGiNi Aas MiaBULLEHHS eChEKTUBHOCTI 3 TOUKM 30py LUBMAKOCTI Ta MOMEHTY, WO KPyTWUTb, BianosigHo. OCHOBHA
ifes nonsirae B ToMy, LL06 A03BONMTM ABUTYHY NpaLtoBaTW TifbKy TOAI, KOMM Lie HeOOXiAHO 3 ypaxyBaHHAM CTaHy 3apsidy akyMynsTopa.
MeTa. Y NpornoHOBaHii CXeMi KOHTPOMIOITHCA XapaKTepucTUKY AK [BUryHa, TaK i reHepaTopa, OANH KOHTPOMEp KOB3HOMO PeXknMy
perynioe LUBMAKICTb [BUryHa, a IHLLWIA Perynioe Ky THUA MOMEHT reHepaTopa, a NoTiM pesynbTaTy NOPiBHIOTHCA 3 BUKOPUCTAHHAM
pe>kumis 1-SMC i 2-SMC. MeTog. CwioBa yCTaHOBKA CepiiiHOro ribpugHOro enekTpomMobins, Lo PosrnsaaeThes B AaHiii po6oTi,
CKNafaeThcAd 3 aKyMynsaTOPHOI GaTapel Ta YCTaHOBKW [BUryH-TeHepaTop, fika HasVBAETbCA AOMOMIMKHOK CWIOBOK YCTaHOBKOLO,
TAroBVM ABUNYHOM Ta CUIOBUMM €NleKTPOHHUMM CXeMaMK [/ NPUBOLY reHepaTopa Ta TAroBoro fisUryHa. 3arasibHa cTpaTeris 3acCHoBaHa
Ha pobOTi [BuryHa B 06nacTi OMTUMAIbHOI EEKTMBHOCTI 3 ypaxyBaHHAM PIBHA 3apsfy akymynaTopHOi GaTapei. PesynbTaTw.
MaTemaTunuHi Mogeni ABuryHa Ta reHepaTopa Oynm NpuitHATi 4O yBaru 4is po3pobKn PerynsiTopiB KOB3HOMO PEXKUMY SIK /il KepyBaHHS
YacTOTOW 0bepTaHHs ABUryHa, TaK i And KepyBaHHS KPyTHUM MOMEHTOM reHepaTopa. TpaHCMOpPTHMIA 3aci6 BUMPOGOBYBaBCS 3a
CTaHAaPTHUM LMKIOM. Pe3ynbTaTy Nokasanu, L0 3aMiCTb BYKOPUCTAHHS /MLLE OLHOTO PErynsTopa 4acToTu 0bepTaHHA [BuryHa
HabaraTo Kpawyi pesynbTaTw AOCAratoThCA MPU OLHOYACHOMY BUKOPUCTAHHI [4BOX PErynsTopiB KOB3HOTO PEXKVMY, OfMH 3 SKUX Kepye
4acTOTOK 06epTaHHs ABUTYHA, a iHLLNIA - MOMEHTOM, LU0 Kpy TUTb, reHepaTopa. bion. 37, puc. 11.

Kntouosi cosa: ribpyaHi eneKTpomobini, enekTpomMobini, KepyBaHHS KOB3HUM PEXMMOM, NiABULLEHHS eeKTUBHOCTI.

1. Introduction. Advent of high pace development
of internal combustion engine (ICE) vehicles and
invention of automobile industry is contributing so much
by satisfying needs of modern society. This prompted
progress of human beings from primitive level to a very
high industrial level society where mobility used to be a
fundamental need (for instance [1-5]). Automotive
industry serves as a backbone towards success and
development of a nation. However, the use of large
number of automobiles is causing serious damage to our
environment and human life. It is causing serious
problems, which are affecting our eco system badly. Air
pollution and global warming are causing us much
trouble. At present most of the vehicles are relying on

burning of hydrocarbons in order to achieve power of
propulsion to drive wheels. Where heat has been used by
the engine and combustion byproducts are released in the
atmosphere. By products also comprises of harmful gases
like nitrogen oxide (NO) and carbon monoxide (CO) and
some of the unburned hydro carbons (HC) which are
harmful to environment and human health. Global
warming is as result of greenhouse effect, which is
happening due to presence of harmful gases like carbon
dioxide and methane in the atmosphere. The radiations
reflected by the earth are trapped by these gases, resulting
in increased temperature. As a result, damaging the whole
ecosystem and causing natural disasters.

© A. lbrar, S. Ahmad, A. Safdar, N. Haroon
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Over last some decades, the need of clean and fast
transportation has increased a lot. Keeping in view the
time of need hybrid electric vehicles (HEVs) was
developed which offers most fuel efficient and emission
free transportation these days. The scholars have been
researching more and more to bring out best from them.
In order to increase efficiency level, researchers have
been applying various optimization techniques on hybrid
electric vehicles in order to let them operate at their
optimum level. Keeping in view pros and cons of
different types of HEV’s, researches have been digging
out on almost every type of hybrid vehicle. All of them
have same components like engine/generator set, power
converters, fuel tank, batteries, transmission and traction
motors along with some auxiliary electrical loads, the
difference lies only the way power is transmitted from
engine to wheels. Depending upon architecture of
drivetrains, HEVs can be divided into 4 major categories
i.e. series hybrid electric vehicle (SHEV), parallel hybrid
electric vehicle (PHEV), series-parallel hybrid electric
vehicles and complex hybrid electric vehicles. Different
scholars have proposed various schemes to improve their
efficiency. Due to higher battery cost and small driving
range of EVs, HEVs came into existence where hybrid
electric vehicles use both ICE and electrical machine to
work. It has advantages of both EV and HEV.
Furthermore, due to their complex structure scholars have
been developing various optimization techniques and
control strategies on HEVs to get optimum fuel efficiency
and reduced level of emission with enhanced battery life.
These control strategies were broadly divided into two
main types:

1. Rule based strategies of control mainly depend on
the modes of operation of vehicle, and these schemes are
easily implemented on real time control techniques. Rule
based on control schemes mainly based on heuristic based
ideas, human intelligence and without prior knowledge of
drive cycle [6]. These controllers were usually based on
static points of operation of vehicle components like ICE,
generator and motor.

2. In optimization based schemes, the basic aim of the
controller is to minimize and optimize the cost function.
These cost functions depend upon us; it may be fuel
consumption or battery life extension or emissions etc.
These strategies were not based on real time energy
management directly but if we take instantaneous values
of cost function, then it is possible to evaluate on real
time. Global optimization requires all prior information
regarding state of charge (SOC), driving cycle, response
of the driver and type of route. Different optimization
techniques have been used by researchers like linear
programming, dynamic programming, Pontryagin
minimum principle, model predictive control, stochastic
control strategies, genetic algorithm etc.

Various research has been done for the electric
vehicles modeling [7-10], implantation [11-13] and
control [14-20]. Control techniques for electric vehicles
are significant to evolve the revolution of automotive
industry. In [14] authors developed control algorithms for
fuel consumption optimization in parallel hybrid
automobiles. For full parallel hybrid mode, a
mathematical approach is used whereas for torque assist

parallel hybrid an approach is designed from optimal
sizing was presented in [15]. Energy management strategy
in parallel hybrid electric vehicles (PHEV) by using a
variable continuous transmission is discussed in [16].
Later on study developed different control schemes for
parallel and series hybrid electric vehicles. These schemes
basically focus on decreasing fuel consumption and
utilizing battery storage capacity as much as possible
[17]. In [18], researchers worked on a power management
control based strategy for a parallel configuration hybrid
electric truck which further includes minimization of a
cost function and reduction of emissions. The study has
been carried out by using a model of hybrid vehicle in
hybrid engine-vehicle simulation (HE-VESIM) which is
developed by a research center named as Automotive
Research Centre. In [19] authors presented an algorithm
for SHEV’s to control electricity generation in order to
minimize consumption of fuel based on different
parameter like SOC of battery etc. In [20] authors
proposed efficiency enhancement strategy in PHEV using
model predictive control.

In literature several schemes have been proposed for
smooth clutch engagement and low jerks having reduced
oscillations, like back stepping motor control, optimal
control, model predictive control etc. the primary
objective of their research was to introduce such control
schemes that reduced the transition oscillations while
shifting from a pure electric mode to a pure hybrid mode.

Fuel economy of HEV’s are majorly affected by
their powertrain configurations, powertrain parameters,
and energy management strategies. However, catering all
three at a time requires large space and exhaustive
optimal control strategy like dynamic programming (DP)
which is in fact complex and expensive computationally.
A faster and computationally efficient optimization
strategy rapid dynamic programming (Rapid-DP) is
developed in 2019 authors proposed optimization control
of a power split hybrid vehicle where all 3 are optimized
simultaneously. A combined optimization strategy was
employed on Toyota Prius and Prius++ in order to
examine fuel savings and increase in operating mode [21].
In [22] authors presented energy management strategy for
series hybrid deep tracked electric vehicle (SHETV) by
developing deep Q-learning (DQL) algorithm. Robustness
of whole model is improved by utilizing two deep Q-
networks with some initial weights and identical structure
are built and then trained to estimate action-value
function.

In [23] was developed a strategy based on model
predictive controller for power split hybrid electric
vehicles by developing two management schemes for
power-split  hybrid electric city bus (HECB),
incorporating linear time-varying stochastic model
predictive control and Pontriagin minimum principle
stochastic model predictive control. Both strategies do
have real time fast computational response at cost of
complex calculations with increased efficiency.

In [24] analysis based on comparison of energy
management strategies for HEV’S was introduced.
Different schemes like dynamic programming (DP),
Pontryagin minimum principle (PMP) and equivalent
consumption minimization strategy (ECMS) were
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studied. Results revealed that ECMS used to be only
implanted in the real time. While, PMP and DP were
proved to be more affective energy management
strategies in optimal control.

In [25] study presented a point-by-point
investigation of the ideal vitality administration issue for
plug-in hybrid electric vehicles illuminated utilizing the
PMP. In this study, a relation between directions of state
and co-state with the battery characteristics has been
produced which are not been investigated in a
comparative design in earlier writing. A partial area
examination is additionally completed demonstrating the
partial linearity of the ideal condition of SOC with
appreciation to outing length for a mix of certain standard
driving cycles. Information picked up from this activity
empowers us to build up a versatile vitality administration
methodology. Furthermore, a model predictive control
(MPC) torque-split system that consolidates diesel motor
transient qualities for PHEV was studied to enhance the
fuel efficiency of HEV. For most of the HEV applications
where the motors continuously experience transient
operations, like including start and stop, the impact of the
motor transient attributes on the general HEV powertrain
mileage turns out to be more declared [26].

In [27] an adjusted SOC estimation calculation is
connected here, which incorporates coulomb checking
strategy, as well as open circuit voltages, components of
weighting and revision variable in order to track the run
time SOC productively. Further, nearness of battery and
motor together, needs an overall force split plan for their
effective usage. In this study, a fuel proficient vitality
administration methodology for force split HEV utilizing
adjusted SOC estimation technique is produced. Here, the
ideal estimations of different overseeing parameters are
firstly figured with hereditary calculation and after that
nourished to Pontryagin base standard to choose the limit
of the power at which motor is turned on. This procedure
actually makes the proposed technique a hearty and gives
better opportunity to enhance fuel proficiency. The motor
effective working area is additionally distinguished which
makes the vehicle work in proficient locale and diminish
fuel utilization.

In [28] a quantitative investigation of fuel
consumption and performance of series hybrid electric
vehicle HMMWYV (high mobility multi-reason wheeled
vehicle) is a vehicle used in military with a routine
HMMWY of proportional size is presented. In this paper,
a philosophy is displayed by which the efficiency
increases because of streamlined motor are separated
from the mileage increases due to regenerative braking. In
[29] a control based strategy was developed in order to
improvise fuel economy and efficiency of engine of series
hybrid vehicle using fuzzy logic and sliding mode control.
The fuzzy logic controller has two inputs; the vehicle
power demand and SOC of the battery and purpose of this
controller was to increase engine and battery efficiency
levels. Besides, two sliding mode controllers are designed
in order to remove uncertainties and disturbances
occurred while vehicle is working.

As of late, numerous analysts have been
concentrating on the different issues related to control of
the SHEV powertrain architectures. In [30] was presented

a control scheme for SHEV’s based on sliding mode
controllers (SMC) with fixed boundary layers. These
controllers are aimed to control engine/generator speed
and torque, to let them operate in optimal efficiency area.
Consequently, affecting fuel economy and also enhanced
battery life is expected.

In the previous literature which is related to SHEVs
studies are mostly concentrated on control of auxiliary
power unit (APU). The work [31] presents a linear
adaptive DP, which requires a prior information and
knowledge of the plant. In [32] PI controllers were
utilized in order to control auxiliary power unit. However
highly nonlinear system nature is a great obstacle in
getting optimized performance. In order to achieve
maximum fuel economy and battery lifetime bi-level
energy management strategy for plug-in hybrid electric
vehicles with a reference of SOC was achieved by
utilizing radial basis function neural networks along with
MPC [33]. However, a review papers in [31-35]
elaborated vital energy management strategies for various
types of HEV’s by focusing on both APU control and
energy storage system. Pointing various pros and cons of
different energy management strategies used to optimize
vehicle efficiency. Where all recommendations and
suggestions were shared in [33] varying from
proportional—-integral—derivative controller, operational or
state mode, rule-based or fuzzy logic, and equivalent
consumption minimization strategies, are explained.
Various optimization techniques were discussed including
dynamic programming, geometric algorithms (GA’s),
particular swarm optimization (PSO) etc. Along many
other techniques, research on production of hybrid
renewable energy has also been done by using fuzzy logic
based smart controllers, where improved energy
management and optimization was employed by using
smart economic strategy based on fuzzy logic. Fuzzy
logic was employed efficiently to control hybrid electric
energy sources built around solar panels, wind turbine and
electric storage system with assistance of electric grid
[36]. Efficiencies of HEV’s were enhanced by using
multiple techniques, and generator torque control is one
of the effective ones. Where generator torque was
controlled based on second order SMC for three-level
inverter-fed permanent magnet synchronous motor [37].
Application of SMC controller helped resolving uncertain
noises and ripples, which enhanced torque response.

Nonetheless, these SHEV powertrain control
methodologies neglect to adequately address the
exceptionally nonlinear parameter varieties and sudden
outside aggravations amid the vehicle operation.

Details regarding series hybrid vehicle structure and
implementation of sliding mode controllers in order to
control engine speed and torque of the generator will be
discussed in next section.

The goal of the paper is to study and model series
hybrid electric vehicle and implementing two sliding
mode controllers; one for controlling engine speed and
other one controlling generator torque and as a result they
let the series hybrid vehicle to operate only in its optimum
efficiency region.
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2. Designed scheme. In this research, a series hybrid
electric model has been developed on MATLAB/Simulink
with additional two SMCs, which helps a lot in catering
nonlinearities developed while driving. Both controllers
together let the vehicle to optimize performance of vehicle
in terms of speed and torque. In this research, the specific
control strategy to be proposed aims at to discover the
robustness characteristics of SMC against uncertainties of
engine/generator set and the power converter. The very
basic idea is not let the engine to operate when vehicle is in
idle state. When the SOC of battery drops any reference
value engine will be turned ON and it will be turned OFF
when SOC reaches a maximum reference value. Both two
SMCs run at same time to achieve the optimal efficiency of
vehicle by controlling speed of engine and. In some recent
years, sliding mode control has become hot topic in case of
optimization of hybrid vehicles.

Unfortunately, earlier control strategies of SHEV
fail to include load disturbances during the vehicle
operation and some of the variations of the nonlinear
parameters (e.g. stator’s leakage inductance, resistance of
winding etc.). SMC is very good for applications in
automobile industry due to its very basic property of order
reduction; also these controllers are less sensitive to all
the disturbances during vehicle operation and parameter
variation of the plant [4, 5].

The basic aim of this research is to develop two robust
and noise free SMCs for speed of engine and generator’s
torque control. This will eventually increase efficiency of the
SHEV. In this research two controllers were applied
simultaneously which will actively contribute to increase the
efficiency levels of vehicle. These controllers were applied
on APU; consisting engine, generator and power converters.
Military vehicle HMMWV is also a series hybrid vehicle and
this research helps a lot in enhancing its efficiency. The basic
idea is to let the engine operate only when necessary keeping
in view the SOC of battery. The controllers will help to let
the vehicle operate only in their optimum efficiency range.

3. Powertrain components of series HEV. The
engine generator set along with AC/DC drivers are
connects with the battery pack in series manner with
traction motors.

3.1. Vehicle system. The engine used is a diesel
engine generating 114 kW at 5000 rpm. A permanent
magnet synchronous generator (PMSG) is used with
related output of 114 kW with 90 % efficiency. The
battery pack of vehicle used is of nickel metal hydride, as
they are available commercially also with a voltage of
12V DC. In this project 12 such batteries are connected in
series in order to get a voltage of 288 V. Power is being
delivered to the wheels using batteries. Two traction
motors are used here to deliver power to the load; they are
also permanent magnet synchronous motors. One of the
motor is directly connected to the rear differential while
second one is connected through drive shaft to front one.
Figure 1 shows the system including a diesel engine, a
PMSG with its respective drive that is AC-DC converter.
Motor is connected with their DC/AC converters aims at
providing traction power to the wheels. The generator is
working both as starter giving starting torque to engine
and as an alternator.

Auxiliary Power Unit

L
Diesal AC I«
Engine be C~Vix

AC
oc

Traction motor 1

&

Batieny
Fig. 1. Schematic diagram of series HEV drivetrain

3.2. Modeling of engine. The modeling of the
engine is performed by using torque and speed equations
of the engine which are forth order polynomials, found
out using least-squares method. Torque T in terms of
speed wes comes out to be:

Tee 16510 10 7wy 00002 w3+0.0546 w2

“ (1)
QjWe,
i=0
where ; are the polynomial coefficients i =0,1,2,3,4. It is
also possible to derive wes as a function of T such as

w,=232 10 °T* 000114 T3 01937 T2
es es es

4 : )
o B Tel,
i=0
where ; are the polynomial coefficients i = 0,1,2,3,4.
Functional block diagram of APU control system is
shown in Fig. 2, where 2 control signals are being
generated one for control of engine speed and other for
generator torque control using information coming from
SOC of battery and generator currents.
Auxiliary Power Unit

665 w, 36167

11839 T+267.963

L Battery Traction motor
Engine [ ol ==
) oc| ~T T AC
TU°"3'"° Tuga«\a(alu

APU CONTROLLER

3 D D T

Fig. 2. Functional diagram of APU control system

3.3. Auxiliary power unit (APU). In Fig. 3,
Simulink diagram for APU is shown. It comprises of two
sliding mode controllers, one PID controller, and two
functional blocks are designed in order to calculate
reference engine speed and generator torque. In addition,
rate limiters and saturation blocks are being employed to
let the engine operate in optimum region. A relay is being
used to generate ON/OFF signals for auxiliary power unit.

3.4. Modeling of the PMSG. PMSG is used in this
research because of its reliability, lower maintenance and
more efficiency. The dynamic model of the PMSG is
derived reference frame which is synchronous and it is
two phase in which with respect to rotation the g-axis is
90° ahead of the d-axis. The dg-axis model of the PMSG
is obtained as:
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where ig, iq are the d-g axis axis currents of generator

diq |__q 'q Ly 'd |__q Vg |__q Wei  (3) respectively; vy, vq are the generator’s d-q axis voltages;
R is the generator resistance; Lg, Ly are the generator’s d-q
dig R i We Lg i, — vy ) axis inductances; K; is the torque constant of generator;
Ly | Ly ¢ Ly ' Ky is the induced voltage constant of generator; Ty is the
Ty K igtky Ly Lq g g » () generator torque; ky is the reluctance torque coefficient;
W, is the speed of the engine.
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Fig. 3. Schematic diagram of series HEV drivetrain

3.4 Development of control strategy. The control
strategy is having the following main aims and objectives.
The SOC of the battery is kept between a given minimum
and maximum level. When the charge decreases to a
certain given lower level (SOC,), the engine will be
started or in ON state from idle state EC = 1 and engine is
again stopped when SOC reaches a certain maximum
level or upper edge (SOCa) then EC = 0:

1 SOCpin  SOC't;
EC ECt 1 SOCpa SOCt  SOCpin:
0 SOCmax SOC't.

3.4.1 Parts of APU. (APU) comprises of three parts.
3.4.1.1. Linear PID controller. The basic function
of this controller block is to output the reference torque
value for the engine, by finding the difference between
reference state of charge which is kept 97.7 V here and
the actual state of charge of the battery by taking them as
its input. After that to assure that the torque value stays in
limit, saturation block is placed at the output so that the
value stays within a suitable range. Using this optimal
region, the speed reference for the optimal efficiency
region can be given as:
4 i
we = BT . (6)
j=0
The speed calculated is again limited via saturator so
that it remains in optimal region. After determining the
reference torque and speed values, controllers are
designed based on sliding mode with aim to control speed
and torque.
3.4.1.2. Sliding mode based engine speed control.
Overall efficiency improvement of SHEV requires very
good control strategies for highly non-linear dynamics of
engine. Hence, a robust SMC, which can be able to
acquire a high level robustness against non-linear
uncertainties and disturbances of the system, is the main
aim of the study. For the control strategy under this

research, a simple state space representation, using the
model of the engine is:

oK iy
7
dwg _ 1 1 )
T., Ty,
dt Jior N Jiot

where Xsoc is the state of charge; i, = i — im — i is the
battery current; i, is the traction motor current; i_ is the
parasitic electric load current; iy is the generator
quadrature current; T, is the generator torque; Jy is the
total inertia Jior = Jg n®> + Jo; Je is the engine inertia;
Jq is the generator inertia; n is the generator speed ratio
we/wg = 1.038; K = Cy/3600, C, is the battery capacity, Ah.

In (1), the torque function is derived for maximum
load in terms of demanded speed; in other words, for
maximum throttle level (i.e., 1). The throttle level
assumes values between O and 1 for engine control.
Therefore, the torque of the engine should be rewritten as
a function of the throttle level, which takes values from 0
to 1 as follows:

2 3 4
Tes U Op OWe Op Wg O3 Wg Og We , (8)

where u is the torque control input (throttle angle 0-100 %).

First, the polynomial approximation in (1) for T, is
substituted in the following equation of motion for the
engine:

d 4 i
e _ 1, o Wy L Tg - )
dt Jot i N Jot
Then, a sliding surface , is chosen as
=Te, (10)
where
e WeT W . (11)

To ensure system’s the stability, Lyapunov conditions
are used to derive the sliding mode control law:
v=% 250, (12)
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Vv , (13)
which should be equal to -D 2 to satisfy the condition of
negative definiteness of V . Thus

VvV D 2, (14)
where D>0.
Consequently
D 0.

By taking the derivative of
equation of motion. Inside

(15)
and substituting the

*x ot
o T w W,
4
i 1
Qi Wy
N Jiot

(16)
T L u Ty-
tot i=0
Now ue, which is equivalent control input, that
makes 0 is to be calculated by replacing u with U
And it produces
Jiot t 1
Ueg= W Ty
a4 i n ‘]tOt g
O; We
i=0

A7)

« 1 4 i
0 T — O W Ug U. (18)

tot j=0
Substituting in (14) into (18) and discretizing this
equation with (18), yields

4 .
R i Wok Ugk uk Dk 0 (19
tot j=0
and
4 .
BLE S A
T Jtot =0 (20)
Ugk 1 uk 1.

Assuming that input equivalent control is an average
value and nothing else

Ueqg Ueg k 1. (21)

Finally generating a chattering free controller named
as SMC which is

J
1 2 tot .
T°T  wk
i0
1 DT Kk k 1,
where T", D are positive design parameters.
3.4.1.3. Sliding mode based generator torque
control. Now, after engine speed controller at this level
torque reference values are already being generated using
generator torque calculator used in APU model. By using
these values a reference torque value is generated using
PID controller, optimized values of engine speed and
inertia of the generator as

Tgr Tos Jiot W' (23)

A noise free SMC of torque is designed based on
PMSG model, and its state space form is

uk uk
(22)

— 0
d I Lg I
dt g 0 R g
Xg Ld
Ag
L K
iy —2w, 1
Lq Lq d d
v (24)
Ly . 1
—L Wi 0 —
elq
Ld Ld u

Ty Kiig Ki Lo Lg g ig.

As there is large number of rotor teeth so we assume
that Ly L the torque of the generator becomes

Ty Ky ig. (25)
In state space form
Xg Ag Xg By ug
ig (26)

y Tg xg 0 K i
By selecting an error surface based on difference of
generator currents and by choosing the Lyapunov
function, controller is designed in the same way as done
previously. Hence, the law for control can be derived as

Bl

ug k uglel DgT ¢ K g k 1,(27)
where
r
Vv
ug O (28)
Vg

In generator control mechanism, generator output
currents are taken and passed through abc/dg, which is
converting them to dq state of reference these are being
fed into SMCs, after that output voltages of SMC are
again being converted to abc state of references which are
then passed through ha PWM generator as a control signal
further being fed into IGBT’s.

4. Simulations and results. In this section
simulations are made on MATLAB/Simulink. Where first
a series hybrid vehicle is developed and after that SMCs
are implemented in order to control engine speed and
generator torque. Simulations of different components of
series hybrid vehicle are shown in this section.

4.1. Simulation of vehicle system. In Fig. 4 a
reference SOC value of 97 V is fed into APU, w, (actual
speed generated by vehicle) is also used as an input to
APU, another input is id which is the current generated by
the PMSG. APU is generating optimum values of engine
speed and generator torque for engine and generator
respectively. Next to APU, is engine which is further
connected in series to generator, AC-DC-AC converters
and battery. And finally a PMSG is connected to the
vehicle shaft. Kph demand block is actually based on
reference drive signal, which is being fed and used as a
standard cycle on which vehicle is being tested.
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Fig. 4 Overall vehicle system

4.1.1. Simulation of APU. This figure is based on
two main parts.

1) A PID controller is used to appropriate reference
torque values based on difference between actual SOC
and standard SOC value, which is then passed through a
saturator to limit the torque value. These torque values are
then used as an input by speed calculator block and it
output we, speed values by using (2). These speed values
are again passed through a saturator in order to limit
them. After that w, coming from actual speed of vehicle
and the we value generated by the speed calculator
equation are passed through saturator to get W, then
passed through a summer to find the error between the
two which is then made as an input to SMC 1. Similarly
for torque calculation, iy coming from generator is being
multiplied to constant Ky, to get T, torque and other
reference torque value is generated by using previously
generated wee; and passing it into torque calculator as an
input and output is the respective torque values Tgr, NOW
both Ty and Ty are passed into a summer to generate
error based on their error SMC 2.

2) Second main part of the APU, are the two sliding
mode controllers one is taking error between the speed
and generating optimum speed value for engine to be fed
into it, and the other one taking error between generator
torques and accordingly generating the optimum value for
generator torque. The controller designed for engine
speed is basically based on (22) and for generator torque
is based on (27).

4.1.2 Simulation of engine. The optimum speed
Uengine 1S generated by APU is being fed into the engine. A
generic spark ignition engine is being used of 114 kW and
running at 5000 rpm. Figure 5 is a simulation of engine
used in this research. The input speed values are fed into
engine as a throttle level between 0 and 1. It is depicting
the torque demanded from engine as a fraction of
maximum possible torque. If the speed of engine falls
below the stall speed, which in this case is 500 rpm, the
torque is assumed zero. In this model, F and B are
mechanical rotation ports associated with engine shaft. P
and FC are output ports via which power of engine and
fuel consumption is reported.

4.1.3 Generator, motor and battery. The generator
motor and battery of system is connected in series in
addition with DC-DC converters (Fig. 6). In this section of
simulation, a PMSG of rating 114 kW with related
efficiency of 90 % is connected to a DC-DC converter,
which is converting AC output of generator to a DC so that

is can charge the battery which is next to the converter. The
output voltage of DC-DC converter is 500 V. this DC is
again converted into AC to be used by synchronous motor.
Output is then fed into the vehicle shaft.

T Engine Shaft
)

P>
b T Inertia
Thr Throttle —_

Generic Engine

Rotational Damper

Fig. 5. Speed-torque characteristics of engine

TR
GeTeq
Srat

Fig. 6. PMSG, DC-DC converter, battery and motor

o Vior & D

In this section of simulation, a PMSG of rating 114 kW
with related efficiency of 90 % is connected to a DC-DC
converter which is converting AC output of generator to a
DC so that is can charge the battery which is next to the
converter. The output voltage of DC-DC converter is 500 V.
This DC is again converted into AC to be used by
synchronous motor. Output is then fed into the vehicle shaft.

4.1.4 Sliding mode based engine speed controller.
The simulation model of controller designed for engine
speed control based on (29) is basically implemented.
Error e is being multiplied with T" which together makes

=T e the sliding surface. Next this is being multiplied
by (1 + D T) also a delayed signal is introduced making
=(k-=1) and both the values are subtracted by passing it
into a subtracter, where T~ is randomly taken as 15.032,
D equals to 7.6 hence (1 + D T) equals to 32.526. To find
out denominator of equation, T is multiplied by T and
then passed through polynomial equation block to find
4

i we k , is nothing but (1). Then passed through a
i0
divider output u(k) is delayed by 1 and passed through
adder to complete the equation:

ot
* 4 H
T T ;wk
i0
1 DT k k 1

uk uk 1

(29)
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4.15 Sliding Mode based Generator Torque
Controller. In Fig. 7 equation (27) is implemented in the
same way as previous is done.

ugk ugk 1
g1 (30)
- 1 DgT 4k gk 1.

Target speed. The standard cycle used as a reference
over which vehicle is being tested, where initially from 0 to
1 s vehicle is at off state, then afterwards it starts and
accelerates up to 50 rpm uptil 2.5 s. After that it again
decelerates and comes to O rpm at 3.5 s again increased
until 10 rpm at 5 s and again decelerated to zero rpm. And
finally at 10 s it comes to rest.

Target speed

7 . ‘ ‘ ts

L
0 5 25

10 15 20
Fig. 7. Standard cycle to test vehicle

4.2 Results. In this section, control methods
developed and results are being shown in terms of speed
and torque of engine and generator using only one SMC
and using both SMC’s and their result are compared to
see the trend of efficiency.

In the above Fig. 8, SOC is measured versus time. In
simulation a reference of 97 V is given below which
engine starts shutting down. The graph is showing the
trend of battery SOC.

SOC

<300 (%}
—— From Workspace

1] 2 4 6 8 10 12 14 16 18 20

Fig. 8. Battery SOC

In Fig. 9, speed versus time variation of engine is
shown. The simulation runs for 20 s over target cycle.
First blue graph is using only one controller. For the case
when only one controller is applied to the simulation,
increase in speed is very less. From zero to 3.5 s speed is
negative after that starts increasing and gets maximum
uptol2 rpm and rests at it until end.

For the case when both controllers are applied, speed
graph is more likely following the standard target cycle
used. Initially when vehicle is in off state graph is
following target cycle and remains at zero rpm until 3.5 s.
After that it starts increasing and attains 42 rpm and starts
decreasing when vehicle is in deceleration mode. After 10
s speed starts rising and approaching zero.

Engine speed, rpm

—— <Engine speed (rpm)>
Engine Speed (SMC1) |

s
w0 o
Pl

—
% Pl
\ =
100 \ ’/’;
120 F */ { 4
| | | | | | | L ts
Fig. 9. Engine speed using 1-SMC and 2-SMC’s

In Fig. 10, engine torque is shown and there is a
great efficiency enhancement in torque also. By using one
controller’s results seems to be not very satisfactory and
maximum gained torque is 0.5 N m only. While when we
implemented both controllers, one controlling engine
speed and other controlling generator torque a high torque
is added in the system reaching nearly 3 N m and settling
at zero N m from 10 sec to 20 sec time span.

Engine torque, N m

<engine torgue (Nmj= | |
Engine Torque (SMC1}

i — I I I P _
~— ™
0 P b

ts|

L] 2 ‘II (IS BI 1;] 1‘2 1‘4 1‘6 1‘3 20
Fig. 10. Engine torque with 1-SMC and 2-SMC’s

In Fig. 11, generator torque graphs are shown and
compared using 1-SMC and 2-SMC’s. while using only
one controller, at start it decreases up to 0.6 N m and then
starts increasing at 3.5 s and reach at maximum level of
0.2 N m. After that approach zero as vehicle comes to
rest. As compared to this, a high torque is gained max up
to 4.4 N m in case when both controllers are employed to
the system. Hence, results are much better when both
controllers are implemented in the system.
Generator torque, N m

6

5

t,s
o 2 4 6 8 10 12 14 16 18 20

Fig. 11. Generator torque using 1-SMC and 2-SMC’s
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4.3 Efficiency
enhancement in terms of
Using this formula

obtained speed
actual speed

We can easily find out efficiencies in terms of speed
by both cased using 1-SMC and 2-SMC’s based on their
difference we will see how much efficiency is increased
by employing second controller to the system.

Speed efficiency using 1-SMC.

Maximum obtained speed is 12 rpm; actual speed
needed is 50 rpm:

enhancement. Efficiency
is calculated in this section.

100.

L 2100 24%.
50

Speed efficiency using 2-SMC’s.
Maximum obtained speed is 42 rpm; actual speed
needed is 50 rpm:

» 22100 84%.
50

Hence, increase in efficiency ,- 1=60 %.

Therefore, it is very clear that efficiency is increased to
a much better extent when both controllers are employed in
the system rather than by only using controller for engine
generator control enhances the efficiency levels to a much
reasonable and acceptable level. SMCs enhanced efficiency
level of SHEV to a great extent. These robust controllers
helped to reduce noise while vehicle is in operating state.
They helped to reduce non-linearities.

5. Conclusion. In this research work, a series hybrid
electric model is developed on MATLAB/Simulink and
then two robust sliding mode controllers were designed
and implemented in order to control engine speed and
generator torque so that vehicle would run at maximum
possible efficiency level.

As a series hybrid electric vehicle is a highly non-
linear system, so a robust controller to be designed is a
need of the time. By using two controllers, instead of only
one, higher efficiency levels are achieved actually. In past
work related to series hybrid electric vehicles, researches
mostly focused on control of engine-generator set together
called auxiliary power unit. The major development of this
research is that two sliding mode controllers have been
designed to be used in the system simultaneously, together
optimizing speed of the engine and controlling torque of
the generator in order to achieve a robust efficiency level in
series hybrid electric vehicle.

The results revealed that much higher speed and
torque could be achieved by using two controllers
simultaneously controlling engine speed and generator
torque. By employing both controllers in the system
efficiency increases from 24 % to 84 %, hence a net
increase of 60 % is observed. Graphs clearly show that by
using of two sliding mode controllers a significant
amount of speed and torque is added to the system. The
basic idea was to not allow the engine to operate outside
optimal region. By doing so, fuel consumption is also
optimized as vehicle operated only when it is need, while
deceleration or idle mode engine shuts off according to
control strategy. These sliding mode controllers based
control strategies depict the expected robustness via speed
and torque. Despite of the load variations and non-

linearities, graph tracked the standard cycle to much
better level with an efficiency increase of 60 %. The
addition of generator torque controller via two sliding
mode controllers yields improved performance of series
hybrid electric vehicle. The proposed scheme controls all
the uncertainties of the system including engine and the
generator. When the state of charge of battery drops
below a predetermined level engine shuts off, and as
engine reaches above the given level engine is stopped.

Conflict of interest. The authors declare that they
have no conflicts of interest.
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Power quality enhancement using active power filter five-level cascade H-bridge
under unbalanced and distorted grid

Introduction. To improve the power quality of a supply system, the total harmonic distortion (THD) is the most important parameter
in the quantification of harmonics caused by nonlinear loads. In practice, it must be less than 5 %. The novelty of the proposed work
consists in the use of a cascaded five level active filter, when the converter consisting of six H-bridge pairs, each one includes four
transistors. Purpose. To increase the efficiency of this filter, two techniques for quantification of harmonic currents are proposed,
first the PQ-theory which is simple but can only be used in case of a balanced grid, and second the synchronous reference frame
theory (SFR-theory), which is capable of creating harmonic current not only in an unbalanced grid, but also in an unbalanced and
distorted beam. Methods. Using the control techniques, the harmonic current is extracted from load current and considered as a
reference. The constructed current should follow this reference. Results. The estimation of the active and reactive powers is based on
the measurement of the currents crossing the load and the network voltages, these powers are used to determine the shape of the
harmonic (reference) current. Using the Pl regulator, the output current of the five-level inverter follows the reference current
perfectly. The inverters output current is injected into the grid to eliminate harmonic currents. Practical value. In practice, the
harmonic distortion rate THD is the most widely used criterion for criticizing the waveform of the currents and judging the quality of
the energy involved. For currents on the source side, the THD is considered acceptable if it is less than 5 %, in our proposal the
THD is 0.85 % with the PQ-theory and 2.34 % with SFR-theory, so it is optimal. References 11, figures 23.

Key words: multilevel active power filter, total harmonic distortion, instantaneous active and reactive power, harmonic
currents, synchronous reference frame theory.

BcTyn. [ns noninweHHs SKOCTi eNeKTPOeHeprii y CUCTEMi eneKTPponocTadyaHHs 3araibHe rapMoHiuHe crnoTBopeHHs (3MC) €
HaVBa>K/IMBILLMM MapaMeTPOM KiNbKICHOT OLIHKV FapMOHIK, BUKIMKaHVX HEiHIAHUMY HaBaHTa>KeHHsAMU. Ha npakTwuui BoHa Mae 6yTu
MEHLLOK 3a 5 %. HoBW3Ha 3anponoHoBaHOT Po60TW NoasArae y BUKOPUCTAHHI KacKafHOro M’ATUPIBHEBOrO akTWBHOMO (hinbTpa, Komm
nepeTBOPIOBAY CKNALAETHCA 3 LUECTU nap H-MOCTIB, KOXKHA 3 AKWX BKIOYAE YOTMPM TpaHucTopa. MeTa. LLo6 nigsuwmTy
e(heKTMBHICTb UbOro hinbTpa, NPONOHYThCS ABa METOAN KifbKICHOrO BU3HAYEHHS! rapMOHIHUX CTPYyMiB: no-nepie, PQ-Teopis, ska
MpocTa, ae MO>Ke BYKOPUCTOBYBATUCA MLe Y pasi 36anaHcoBaHoi CiTKy, i, N0-Apyre, Teopis CUHXPOHHOI cucTeMu Bigfiky (Teopis
SFR). , fIKWii 30aTHWIA CTBOPIOBATY FAPMOHIVHWIA CTPYM He TifbKu B HECUMETPUYUHIN CiTLj, & i1 y HeCMMeTPUYHOMY Ta CNoTBOPEHOMY
nyyky. MeTogun. BUKopUCTOBYIOUM METOAN YNPaBNiHHSA, FapMOHIAHUIA CTPYM BUTAMYETHCS 3i CTPYMy HaBaHTaXKEHHS i po3rsaaeThes
AK OnopHWiA. [MobyfoBaHWiA CTPYM MOBMHEH CRifyBaT¥ 3a LMM nocunaHHaMm. PesynbTaTw. OuiHKa aKkTWBHOI Ta peakTVBHOI
MOTY>KHOCTEN 3acHOBaHa Ha BMMIPHOBAHHI CTPYMIB, LIO MPOXOASTb UYepe3 HaBaHTa>KEHHS, Ta MEPE>KEBNMX Hampyr, 3a LMK
MOTY>KHOCTAMU BM3HAYAETHCH (HOPMa FapMOHiiHOro (OmopHoro) cTpymy. Ipu BUKOpUCTaHHi Ml-perynaTopa BUXIGHWA CTPym
M’ATUPIBHEBOrO iHBEPTOPA TOYHO BiMOBILAE OMOPHOMY CTPyMy. BuxigHuii cTpym iHBEpTOpa NOAAETHCA A0 MepeXKi ANA YCYHeHHs
rapMoHiiiHMX cTpymiB. [MpakTWyHa UiHHICTb. Hacnpasai KoediLieHT rapMoHiiiHuX crnoTeopeHb 3MC € HaWbifbLl  LIMPOKO
BMKOPUCTOBYBAHM KPUTEPIEM ANA KPUTUKA hOpMM XBUNI CTPYMIB Ta OLiHKM AKOCTI 3afisiHOi eHeprii. Qs CTPyMiB HA CTOPOHI
ppkepena 3IC BBaXKAETCA MPUIAHATHAM, AKLLO BiH MeHLLe 5 %, 3a HaLwuoto nponosuuieto 3IC cTaHosnTb 0,85 % 3 PQ-Teopieto i 2,34 %
3 SFR-Teopieto, TOMy BiH € onTuMabHUM. Bibn. 11, puc. 23.

KntoyoBi cnosa: 6araTtopiBHeBUIA (ifIbTP aKTUBHOI MOTYXXHOCTi, MOBHi FApPMOHIYHI CMOTBOPEHHS, MWUTTEBA akTUBHa Ta
peakTUBHa MOTYXHOCTI, rapMOHIUHI CTPYMU, CUHXPOHHA Teopisi CUCTEMU BIf/TIKY.

Introduction. The use of power electronics equipment In the structure of active filters, multilevel

like large and small household appliances, computer and
telecommunications equipment, lighting equipment, medical
devices, monitoring and control instruments, presents a real
problem because they degrade the quality of electrical
energy, besides the environmental pollution due to the
difficulty of recycling their electronic waste.

This equipment affects the delivered power quality
by modifying the reactive power with the generated
harmonic currents, which disturb the rest of the receivers
connected to the same electrical network. This can take
many forms, starting with significant line losses,
saturation in distribution transformers, and may even
interfere with communication systems.

Many techniques are available to reduce harmonics
with many disadvantages such as electromagnetic
interference, risk of resonance, fixed compensation and
bulkiness [1, 2].

The active power filter improves the shape of the
current, adjusts the reactive power as a result of the
suppression of the different harmonic levels caused by the
nonlinear loads and prevents their propagation toward the
network [3, 4].

converters present significant advantages over traditional
two-level converters, namely [5, 6]:

smaller output voltage step;

lower harmonic components;

better electromagnetic compatibility;

lower switching losses.

In this context, the present work consists in improving
the power quality, by reducing the total harmonic distortion,
using a three phase cascaded active filter. Each phase
contains two H-bridges of 4 power transistors. Hereafter the
functioning of this system is outlined.

Design of shunt active power line conditioner
(APLC) system. The APLC is controlled in order to draw
(supply) a current ir from (to) the utility, in order to
cancel the current harmonics on the network side. In this
way, the APLC given by (Fig. 1) is used to eliminate the
current harmonics and compensate the reactive power [7].

The nonlinear load current i is represented as:

iL(t) Ipsin(n t p); (1)
nil
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i) Iysin(t q) Ihsinn t ).
n 2
For harmonic compensation, the active filter must
provide the compensation current:
iF() i) is). 3)
At that time, the source current is will be in phase
with the utility voltage and become sinusoidal.

@)

ig il.

Non-Linear
Load

APLC

Voo
Fig. 1. Block diagram of basic APLC

Active filter structure. The cascaded five-level
inverter. In this work, the APLC is a three-phase
cascaded multilevel active power inverter. This filter is
composed by three pairs of H-bridges; each one consists
of 4 power transistors [7]. The design of the filter is
shown in Fig. 2.

i i 1
(53153

Fig. 2. Cascaded multilevel inverter design

C

R

Harmonic powers identification. The identification
method chosen in first is called the method of the real and
imaginary instantaneous powers [8, 9]. It offers the
advantage of choosing the disturbance to be compensated
with precision, speed and simplicity. The essential feature
of this procedure is the reduction of the size of the system
to be solved. Indeed, instead of having a system of 6
equations, one will have only to solve a system of four
equations. Current and voltage are calculated according to
Concordia transformation and given as [10]:

1 11
! 2 2 2 ()
i 3. 43 43 "
0 — — i
2 2 ¢
1 1oLy,
v 2 2 2 (5)
v 3. 43 3 P
0 — — v
2 2 ¢
The expressions of the instantaneous real and
imaginary load powers are given as follow:
p i i %
. , (6)
q i i v

where p and g contain respectively the harmonic (oscillatory)
and continuous terms which can be written as:
P Pc Pny 9 Q¢ 0. (7

This method is described in detail in the diagram on
Fig. 3, 4.

4
a al {x ety N —
. jEad ﬁ/
J><

=} a al

g3 1

b b

ics < he

Fig. 3. Building block of calculation of harmonics powers
reference

i alpha_ref

K a al

o

< be

Fig. 4. Building block of the three reference currents calculation

Hereafter, the continuous power component is
eliminated in order to preserve only the alternative one,
which is related to the required harmonic content. This is
feasible by a simple use of a second order low pass filter
[4]. This is illustrated by the diagram in Fig. 5.
rh
P

L=

|

Fig. 5. Harmonlc power separation

I ref 1 v v Ph
I ref ‘VZ VZ‘ v Vo 0O
By a simple use of the reverse Concordia

transformation [8] defined by (9), one arrives at the
reference current i, presented in Fig. 6.

®)

iaref 1 0 iref

Iref v 2/3 1/2 \/5/2 i ref ©)
icref 1/2 \/5/2
Ll e 1 i

Harmonic curents a.b.c (4

Fig. 6. Harmonic currents ip,, iny, inc (reference currents)

Simulation results using theoretical active and
reactive powers. The regulation current is realized by
using a Pl classic regulator as presented in Fig. 7.
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Harmonic istimated + Py reference
current (reference) @ - -
created current (mesured)

Fig 7.The current regulation scheme

The reference current follows very well the
measured harmonic current (Fig. 8).
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Reference and mesured harmonic currents (A)
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Fig. 8. Reference and measured harmonic currents

Pulse-width modulation (PWM) pulses generation.
PWM technique solves the control problem of the
commutation frequency while functioning with a fixed
frequency, easy to filter downstream from the inverters. The
general diagram of the PWM technique is given in Fig. 9.

+ Gl

T K62

Ireq * w >>:§ Gi
= G

1 I * Gh

TS R e

+ G7

- Lﬁﬂhigjca

[ o B Ko ) Pl_PZ_PB_P4

_ Igig._9. PWM structure

These triangular signals obtained by the PWM are
presented on Fig. 10.

Y T A Y A

PWM tiangular signals

WY il il
0.009 0.0095 0.01 0.0105 0.011
t(s)

Fig. 10. Super imposed PWM triangular signals (zoom)

Simulation result without filter. In the simulation
the model presented in Fig. 11, contain two parts.

Network. It consists of 3 AC voltages having an
effective value of 400 V line to line, and a line impedance
with Ly = 3mH, Ry = 0.5 Q, the source frequency is 50 Hz.

Polluting load. It is a 6 diodes bridge, feeding a
series RL load, where L=0.1 Hand R =20 Q.

Resistor and inducter
of line

SN TN . il

'/\/\_nr\_'® %é —
Fig. 11. éimulation model of network and polluting load without
filters

Non linear lcad

Source

The currents polluted by the non-linear load and their
spectrum represented respectively in Fig. 12, 13.

Load currents a,b,c (A)

K | I I |
0 001 002 003 004 005 006 007 008 009 01
(s)

Fig. 12. Polluted load currents without filtering

Fundamental (50Hz) = 46.94 , THD= 21.84%
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Fig. 13. Spectrum of polluted current i, without filtering

The cascaded five-level active filter includes 3 pairs
of H-bridge, everyone characterized by a compensation
DC source of 450 V. This filter is interfaced with the
network by an inductive passive filter having Ly = 3 mH,
in order to protect the network. Before using this filter the
load currents are heavily polluted they have almost the
form of a square signal, these are indicated in Fig. 14.

b T T T T T \ \ \
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Load currents a,b,c (A)

! 1]
,JL Jiiq‘pi 7J\7774JJ:,4\77\74{7+
I
\r —=

B [ - == -

i

{0 | )

M. Ao et wﬂlmﬂum o LC M‘ﬁm} ;Mh P MM o

\

o 0oL w05 0% o7 o o o1
1(s)

Fig. 14. Load currents

Figure 15 present the filtered source current by a
five-level active parallel filter, followed by its harmonic
spectrum and the corresponding total harmonic distortion
(THD) in Fig. 16.

40|

20|

Source current (A)
°

“% 001 0.02 0.03 0.04 005 0.06 007 008 0.09 0.1
1(s)

Fig. 15. Filtered source currents

Fundamental (SOHZ) = 49 , THD= 0.85%
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Fig. 16. Spectrum of filtered current ig,
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We clearly observe a significant reduction of the
secondary spectral peaks, indicating the efficiency of our
approach. Indeed, according to the harmonic spectrum
and its calculated THD, there is an improvement of the
filtering quality. The total harmonic distortion of the
current fell from 21.84 % to 0.85 %.

The results obtained demonstrate the efficiency of the
theoretical PQ technique for a balanced network, but when
the network is unbalanced, the technique cannot sustain these
performances. The proof is the unbalanced shape of the
currents even after filtering as shown in Fig. 17.

60

N IS
=] S

Three phase source current (A)
=)

| | |
| | |
1 1 1 1 1
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
1(s)

Fig. 17. Three phase current for unbalanced grid using PQ
powers theory

An imbalance consists of a 25 % decrease in the
voltage of one phase compared to the others.

Synchronous reference frame (SRF) theory. The
block diagram of the SRF strategy is given in Fig. 18.

Fig. 18. Block diagram of SRF structure

We use (4) to transform the measured 3 phase
current into 2 phase o-f stationary frame, and then the
transformation from 2 phase a-f stationary frame to 2
phase d-q rotating frame is given by:

ig sin cos |

. Ca 10
Iq cos sin I 10

where ig and iq are given by:
L (11)

i ig

The out of low-pass filter gives continuous current
component. The inverse transformation the transformation
from 2 phase d-q rotating frame to 2 phases a-fB-0
stationary frame is given by:

. . 1 .
1 ref sin cos Id

. . - (12)
1 ref COos Sin |q

The 3-phase compensation currents can be calculated
using the same Eq. (9). Finally, the synchronization angle of
reference frame is determined using dual second order
generalized integrator phase locked loop with prefilter

DSOGI-PLL-WPF technique described in [11] (Fig. 19).

DSOGI-WPF

Fig. 19. Synchronization angle determination [11]

Simulation results using SRF theory. In this
simulation the grid is unbalanced and also affected by a third
rang harmonic applied in the first voltage curve (Fig. 20).
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Fig. 20 Three phase voltage for unbalanced and distorted grid

The reference current follows very well the
measured harmonic current (Fig. 21).
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Fig. 21. Reference and measured harmonic currents for SRF

The 3 currents filtered using the SRF and their
spectrum are respectively represented in Fig. 22, 23.
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Fig. 22. Three phase filtered source current for unbalanced and
distorted grid using SRF
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Fig. 23. Spectrum of filtered current is, of SRF for unbalanced
and distorted grid
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The unbalanced and distorted grid is considered a
critical situation and with a nonlinear load makes the grid
very polluted and disturbed. Although the THD is larger
comparing with that of the theoretical PQ technique, but
under these network conditions it is very acceptable
especially that it is still within the allowable range.

Conclusions. In this paper, the elements constituting
the structure of a cascaded five-level active filter are
presented. At first we presented the structure of the five-
level inverter which is the basic element of our study, as
well as the PWM technique with superimposed carriers,
which offers a precise and fast control of the output
quantities of the converter.

To identify harmonic currents, the active and
reactive power method is firstly used for balanced grid
condition. For unbalanced network PQ theoretical
technique is not effective, so we replace it with
synchronous reference frame strategy which needs an
exact synchronization angle determination. This technique
is asily achievable and requires only simple current and
voltage sensors.

Compared with the load current THD which is 21.84 %,
using the five-level structure, the source current remains
slightly infected with noise due to the nonlinear load, the
source current THD drops to a value of 2.34 %.
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A. Mimouni, S. Laribi, M. Sebaa, T. Allaoui, A.A. Bengharbi

Fault diagnosis of power converters in a grid connected photovoltaic system
using artificial neural networks

Introduction. The widespread use of photovoltaic systems in various applications has spotlighted the pressing requirement for
reliability, efficiency and continuity of service. The main impediment to a more effective implementation has been the reliability of
the power converters. Indeed, the presence of faults in power converters that can cause malfunctions in the photovoltaic system,
which can reduce its performance. Novelty. This paper presents a technique for diagnosing open circuit failures in the switches
(IGBTSs) of power converters (DC-DC converters and three-phase inverters) in a grid-connected photovoltaic system. Purpose. To
ensure supply continuity, a fault-diagnosis process is required throughout all phases of energy production, transfer, and conversion.
Methods. The diagnostic approach is based on artificial neural networks and the extraction of features corresponding to the open
circuit fault of the IGBT switch. This approach is based on the Clarke transformation of the three-phase currents of the inverter
output as well as the calculation of the average value of these currents to determine the exact angle of the open circuit fault. Results.
This method is able to effectively identify and localize single or multiple open circuit faults of the DC-DC converter IGBT switch or
the three-phase inverter IGBT switches. References 26, tables 4, figures 8.

Key words: grid connected photovoltaic system, artificial neural network, power converters, open circuit failure of IGBT,
fault detection.

BcTyn. LLIVpoke BUKOPUCTaHHSA (DOTOENEKTPUUHUX CUCTEM Y PI3HWX 3aCTOCYBaHHAX BUCYHYNO Ha MepLUnid nnaH HaranbHi BUMOrW [0
HafiHoCTi, epeKTMBHOCTI Ta 6e3nepepBHOCTI 06CNyroByBaHHs. OCHOBHOK MEPELLKOAOH NS e(heKTUBHILLIOTO 3acTOoCyBaHHS Oyna
HafjiiHICTb CUNOBMX NepeTBOPHOBaYiB. CnpasAi, HasBHICTb HECMIPABHOCTEN Y CUIOBKX NEpeTBOPIOBAYaX MO>Ke CMPUUMHATY 3601 B po6oTi
(hOTOENEKTPUYHOI CUCTEMM, L0 MOXKE 3HU3NTW Ti MPOAYKTUBHICTb. HOBU3HA. Y Uil cCTaTTi NpeacTasneHa MeTOAMKA LiarHOCTUKN
o6puBy kona B nepemukadvax (IGBT) cunosrx nmepeTBOpIOBaYiB (MepeTBOPtOBaYiB NMOCTIVHOTO CTPyMy Ta TpudasHix iHBepTOpIB) Y
(hOTOENEKTPNYHIN cUCTeMi, NIAKMOYEHIA 0 Mepe>ki. MeTa. [ns 3abesneveHHst Ge3nepepBHOCTI MocTayaHHs NoTPibeH npouec
JiarHoCTVKM HECMpaBHOCTE Ha BCiX eTanax BAPOOHULTBA, nepefadi Ta MepeTBOPeHHs eHepril. MeToaw. [iarHocTwuHWiA migxig
3aCHOBAHUIA Ha LUTYYHNX HEPOHHMX MepedKax Ta BUMyYeHHs O3HaK, Lo BignosigaoTh 06pusy kona IGBT-nepemukava. Liei migxia
'PYHTYETLCS Ha NepeTBOpPeHHI Knapka TpuasHux CTPyMiB Ha BUXOAi IHBEPTOPa, a T aKo>K Po3paxyHKy CEpeaHbOro 3HAYEHHS LMX
CTPYyMiB [/ BW3HAYEHHS TOYHOTO KyTa 06puBy Kona. PesynbTaTw. Lleil mMeTof pA03BOMse e(heKTUBHO ifeHTuikysaTu Ta
NOKani3yBaTW OMHOYHI ab0 MHO>KWHHI HECrpaBHOCTI posiMkHyTOoro kona IGBT-nepemukavya DC-DC nepeTBoptoBada a6o IGBT-
nepemMukada TpudasHoro iHsepTopa. bibn. 26, Tabn. 4, puc. 8.

KntoyoBi cnosa: (hoTorasnibBaHiyHa cucTema, NigKAYeHa [0 Mepexi, WTy4yHa HelipoHHa Mepexxa, CU0Bi MepeTBOptOBaYi,

BigmoBa IGBT npwu 06puBi Kona, BUSIB/IEHHS! HECMIPABHOCTENA.

Introduction. Conventional energy resources remain
strategic for energy production, but meeting the world's
growing energy needs will be a major challenge in the near
future. This is in line with an imminent global energy
shortage situation, as well as the depletion of reserves of
such energy resources in a way that is dangerous for future
generations. At the same time, the use of these energy
sources poses a significant environmental risk to the future
of our planet due to the release of greenhouse gases. As a
result, producing electrical energy from clean, non-
polluting, and renewable sources has become a global
necessity and a topic of interest in our societies [1, 2].

During the past decade, photovoltaic (PV) energy has
become a reliable source of energy, which is based on the
conversion of solar radiation into electrical power. In the last
decade, solar energy has proliferated and now promises to
play a leading role in the current energy transition. The
cumulative capacity of the PV installations around the world
has increased to reach more than 500 GW [3].

Photovoltaic systems technologies, including power
converters, have reached the stage where they can be used
in stand-alone, grid-connected or hybrid power systems. In
recent years, the evolution of PV systems studies has led to
the design of efficient systems [4]. Despite of all this
evolution, no system is immune to failures. For this reason,
a significant deal of effort is now being put into the
monitoring and diagnosis of PV systems. One of the parts
most prone to faults in a PV system is the power
converters, which includes the DC-DC and the three-phase
inverter. These faults, which are mainly caused by the

degradation of the switch components such as open circuit
faults in IGBT’s, can decrease performance and even lead
to total unavailability of the PV system. As a result, these
faults will reduce the productivity of the system [5].

Several researchers have investigated the behavior
of power converters in case of an internal fault and have
developed diagnostic and identification methods, focusing
in particular on the open circuit failure of IGBT switch. In
[6, 7], the authors discuss new approaches based entirely
on the artificial neural network (ANN) and the Clarke
transformation as a detection tool for locating an interrupt
fault of the IGBT switch in a three-phase inverter. In [8,
9], new feature extraction approaches using three-phase
load currents are proposed, in [9], the diagnostic method
used is based on neural network (NN) that has learned
from a database derived from the analysis of the three
phase currents. Another study based on discrete wavelet
transforms (DWT) and NN for fault detection was
proposed in [10, 11]. The presented technique allows the
identification of single and multiple faults in IGBTS,
where the detection mechanism is based on the analysis of
the currents. In [12] the Park’s vector technique was
presented. The principle of this method is based on the
conversion of three phase system (I, Iy, Ic) into a two-
phase system (lg, lg). In this case, the Park contour is a
circle whose center is the origin. This contour is
considered as a simple and interesting reference index,
since these deviations indicate the anomalies that can
affect the system. The fixed reference frame is used to
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evaluate the evolution of currents at the occurrence of
open circuits in the inverter. Another diagnostic method
proposed in [13-16] is based on calculating the average
values of the three phase currents, the absolute mean
values are used as primary variables to formulate
diagnostic indicators. In [17-20], the authors use fuzzy
logic as an expert system for fault detection of open
circuit faults in a three-phase inverter, this technique is
based on processing and analyzing the load currents. In
[21], the author proposes a fault detection technique for
three-phase inverters based on monitoring the RMS value
and the average values of the three-phase currents.

This paper proposes a technique for detecting and
locating the open circuit fault of the IGBT’s switches of
the power converters in a grid connected photovoltaic

system using the ANN assisted by the Clarke
transformation. This approach requires the three phase
currents (I, Iy, 1) to calculate the Clarke currents as well
as the fault angles related to the open circuit faults of the
IGBT switch of the DC-DC converter or the three-phase
inverter. These features are then fed as inputs into the
ANN structure, the resulting output of the ANN is used to
identify and locate faults that may exist in the DC-DC
converter or the three-phase inverter.

Description of the grid connected photovoltaic
system. Figure 1 shows the model of a photovoltaic
system connected to the grid through DC/DC boost
converter and a three-phase inverter. In this model we
have fixed the weather conditions such as incident solar
irradiance and temperature.

o — e
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Photovoltaic cell. The photovoltaic energy results from
the direct transformation of rays from the sun into
continuous electrical power by means of cells. Thus, to
obtain sufficient power, the cells are connected in series and
in parallels [2, 22]. The connection between the power
source and the distribution grid is provided by a series of
power converters. The power stage is an essential element in
a photovoltaic system; it is usually formed by a DC-DC
converter connected to an inverter via a DC bus.

Implementation of DC side control. A DC-DC
boost converter is mainly composed of an inductor L, a
switch T, a diode and input capacitance C; to smooth the
output voltage of the PV panel. It is used to extract the
maximum power available at the PV array at any time and
transfer it. This converter acts as an interface between two
elements. It ensures the transfer of the maximum power
supplied by the generator via a control action [3, 23].

A maximum power point tracker (MPPT) control
associated with a DC-DC converter, allows a PV array to
be operated to produce the maximum of its power
whatever the weather conditions (temperature and
irradiation), the converter control places the system at the
maximum operating point. A power converter controlled
by an MPPT will optimize the photovoltaic conversion
chain. In this paper a Perturb and Observe algorithm is

g [TLITT e

employed (Fig. 2) because of its simplicity and easy
implementation [3, 23].

Measures V(K) and I(K) and calculates
P(K)= V(K)*I(K)

Calculates AP=P(K)=P(K-1)
Calculates AV=V(K)=V(K-1)

@ |

Fig. 2. Flowchart of Perturb and Observe algorithm

Implementation of AC side control. A two level
three-phase inverter is used for converting the DC energy
into AC energy, where the six switches (T1-T6) are
employed in the main circuit of the inverter. The DC bus
C, is the link between the two converters and its purpose
is to act both as a power storage element and a filter [24].

To achieve stable operation of the system, the
voltages and currents in the system must be monitored
and controlled. This is accomplished by implementing the
control part [24, 25].
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Figure 1 presents a control strategy for a three-phase
inverter connected to grid; this control technique includes
two numbers of control loops. Voltage control is provided
to maintain the DC link voltage constant; the boost
converter is controlled by the duty cycle of the MPPT.
Then the voltage measured from the boost Vg is
compared to the reference voltage Vye_re. FOr the voltage
control a PI controller is employed [24, 25].

The three-phase currents of the inverter (I, Iy, 1)
and the grid voltages (V,, Vb, V.) are transformed into to
dq reference frame (lg, 1g) and (Vq, Vg). To obtain a unit
power factor in a grid-connected PV system, the current
reference lqrr i considered to be zero. The output from
the voltage controller is the current reference ly_r. The
voltage reference for the PWM is the Pl current
controller’s outputs which are given by [24, 25] in (1):

Ug Vg

Lot Iy Kp id ref Id;

s
K @)

Ug Vq Lot o Kp g ref g
where Uy, Uq are the dq desired voltage references; is
the angular frequency of the grid; K, K; gains of the PI
controller; Ly refers to Ly + L.

Grid synchronization. One of the most critical issues
with grid-connected PV systems is the synchronization
between the PV system and the grid. The phase angle of
the grid voltage vector is the main output of the
synchronization algorithm. In this paper it is extracted
using phased locked loop. The phase angle used to control
the three-phase inverter switches, calculate and control
active and reactive power, and convert feedback variables
(grid voltage and current) to a reference frame [22, 24].

The fault diagnosis approach. The reliability of
power converters has always been a major concern in
many power applications such as power generation. It is
worth mentioning that these converters are particularly
sensitive to faults in their power components IGBT’s,
which can be broadly can be classified as open circuit
faults and short circuit faults. In our work, we focus on
the open circuit fault; such a fault can lead to secondary
failures in other converter components, which can lead to
high repair costs [5].

Figure 3 shows the procedure for diagnosing open
circuit failures that may affect the different power
converters (DC-DC converter and three-phase inverter) is
based on the following steps:

application of the Clarke transformation on the
three-phase currents of the three-phase inverter;

extraction of information from the
transformation;

implementation of ANN as diagnosis method;

identification of open circuit fault of IGBT switch.

For the feature extraction approach, the suggested
defect diagnosis system takes into account the inverter
output current signals. After applying the Clarke
transformation to convert these three-phase currents to
two-phase currents, a feature extraction technique is
employed to extract the most efficient characteristics of
the operating system. The system’s characteristics are
then determined for various operational scenarios (with
and without faults). The values of the feature vectors in

Clarke

distinct fault instances are recorded in a fault table. This
table is then used to train the ANN that will be utilized to
detect and diagnose open circuit faults in the grid-
connected photovoltaic system’s power converters.

The extracted characteristics. The system of (2)
shows the three phase currents of the inverter output:

Iy Ihpax SIn t;

t 2 /3; )
le lmax SNt 2 /3;

where | is the maximum amplitude of the current.

Applying the Clarke transformation on the system
allows us to obtain the system of equation (3) [7]:

Iy Ipax sin

i 2 i 1 i 1 i
3 & 3?0 3¢°
DLy o
\/5 b lc»
where i , i are the Clarke currents.

The average currents in the two axes ( and ) can

be calculated using the following equations [7]:
N .
i .
mean - ’
i ,length i

(4)
_ N
| mean IV
i lengthii
where N defines the number of samples.
The calculation of the angle that corresponds to the
open circuit fault in each switch is given by [7]:

i
¢ tan 1 _mean (5)
I mean

The range of the angle in each fault condition in the
different T; switches is shown in Table 1 [12, 26].

Table 1
The open circuit angle in each switch of the power converters
State . State .
Healthy [0, 2m] Tland T5 [m/2, 51/6]
T1 [r/2, 3n/2]] Tland T6 [51/6, 31/2]
T2 [0, /2] or [3n/2,2m] | T2and T3 | [0, /6] or [3m/2, 27]
T3 [0, /6] or [7Tn/6,2n] | T2 and T4 [n/6, 2]
T4 [n/6, 7m/6] T2and T5 [[0, m/2] or [11n/6, 2]
T5 [0,5m/6] or [11n/6, 2n1]| T2 and T6 [3m/2, 11n/6]
T6 [5n/6, 1111/6] T3and T5 [[0, n/6] or [11n/6, 2]
T [0, 2m] T3and T6 [7n/6, 111/6]
Tland T3 [7n/6, 31/2] T4 and T5 [1/6, 51/6]
Tland T4 [n/2, 7n/6] T4 and T6 [5n/6, 7Tm/6]

The architecture of the ANN used. The ANN system
is built up of neurons with identical structures that are linked
together in a manner comparable to the human nervous
system’s cells. It consists of a series of layers coupled in such
a way that each neuron receives its input from the output of
the one before it. The neurons of the input layer are
connected only to the next layer while the neurons of the
hidden layers have the particularity of being connected to all
the neurons of the previous layer and of the next layer [10].

The input layer of our neural network has three
neurons (i mean, | mean and ¢), whose job is to send the
input values to the hidden layer, which has 15 neurons,
and the output layer, which has six neurons (Fig. 4). The
system’s intended output is binary (1 or 0).
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combinations are manually fed into the system, the ANN is
used for the learning process, and the generated code is
implemented in our simulation system.

The simulation of the system was carried out using
the parameters presented in Table 3.

Fig. 4.The architecture of the ANN used

The desired output for the different possible fault
cases at the IGBT switches of the two power converters is
shown in Table 2.

Table 3
The parameters of the studied system
Parameters Values
Number of modules in series 15
Number of modules in parallel 16
The desired power, KW 51.156
Capacitor Cy, F 6.7586 10™°
Capacitor C,, F 55107
Inductor L, H 310°
Boost frequency, kHz 5
DC-link voltage, V 700
Inverter frequency, kHz 10
Parameters of LCL filter: L, H |4.1897 107
Lo, H |2513810™
Cr F|5.0886 10°
Grid frequency, Hz 50

Table 2
Classification of open circuit faults
State Output State Output
Healthy [000000] Tland T5 [100010]

T1 [L100000] Tland T6 [L00001]

T2 [010000] T2and T3 [011000]

T3 [001000] T2 and T4 [010100]

T4 [000100] T2and T5 [010010]

T5 [000010] T2 and T6 [010001]

T6 [000001] T3and T5 [001010]

T [1111117] T3and T6 [001001]
T1and T3 [L01000] T4 and T5 [000110]
T1and T4 [100100] T4 and T6 [000101]

Validation of diagnosis method. In this part a

validation of the efficiency of the developed method for the
detection of the open circuit faults of power switches
integrated in the power converters (DC-DC converter and
three-phase inverter). A simulation of normal and faulty
operation was carried out in MATLAB / Simulink
environment. The normal case and all possible fault

Simulation results. Figure 5 shows the simulation
results in the healthy state and in the presence of an open
circuit fault. An operation in faulty mode due to an open
circuit fault on the IGBT T4 will cause the loss of the
negative half-wave of the current of phase B. In another way
if there is no opening of the IGBT T4 and T5 will cause a
loss of positive alternation in the current of phase C.

The inputs to the system diagnostic block consist of
the following characteristics (i mean, | mean @nd ). The
information of each scenario for the healthy case and the
defective cases is summarized in Table 4.
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Fig. 5. Three phase currents in healthy and faulty mode
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Table 4
Diagnostic indicators values

States Parameters i mean, | mean, f
Healthy 0.0004039 -0.004703 274.91
T1 -39.14 9.166 166.8
T2 39.17 -9.186 346.8
T3 11.59 -38.45 286.77
T4 -11.6 38.53 106.8
T5 27.52 29.37 46.86
T6 -27.49 -29.43 227
Tland T3 -16.8 -82.43 258.5
Tland T4 -96.12 6.134 176.3
T1land T5 -63.08 55.82 138.5
Tland T6 -53.36 -80.41 236.4
T2and T3 96.23 —-6.064 356.396
T2 and T4 16.89 82.44 78.42
T2 and T5 53.35 80.32 56.41
T2and T6 63.04 -55.78 318.45
T3 and T5 79.83 26.65 18.46
T3and T6 42.88 -86.38 296.4
T4 and T5 -42.68 86.35 116.3
T4 and T6 -79.76 —26.61 198.5
T —0.003302 -0.000994 196.8

Neural network learning outcomes. Learning is a
crucial stage in the deployment of a neural network, in which
the network’s behavior is modified until the desired behavior
is achieved. The software MATLAB was used to do
automatic learning until a very small squared error was
acquired. The ANN learning base is presented in the form of
table. It is represented by classes of vectors, where each class
represents a type of functioning (healthy and defective), and
each vector is represented by the sampled values.

The best learning performance obtained thanks to a
good choice of the ANN structure and after several learning
tests. The learning performance of the ANN used is
evaluated by the root mean square error. In our case, the
ANN reached a value of 9.1656 107 after 28 iterations, as

shown in Fig. 6.
Best Training Performance is 9.1656e-21 at epoch 28

= Train
Best

10°

G
&

1010 +

10715

Mean Squared Error (mse)

1020 -

28 Epochs

0 ; 1‘0 1‘5 20
Fig. 6. Performance of the ANN
Once the ANN has been constructed (Fig. 7) and its
training has achieved satisfactory performance, we move
on to the step of comparing the target outputs to the
simulation results. The results of the ANN test are shown
below in Fig. 8.
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Fig. 8. Simulation results in state: (a) Healthy, (b) Fault in DC-
DC Boost Converter, (c) Fault in T4 and T5, (d) Fault in T1 and
T3, (e) Faultin T3

According to the results obtained during the test, it can
be seen that the results of the ANN used evolve according to
the desired results for the different types of operation.
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Conclusion. This paper proposes the use of artificial
neural networks to classify open circuit faults in IGBTs of
power converters in photovoltaic systems. The resulting
network has a simple design with an input layer, a decision
output layer, and a hidden layer of 15 neurons, as well as
graphical outputs that display the learning results. After
multiple learning tests, it can be established that a good
choice of artificial neural network structure results in greater
learning performance. The simulation results, as shown
above, demonstrate the reliability and performance of the
fault detection and diagnosis system created for the
photovoltaic system’s power converters.
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Fault diagnosis in a five-level multilevel inverter using an artificial neural network approach

Introduction. Cascaded H-bridge multilevel inverters (CHB-MLI) are becoming increasingly used in applications such as distribution
systems, electrical traction systems, high voltage direct conversion systems, and many others. Despite the fact that multilevel inverters
contain a large number of control switches, detecting a malfunction takes a significant amount of time. In the fault switch configurations
diode included for freewheeling operation during open-fault condition. During short circuit fault conditions are carried out by the fuse,
which can reveal the freewheeling current direction. The fault category can be identified independently and also failure of power switches
harmed by the functioning and reliability of CHB-MLI. This paper investigates the effects and performance of open and short switching
faults of multilevel inverters. Output voltage characteristics of 5 level MLI are frequently determined from distinctive switch faults with
modulation index value of 0.85 is used during simulation analysis. In the simulation experiment for the modulation index value of 0.85, one
second open and short circuit faults are created for the place of faulty switch. Fault is identified automatically by means of artificial neural
network (ANN) technique using sinusoidal pulse width modulation based on distorted total harmonic distortion (THD) and managed by its
own. The novelty of the proposed work consists of a fast Fourier transform (FFT) and ANN to identify faulty switch. Purpose. The proposed
architecture is to identify faulty switch during open and short failures, which has to be reduced THD and make the system in reliable
operation. Methods. The proposed topology is to be design and evaluate using MATLAB/Simulink platform. Results. Using the FFT and
ANN approaches, the normal and faulty conditions of the MLI are explored, and the faulty switch is detected based on voltage changing
patterns in the output. Practical value. The proposed topology has been very supportive for implementing non-conventional energy sources
based multilevel inverter, which is connected to large demand in grid. References 22, tables 2, figures 17.

Key words: artificial neural network, fast Fourier transform, multilevel inverter, sinusoidal pulse width modulation, total
harmonic distortion.

BcTyn. KackagHi 6araTopisHesi iHBepTopy H-bridge Bce yacTille BUKOPUCTOBYHOTHCA B TakuX MPUCTPOSAX, K PO3NOAINLHI cucTemu,
€NeKTPUYHI TAroBi CUCTEMW, CUCTEMU MPSMOrO NepeTBOPEHHS BWUCOKOI Hampyrn Ta 6araTo iHWwwX. HesBaokaloum Ha Te, WO
6araTopiBHeBi IHBEPTOPM MICTATb BEMKY KiflbKICTb MEPeMUKaYiB, L0 YNpaBnstoTh, BUSBIEHHST HECMPABHOCTI 3aliMae 3HauHWiA Yac. Y
KOHGpirypaujii asapiliHoro BuMMMKaya YBIMKHEHO AIOA A4S Po6OTY B PEXKMMI BibHOTO X0y B yMOBax 06pwBYy HecnpaBHOCTI. [Mpu
KOPOTKOMY 3aMUKaHHi aBapiiiHi CTaHW BUKOHYIOTHCSH 3arOOiXKHUKOM, SKUIA MOXKE BM3HAYNTMW HANpAMOK CTPYMY BifbHOrO XOAy.
KaTeropis HecnpaBHOCTi MO>Ke By TU BU3HAUYeHa CaMOCTIiHO, @ TaKO>K BiZMOBa CUIOBMX BUMMKAYIB, LLIO MOPYLUYE (hyHKLiOHYBaHHS Ta
HafiHICTb KackagHux 6araTopiBHeBMX iHBepTOpiB H-bridge. Y il cTaTTi AOCNig>KyH0ThCA HACNiAKM Ta XapakTepucTuKM 06pVBiB Ta
KOPOTKMX 3aMUKaHb 6GaraTopiBHEBMX iHBEPTOPIB. XapakKTepucTUKW BUXIAHOT Hanpyrn 5-piBHEBOTO iHBEPTOPY YacTO BU3HAYAIOTHCA
XapaKTEepPHUMI HECTIPABHOCTAMM NepemMukaya, Npu LsoMy Npu aHanisi MOAENoBaHHS BUKOPUCTOBYETHCA 3HAYEHHSA THAEKCY MOZynsLji
0,85. B iMmiTaUiiiHOMy eKCIEpUMEHT 3HaueHHs iHaeKcy mogynauii 0,85 B MiCLi HECTIPABHOMO MepeMmKaya CTBOPHTHCA OAHOCEKYHAHI
00pMBM | KOPOTKe 3aMMKaHHA. HecnpaBHICTb ifeHTUIKyeTHCA aBTOMAaTHUYHO 33 AOMOMOrO METOAY LUTYUHOI HEMPOHHOI MepeXKi 3
BMKOPUCTAHHAM CHHYCOIAANbHOT LUMPOTHO-IMMYNbCHOI MOAYAALIT Ha OCHOBI CMOTBOPEHOrO MOBHOTO FapMOHIHOTO CMOTBOPEHHA Ta
KEPyETbCS CaMOCTIiHO. HOBM3HA 3amponoHOBaHOT pOBOTU MOMSrae y 3acTOCyBaHHI LUBMAKOrO MepeTBOPeHHs Pyp’e Ta WTY4HOI
He/ipOHHOI MepedKi Ans ifeHTudiKauii HecnpasHoro nepemukadva. MeTa. NponoHoBaHa apxiTekTypa MNpu3HayeHa /15 BUSBNEHHS
HECMpaBHOro KOMyTaTopa Mpu PO3MWKAHHI Ta KOPOTKOYaCHUX BiAMOBAX, LU0 Mae 3HM3MTM MOBHE TapMOHiliHe CMOTBOPEHHA Ta
3abe3neun Ty HagiiiHy poboTy cucTemu. MeTOAM. 3anponoHoBaHa Tononoris Mae 6y T1 CNPOeKTOBaHa Ta OLiHeHa 3 BUKOPUCTaHHAM
nnaTdopmn MATLAB/Simulink. PesynbTaTw. BUKOpUCTOBYIOUM MNiAXOAM LUBWAKOTO NepeTBOPeHHs Pyp’e Ta LUTYYHOI HeAPOHHOT
MepeXKi, A0CNIAKYHTHCA HOPMaNbHI Ta HecnpaeHi CTaHy 6araTopiBHEBMX iHBEPTOPIB, | HECMPaBHWIA NepeMIKay BUSBMSETHCA HA OCHOBI
MOZeneii 3MiHM Hanpyru Ha BUXoAi. MpakTnYHa LiHHICTb. 3anponoHoBaHa TOoMOMOTis Ay>Ke CnpusT/avBa Ans peanisalii HeTpaguUiiH1X
[p>Kepen eHeprii Ha OCHOBI 6araTopPiBHEBOrO iHBEPTOPA, NOB'A3aHOr0 3 BENMKMM NONMTOM Yy MepedKi. Bibn. 22, Tabn. 2, puc. 17.

Knto4oBi cnoga: LUTy4Ha HelipoHHA Mepexka, LUBUAKe NepeTBOpeHHs dyp’e, 6araTopiBHEBUIA iHBEPTOP, LLUMPOTHO-IMNY/bCHA
MOZY AL, NOBHI rapMOHIYHI CMOTBOPEHHS.

1. Introduction. Multilevel inverters (MLIs) have
aroused huge attention in the examination of established
manufacturing electric drive organizations in recent days,
with the intention of reaching their power quality as well
as demands. The key benefits of MLIs are the elimination
of harmonic distortion in the output voltage waveform by
increasing level capacity, and even the portability of
battery packs or fuel including in intervals. Despite the
fact that MLIs are an established technology that may be
used in engineering applications, the failure of power
electronic switches and fault analysis is a new research
issue for researchers. It's used in engineering to check the
condition of power switches in inverters. The number of
levels in the inverter varies, as does the quantity of
additional switching devices, increasing the risk of any
one of the switches collapsing; hence, any such problem
should be addressed at the outset so that the drive and
motor processes are not accepted during abnormal

In [1] had investigated in both moderate and high-
power applications of multilevel converters which play a
significant role. MLIs come in three typical
configurations: diode clamped, flying capacitor, and
cascaded H-bridged. The modular design of cascaded H-
bridged multilevel inverter (CHB-MLI) characteristics
and performance are used to achieve medium voltage and
high-performance characteristics. Short and open circuit
faults are two types of failures which can occur in power
switching devices in CHB-MLIs. Short circuit (SC)
problems mostly damage, so protection from SC is
required. Artificial neural network (ANN) approaches for
SC protection by using high potency fuses and de-
saturation method.

In [2] had analyzed open-circuit faults in power
switches the device shutting down, and they can go
undetected for a long time. This could cause secondary

situations. To improve system reliability, an effective
problem diagnosis system must be implemented.

defects in the inverter or other drive components,
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culminating in the entire system being shut down and
expensive repairs.

In [3] had investigated short-circuit faults in power
electronic switches, on the other hand, are extremely
damaging and necessitate special precautions to
automatically shut down the entire drive. These types of
failures must be identified and repaired in a microsecond in
order to safeguard analogous semiconductor devices from
damage in the converter leg. On the other perspective,
extended open circuit fault behaviour of the power
converters might cause the entire system. Expertise in fault
behaviours, fault prediction, and fault diagnostics will be
necessary to keep the MLI system functioning smoothly.
The two aspects of power electronic device fault diagnosis
are as follows: fault information acquisition, which entails
gathering data whenever a failure occurs using a specific
fault detection approach; and fault identification and
characterization, which rely upon that specific of failure
modes to recognize the category. The position of faults is
identified by an algorithm which was developed in [4]. In
[5] the open circuit fault can be caused by a number of
factors, including a damaged inner wire, a transient short-
circuits, or a gate driver failure. Over-voltage, over-current,
safety component failure, and improper gating signal are
some of the causes of SC failure. In [6] authors explained
the recurrent neural network-based voltage stability for grid
connected solar photovoltaic systems using static
synchronous compensator with recurrent neural network.
Authors in [7, 8] investigated a number of recent articles on
problems such as the creation of inverted pulse width
modulation (PWM) method in CHB-MLI systems. In [9]
has analyzed fault analysis in inverter and also faults an
inverter device is used continuously under abnormal
settings, further issues will arise, resulting in severe
consequences. Furthermore, the MLI is composed of
several switching devices and the entire system is complex
in structure, and there are numerous nonlinear impacts. As
a result, MLIs need some novel diagnostic strategies which
could not deal with nonlinear detection issues but also
diagnose and locate faults easily. The device voltage and
current of a multilayer inverter might vary based on the part
and location of the faults. Some research concentrates on
the device output current or voltage to assess fault form and
position more quickly and easily, and then used the sample
to expand a number of fault diagnosis techniques. Owing to
the dangerous effects of SC faults on converter circuits, this
type of fault must be detected as soon as possible. It is
necessary to remember that certain circuit drivers are
already in a position to detect defective switches. Hence
considering the value of MV drives on the industry, robust
detection mechanisms need to be discussed. In [10] had
investigated electrical drives and devices require complex
electrical converters to conform to high power
requirements. MLI methods have also been tested as an
approach to high and low voltage systems. Compared to
traditional two-level inverters, MLIs produce major output
voltage and low harmonic output current distortion.

The fundamental objectives of the proposed research
effort is to develop a high-performance fault detection
methodology for evaluating open and SC faults in MLI
using enhanced signal processing and soft computing

techniques. The fast Fourier transform (FFT) technique
and ANN approach are used to evaluate the spectrum
properties of output voltage wave forms produced using
both modeling and experimental investigations at various
fault situations. By using FFT technique, extract salient
features such as total harmonic distortion (THD) and
harmonic contents of output voltage signal at different
fault cases. The performance characteristics of the FFT-
ANN model-based fault detection approach for MLIs can
be compared to develop an effective fault diagnostic
system. These concerns include the identification of
switch faults and the monitoring of tolerances because
parameters contribute to the reliability of the power
converter systems. The validation of proposed model is
implemented with the help of open and SC fault voltages
and total harmonic distortion.

2. Literature Review. A fault-tolerant method for a
CHB inverter was proposed in [11]. Additional versions
provide the converter’s trustworthy and efficient
operation in the event of a failure. The recommended
method utilises an additional cross-coupled cascaded H-
bridged unit in addition to existing CHB components to
preserve output voltage and ensure continuation of
function in the event of an open/short-circuit fault.

In [12] was developed an innovative technique of
fault diagnostics based on the minimum squares support
vector machine using back propagation algorithm.
Authors [13] established a digital circuit-based approach
for identifying SC problems. The suggested approach
detects two types of SC faults: hard switch fault and fault
under load; it can be utilised through any switch,
independent of its characteristics; and it does not employ
artificial intelligence strategies and procedures when
inverter function is in progress. Rough sets theory (RST)
is used to create the digital diagnostic circuit, which
optimizes and specifies a minimal set of variables
required to identify problems. When the variables are
subjected to RST, a sequence of diagnostic rules is
generated. These criteria are implemented using simple
logic operations, resulting in a digital diagnostics system.

In [14] had developed a fault diagnostic method for
photovoltaic (PV) inverters that allows for various open-
circuit fault analyses. In [15] recommended that a fuzzy-
based fault detection technique be used to analyse a
voltage source inverter supplied three-phase permanent
magnet synchronous motor driving. The average current
Park’s vector approach, which uses phase current
information, is used to calculate the fault symptom
variables. A fuzzy logic approach is used to process fault
symptom variables and recover faulty information from
power switches. The suggested fault detection technique
can identify and find not only two or more distinct open-
circuit problems in switching devices, and moreover
periodic failures in power switches, which may enhance
the motor drive system’s dependability. In a three-phase
quasi-Z-source inverter, authors [16] proposed a method
for detecting open-circuit failures. The proposed method
is confined to Z-source inverters and is based on assessing
the impact of shoot-through durations on state variables
during switching periods. Defect site identification and
open-circuit monitoring are the two steps of the proposed
approach. After both steps of the open circuit fault
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detection method have been completed, a redundant leg is
activated and utilised in lieu of the failed limb. The
recommended technique is validated by test results from a
low-voltage g-ZSI device.

Authors [17] proposed a signal processing technique
for detecting switch open-circuit faults and identifying the
individual problematic switch, which will help with
servicing and fault-tolerant functioning. The faulty phase
and defective switching combination, consisting of the
defective component and the switching on its diagonally,
was identified using the stator phase currents statistical
characteristics.

A fault diagnostic method comprised of multistate
data processing through subsection variation analysis
lock, and ANN which is created using feature extraction
for the output currents of balanced and unbalanced stages.
A novel generalized open-switch fault-diagnostic
approach was proposed in [18]. In this detection method,
defect prediction features are implemented as half-cycle
mean bridge voltages for an N-level CHB-MLI, which are
computed separately for positive and negative half cycles.
Precedent half-cycle averages are utilised to anticipate
these averages during open-circuit fault circumstances,
which are then compared to observed values to determine
the open-circuit fault. This fast detection approach may
detect the faulty switch in cascaded inverters with many
voltage levels by looking at one structural characteristic
of the output voltage. This technique may successfully
identify the faulty switch of the cascaded inverter using
various level-shifted pulse width modulation methods,
variable loading conditions, modulation indexes, and
switching frequencies.

Authors [19] presented a novel fault-tolerant control
technique for CHB-MLI to increase the greatest
achievable voltage under faulty conditions. Instead of
bypassing the damaged cell when a semiconductor breaks,
this method uses it to generate voltage. Due to the lack of
one level of defective cell voltage level, the voltage is
decreased to half. In comparison to traditional fault-
tolerant techniques, the maximum possible output voltage
could be increased for the majority of problematic
circumstances. In addition, the defective cell switching
mechanism is changed to enhance the output voltage
quality. A grid-connected single to three-phase multilevel
converter with a fault-tolerant design was proposed in
[20]. The induction motor drive can operate even if any of
the power semiconductor switches have open circuit
faults. A control mechanism on a single active front end
converter was used to accomplish this. A separate control
method is used to provide the power converter’s on-grid
fault tolerance capabilities. The control approach
employed on a single grid-connected converter enhances
the input power factor, resulting in a unity power factor at
the source. The voltage control loop adjusts the DC-link
voltage to get the command voltage.

The redundancy of the triangular carrier signals is a
criterion for expanding sinusoidal pulse width modulation
(SPWM) to numerous output voltage levels per phase-leg,
according to [21]. The recommended control technique
creates suitable modulation patterns for the CHB inverter
by modifying a sinusoidal modulating pattern to fit within
a single triangle carrier signal range. These frameworks

may be used on any level CHB inverter without any
further control modifications.

To resolve the insulated gate bipolar transistor
(IGBT) open-circuit failure problem of the propulsion
inverter in a transmission line power supply system,
subsequently, using the IGBT inverter open-circuit fault
identification, a simulation model which is based on
propulsion inverter structure is constructed, and different
switching fault signal waveforms are evaluated. Secondly,
the bus voltage magnitude data is poorly represented and
turned into a fault signal using direct detection
methodology.

The fault-tolerant five-level inverter technique
described in [22] for open-end induction motor driving
applications uses a single DC connection. One end of the
drive is fed by a main inverter, while the other is fed by a
supplemental inverter. The proposed approach, in
compared to other current inverter systems, allows for
five-level inverter operation with little interruption.
Furthermore, the design is fault-tolerant in the case that
the H-bridge switching devices and the extra two-level
inverter fail.

Since these MLIs feature a large number of power
semiconductors, the chance of failure is much higher. As
a result, identifying potential faults and operating under
faulty situations are critical. The identification of a failure
might be complex in concept due to the large number of
components. MLIs have interesting advantages due to
their faulty structure, such as the ability to operate in
medium, high voltage, and high-power applications,
providing a better voltage waveform with low total
harmonic distortion for electric machines applications,
output filter elimination, dv/dt transient reduction during
commutation, low electromagnetic interference emissions
from over voltages, and reduced power loss.

3. Proposed method of fault diagnosis system in MLI.
Figure 1 illustrates literally the entire fault detection
system set up for identifying defective power
semiconductor switches in MLIs, which includes both
MLI and fault diagnosis system. The characteristics of
output voltage sequences were extracted using the FFT
approach. Frequency domain analyses of the terminal
voltage patterns are required to construct a significant
application assessment method. The FFT approach was
used to retrieve distinct attributes from the output voltage
signal. Despite the fact that a skilled feature extractor
should supply critical data facts more about ANN in the
selected area, it was the highest degree of consistency
reached within the adaptive intelligence network.

Basic Model of MLI

DC Supply == Multilevel Inverter wm |M

Faulty
Switch
Identification

FFT ANN offline

Analysis/Feature ==y Trained Pattern  mmmp
Extraction using MATLAB

Fig. 1. Proposed fault diagnosis system of MLI
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Figure 2 depicts the signal separation of output
voltage in terms of harmonics and RMS voltage output.
The FFT provides a frequency response representation for
any periodic or non-periodic signal. Figure 3 depicts one
of the 11" order sample harmonics, as well as THD and
Vs Values, which are all utilized to extract characteristics
from the output signal employing FFT analysis.

LabVIEW

AT d
%HU% ‘ FET | | FEATURE : g
VOLTAGE HARMONIC [% FXTRACTION [2% louTeuT >
SIGNAL |_ANALYSIS |'|  PROCESS g ANN /
B | CLASSIFIER

BASED

Fig. 2. FFT harmonic analysis of output voltage signal
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Fig. 3. Representation of FFT investigation during:

a) 11" harmonic with open circuit fault;
b) 11" harmonic with short circuit fault;

¢) THD analysis for open circuit fault;
d) THD analysis for short circuit fault;

€) Vims analysis for open circuit fault;

f) Vims analysis for short circuit fault

The FFT provides frequency domain representation
of any periodic or non-periodic signal. In general, the
Fourier transform (FT) is a generalization of the Fourier
series. Instead of sines and cosines, as in a Fourier series,
the FT uses exponentials and complex numbers. For a
signal or function f(t), the FT is defined as:

F ftel . 1)

The inverse FT is defined as:

1

ft — F eltg . 2
5 (2)

The expression below is used to calculate THD for
an output voltage pattern as:

2 2 2
THD V2o V&~ Va
Vi

V2

, 3)

where V, is the root means square (RMS) value of the
voltage of the ™ harmonic; n = 1 is the frequency of the
signal. It determines the degree of distortion in a voltage
output.

A. Fault classification using ANN techniques. In a
multilayer feed forward network, Fig. 4 depicts the error
back propagation. The back propagation technique is used
to compute the necessary modifications once the
network’s weights are picked at random. The back
propagation algorithm may be separated into four stages
in general. The four steps of the back propagation
algorithm are feed-forward processing, back propagation
to the output layer, back propagation to the hidden layer,
and weight changes. The algorithm is disrupted whenever
the value of the error function has become reasonably
low, i.e., when the error between the actual and planned
output is less than a given number (convergence criteria).
In this network, the deviation is back-propagated, and the
weights and biases are essentially reconfigured using an
approach to reduce the mean square error (MSE), which is
the mean of all the errors for all sets of inputs and outputs,

and is determined as:
1 n
MSE = P, Qpn . 4)
n m
Input Hidden Qutput

layer layer layer

Error back propagation

Tnput 1

Fig. 4. Back probagation of error in multilayer feed forward
network

In this case, P, and Q,, are the desired and measured
outputs for the m™ input set, where n is the total number
of input sets. The failure detection of MLIs was
automated using an ANN in this investigation. The ANN
was used to solve the difficulty of detecting the faulty
switch in a cascaded MLI. Due to its simple methodology
and excellent predictive potential, the multilayer feed
forward network with back propagation learning
technique has been regarded one of the numerous ANN
designs accessible in the literature.

Using the 9 output neurons, the fault is categorized as
no fault, S1A to S4A fault, and S1B to S4B fault. The output
layer neurons are set up to perform multiple binary training
patterns in response to different degradation scenarios.

Network topology, size, and learning rate, number of
training sets, convergence criterion, and number of
iterations are all essential parameters that influence the
neural network’s convergence and learning time. The
learning rate is known to damp out oscillations to some
extent, during the training phase. Higher values of
learning rate may result in fast convergence, but it may
result in oscillation. The training time of the neural
network will rise as the number of training sets and
training cycle increases. For improved classification
results, an appropriate neural network structure must be
found. As a result, in order to arrive at an ideal topology,
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the effectiveness of the neural network for varying
parameters of the learning rate, training sets, convergence
criterion, iterations, and number of neurons in the hidden
layer must be examined in depth and assessed.

The majority of processing facilities in the hidden
layer and the number of observations is two significant
parameters that influence the neural network’s
functionality. The neural network fails to meet the
convergence requirements when the number of hidden
layer neurons is fewer than 10. The neural network takes
longer to train and meet the convergence requirements
when the quantity of hidden layer neurons rises over 24.

The current network achieves convergence criterion
at 3800 iterations throughout the training phase. It shows
that 3800 iterations are enough for the optimal neural
network to be successfully trained. Then 150 more data
points were employed for identification testing with
modulation indices ranging from 0.8 to 0.95, which is as
shown in Fig. 5.

Best Training Performance = 0.010032
Iterations taken = 3800

Mean Squared Error (mse)

. . . L . . Lot L
0 o085 1 15 2 25 3 35 4 45
Epochs x 10

Fig. 5. Identification of best training performance of MSE

As the number of hidden layer neurons exceeds 18,
the neural network takes more time to train and adhere to
the convergence requirements. The network’s mean
square error was computed by keeping the step size at 0.1
with 18 hidden layer neurons in order to arrive at an
optimal value for the number of epochs. The mean square
error values derived from different amounts of hidden
layer neurons are shown in Fig. 6 depicts the proposed
fault diagnostic system’s detection rates for various
numbers of hidden layer neurons. As compared to other
instances, the device performs better with 18 secret layer
neurons. In this context, the overall detection performance
for all fault conditions is 100 %, and the device can
correctly find the fault in nearly any situation.

0.12

learning rate
convergence criteria
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Fig. 6. Investigation of the ANN-MSE at various statistics of
hidden layer neurons for 18

B. Fault classification using ANN techniques.
Cascaded H-bridged inverter topology consists of a series
of H-bridge inverter cells are interconnected to each cell

at each point with a different DC voltage configuration.
Figure 7 shows that there is a traditional cascaded H-
bridged inverter topology with three H-bridged cells
attached to the three-phase inductive motor load at each
point. The degree of waveforms in the output signal
ranges may be calculated using 2N+1, where N is
typically the size of H-bridged cells in the network.

R
Y i
$i2 B\ Motor

H-Bridge
Cell Y3
H-Bridge H-Bridge H-Bridge
CellR2 Cell Y2 Cell B2
H-Bridge H-Bridge H-Bridge
CellR1 Cell Y1 Cell B1

Fig. 7. Structure of traditional three phase cascaded H-bridged
inverter topology comprising induction motor

_JE[ H-Bridge
CellR3
Vac

H-Bridge
Cell B3

However a three-phase MLI strategy is typically used
across drive systems, a single-phase MLI may be used at this
point, while a three-phase based fault detection system could
be expanded.

Figure 8 shows the schematic single-stage, five-stage
voltage output of the CHB-MLI used in existing positions
correlated with induction motor load. Induction motor
characteristics such as unbalanced stator currents and
voltages, torque oscillations, efficiency and torque
decreases, overheating, and excessive vibration are all
affected if the MLI power semiconductor switches fail.
Furthermore, some harmonic components of currents and
voltages can be amplified by these motor problems. To
achieve good performance, the defective switch must be
identified and replaced as quickly as possible. Each IGBT
switch is categorized as S1A, S1B, etc. by its cell position.
The simulation experiments have been performed using the
MATLAB/Simulink tool and Table 1 summarizes the
parameters used for the simulation analysis.
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Fig. 8. Single-phase cascaded H-bridged 5-level MLI coupled to
the drive system

Table 1
Simulation parameters of five level MLI

Parameters Values
DC input voltage 115V
Number of H-bridges 2
No. of switches 4
Output levels 5
Modulation Index 0.85
Carrier frequency 3 kHz
Load Single phase IM, 0.5 HP, 50 Hz, 230 VV
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C. Fault classification using ANN techniques. The
SPWM switching technique is frequently utilised to create
the requisite IGBT transition pulses. The pulse of the
triangular carrier is the same as the reference sinusoidal
signal when SPWM is resent. As illustrated in Fig. 9; the
switching signals are processed using a sinusoidal and
triangular signal with a modulation index of 0.85. The
techniqgue of SPWM addresses sinusoidal waveform
creation by contrasting reference to carrier waves or
filtering the pulse output waveform by altering the widths
of triangular waveforms. The basic pulse generation
circuit for the sine pulse width modulation technique is
shown in Fig. 9. Low frequency reference sinusoidal
waveforms are compared with high frequency triangular
waves, often known as carrier waves. The switching
phase is changed when the sine and carrier waves cross is

shown in Fig. 10.
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Fig. 9. The sinusoidal reference signal and the triangular carrier
signal in PWM are used for modulation index of 0.85 carrier
frequency of 3 kHz values
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Fig. 10. SPWM based cell A switching pulses are generated by
3 kHz carrier frequency and 0.85 modulation index

Table 2 illustrates the switching patterns of five level
cascaded ML during healthy condition. SPWM based cell A
switching pulses are generated by 3 kHz carrier frequency
and 0.85 modulation index is shown in Fig. 4.

Table 2
Switching table of five level cascaded MLI

Switching sequences
Bridge - A Bridge — B Voltage levels

S1|S4|S2|S3|S1|S4|S2|S3
i1|]1(0(0|21|1|0]|O +2Vpe
i1|/]1/0(0|0|0f0]O +Vpe
o(ojojo0fj0j0O0|0O]|O 0
0o|jo0of1|j1j0(0|0]|O0 —Voe
ojoj1j1j0f(0|1]|1 —2Vpe

Mode 1: Five level cascaded H-Bridge inverter
switches S1 & S2 — A and S1 & S2 — B are turned on in
this mode of operation. +2Vpc is the output voltage
obtained across the load.

Mode 2: Five level cascaded H-Bridge inverter
switches S1 & S2 — A is turned on in this mode of operation.
+Vpc is the output voltage obtained across the load.

Mode 3: Five level cascaded H-Bridge inverter
switches, all the bridge switches are zero, the output
voltage obtained across the load is zero.

Mode 4: Five level cascaded H-Bridge inverter
switches S3 & S4 — A'is turned on in this mode of operation.
+Vpc is the output voltage obtained across the load.

Mode 5: Five level cascaded H-Bridge inverter
switches S3 & S4 — A and S3 & S4 — B are turned on in
this mode of operation. +2Vpc is the output voltage
obtained across the load. The same operation is shown in
tabular form above in Table 2.

4. Results and discussion.

A. Open circuit fault analysis and discussion. The
primary open circuit failure occurs around 1 s with the
bridged cell A switch in S1A to determine the voltage level
output before and after the start of the open circuit failure
of the MLI. Figure 11 reflects the typical output voltage,
amplified view and output current at both the failure of
such a single stage cascaded H-bridge inverter topology
related to the inductive motor. Related voltages and pulses
are sampled at 20 kHz, which is shown in Fig. 11.
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o
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Fig. 11. Voltage and load current pattern of cascaded H-bridged
inverter topology with inductive motor before and after S1A
switch open circuit fault initialization
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Figure 10 displays the typical output waveforms
given by the normal and independent open-switch voltage
fluctuations of cells A and B according to the basic
requirements of the 0.85 modulation index. In the case of
open switch fault waveforms, there is a fifty percent
clipping at the voltage magnitude level in the positive or
negative half of the time as opposed to no fault condition.
Figure 11 illustrates the output voltage and current
waveforms when an open circuit fault occurs in cell A's
S2A switch. Visual examination of voltage and current
waveforms reveals that the output voltage amplitude
pattern varies significantly for each open circuit fault;
however, classifying the sort of fault solely on the load
current waveform is difficult. The equivalent load current
waveform appears to follow a similar pattern following
the onset of an open circuit fault in switches S1A and
S2A, making it difficult to differentiate the problematic
switch. Figure 12 shows the output voltage and load
current waveforms with an induction motor load
following an S2A open circuit fault. Figure 13 depicts the
typical output voltage waveforms of cells A and B at 0.85
modulation index values under normal, open-switch fault
circumstances, respectively. When comparing open
switch fault voltage waveforms to no fault conditions,
there is a fifty percent clipping in the voltage magnitude
level in the positive or negative half cycle. When
comparing the output voltage waveforms under open-
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switch fault scenarios to the normal state, there is a
significant variation in all output voltage patterns. These
waveform images clearly depict the fluctuations at each
problem instance, which can help to create a fault
detection system that is more efficient.

Voltage and current after S2A o.c. fault
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Fig. 12. Voltage and current after S2A open circuit fault
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Fig. 13. Output voltage waveforms at normal condition and after
open switch fault of Cell A and B

B. Short circuit fault analysis and discussion. The
initial short-circuit fault is triggered by one second (1 s)
of the H-bridge A S1A switch to consider the pre and post
current and voltage series starting the short-circuit fault of
the inverter topology. The output displays the normal
output voltage and current waveform of the H-bridged
multilevel cascaded single-phase inverter. The short
circuit fault of S1A is generated at one second (1 s) and
Fig. 14 shows the embellished current and voltage
waveform and also shows the start of the fault. Figure 15
illustrates a magnified view of the output voltage and load
current waveforms with an induction motor load
following an S1B short circuit failure. Figure 16 shows
the output voltage and load current waveforms with an
induction motor load following an S1B short circuit fault.
Figure 16 displays the standard output waveforms
obtained under the normal and distinct short switch fault

conditions of cells A and B at the 0.85 modulation index
value respectively. As a consequence, there is a small
decrease in the output voltage and in the positive or
negative half loop in the case of short switch fault
waveform generation. As a result of a detailed inspection
of the output voltage waveforms, it has been a significant
change in all voltage output patterns in both the open-
switch and short-switch voltage fluctuations as opposed to
normal conditions. These waveform diagrams explicitly
display the variations for each fault situation, which
would help encourage the development of a successful
fault detecting system.
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Fig. 14. Output voltage and load current waveform of MLI
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Fig. 15. Magnified vieW of fault analysis before and after the
initiation of S1A short circuit fault with induction motor load
m = 0.85. Fault initiated at 1 s
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Flg 16. Output current and voltage waveform of S1B SC fault
with induction motor load for the modulation index of 0.85

Figure 15 illustrates visual examination of
waveforms reveals that the output voltage pattern varies
somewhat for each SC fault; however, classifying the
nature of the fault solely on the load current is difficult.
The load current pattern of a SC fault in S1A and S1B, for
example, is identical, making it difficult to distinguish
between the S1 switch faults in H-bridge A and H-bridge
B. Furthermore, the type of the load and its changes affect
the load current waveform. As a result, it’s possible that a
switch issue will be misdiagnosed. The output voltage
waveform is a crucial parameter to create the fault
diagnosis system since it is irrespective of load and has
unique patterns for each switch problem. When a SC fault
develops in cell B’s S1B switch, Fig. 16 depicts the
output voltage and current waveforms. Visual
examination of voltage and current waveforms indicates
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that the output voltage magnitude waveform for each SC
fault varies greatly, however diagnosing the fault type
purely based on the load current waveform is challenging.
Following the commencement of a SC defect in switches
S1B and S2B, the equivalent load current waveform
seems to follow a similar pattern, making it difficult to
differentiate the faulty switch.

Figure 17 depicts the typical output voltage
waveforms of cells A and B at 0.85 modulation index
values under normal, short-switch fault circumstances,
respectively. When comparing short switch fault voltage
waveforms to no fault conditions, there is a 50 % clipping
in the voltage magnitude level in the positive or negative
half cycle. When comparing the output voltage
waveforms under short-switch fault scenarios to the
normal state, there is a significant variation in all output
voltage patterns. These waveform images clearly depict
the fluctuations at each problem instance, which can help
to create a fault detection system that is more efficient.
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Fig. 17. Voltage output patterns in normal state as well as short

circuit fault states of cells A and B

The key properties of the load voltage output waveform
are explored utilising simulation under various open-switch
and short-switch faulty conditions. Furthermore, major
elements such as THD analysis using the FFT technique, as
well as an assessment of the MSE at various numbers of
hidden layer neurons, are defined to be fed to that back
propagation trained ANN. In a cascaded ML, this suggested
fault detection approach could identify each individual fault
switch. When compared to the load current pattern, the
output voltage waveform at different fault circumstances
exhibits distinct patterns, making it easier to discern the
nature of the defect via visual observation. THD and
harmonic/fundamental ratios up to 11" order harmonics
retrieved from the FFT analysis give crucial information

regarding the malfunctioning switch of the MLI. For high
power applications, the number of levels of MLIs is rising
day by day; the suggested system may be tested for 7 level
and 9 level inverter system.

5. Conclusions. This paper examines the
malfunctioning transition fault diagnosis of a single-phase
H-bridged cascaded 5-level inverter topology attached to
the inductive motor. Specified output voltage waveform
properties are explored through simulation research in
various open-switch and short-switch fault conditions.
This approach focuses on the similarity of the output
voltage and indeed the modulated voltage signal, as well
as on the effect of the modification of the multilevel
inverters on the discrepancy. Digital filters may be
created and implemented in the future for real-time
applications while recording the output voltage signal to
remove high-frequency noise. The suggested topology is
restricted to a five-level multilevel inverter, but it may be
expanded to seven, nine, eleven, and more levels. As the
number of switches increases, so would the need for
identification to locate a faulty switch. Also, the transients
detected in the current signal during the open circuit or
short circuit faults of the multilevel inverter may be
studied and a diagnostic procedure created using this
information for 7-level and 9-level inverters.
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IHXXeHepHa enekTpodizmka. TexHiKa CUNbHUX eNIEKTPUYHNX Ta MarHiTHMX NOJiB
YK 621.3.022: 621.396.6: 533.93 https://doi.org/10.20998/2074-272X.2023.1.06

M.I. BapaHoB, C.I". Bypskoscbkuid, B.B. KHs3eB

Po3paxyHOK OCHOBHUX TEMI0(i3NYHUX, ra3o4MHaMIYHMX Ta e/IeKTPOeHepreTUUYHNX
napamMeTpiB e/IEKTPUYHOI0 BUOYXy B ra30BOMY CEpPeA0BULLL MeTasIeBOro NPoBigHMKA

HapaHi pesynbTaTw iHXKEHepHOro po3paxyHKy TemnepaTypn Ty | TUCKY Py, B NNa3MoBOMY KaHani, Yacy te BUOYXy MpOBiAHMKA,
aKTMBHOrO 0nopy R; i NMTOMOT eNeKTPONPOBIAHOCT Y, NNa3sMn KaHany, Tennosoi eHeprii, Lo BBOANTLCA B NPOBiAHUK W; Ta Bugi-
nAeTbes B KaHani We, | WBMAKOCTI Vy,, PO3MOBCIOA>KEHHS YAapHOI aKyCTWYHOI XBWNI B «MeTaneBiii Nnasmi», Lo yTBOPHETLCA Npu
enekTpuyHomy Bubyxy (EB) B rasoBomy cepefoBuLLi MeTaleBOro NPoBifHMKa Nif i€t BEMMKOro iMMynbCHOro cTpymy. MNokasaHo,
o npu EB B aTMoCthepHOMY NOBITPi KOPOTKOr0 TOHKOIO MiZIHOrO NPOBiAHMKA B PO3PALHOMY KOAi BUCOKOBONbTHOrO reHepaTopa
iMnynbcHUX cTpyMmiB (IIC) MiKpOCeKyHAHOIO YacoBOro Aianas3oHy piBHi TemnepaTypu Ty, TUCKY Py, i WBNAKOCTI Vyy B 30HI HOMO
BUGYXY MOXKYTb JOCAraTy YNCENbHUX 3HaueHb T=121,6 10° K, Pr=14,19 10° MNa i Vi =4693 M/c. ChopMynboBaHi enekTpoTexHiu-
Hi LLINSXM OTPUMaHHS B po3pagHomMy Koni IlC 3 meTanesnm npoBiAHUKOM, SKUil BUBYXaE y rasoBoMy CepeAoBuLL, HANBINbLLKMX 3Ha-
YeHb TemnepaTypu Ty, TUCKY Py, i WUBUAKOCTI Vy,,. Bi6N. 41, Tabn. 1, puc. 2.

Knto4osi cnosa: BeIMKWiA iMMYNIbCHWI CTPYM, eeKTPUYHNIA BUOYX NPOBIAHMKE, TeMMepaTypa, TUCK, Yac Ta eHepris Bubyxy,
aKTVBHWIA onip i MMTOMa eNeKTPONPOBIAHICTL NIa3MOBOI0 KaHasly, eHepris, W0 BBOAUTLCA B NPOBIAHMK Ta BUAINSAETHCS B

naasmMoBOMY KaHasli, LUBUAKICTb YAapHOI XBWJ/Ii Mpu BUOYXYy NPOBigHUKA.

CTtaH Ta aKTya/lbHICTb 3afadi. EnektpuyHmnii Bu-
6yx (EB) meTaneBmx NpoBIiAHVKIB MOMepeYHNM Mnepepi-
30M Sy i JOBXMHOW |y Yy BakyyMmi, ra3oBoMy Ta pigkomy
cepefoBuLLAX Nif AIEH0 MPOTIKAKOHOro Mo HUM BENMKOFO
iMnynbcHoro ctpymy (BIC) pisHMX amnniTyaHO-4acoBKX
napameTpiB (AYI) 3HaLLOB JOCUTH LUMPOKE MPaKTUYHE
3aCTOCYBaHHS AIK B HAYKOBWX (Hanpuknag, npy BUBYEHHI
MeXaHi3MiB (ha30BMX MepexofiB pevyoBuHW [1-5], fBuLL
MepeHeceHHs Macu, iMIy/bCy Ta eHeprii B eKcTpeMasb-
HUX YMOBaX, Y TOMY YNC/Ii B KPUTUUHMX peXX1Max npoTi-
KaHHS SfepHUX BUOYXIB [6, 7], ofepXkaHHi M’AKOro peHT-
reHiBCbKOro BUMPOMIHIOBAHHS [/11 KepOBaHOro TepMo-
faepHOro cuHTesy [8], fJocnifpKeHHI NpoLeciB ONTUYHOIO
HaKauyBaHHSI ra3oBMX NasepiB i aKTUBHMX CEpeaoBULL,
AN KBAHTOBWX reHepaTopiB Ha napax meTanis [9] Towlo),
TaK i B TEXHOMOTiYHMX (HanpuKnag, Npu HanuaeHHi TOH-
KX MOKPUTTIB AN MiKpoenekTpoHiku [10, 11], oTpu-
MaHHi BUCOKOAMCNEPCHMX MPOBIAHNX NOPOLLKIB [12-16],
CTBOPEHHI LUBMAKOAIHOUNX €NeKTPOBMOYXOBUX PO3MMKa-
4iB CTPYMY [/ CUSIbHOCTPYMOBUMX Kifl BUCOKOBO/IbTHUX
reHepaTopiB 3 NOTY)KHUMU EMHICHUMU Ta iHAYKTUBHUMU
HakonuyyBayamu eHeprii [17], ofepXaHHi LWifbHOT BUCO-
KOTeMrepaTypHoi nnasmm [18], BUCOKOLLBUAKICHOT CUno-
BOI 00po6KM Ta AedpopMyBaHHI YAAPHUMU HaBaHTaXKEH-
HAMMW pi3HUX maTepianiB (getaneit) [19, 20], npoBeaeHHiI
cepTudikaLiiHux BMNpoOyBaHb aBiaLliiHOl Ta pakeTHo-
KOCMIYHOT TEXHIKM Ha €feKTPOMarHiTHy CyMICHICTb i
CTilKicTb [0 Aii 6nMckaBKK (Hacamnepes, B eNeKTPUYHUX
CXemax BBEfIEHHs CTPYMY i eNeKTpoMarHiTHOI eHeprii B
006’eKTW, WO BMNPo6OBYOTLCA) [21, 22] TOWO) UinsX.
Mpn BMBYEHHI CknagHoro npouecy EB metany nposig-
HMKa i MPaKTUYHOI peanisaLii eneKTpoBMOYXOBUX TEXHO-
Norii daxisLi B X04i NpoBeAeHUX PobIT BUKOPUCTOBYIOTb
AK 6ifiblL TOYHI PO3PaxXyHKOBI YMCENbHI MeToau Aochi-
[I>KeHHs sBuWwa EB meTaneBuMx npoBigHWKIB Yy rasax i
pignHax [4, 5, 7, 8], Tak i MeHLL TOYHI iHXXeHepHi aHani-
TUYHI MeToAM Ta Mofeni Po3paxyHKy TennogisnyHumx,
raso-, eeKTpo- Ta MarHiTorigpoamMHaMiyHMX Npouecis y
CYLINIbHNX CcepefioBMLLAX MpY NPOTiKaHHI 3a3HayeHoro
enekTpoisnyHoro asuwa [9-15, 23-26]. Mpu usomy
BifIOMi pO3paxyHKOBi MeTOAM i OTPMMaHi 3a 1X AONOMO-
rot0 HabnvkeHi po3paxyHKOoBiI BUpas3n AN1s aHaliTUYHOro
JOCAiAKEHHA BKasaHHOro ssuia EB meTaneBoro nposi-
AHUKA MaloTb CYTTEBUI 3ara/ibHWIA HEJOMIK: BOHW He A0-

3BONISAIOTb 3a6€3MeYnT KOMMIEKCHWIA Niaxig Ao ogHoYa-
CHOr0 Po3paxyHKy OCHOBHUX TennodianyHuX, rasogmHa-
MIYHUX Ta eNneKTPOeHepreTMUYHMX napameTpiB npouecy
EB nposigHvKa.

Kpim TOro, npn HanaromxeHHi HEOOXiAHMX PEXUMIB
po60TN BUKOPUCTOBYBAHOI B €/IEKTPOBUGYXOBUX TEXHO/O-
risfiX BUCOKOBO/LTHOI iMMNYNbCHOT TexHiku (BIT) i nporHo-
3yBaHHi Hacnigkis BMMBY CTBOPHOBaHWX EB npoBigHWKIB
e1eKTPodi3nUHNX edekTiB Ha 06po6MoBaHi MaTepiany,
feTani Ta 06’€KTU iHXXEHEPHO-TEXHIYHOMY MEPCOHaNy He-
006XifHI CNpOLLeHi i 3py4Hi B MPaKTUYHOMY 3aCTOCYBaHHi
HabMVKEHI aHa/lITUYHI CMIBBIAHOLLEHHS 11 PO3paxyHKO-
BOI OLiHKM Y BUHMKatoUoMy npy EB npoBifHWKIB i iHILi-
A0BaHOMY HUM MM1a3MOBOMY KaHani po3psigy Ha HuX Mo-
TY)XXHUX EMHICHMX HakonuuyBauiB eHeprii BIT: makcuma-
NbHUX PiBHIB TemnepaTypu Ty, TUCKY Py, Hacy te BUOYXY,
aKTWBHOTO onopy R; i NWUTOMOI eneKTPonpoBiAHOCTI Yy
M71a3MOBOr0 KaHasy, eHeprii Wi, W0 BBOAWTLCA Y MPOBi-
HUK, i eHepril W, L0 BULINAETLCA Y M1A3MOBOMY KaHali,
Ta LWBWUAKOCTI Vi, YAAPHOT XBUAI B M1A3MOBMX NPOAYKTaX
KaHasly pospsagy y rasi (piguHi). Y 3B’A3Ky 3 UMM OTpu-
MaHH$S HaBMMKEHNX aHaNiTUYHKX CMiBBIAHOLWEHb ANs iH-
YKEHEPHOIO KOMM/IEKCHOTO pO3paxyHKy 3a3HauyeHux napa-
METPIB Tr, P, tex, Rey Yp, Wi, We i Vinw, XapakTepHux ans EB
MeTanNeBMX MPOBIAHMKIB, € aKTyasnbHOK Yy CBIiTI NpuKnaa-
HOH HAYKOBO-TEXHIYHOK) 3afja4eto.

MeTot0 CTaTTi € OTPUMaHHS Ta aHasli3 HaBKEHNX
aHaNiTMYHUX CNiBBIAHOLLEHb A5 IHXXEHEPHOIO KOMMEK-
CHOMO PO3paxyHKy MakCUMaslbHUX 3Ha4yeHb Temneparypu
Tm | TMCKY P, y NnasmoBoMYy KaHani, 4acy te, BUOYXY
MpoBiAHMKA, aKTUBHOrO onMopy R, Ta NUTOMOT efekTpo-
MPOBIAHOCTI Y, MIa3MOBOro KaHasy, eHeprii W;, L0 BBO-
OMUTbCA Y NPOBIAHWK, Ta TennoBol eHepril W,, Wo Bugina-
€TbCA Y M1a3MOBOMY KaHasli, i MaKCUMa/IbHOI LUBUAKOCTI
Vi MOLUMPEHHA YAAPHOT aKyCTUYHOT XBU/Ti B NJa3MOBMX
npoaykTax EB y rasi nposigHuka nig gieto BIC.

1. MocTaHoBKa 3agadi. Po3rnsHemo po3TalloBaHuii
y ra3oBOMY CepefoBHULLi NPV HOPMaSIbHUX aTMOCHEPHMX
YMOBax TOHKWIA MeTaneBuii MPOBIAHWUK LAiHAPUYHOT
thopmu, MO SIKOMY B 10r0 MO340BXHLOMY HanpsiMKy Bif
BUCOKOBO/IbTHOIO iMNY/IbCHOTO [Xepena eHeprii (Hanpu-
Knag, Bif NOTYXHOI ManoiHAYKTUBHOI KOHAEHCATOPHOI
6atapel) npotikae BIC 3 AUI, goctaTHiMK ans focsr-
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HEHHS1 B MPOBIAHI CTPYKTYpi NPOBigHMKA JOBXMHOLO |g i
PaliycoMm ro 3 MOMEPEUHIM NEPEpPi3oM Se=Tiry” YMCENbHO-
ro 3Ha4yeHHs iHTerpana cTpymy Jy, WO € KPUTUYHUM 4118
JocnifpKyBaHOro NposigHuka. Mif iHTerpanom ctpymy Ji
6yaemo po3ymiTu BiJOMWiA iHTerpan 3a y4yacTio KBagpaTy
rYCTUHU CTPYMY, LU0 BM3HAYaETbCSA MPUAHATUM B pobo-

t

ex
Tax [3, 24, 27] y uaci t Bupasom: J, 2(t)dt, me 3(t)
0
— KpWUTWYHA FYCTMHA iMAY/IbCHOTO CTPYMY Y MPOBIgHUKY,
L0 BMKMKAE CyOniMaLlito MeTany i neperpis oro napu;
tex — Yac HacTaHHa EB Ta noyatky npocTopoBOro po3sso-
Ty cy61iMOBaHOro MeTasly MPOBiJHMKA Ta M0ro napw.
3yNUHUMOCS Ha BUKOPUCTaHHI 451 EB gocnimkyBaHo-
ro MpOBifHMKA HW3bKOOMHUX FEeHepaTopiB  IMMYALCHMX
ctpymis (IIC), AUl pospsigHOro ctpymy ic(t) sSKmMx 3miHo-
IOTbCA Y 4aci t 3a 3aKOHOM 3aracatodoi cuHycoign [9, 10,
19]. BBaxaemo, WO rycTuHa Oy(t) iMMynbCHOro CTpymy
XapaKTepu3yeTbCcA NPaKTUYHO PIBHOMIPHWUM PO3MOAII0M
3a nepepisoM Sy NPUAHATOr0 TOHKOrO MPOBIAHMKA, TOMY
L0 4715 HbOTO TOBLLMHA CKiH-C/I0K0 CTPYMY MOXE CYTTEBO
nepeBuLLLYBaTKN NOro pagiyc ro. Mpuiimaemo, Wo B nepes-
BMOYXOBOMY CTaHi Cy6/1iMOBaHOro Tifla TOHKOro nposif-
HMKa 1A0ro MaKCUMaslbHi 3Ha4yeHHsi Temnepatypu T, i
TUCKY P, piBHOMIPHO pO3MojineHi 3a nonepeyHumM nepe-
pi30OM YTBOPEHOI LUiNbHOT «MeTaneBoi nnasmu» [9, 10],
K& 3HAXOAMTLCA [0 Ti BUCOKOLUBUAKICHOrO PO3LUMPEHHS
(po3nb0TY) B MeXax KpUTUYHOro rnepepisy So>Sp [20].
BBa)xaeMo, L0 3a3HaYeHa «MeTaseBa naasma» npoBigHu-
Ka B MNeplioMy HabMMXEHHI € MeperpiTol MeTaneBoo
napoto, WO BiHOCUTLCA 40 CUIBHO HEHACMYeHWX Mapis
(peaibHMX rasiB) 3 TemnepaTypoto T, HabaraTo BULLOHO
TOYKM MOr0 KuMiHHA npu Temnepatypi T, i BUCOKOMY
TUCKY Pp. Y UbOMY 3B’A3KY 10 «MeTa/1IeBOT Na3mu», Lo
yTBOpWAnaca nicns cybnimawii metany 3 Moro cunbHO ne-
perpiTor naporo i iX NojanbLLIOMy BUCOKOLUBUAKICHOMY
po3LLMpeHHi (po3nboTy Npu EB) y HaBKOAULWIHLOMY rasi,
npy PO3rISSHYTOMY HabnVKeHHI MOXYTb OyTW 3acToco-
BaHi BifIoMi B KnacWYHiii dhisuiii rasosi 3akoHu [28]. BBa-
XKaEMO, L0 MaKcumMasibHa Temnepatypa Ty, ¥ 3a3HaueHil
PIBHOBaXKHII «MeTaneBili nnasmi», Ansa AKoW Temneparty-
pa efleKTPOHIB NPaKTUUHO He BiAPI3HAETLCA Bif, Temnepa-
Typu i iOHIB Ta aTOMiB, BU3HAYAETLCS €/IEKTPOHHOI Te-
MMepaTypoto, KOTpa 3a1eXWTb Bif amnaiTyan rycTUHU
MO3A0BXHbLOr0 TENMOBOrO MOTOKY gy, Y Nepepisi Sy npo-
BiflHWKa. Y aHaNiz0BaHOMY BUMaAKY On Oyfe BM3HAYaTuH-
CS1 aMNAITYA0H Oy NYCTUHM CTPYMY Y NPOBIAHWKY | Npu-
eNeKTPOLHNUM MafiHHAM Hanpyrun U, y KpaiioBmx 30Hax
cy6nimoBaHoOro Tina npoBigHuka [24]. a3, wWo oTouye
JOCANIAKYBaHWA NPOBIAHMK 3 MOYaTKOBOK TemnepaTy-
poto T, oro matepiany, K i yTBopeHy npu EB ioro cu-
NbHO MeperpiToro Tina «MeTas1eBy Maasmy», NPUAMaEmo
K ifleaNbHi ra3oBi cepefoBuLLa, LLIO BiAMOBIJaOTb Kia-
CUYHOMY MOHATTIO «ifeanbHoro rasy» [10, 28].
BpaxoBytoun HopManbHi aTMoctepHi ymosu 1o EB
[OCNiKYBaHOr0 MPOBIAHMKA, MOXHA CKOPUCTATUCA TaKu-
MW OCHOBHUMW XapaKTepUCTUKaMW HABKO/LLHLOIO BUXi-
[HOrO0 rasoBoro cepefioBuLa 19 NPoBigHUKa [28]: TUCK
rasy CTaHoBUTb P,=1,013 10° Ma; abcontoTHa Temnepary-
pa rasy AopisHioe T,=273,15 K; MonsipHWiA 06’em rasy
CTaHOBUTL V:=22,41 10° M*/mMonb. BpaxoByroum LiBug-
KWl BUOYXONOLAI6HUIA XapakTep TennogisnyHNX i rasoau-

Hami4HMX NPOLIECiB, L0 NpoTikatoTb Npu EB meTany npo-
BifHVKa (Mpwn iX TpmBanocTi y vaci t go 0,5 mc [10]), Ta
He3HauHe BiABeAeHHs Tenna Big 30HM EB g0 pagianbHOro
PO3MLOTY «MeTafieBoi NnasMu» A0CAiAKYBaHOro MpoBif-
HuKa [9] obmMexumocs po3rnafoM NPOTIKaHHA B YMOBaX
MPaKTUYHO MOBHOI Tennoi3onsauii NpoBigHMKa apiabaTny-
HOFO MPOLECY B /IOKa/bHIA 30HI HABKO/O MPOBIAHUKA,
KW BMOYyxae, 3 BIC, L0 NpoTikae No HbOMY, Npu IKOMY B
3aliMaHoMy LiniHAPMYHOKO 30HOKD 06’eMi EB He BigbyBa-
TUMYTbCA MPOLECK TennoobMiHy MixXK A0CNimKyBaHUM
MPOBIAHNKOM Ta ra3omM, Lo 0ro 0TouYE.

MoTpibHO NpW NPUAHATUX NPUNYLLEHHAX B HabnwW-
XXEHOMY BWUrNaf4i OTpMMaTK POo3paxyHKOBi CMiBBigHO-
LUEHHS A4/15 OLiHKW TemnepaTypu Ty, i TUCKY Py, y nnasmi,
yacy te BUOYXY MPOBIAHMKA, aKTMBHOro onopy R i nu-
TOMOI €/1IeKTPOMNPOBIAHOCTI Y, NN1a3MOBOro KaHasy, eHep-
rit Wi, L0 BBOAMTLCSA Y NPOBIAHUK, | eHeprii W, Wwo Buai-
NSETLCA B NIAa3MOBOMY KaHani, Ta WBWAKOCTI Vi, MOLLK-
PEeHHS yaapHOi XBWAi B NnasMoBUX NpoaykTax EB metany
MPOBIigHMKA B ra3oBOMy cepefoBuLLi nig aieto BIC.

2. HabnmkeHnin po3paxyHOK MaKCUMaslbHOI Te-
mnepatypn T, y NnasmoBOoMy KaHani pospsagy npwu
rasosomy EB nposigHukKa. [na iHXeHepHOro pospaxy-
HKY MaKCMMafibHOI Temnepatypu T, B «MeTanesiii nnas-
Mi» npy EB y rasoBomMy cepefoOBMLLi [LOCNIAKYBaHOro
MeTasIeBOro MpoBifHMKA MOMepeyHUM nepepizom Sy nif
aieto BIC, wo npoTikae No HbOMY, MOXHa CKOpUCTaTmcs
HaCTyMHMM TennogisnyH1M criBBiAHOLWEHHAM [24]:

1/4

Tm cer(ZJkSOl| Imc | c)ll3 ) 1)
e 0,=5,67-10° BT-(M%K* ™ - ctana CrethaHa-bonbLmaHa
[28]; Ue — nprenekTpogHe MafiHHS Hanpyry B KpamoBumx
30Hax cy6/1iMOBaHOr0 NMpPOBIfHUKA, AIKE YMCE/IbHO He ne-
peBULLYE AN 3aCTOCOBYBaHWX Yy TexHiui BIC oCHOBHUX
meTanis 10 B [29]; | — neplia amnnityaa po3psiiHOro
CTpymy ic(t) y enekTpuyHoMy Koni reHepaTopa BIC, wo
3MIHIOETBCA Y Yaci t 3 KPYroBOK YacTOTOK ), | BU3HaYa-
ETbCA NEKTPUYHUMM NapaMeTpamy Po3pPSLHOIro KOHTYpY
reHepatopa; Jx — KPpUTUYHE 3HAYEHHS iHTerpana cTpymy
[N MeTany NpoBigHMKa nepepisom Sy [27].

PospaxyHkoBa oLjiHKa 3a (1) 3Ha4YeHHs HalibiNbLLIO|
Temnepatypu T, Y «MeTanesiit nnasmi» npy EB y nosiTpi
KOpPOTKOro TOHKOro MigHoro nposigHuka (Ip=110 mwm;
re=0,1 MM; S¢=3,14-10° Mm% U=10 B [29]; J=1,95-10"
A? ¢ M~ [27]) nig BnmBom BIC MiKpOCEKYHAHOTO Yaco-
BOro fAianasoHy (Inc=—190 KA; w=26,18 10° ¢™), ekcne-
pPYMEHTa/IbHO OTPMMAHOro B YMOBaxX BMCOKOBO/IbTHOI efe-
KTpOgi3nyHOi nabopatopii 3 BUKopuctaHHsam I'lIC 3 eMHic-
THo Cy=333 MKD i enekTpnuHoto eHeprieto Wy=121,4 KX,
LU0 3aMacaeTbCs B MOT0 NOTY>XKHil KOHAEHCATOPHIN 6aTapel
(npw 1T 3apaaHin Hanpysi Ue=-27 kB) [30], nokasye, L0
Temnepartypa y LboMy Bunaaky 6yae npubnnsHo piBHOK
T,=121,6 10° K. Cnig Big3HauuTW, WO nepesipka aBTo-
paMu Lji€ei TemMnepaTypu iHWKXMKU MeTofaMmu (Hanpuknag,
3a [0MOMOroK BIAMOBIAHUX EKCMEPUMEHTASIbHUX NpU-
CTPOIB) Ha LIei Yac B yMOBaxX BUCOKOBO/IbTHOT €f1eKTPOi-
314HOT nabopaTopii HemoXnuea. Bkaxkemo, wWwo y [18]
npu EB y BaKyyMi KOPOTKOro TOHKOrO MiTIEBOr0 MpoBif-
Huka (1,10 MM; =635 MKM; S¢=1,27-10° m%
J=0,61-10%" A? ¢ M [31]; U.=5 B [29]), siKuit yBiMKHe-
HO B po3psfHe Kono BUCOKOBOMLTHOIO IMC (1,=—45 KA;
0:=1,25-10° ™) 3 HOMIHaNLHOK eNEKTPUUHOID eHeprieto
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Wo=100 KK, LI0 3anacacTbCs y MOro KOHAeHCaTOpHIl
6atapei, AOCNIAHUM LLIASAXOM Y NNa3mMoBuUX nNpoaykTax EB
uboro npoeigHuka 3 BIC MiKpoCeKyHAHOro 4acoBoro
JianasoHy 3 BMCOKOK 4aCTOTOK KO/IMBaHb EKCMePUMEH-
TafbHO Oyna 3aikcoBaHa MakCUMaslbHa TemnepaTypa
Tn=113,5:10% K. BukopucTaHHs cnissigHoweHHs (1) ans
pO3paxyHKOBOT OLiHK/ piBHS Temnepatypu T, y gocnia-
HOMY BUMajKy, BkaszaHomy B [18], cBigumTb npo Te, LU0
npu LUbOMY UMCENbHE 3HAYeHHsI TemnepaTypw Gyae pis-
HUM 6ina T,=122,4-10° K. SIk 6auMmo, HabnKeHi pe-
3yNbTaTW YMCE/IbHOIO PO3paxyHKy 3a BuMpa3om (1) Mak-
CUManbHOi Temnepatypu T, Y «MeTaneBiii nnasmi» npm
EB BKa3aHOro niTieBoro npoBigHMKa cBig4aTb Npo Te, Lo
BKa3aHi BUWLLEe pO3paxyHKOBi JaHi [o6pe 36iraloTbecs 3
JocnigHMmy faHumu, ski 6ynn HaeefeHi B [18] Ta oTpu-
MaHi iHWYMK1 MeTofamu focnifxeHHs EB.

LlikaBo Bifg3HauMTh Ty 06CTaBMHY, WO MPW eKcre-
pUMeHTaNbHOMY AocnifxeHHi Hami y [30] EB B aTmoc-
(hepHOMY MOBITPI TOHKOrO KPYraoro MigHoro npoBigHMKa
(10=110 mMm; ry=0,1 MM) y HbOMY Gyna AocArHyTa amnii-
Tyda KPUTWUYHOT TYCTUHMN Opy IMMYLCHOTO CTPYMY, WO
PO3PaxoByeTbCA 3a HACTYMHUM HaBMXKEHUM BUPA3OM:

mk 3So™ e | o). 2)

3 (2) npu 1,=-190-10° A i ©:=26,18 10° ¢ [30]
[N PO3rNSHYTOro TOHKOro MigHoro nposigHuka (lo=110
MM; 1o=0,1 MM; Sy=3,14-10° m% J,=1,95-10" A?c m™
[27]) 3HaxoamMmo, WO aMnAaiTyAa KPUTUYHOT TYCTUHU Oy
CMHYCOifaNbHOro CTPYMy B HbOMY MpUAMaTUMe YMC/IOBe
3HaueHHs 61M3bKo 3 =3,95-10" A/M2. 3rigHo 3 JaHUMu
MarHiTorigpognHaMiyHoro pospaxyHky EB 3 [32, 33] uei
piBEHb NYCTUHM Oy CTPYMy Oyfe BiAnoBigaTV BUCOKOTE-
MrepaTypHOMY pexxumMy npoTikaHHs EB nposigHuka.

OTpumaHi y [32] Ha OCHOBI YMCeNbHOIO MarHiTorig-
POAVHAMIYHOr0 MOJE/NOBAHHS €/1eKTPOBNOYXO0BOro Mpo-
Lecy And meTany Yy BakyyMi (BOAI) pPO3paxyHKOBI AaHi
cBifyaTb Npo Te, WO NpW BUCOKOTeMMnepatypHomy EB
antoMiHieBoro npoBigHnKa (re=0,1 MM; S¢=3,14-107 Mm?;
dm10'2 A/M?) HesanexHo Bif, BNaCTUBOCTEN cepeoBu-
Wa, B fKOMy BifbyBaeTbCs Iioro BubyX, Temmepartypa
«MeTa/1eBOT NNasMu», L0 YTBOPIOETLCA Bif HbOrO, 4OCH-
rae pisHs o 8 eV, wo BiagnoBigae abCcoNtoTHIl Temnepa-
Typi B 92,8:10° K [27]. Po3paxyHKOBa OLjiHKa 3a Mporno-
HOBaHO popmynoto (1) AN MakCMManbHOT Temrnepary-
pn T, CTBOPHOBAHOI M/1a3MM B KaHasi MOBITPSHOIO po3psi-
Aoy MOTY)XXHOro BMCOKOBONbTHOrO [IC (1,:=—190 KA,
0:=26,18 10° c¢) npn EB 3a3HaueHOro antoMiHieBOro
nposigHnka (U=~8 B [29]; J=0,82-10"" A% c m™ [31])
nokasye, WO Y AaHOMYy Bunagky Tn=107,1-10° K. Lleit
pO3paxyHKOBWIA piBeHb Temnepatypu T, «meTanesoi nna-
3Mu» Bif, 3a3HadeHoro B [32] (T,=92,8-10° K) Biapi3sHs-
€TbCA NPaKTUYHO Ha 13 %. Be3ymoBHO, LLO Take Mopis-
HSIHHS HEe € 30BCIM KOPEKTHUM (Npu LbOMY BUXifHI AaHi
ans EB 6ynu B3ATI Hami 3 pisHUX JocnigkeHs). He Tpeba
3abyBaty i Npo Te, WO BifgMNOBIgHWX Pe3ynbTaTiB AOChi-
MxeHb ana T,, B ranysi EB npoBigHukis Bkpali mano. He
OVBNSYNCH Ha Le, 4NS BUNAAKY, L0 PO3rNsfaeTbes, Mo-
YKHa roBopmTyx Npo Te, Wwo dopmyna (1) ana T, NpaLtoe.

3 (1) BUXOANTb, L0 ANS AOCATHEHHS Y NOKaNbHil
30HI EB y raszoBomy cepefoBuLLi (BaKyyMi) «PEKOPAHUX»
(HalbinbLIMX) piBHIB abcontoTHOI Temnepatypu T, nNpu
[0CNigpKyBaHOMY BUBYXY HEO6XifHO 3aCTOCOBYBaTM rpa-

HWUYHO TOHKi MPOBIAHNKM 3 MaKCUMa/IbHO MOX/IMBUM 419
HUX 3HAYeHHAM KPUTWUYHOTO iHTerpasa cTpymy Jy, a Ta-
KOX BUKOPWCTOBYBATU «LLUBWAKI» reHepatopu BIC, ki
30aTHi (hopMyBaTW Ha MPOBILHMKY, WO BUOYXa€E, MaKcu-
M&/IbHO MOX/IMBI amMnaiTyaun |l Nepumx niBxswuib pos-
psgHoro cTpymy IM1C HaHOCEKYHAHOT TPMBAIOCTI.

Bkaxkemo, wo y [27] 6ynu HaBefeHi gocnigHi unce-
NbHI 3HAYEHHS KPUTWUYHOTO iHTerpana cTpymy Ji nuiie
[NS antOMiHIEBMX Ta MiJHUX NPOBIAHMKIB. Be3CyMHIBHUIA
MPaKTUYHWIA iHTepec NPeACTaBNsAOTb PO3PaXyHKOBI AaHi
[Ns iHTerpana cTpymy Ji Ans iHWMX NPOBIJHNKOBUX Ma-
Tepianis, WO BMKOPUCTOBYOTLCA Y BIT Ta TexHiui BIC
npu EB TOHKMX MeTafiB, KON KPUTWYHA TYCTMHA O
CTPYMY ic(t) B HUX CTaHOBUTL He MeHLue 10 A/M?.

3. HabnmkeHuii po3paxyHOK KPUTUYHOMO iHTer-
pana cTpymy Ji npu rasosomy EB npoBigHvka. Po3pa-
XYHKOBA OL,iHKa YMCENbHOI0 3HAYEHHS KPUTUYHOTO iHTe-
rpana cTpymy Ji npu EB y rasi gocnigkysaHoro TOHKOro
NpoBigHMKA MOXe 6TV BUKOHaHa 3a hopmynoto [31]:

Je coNoWs @)

J€ Yo — MUTOMA e/IEKTPOMPOBIAHICTL MeTany NpPoBiAHNKa
npv TemnepaTtypi 1oro kuniHHa Ty, (Npy Moro cy6nimadiv)
(OM-M)™; No — KOHLeHTpauis (WinbHicTb) aTomis (No3u-
TUBHMX IOHIB) Y KPUCTaniyHiii pewiTui meTany nposig-
HUKa 10 Aii Ha Hboro BIC (M™3); W; — TepMonHaMiuHa
pob0Ta BUXOLY BiNlbHUX €NEKTPOHIB 3 MeTany NpoBigHU-
Ka [0 NoYaTKy NpoTikaHHA Nno Heomy BIC ().
PiBHsHHS (3) 6asyeTbCs Ha pesynbTaTax TeopeTuy-
HOFO JOCHIAKEHHS aBTOpaMm ABULLA aHOMasIbHOI TepMO-
€/1IEKTPOHOT eMicCiT BiJIbHUX eIeKTPOHIB i3 MaTepiana npo-
BiHWKa, KW Npn EB pyiHYeTbCSA | TipsSE CBOKO MeTae-
BY MpOBigHICTb Nig Agieto BIC B CMAbHOCTPYMHOMY PO3-
PSAHOMY KOfi MOTY>KHOr0 BUCOKOBO/IbTHOIO MIC [31].
BKaXXeMo, L0 3HAYEHHS Vg, A5 OCHOBHWX MPOBijg-
HWKOBMX MaTepianis MoXKe 6yTW BU3HAYEHO 3a eKCrepu-
MEHT/IbHO OTPUMaHUMKW 415 HUX EMMIPUYHUMK CNiBBIA-
HOLUEHHAMW, HaBefeHUMKU y [34]. YucenbHe 3HaYeHHs
BUXIHOT KOHUeHTpaLii (WinbHocTi) atomiB Ny B efiekT-
PUYHO BMOYXatoUuoMy TBEpPAOMY MeTali JOCMiAKyBaHOro
MPoBigHMKa 3 A0Or0 BMXIAHOK (MOYATKOBOK) FYCTWMHO
d. MOxxe 6yTWM 3HaRAEHO 3a HACTYMHO hopmynoto [28]:
Ng de(M,o 1,6606 10 27) 1, @)
[ie My — aTOMHa Maca MeTaJly NpoBiAHMKA MYCTUHOHO d..
3HaueHHs TepMoanHamivHoT poboTtu Buxogy W; Bi-
NbHWX eNeKTPOHIB 3 MeTany B (3) 3Haxoammo i3 [35], ae
Oynu HaBefleHi eKCrepUMeHTanbHI eMiciiiHi gaHi ansa 6i-
NbLUOCTI MeTaniB, L0 3aCTOCOBYHOTLCA B €KCMEPUMEHTA-
NbHIR di3uLi, cNbHOCTPYMHIN BIT Ta TexHiui BIC.
Y T1abn. 1 3eefieHi BM3HaueHi 3a (3), (4) 3 ypaxysaH-
HAM [28, 34-36] uncenbHi 3HaYeHHS NapameTpiB Ye,, No,
Wi i J¢ gna psgy MeTanis, WO BMKOPUCTOBYHOTLCA Npu
focnigpkeHHi EB TOHKMX MPOBIAHUKIB Y ra3oBuX cepefo-
BULLAX | B KOMAX €NEKTPOTEXHIYHUX NPUCTPOIB €NeKTpo-
BUGYXx0BMX TexHonorin [9, 10, 20]. 3 gaHux Tabn. 1 sug-
HO, WO OTPMMaHe Npu NPUAHATMX NPUNYLLEHHSX | HOp-
MaslbHMX aTMOCepHMX yMOBax 3a (3) HabnmxeHe po3pa-
XYHKOBE 3HAYEHHA KPUTUYHOTO iHTerpana cTpymy Ji 4n1s
TOHKOrO MigHoro nposigHuka (J,=1,71-10"" A% c m™)
NpubAM3HO Ha 12 % MeHLue oro BiAnoBigHOro gocni-
HOrO 3HaueHHs B noBiTpi (J,=1,95-10" A?cm™) npu
KiMHaTHIA Temnepatypi (T,=293,15 K) [27]. OgHieto 3
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NpYYMH TOMY MOXe OyTW Te, L0 po3paxyHKoBe ChiBBiA-
HoLLeHHs (3) He BpaxoBye BMMB Ha BKa3aHi TennogisnyHi
napameTpu Yep, No | Wi LLUBUAKOTO Meperpisy cy6/1iMoBaHO-
ro meTany nposigHuka (/ioro napw), WO CYNpPOBOMKYE
BCOKOTEMMNEPaTYpHUIA pexkum EB y rasi npoBigHuKa,
PO3MILLEHOr0 Y KOMi NOTY>KHOI0 BUCOKOBONLTHOTO MC.
Tabnuus 1
YucenbHi 3Ha4eHHs napamMeTpiB Yep, No, Wy i Ji. [27, 31, 34, 35]

3HaueHHs napameTpy
HaiimeryBaHHS [y, 10° [ N, 10% [W;, 10| 3y, 107 | J, 107
meTany (Om-m)?*| M2 (o | Ax (no | AZcm™ | AZem™
(no [34])| (4) [35]) | (no(3)) [(mo [27])
Migb 2,87 8,43 7,05 1,71 1,95
ANOMiHI 1,99 6,05 6,81 0,82 1,09
Hikenb 0,97 9,10 7,21 0,63 -
Moni6geH 0,65 6,40 6,89 0,28 -
Bonbhpam 0,50 6,26 7,27 0,23 -

3 iHWoro 60Ky, ekcnepuMeHTasbHi MeTOAN KifbKic-
HOrO BU3HaYeHHS BEIMYUHYW IHTerpany Jx TakoX He nosba-
B/IEHI HefJONIKIB i BHECEHUX HUMU MOXUOOK Y 3HAXOKEH-
HA Ji [32]. MapameTtpmn Ng i W y (3) SBHO He 3anexartb Bif,
BE/IMYUHM Yep. TOMY PO3PaxyHKOBI faHi Tabs. 1 ans yep i Jg
HAaoYHO [AEMOHCTPYIOTb HaMm Te, WO YuM 6yae MEHLMM
3HAYEeHHS1 NUTOMOT eNeKTPONPOBIAHOCTI Ve, (UMM BiNlbLLNIA
NUTOMWIA €NEKTPUYHWIA onip MaTepiany NPOBIAHMKA) 3a-
CTOCOBYBaHOro ans EB y rasi metany, TMM MeHLLIUM byage i
HeobXifHe 4151 HaCTaHHA LbOro eneKTpodisnyHoro sasmLLa
3HAYeHHA KPUTWUYHOrO iHTerpana cTpymy Jy i BignoBigHO
pocnigpkeHoro B [32] Ha OCHOBI YMcenbHOT MarHiTorigpo-
AvHamiyHoT Mogeni EB y BakyyMmi (BOAI) TOHKOro antoMi-
HiEBOro MpoBiAHWKA iHTerpana nutomoi aii h(t) imnynse-
HOro pospsigHoro ctpymy IC 3 iioro ryctmHow Oy (t) y
LIbOMY MPOBIAHMKY. Lle 3 ypaxyBaHHAM TEOPETUYHUX pe-
3ynbTaTiB podiT [5, 32] cBigUNTb NPO MOX/IMBICTL BUKOPU-
cTaHHs hopmynu (3) ans iHTerpany Jy.

4. HabnvkeHWiA po3paxyHoK vacy te, TepMIUHOMO
BMOyXy Y rasi NpoBigHMKa. Po3paxyHKkoBa OLiHKa Yacy
tex HacTaHHs EB y rasi gocnig»KysaHoro MeTasieBoro npo-
BiJHMKa, WO BiAMNOBifaE MOMEHTY Or0 MakCMMasbHOrO
onopy i NiKONoAi6HOro 3poCTaHHS Ha HbOMY E€1eKTpUY-
HOI Hanpyru uc(t), Moxxe 6yTu 3aiicHeHa 3a Bupasom [30]:

2 2 o 13
tex  4(23S0)/( ¢ [1me |9) /3. (5)

3 (5) Ana TOHKOro Kpyrnoro MigHoro npoBiAHWMKa
(1,110 MM; re=0,1 Mm; S¢=3,14-10° m% J,=1,95-10
A? ¢ M [27]) NpW BUKOPUCTOBYBAHWX HaMK NapameTpax
BIC y pospsigHomy Koni notyxHoro IM'C (I,,,=—190 KA;
0:=26,18 10° ¢™) oTpuMyemo, o t,=3,32 MKC. Buxoas-
ym 3 (5), Npu 3agaHoMy MaTepiani NPoBigHMKA (3a8aHOMY
4MCeNbHOMY 3HAYeHHi KpUTUYHOro iHTerpana Jo) Aansa
3MeHLLEHHS (30i/1bLUEHHSA) napameTpa te, HeoOXiAHO: 3Me-
HwyBaTK (36iNbLyBaTh) nepepi3 Sy NPOBIAHNKA | 36i/b-
WyBaTn (3MeHLLYBaTN) KPYroBy 4acTOTY (). KO/MBAHb i
nepwy amnaitTyay |, po3psaHoro ctpymy y koni IIC.

5. HabnwmxeHUn po3paxyHOK MaKCUMasibHOro
TUCKY P, B M1asMoBOMY KaHani po3psgy npu rasoso-
My EB npoBigHnKa. BUKOPMCTOBYHOUM BijOME PiBHAHHS
CTaHy ifieanbHoro rasy [28], 3 ypaxyBaHHAM NPUIAHATUX
npunyLweHb B rpyobomy HabAMXKEHHI, sike He BPaxoBYE
TWUCK €N1EKTPOHIB, 415 MaKCUManbHOIO TUCKY P, Y LnAiH-
APVYHIl 30HI «meTaneBoi nnasmu» npu EB y rasosomy

Cepe/ioBULLii TOHKOrO METaneBoro NPoBigHNKA MAaEMO:
1
Pn pRmM T, (6)

ne R,=8,314 [x/(monb-K) — yHiBepcanbHa rasosa crana
[28]; M, — monapHa Mmaca (B Kr/MoJib) NeperpeToro MeTa-
NEeBOro napy rycTUHOK Py, L0 BO3HWKaE A0 MOro pagi-
aNbHOTO  PO3/MbOTY Y MeXax KpUTUYHOTO nepepisy
Sec=10S, cybnimoBaHOro Tina AOCAIAXYBaHOro NpoBijg-
HUKa 3 BUXiHO IYCTUHOIO d, 1i0ro TBEpAOro meTany.

[Ona Bunagky, Wo posrnagaetbea, pp=0,1d. [20, 23].
Togai Bpaxosytouu (1) i (6), 4na amnniTyam Tucky Pn y
NNasmMoBOMY LMNIHAPUYHOMY KaHai, WO iHiLieTbeA EB
y rasi nNpoBifHVKa, B OCTaTOYHOMY BUINALI OTPUMYEMO
TakKe HabnvXeHe Ppo3paxyHKOBE CMiBBigHOLLIEHHS:

1/4
I:)m O’lchmMp1 cer(Z‘]kSOl||mc| c)1/3 (7)

3a3Haummo, Lo Bupa3 (7) BigMoBigae HabMMKeHIi
po3paxyHKoBili Moaeni EB meTaneBoro npoBifgHvKa B rasi
B YMOBaX, KON «METaNIeBY M/a3my» y Mexax nepepisy
Soc MPOBIAHMKA MOX/IMBO PO3rNAAaTy K ifeanbHuii ras.

3 (7) npu EB B rasi (Hanpuknag, y nosiTpi) TOHKOro
MiHOro npoBigHMKa (Se=3,14-10° M% d=8920 kr/m® [28];
Mp=63,55-10‘3 kr/monb [28]; Ry,=8,314 Mx/(monb-K) [28];
Ue=10 B [29]; J,=1,95-10" A% ¢ M™ [27]), yBiIMKHEHOIO Y
CUNbHOCTPYMOBE PO3PSIAHE KOO BKa3aHOr0 BMCOKOBO/Ib-
THOTO T1C (Ine=—190 KA; ©:=26,18 10° ¢ [30]), 3Haxo-
MO, WO BUHUKAKOUNIA Yy NOKanbHIl 30HI MOro BUGyxy B
«METaneBii Nnasmi» MakCUManbHWUIA rasoguHamivyHui
TUCK Py, fopiBHIoBaTUME P=14,19-10° Ma (go 14-10* atm
[28]). Llein pospaxyHkoBuiA pesynbTaT anst Py, CBigunTb
npo Te, Wo npu EB B ra3oBoMy cepefioBuULLi TOHKUX Me-
TaneBux MpOBIAHMKIB B iX Mepepisi Sy MOXe BO3HWKATU
rasofuHaMiuHuiA TUCK BEIMKMX 3HayeHb. 3 (6) i (7) Bna-
HO, LU0 3HayYeHHs TUCKY Py, npamo nponopuiiiHe piBHIO
TemnepaTtypu Ty, WO fAocAraeTbCs y 30Hi EB npoBigHuKa,
i NPaKTUYHO He 3a/1eXMTb Bif NapaMeTpiB razoBoro cepe-
[l0BMLLA, B AKOMY BigoyBaeTbcst EB gocnigKyBaHOro me-
TaNeBOro MPOBIgHMKA. Y LbOMY 3B’A3KY 415 LOCATHEHHS
«pPeKopAHMX» (HalbiNbLINX) PIBHIB MAKCUMA/IbHOFO TUC-
Ky P, B «MeTanesiii nnasmi» npu EB y rasi TOHKOro me-
TafeBOro npoBigHMKa HeobXigHO 3abe3nedyBaTh OTpU-
MaHHSl B 30Hi LbOro BUOYXY MakCUMa/lbHUX 3Ha4eHb Te-
mneparypu Tn, Ui€l nnasmu. a8 Lboro noTpiéHO BMKO-
pUCTOBYBaTW HaliMeHLLi Mmepepisan S, KOPOTKMX MeTane-
BUX MPOBIJHWKIB, a TaKoX «LWBWAKi» reHepatopu BIC,
L0 BigTBOPIOKOTL Y Konax MIC HalibinbLi aMnniTyan lye i
KPYroBi 4aCTOTM W, X PO3PALHOr0 CTPYMY ic(t).

6. HabnukeHnin po3paxyHOK eHeprii cybnimadii
W, meTany npu rasosoMy EB npoBigHuKa. EHepris
cy6nimauii Ws pe4yoBMHM NpOBiAHMKA AOPIBHIOBATMME
CyMi eHeprii oro posirpisaHHs Qy; Bif NO4YaTKOBOI TEM-
nepatypu T, L0 TemnepaTypu nnasfeHHs T,, posirpiBaH-
HA Qnp Bif Temnepatypu nnaeneHHs T, 4O TemnepaTypu
KUMiHHA Ty, NNaBneHHs Qs i NapoyTBopeHHs Q, [28]. Ans
eHeprii posirpisaHHs Qy; 6yae cnpaseAnvBoto opmyna:

th ChMe (TW Ta) ) (8)
[le ¢, — MMTOMa TennoeMHICTb (MpW NOCTiHOMY 06’eMi)
matepiasly LOCNILKYEMOro MeTaneBoro nposifHMKa BU-
XigHoto macoro m=loSed, [28].
[ns eHeprii posirpiBaHHs Qpn, MaEMO TaKuiA BpPa3:
Qnz  chMe(Th Tw) - ©)
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[nsa TennoTn nnasneHHs Qy MeTany NpoBigHMKa By-
[ie CnpaBea/IMBUM HaCTyMHe ChiBBigHOLWEHHS [28]:

Qf dfme, (10)

Je g — MMTOMa TennoTa MaaBfeHHa MaTepiany LuniHapu-
YHOro MpOBigHMKA 3 OF0 BMXIAHOK abCOMOTHOK TEM-
neparypoto T,=273,15 K i macoro m¢=1,Sed_.

[ns TennoTn napoyTBOPeHHs Q, MeTaly AOCHILKY-
BAHOr0 NPOBIAHMKA MOXHa 3anuncaTu Bupas [28]:

Qv GyMe, (11)

Je gy — NUTOMa Tens0Ta NapoyTBOPEHHA MaTepiany Luni-
HAPUYHOTO MpoBigHMKa mMacoro m.=I,Syd, 3a lioro noyat-
KOBOI abCcoNMOTHOT Temnepatypm T,=273,15 K.

3 (8)—(11) pns aHani30BaHOr0 KOPOTKOrO TOHKOMO LW-
niHapnyHoro migHoro nposigHuka (10=110 Mm; rg=0,1 mMm;
S¢=3,14-10° Mm% d=~8920 kr/m’; m=0,308-10"" Kr;
Ta=273,15 K; T,=1356,15 K; T,=2863,15 K; c,=385
Dx/(kr-K); 0=2,05-10° Ox/Kr; q,~4,79:10° D/kr [28]),
BMKOPUCTOBYBAHOTO Y MOA&/LLIOMY MpPWU  NPOBELEHHI
Hami Ha MOTY)>XHOMY BWCOKOBO/bTHOMY [IC cunbHOCT-
PYMOBMX eKcrepuMeHTiB (I,=—190 KA; »:=26,18 10° ¢
[30]) 3a itoro nosiTpsaHumM EB, 3Haxoanmo, wo W=(Qp +
+ Qnz + Qs + Q) = 197,4 k. 3ayBaXknMo, LLIO 3rigHoO 3
pocnigHumu gaHumu 3 [9, 37] nutoma eHepria cybnimaii
gs 419 Mifji CTAaHOBUTb 3HAUEHHS, IKE YMCE/IbHO [OPIBHIOE
NPUBAN3HO (s=4,68-10"° Mx/M°. Y 3B’A3Ky 3 UMM yTOu-
HeHe 3HayeHHs eHeprii cybnimauii W, Ans TOHKOro mi-
Horo nposigHuKa (Vo=105,~34,5-10"° m°) BusiBMTbLCA piB-
HUM 6113bko W=161,5 K. BuaHo, WO HaBedeHi po3paxy-
HKOBI Ta J0CNiHI 3Ha4eHHs Ans eHeprii cybnimadii Ws Bka-
3aHOro AocnimKyeaHoro migHoro nposigHuka (=110 Mm;
r,=0,1 MM) Bifpi3HATLCA MiDXX COBOK 3 MOXWMOKOK He
6inbLie 18 %. ToMy MOXHa roBOPUTK MpO Te, L0 BMKO-
HaHa po3paxyHKOoBa OLjiHKa BENMUMHWN eHepril cybnimauii
W, MeTany mMijHoro npoBifHMKa € NPaBoOMipHOHO.

7. HabnuxeHuii po3paxyHOK eHeprii neperpisy
W, cybnimoBaHoro metany npuv rasosomy EB npoBig-
HWKa. EHeprito cunbHoro neperpisy Wy, MeTaneBoi napu
B M71a3MOBOMY KaHani po3psay, Lo yTBOpunacs Bij cyo-
NiIMOBAHOr0 PO3pSAHUM CTPYMOM i¢(t), SKMIA npoTikae
yepe3 NpoBigHUK Yy Koni IC, ioro meTany i BXoAnUTb A0
CKnafly «MeTaneBol Niasmu» JaHoro LMAIHAPUYHOIO Ka-
Hasy, MOXHa OLIHUTK 33 HACTYNHUM BUPa3oM:

Wsh (rm Tb)cvsva (12)
Ae Cys — NUTOMa TeMI0EMHICTb (NpW MOCTiNHOMY 06’eMmi)
MeTa/IeBOI Mapu cy61iMoOBaHOrO Tifla MPOBiAHNKA Macoto,
Lo AOopiBHIOE Mo4yaTKoBiM Maci m.=l,Sod. meTaneBoro
NPOBIAHWKA, LLIO BUOYXa€E Y ra30BOMY CEPEAOBULLI.

3 (12) 3 ypaxyBaHHAM MPUAHATAX NPUNYLLEHb ANs
[OCNiKYBAHOTO TOHKOM0 MiZHOr0 LWAIHAPWUYHOIO Npo-
BigHuKa (I;=110 MM; rg=0,1 MM; S,=3,14-107° M%; d~8920
kr/m®;, m:=0,30810" kr; T,=2863,15 K; c,=0,385-10°
Iox/(kr-K) [28]; J=1,95-10"" A? ¢ M~ [27]; U¢=10 B [29])
npy CUILHOCTPYMOBOMY PO3psA4i Ha MPOBIAHUK MOTYX-
Horo BMcokoBonbTHOTO MC (1,:==190 KA; 0~26,18 10°
¢l Ty=121,6 10° K [30]), WO eneKTpUuHO BUBYXae y
MoBITPi, OTPUMYEMO, O LUYKaHa eHepria neperpisy Wy
Oyfe NpuiMaTy YncenbHe 3HaYeHHs 6nmM3bko Wq,=1407,9
[DK. FIK BUAHO, OTPMMaHe po3paxyHKOBE 3HAYEHHSs eHep-
rii neperpisy Wy, cybnimoBaHOro metasy npoBigHuKa i
BiZNOBIAHO MeTas1eBOI Napw, L0 YTBOPWUIACA Bif HLOTO,
NPUGAN3HO Y CiM pa3iB MepeBuLLYE PO3PaxyHKOBY eHep-

rito cyonimauii We=197,4 [k meTasty MijHOro npoBigHu-
Ka: Wy /Ws=7,1. 3rigHo 3 TEOpeTUYHUMUK JaHumMK i3 [32],
OTPUMaHVUMW Ha OCHOBI CKNafHOI YMCe/bHOT MarHiTorig-
poavHamMiyHoi mogeni EB meTany 3i ctpymom, Uit noka-
3HUK NS BUCOKOTemnepaTypHoro EB (T,=92,8 10° K;
dm=10" A/M?) y BakyyMmi (BOAi) TOHKOFO atOMiHiEBOrO
MPOBIgHMKA CTaHOBUTL TakoX MpnbansHo Wy, /W=7 (6e3
ypaxyBaHHA eHepril, Wwo BuAainsetsca npn EB, fka BBO-
OUTbCS B MeTanieBy CTPYKTYpY LbOro MpPOBiAHUKA). Y
3B’3KY 3 UMM HaBeAeHi Hami HabnmkeHi pesynbTaTu
pO3paxyHKOBOI OLiHKK eHepriT Wy, € NpaBOMipHUMMU.

8. HabnwmxeHwnii po3paxyHOK eHeprii TepMi4HOro
BNOYXY Wy Y rasi neperpitoi napy mMetasly NpoBigHUKa.
3 ypaxyBaHHAM MPUAHATMX NPUMYLLEHb NPW HaGAMXKEHO-
My PO3paxyHKy eHeprii TepmiuHoro subyxy We, y rasoso-
My CepefloBMLLi CWUIbHO MeperpeToi MeTanesoi napy Aoci-
[DKYBAHOI0 MeTa/1eBOr0 MPOBiJHMKA BUKOPUCTYEMO BiJOMi
B TEPMOAMHaMIL hopMynn ans poboTH, L0 BUKOHYETHCS
rasoMm npw moro agiabatmyHomy po3LumpeHHi [28]. Buko-
PUCTOBYHOUM PEXMM afiabaTUHHOIO PO3LLMPEHHST CUMbHO
MeperpiToi 3 ra3oAMHamiuHMM TUCKOM P, MeTaneBoi napu
CybniMoBaHOro Tifa MeTaneBoro MpoBigHMKA Macoro
m=loSed, Y PO3rNsHYTOMY HabAWXKEHHI Ans BUPOGNEHOT
po6oTn We, Li€t0 Mapoto i BiANOBIAHO TEM0BOI eHeprii,
AKY BWAINSE Y HABKOMMLLIHOMY rasi «MeTaneBa nasmar,
L0 LWBMAKO PO3LLUMPHOETLCA HABKO/O NPOBIAHMKA B raso-
BOMY CEpefoBMLL, MOXHA 3anucaT HacTynHe rasofvHa-
MiYHe cnieBigHoLeHHs [28]:

Wey  10SodcRm(Ma M) “(Ty Tap)( p ) % (13)
ae M,, M, — BifnoBigHo mMonapHa Maca (B Kr/Mosb) nova-
TKOBOrO rasy HaBkono nposigHuka (T,=273,15 K) i meTa-
NeBiii MapwW, WO YTBOPIOETbCA Y LbOMY rasi, Bif oro
cybnimoBaHoro metany; B, — MOKasHUK afiabatn gns
«MeTasieBol NnasmMn» B 30Hi EB; T, — Temneparypa, aka
BCTaHaB/NMBAETLCA B 30HI EB npoBigHuMKa nicng poswm-
PEHHS Y rasi oro cUnbHO NperpeTol MeTaneBoi Napw.

Y 3aranbHoMmy BUMNagKy Tap#T.. [N nogansuinx
pO3paxyHKOBUX OLiHOK 3rifHO (13) HaibinbLIMX 3Ha4YeHb
eHeprii TepmiyHoro Bumbyxy We npu EB metanesoro
NpoBigHMKa Y rasi (Hanpuknag, y noBiTpi) obmexumocs
TUM OKPEMWUM TEMIOPI3NYHUM BUNALKOM, KON Tap=T,.

3 (13) BugHo, L0 eHepris TEPMIYHOIO BUOYXY Wy
CWIbHO MeperpiToro meTany MpPOBiAHMKA BU3HAYaETHCS
rONOBHUM YMHOM Macor M =1,Syd. NPoBiAHUKA, IO BK-
byxae, i MaKCMManbHOK TemnepaTypoto T, 3a (1) B yTBO-
PrOBaHOMY M1a3MOBOMY KaHali CUIbHOCTPYMOBOIO PO3-
pagy TIC. Lo cTocyeTbea nokasHuKa afgiabatn B, ons
«MeTasieBOi Niasmm», TO 3 ypaxyBaHHAM TOro, Lo npu
EB y rasi meTaneBoro npoBigHMKa LS naasMa 3a CBOIM
CK/Mafom 3a3BMyali MiCTUTb ABOATOMHI rasu (Hanpuknag,
a3oT Ny, BofieHb Hy i KnceHb O,, WO BXOAATb [0 CKnagy
MOBITPA), B NEPLLUOMY HabMMXKEHHI ANS HBOTO Y BUNAaAKY
MPUCYTHOCTI Y ra3oBOMY CepefioBULL HaBKOMO MpPOBif-
HUKa ABOXaTOMHUX rasiB MOXIMBO NPUIAHATW YmceNbHe
3HaueHHA MOKasHWKa afiabatu By, WO AOPiBHIOE 6/1M3bKO
By=1,4 [28]. Togi 3 (13) ans EB B atMocthepHOMY MOBITpI
(Ta=273,15 K; By=1,4; M,=28,97-10~ kr/monb [28]) mia-
Horo nposigHuKa (I=110 MM; re=0,1 MM; S¢=3,14-107° m*;
d:~8920 kr/m* m.=0,308-10"" «kr; J=1,95-107 A’c m™*
[27]; Ue=10 B [29]; Mp=63,55-10‘3 Kr/monb [28]) y cunb-
HOCTPYMOBOMY PO3PALHOMY KOJIi MOTY>KHOTO BMCOKOBO-
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nbTHOrO TIC (1,:=-190 KA; w=26,18 10° ¢ [30]) ans
Rn=8,314 [x/(Monb-K) [28] i T»=121,6 10° K oTpumye-
MO, LU0 B LibOMY €/1eKTPOGi3NHHOMY BMMALKY 3HAYeHHs
eHeprii TepMiyHoro Bubyxy Wey LOCNILXYBaHOrO NpoBi-
[HWKa Byfie UMCenbHO PiBHUM NPUGAN3HO We,=838,8 .

9. HabnwxeHi NOKasHWKW nNpouecy BBeAeHHS
eHeprii W; B CTPYKTypy MNpOBigHMKa NMpwu 1A0ro raso-
Bomy EB. #Ik Bigomo, 0co6aMBOCTI MPOLECY LUBUAKOIO
BBEJEHHS B KPUCTaNliuHy CTPYKTYpY MeTasIeBOro nposig-
HMKa TennoBoi eHeprii W; 6yayTb BU3Ha4yaTu BCi Tenno-
(hi3MYHI Ta TepMOAMHAMIYHI XapaKTEPUCTMKKM i HacTyn-
Horo EB fK y BakyyMi, Tak i B ra3oBOMYy Ta pigKomy ce-
peposuax [5, 9, 10, 20, 32]. ¥ pocnigxysaHOMY Bunag-
Ky IH)XEHepHOro nigxofy Ao raszosoro EB ToHKoro meta-
NEBOr0 MpOBIAHUKA B CW/IbHOCTPYMOBOMY pO3pPSAHOMY
KOMi MOTY)XHOro BMCOKOBO/MbTHOrO IMIC pgaHwiA mpouec
MICTUTb CTagii ioro cybnimauii, CUIbHOTO Meperpisy i
TEPMIYHOI0 BUOYXY Napw MeTasly NpoBigHMKa. [N Kopo-
TKOFO OMMCY LMX CTafiil BuWe B po3ginax 2 i 4-8 6ynm
HaBefieHi BignoBIAHI HAGMMKEHI PO3pPaxyHKOBI (hopMynn
(1) i (5)—(13) ansa BM3HAYEHHSI MaKCMMasbHOT TemnepaTy-
pn T, Nnasmu, Yacy te, TEPMIYHOIO BMOYXY, MakCUMasb-
HOro TUCKY Py, eHeprii cybnimauii Ws, eHeprii neperpisy
Wy, i eHeprii TepmiuHoro Bndyxy We, 3a EB y npuiiHsTo-
My rasosomy cepegosuwyi (T,=273,15 K; P,=1,013 10°
Ma [28]) po3rnsHyTOro MeTaneBoro nposigHuWka. CToco-
BHO KOPOTKOrO TOHKOr0 MigHOro LWAiHAPUYHOIO MpoBi-
aHvka (10=110 MM; rp=0,1 MMm; S¢=3,14-10° Mm% d.=~8920
kr/m®; m=0,308-10"* kr; J,=1,95-10"" A? ¢ m™ [27]), pos-
MILLEHOMY B CU/IbHOCTPYMOBOMY PO3psAHOMY KOAi Mno-
TYXHOro  BUCOKOBONbTHOrO C  (I==190 KA,
0:=26,18 10° ¢ U,=—27 kB [30]), po3paxyHKOBUM
LnsxoM Oyno BCTaHOBMEHO, WO BBeAEHa MpW LbOMY B
MiKpOCEKYHAHOMY 4acOBOMY Aiana3oHi B MeTan MpoBif-
Huka Tennosa eHepria Wi=(Ws + Wg, + W) umncensHo
CTaHOBWTb 6/nM3bko Wi=2,44 kX (Npn 3anaceHiin B KOH-
JeHcaTopHili 6atapei eMHiCTIO Cy=333 MK®D MOTY)XHOr0
IC enekTpuyHOT eHeprii 6nm3bko Wy=121,4 kx [30]).
BugHo, wo Tennosa eHepria W; He nepesuilye 2 % Big
eNeKTprYHoi eHeprii Wy 6atapei INC. Takunin enektpodi-
3MYHUIA NigXig Npy po3paxyHKOBOMY BM3HAY€HHI BBefe-
HOT B MeTaJieBy CTPYKTYpY NpoBigHVKa eHeprii W; 3Haxo-
ANTLCA Y MOBHIM 3rofi 3 MepLMM 3aKOHOM KNaCWMYHOI
TepMmoauHamiku [28].

10. HabnwmkeHnin po3paxyHOK aKTUBHOIO OMopy
R. nnasmoBoro kaHasy pospsagy npu rasosomy EB
npoBigHMKa. icna BTpatu posrnsHyTUM MPOBIgHUKOM
CBOET MeTas1eBOl NPOBIAHOCTI, L0 XapaKTepU3yeTLCs Npw
TemnepaTtypi KUMiHHA T, NUTOMOIO €NeKTPONPOBIAHICTIO
Yoo (AMB. TA6N. 1) [34], cUNbHOrO Neperpisy MeTaneBoro
napy, BUHUKHEHHS pajianbHOro po3nboTy (3 MOMEHTY
yacy te) napy cy6nimMoBaHOro mMeTasly TOHKOro npoBig-
HuKa [4, 5, 7, 32] | yTBOPEHHS B NOKa/IbHIlA 30HI oro EB
y rasi BMCOKOTeMMepaTypHOi «MeTaneBoi nnasmm» [31],
o opmye LUIIHAPUYHWIA MNa3MOBWIA KaHan ra3oBoro
po3psay [29], B eneKTpodi3nyHWiA NPOLIEC «BMUKAETHCS»
OCHOBHa YacTWMHa 3anaceHol B KOHAeHCaTOpHil GaTapel
IIC lioro enekTpuyHOi eHeprii W,. Lia yacTuHa eHepril
W, Byae poscitoBaTWCA Ha aKTWBHWUX Onopax enekTpuy-
HOro Kona BMCOKOBO/MbTHOTO MC: R, Ana copmoBaHoro
M71a3MOBOr0 LWAIHAPUYHOIO KaHay po3psgy LOBXUHOK
I, i R¢ 4ns cTpymoBefyUumnx eneMeHTiB pO3psiAHOro KOH-

Typy [IC [19, 20]. AHaniTMYHe BU3HAYEHHS R, 3ycTpivae
Cepiio3Hi TexHiIYHi TpyaHolli. ToMy B nofanbLIoMy Mpw
pO3paxyHKOBIll uucenbHin ouiHLi R, obmexumocs pe-
3ynbTaTaMy BIACHUX €KCMePUMEHTabHUX AO0CIMKEHb
[37], BMKOHAHMX Ha HU3bKOOMHOMY MOTYXXHOMY BKCOKO-
BonbTHOMY IC (R=50 mMOM [21]) 3 po3psgHUM 3araca-
FOUMM CUHYCOTAASTbBHUM CTPYMOM i(t), AKWin ByB BUKOpPW-
CTaHwin (auB. gani po3gin 14) npu ekcnepuMeHTa/IbHOMY
focnigpkeHHi EB B atmocepHOMY MOBITPi TOHKOFO K-
niHgpnyHoro nposigHuka (=110 Mm; ry=0,1 Mm).

Y [36, 37] AOCAIAHMM LUISIXOM MPW BUKOPWUCTaHHI B
po3psiaHOMY Koni noTyxHoro MIC 3aracaio4oro cuMHycoiga-
NbHOrO CTPyMy i(t) MiKpOCeKyHAHOI TpuBanocTi, neplua
amnnityga Iy AKoro 3miHioBanaca B mexax +(30-220) KA,
Oyna nigTBEpAXeHa crpases/mBicTb opMynn BpariHck-
KOro A1 MakCUManbHOr0 pagiycy rp. N1asMoBOro KaHa-
Ny iCKpOBOro po3pagy B aTMOC(epHOMY NOBITPI, LLO iHi-
uitoetbes EB migHoro nposigHuka [38]:

me 0,093 | Iine |1/3 t%n/czi (14)
ae tme — vac (c), wo Bignosigae nepwin amnaitygi I (A)
pO3PSAHONO 3aracakoyoro CUHyCoiganbHoOro cTpymy ig(t)
Y KOni KOHAEHCcaTOpHOT 6aTapei BUCOKOBONbTHOrO MIC.

Mpu BMKOHaHHI (14) Ana MOBITPAHOrO KaHany ic-
KPOBOr0O po3psfy Ta BKa3aHWX yMOBax 3MiHW Y UWAIHA-
PVWYHOMY MN1a3MOBOMY KaHasi AoBXuHo |=ly AYM pos-
psgHoro ctpymy ig(t) noTyXHoro BucokosonbTHOro NC
[37] 6yno BCcTaHOBMEHO, L0 MiHiMaNIbHWUIA MOTOHHWIA aK-
TUBHUIA onip Ry=R//l. nnasmoBoro CunbHOCTPYMOBOIO
KaHasly iCKpOBOro po3psy B aTMOC(epPHOMY MOBITPI nNpu
oro iHiLitoBaHHI BUBGYXarUMM TOHKUM MigHWUM NPOBIA-
HUKOM (Ig=50 MM; ry=0,1 MM) uMCenbHO CTaHOBUTb
Re0=(0,167£0,005) Om/M. 3Hatoun Ry, MiHiMasbHe 3Ha-
YeHHSs aKTUMBHOIO onopy R N1asMoBOro KaHany po3spsgy B
aTMocthepHOMY MOBITPI, L0 (hOPMYETLCA KOHAEHCATOPHOO
6atapeeto I'lC, ska po3psagKaeTbCa Ha TOHKWIA MeTaneBuid
NPOBigHMK, WO BMByXxae, A0BXMHOW lg=l;, 3Haxogmumo i3
cniBBiAgHOLWEHHS: R=Rle. Mpn =110 Mm gns MiHiManb-
HOr0 aKTUBHOI0 onopy R.<R, L0 hOPMYETLCA Y CUJIbHOC-
TpymoBomy pospsigHomy  koni FIC  (1,.=—190 KA;
0:=26,18 10° ¢ [30]) nnasmoBOro KaHany po3psgy,
AKWIA iHiUitoe EB y NoBITPi KOPOTKOr0 TOHKOrO KPYraoro
MigHoro nposigHuka (1p=110 MM; ry=0,1 MM), OTPUMYEMO
HacTynHe ans R, umcnensHe 3HadyeHHsA: R.=18,37 mOwm.

11. HabnvkeHwnid po3paxyHOK MUTOMOI e/1eKTPO-
MPOBIAHOCTI Y, M1a3MOBOro KaHasly po3psgy npu ra-
30B0My EB npoBifHMKa. 3 KNacu4YHOT B eNeKTPoTexHiLi
hopmynn ans R, NpoBigHMKa pagiycom rpy. 3 ypaxyBaH-
HAM (14) i MiHIManbHOro MOrOHHOTO aKTMBHOMO Onopy
Re iHiUifioBaHoro EB y rasi MpoBifgHMKa M1a3MOBOro
LMAIHAPUYHOIO KaHany po3psgy Y efnekTpuyHOMY Koni
I'IC ans iHXeHepHOT OLiHKM MakCUManbHOT MMTOMOI ene-
KTPOMPOBIAHOCTI Y, AOr0 niasmm OTpUMYEMO (hopMyny:

p 368(Reo | Imc |2/3 tmc) L (15)

3 (15) npu pocnimpkyBaHoMy EB B aTMocthepHoMy
nosiTpi (T,=273,15 K; P,=1,013 10° Ma [28]) ToHKoOro
migHoro nposigHuka (Ig=110 mm; rg=0,1 MM), KW yBi-
MKHEHO Y CU/IbHOCTPYMOBE PO3PALHE KOO BUCOKOBO/Ib-
THOI KOHZeHcaTopHoi 6atapei [IC (I,=-190-10° A;
tnc=42-107° ¢; 0:=26,18 10° ¢!; U=—27 kB [30]) ans
Ro=0,167 OM/M n1TOMa €IEKTPOMPOBIAHICTb Y, M1a3Mo-
BOr0 LUMIHAPUYHOTO KaHany JOBXUHOK 1:=110 MM, Lo
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BUHUKAE MNPV LBbOMY, BUSIBSIETbCA YMCENbHO PIBHOHD
yp=1587,6 (Om-M)™. Lle po3paxyHKoBe 3Ha4eHHs Y, fobpe
Y3rofpKyeTbcst 3 BIAMOBIAHAMU AOCNIAHUMU [aHUMU Y,
ANsl «MeTaneBoi Nnasmm», HaseaeHnmm B [9, 10, 37].

12. HabnwkeHwnii pospaxyHok eHeprii W, Lo BuU-
JiNSETbCA B M/1a3MOBOMY KaHani po3psgy npw raso-
BoMy EB npoBigHuka. MNpu EB B rasoBoMy cepeaoBuLLi
METa/1eBOr0 MPOBIAHMKA JOBXUHOK |y, L0 po3rnsfaeTb-
cs, Yepes HbOro i hopMOBaHWA LM BUOYXOM LniHApK-
YHWIA KaHan aoBXuHoto I=ly 3 «MeTaneBol Nnasmoro» B
cunbHoCcTpyMoBOMY Koni MIC eMHicHOro Tmny npoTikae
PO3PAAHWIA 3aracarouunii CMHycoiganbHUiA CTpyM ic(t), Wwo
OMUCYETLCA Y Yaci t HACTYNHOO 3a1exHiCcTIO [6, 36]:

ic(t)  kelme exp( ct) sin( ct), (16)
ae O, W, — BiANOBIAHO KoeqilieHT 3aracaHHA i Kpyroea
4acToTa KO/IMBaHb PO3PSAHOro CTpymy notyxxHoro IC;
ke=[exp(-dJwearcctgd./w.)-sin(arcctgd/we)]™ — 6e3p03-
MIpHWIA HOPMYHOUMIA KoeiLlieHT.

Ha akTBHOMY onopi R, Ma1a3mMoBOro LuniHApuYHoO-
ro KaHany iCKpoOBOro pospsgy AoBXMHOR I=lg, iHiuilio-
BaHOro EB y razoBomy cepefioBuLLi TOHKOr0 MeTaneBoro
MPOBIAHMKA AOBXMHOK |y, Y MPUIAHATOMY CWIbHOCTPY-
MOBOMY KOMi BMCOKOBONMbTHOIO IC KOHAEHCATOPHOrO
MY 3 IMAYIbCHUM CUHYCOIganbHUM CTpyMOM i(t) 3a
(16) 6yae BuainaTucs Tennosa eHepris We, WO po3paxo-
BYETbCS 3a HACTYIMHOK e1IEKTPOTEXHIYHOI (hOPMY/IOHD:

W, loReokZ12. e 2 ctsin?( tydt.
0

Micna iHTerpyBaHHs y (17) ana TennoBoi eHeprii
W,, L0 BMAINAETLCA Y NIA3MOBOMY PO3PALHOMY KaHai,
chopmoBaHomy y koni I'IC 3a paxyHok EB y rasi meTane-

BOro NPOBIAHWKA, B OCTATOYHOMY BUTNIALI OTPUMYEMO:
W loReokZlGe 'L ( o/ )14, (18)
3rigHo 3 (18) npu EB B aTMocepHOMy NOBITPI KO-
poTKoro migHoro nposigHuka (1;=110 mMm; ry=0,1 Mm) Ta
iHiLil0BaHOMY HMM M/1a3MOBOMY KaHai iCKpOBOrO po3-
psgy (I.=1p=110 mm; R,p=0,167 Om/m [37]) y cunbHOCT-
PYMOBOMY KO/ MOTY>HOro BWCOKOBOSIbTHOrO TIC
(Ine=—190 KA; 5,~14,39-10° ¢ %; 0:=26,18 10° c*; k=2,05
[30]) y 3a3HayeHOMY KaHasli 3 «METa/eBO MIa3MOHO»
BUAINATUMETbCA TennoBa eHepris W, 4ncenbHO piBHa
W=37,2 kK. Lia eHepris W, y cymi 3 BBEIEHO B f0-
CNiMKyBaHWin BUGYXOBMWIA MifHWIA NpoBigHKK (l;=110 mMm;
r,=0,1 Mm) TennoBoto eHeprieto Wi=2,44 kX CTaHOBUTb
npuénmsHo (W, + W;)=39,6 kK. ToAi BiHOLLIEHHS CyMU
Tennosux eHeprii (W, + W;) 00 enekTpuyHOI eHeprii
We=121,4 k[x [30], wo 3anacaetbcs B KOHAEHCATOPHIl
6atapei IC, BWABMTLCA uucenbHO piBHUM (W; +
+ W.)/Wy=0,326. TOMy MOXHa roBopuTu MNpo Te, Lo Y
PO3IAIHYTIN €NEKTPUYHIA CXeMi i3 3aCTOCYBaHHAM MOTY-
YXHOro BWCOKOBOMIbTHOro [1C KOHAeHcaTopHoOro Tuny
(Cy=333 MKD; U,=—27 KB; Wy=121,4 kx [30]) ans
npakTM4HOI peanisauii npouecy EB B atmocgepHomy
noBiTpi KOpoTKoro MigHoro nposigHuka (lg=110 mwm;
ro=0,1 MM) KoedpiLlieHT KOPUCHOIO BUKOPUCTaHHA Ne=(W; +
+ W,)/W, enekTpu4HOi eHeprii KoHAeHcaTopHO! 6aTapel
I'C uncenbHo cTaHOBUTBL Ne=0,326 (32,6 %). Lleit nokas-
HUK 1 BWSBMBCA MEHLUMM aHa/0riYHOro MoKasHMKa
N~57,1 %, XxapakTepHOro A5 BUKOPUCTAHHSA TOro X Mo-
TY>XHOr0 BUCOKOBO/bTHOrO MIC npw thopmyBaHHi B 10ro
pO3pAAHOMY KOfi Ha OCHOBI EB y TexHiuHii1 Bogi nogi6-

(17)

HOro MiHOrO NPOBIJHMKA NNa3MOBOr0 KaHany nigsoj-
Horo po3psiay [39]. MpuunHo ToMy € BifbLue 3HAYEHHS
akTuBHoro onopy R~=Rgl. nigsogHoro nnasmoBoro Ka-
Hany pospsigy MOPIBHAHO 3 rasoBMM KaHa/ioM po3psgy
[20, 39]. 3 (1) i (18) BMTiKaE, L0 3@ OCLMIOrPaMOt0 PO3-
psgHoro ctpymy ic(t) FIC npu EB y rasi nposigHuKa Mo-
XyTb OYyTW BM3HaueHi AK Temnepatypa T, NJa3mMoBOro
KaHany, Tak i eHepria W, L0 BUAINAETLCA Y HbOMY.

13. HabnwmkeHWin po3paxyHOK MaKCUMa/bHOI
LWBWNAKOCTI Vi YAAPHOI aKyCTUYHOT XBWAI NpU raso-
BomMy EB npoBigHvKa. Y aHanizoBaHOMY enekTpogisny-
HOMY BMMNAaAKYy BMpa3 417 MakCUMasbHOI LIBUAKOCTI Vi
MOLUMPEHHS YAAPHOT aKyCTWYHOT XBWAI B M1a3MOBUX
npoAayKTax, Lo yTBopunucs Big EB y rasosomy cepefo-
BULL LOCNI[XYBaHOr0 MeTa/1IeBOr0 MNPOBISHMKA, MOXe
OyTu NpefcTaBNeHWiA y HacTynHOMY BUrnsgi [28, 40]:

Vow 05( p D pRuTn/(My M) Y2 (19)

Mpn oTpumaHHi (19) 6yno BMKOPUCTAHO BigoMe
CNIBBIJHOLUIEHHS MK LUBUAKICTIO YAAPHOT XBWUAI Vi, |
LUBMAKICTHO PO3LLUMPEHHS (PO3/bOTY) Ve, CUABHO Neperpi-
TOI MeTaneBoi Mapu MPoBigHWMKA 3a (PPOHTOM YAAPHOI
xsuni [27, 40]: Vmu=0,5(Bpt+1)Vex. Y goCHifAKYyBaHOMY
BUNaAKY MPUIAHATO, WO LUBUAKICTb Ve, BIANOBIAAE LUBNA-
KOCTi 3BYKOBOT XBWUNI Y WiNbHIA «MeTaneBii nnasmi», Lo
thopmyeTbCa Ha novaTkoBomy etani EB y rasi metaneso-
ro nposigHuka [10, 28]. BUAHO, WO 3HaYeHHS Vy,, MPAMO
MponopujiiiHe piBHIO NOKa3HWKa TemnepaTypy TpY 2

3 (19) npn EB y noBiTpi 3 HOpMa/lbHUMI aTmocdep-
HuUMi ymoBami  (T.=273,15 K; B,=1,4; M,=28,97-107
Kr/monb; R,=8,314 Mx/(Monb-K) [28]) KOpoTKoro migHo-
ro nposigHuka (Io=110 MM; r=0,1 MM; S¢=3,14-107° M%;
J=1,95.10"" A% ¢ m™* [27]; M,=63,55-107° kr/monb [28]),
YBIMKHEHOI0 Y CU/IbHOCTPYMOBE PO3PSAHE KOO BUCOKO-
BoNbTHOrO [IC  (I,=-190 KA; ®=26,18 10° c™;
Tn=121,6 10° K), BUXOAMTb, LU0 LWIBUAKICTL Y/AApPHOI aKy-
CTUYHOI XBWAI Vp,, HabyBae YMCENbHOrO 3HAYeHHs npu-
6113HO Vi, =4693 M/c. Lle ouiHOYHe po3paxyHKOBe 3Ha-
YEHHS LWIBWAKOCTI Vi, YAQPHOT ra304MHaMiuHOT XBUAI NpK
EB B atmocepHOMY MOBITPi TOHKOrO MiHOro npos.if-
HMKa BigMNOBiJae LIBWAKOCTI SIK yAapHoi xBuni Big EB
MifHOro gpoty pagiycom 75 MkMm 3 BIC, sika po3noBcto-
IPKYETbCA Y AUCLUMAMPOBaHOT BOAI 3i LUBMAKOCTIO Mpu-
6113HO 4,3-10° m/c (Npu LBOMY amnniTya TUCKY Y BOAi
no6nn3y ApoTy, Lo Bubyxae, AocTurae pisHs 6,5-10° Ma
a60 6,42:10* atm) [8], TaK i AeTOHALiiHOI XBUNi B «MOBI-
NbHUX» TBEPAMX O6PU3AHTHUX BUOYXOBMX PEYOBMHAX
[41]. ¥ 3B’53KY 3 UMM sBULLEe EB y rasosux cepefoBuLlax
TOHKMX MeTafIleBUX NPOBIAHWKIB MOXe ByTy BUKOpUCTaHe
B efleKTpojeToHaTopax npu nigpusi 6oenpunacis sk 3i
3BMYAiAHOMO, TaK i 3 AAEPHOK BMOYXiBKot [40, 41].

14. Pe3ynbTaTu eKCNEPUMEHTIB A1 NOBITPSHOMO
EB TOHKOro UMAiHAPUYHOIO MpoBigHUKaA. [N Bepu-
thikauil AeskMX OTPUMAHUX BULLE PO3PaXyHKOBUX pe-
3ynbTatiB ans EB y rasoBomy cepefoBuLLLi TOHKMX MeTa-
NeBUX MpPOBIAHMKIB 6y BUKOHaHI BignoBifgHI ekcrepu-
MeHTU ana EB B aTMocthepHOMY MOBITPI TOHKOro MifHO-
ro nposigHuka (I;=110 MM; rg=0,1 MM; S¢=3,14-107° m?).
Mpy UBbOMY K [KEPeNio eNeKTPUYHOT eHeprii ByB BUKO-
PUCTaHWI HN3bKOOMHUIA BUCOKOBOMbTHMIA MIC 3 NOTyX-
HOK KOHJEHCATOPHOK baTapeeto, L0 XapaKTepusyeTbes
HaCTYMHMMK HOMIH&/IbHUMU eIEKTPUYHUMM NapameTpa-
mn [22, 30]: Cy=333 MKD; U=150 KB; Wy=416 k[x.
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Ha puc. 1 i 2 HaBefieHi cyMillleHi y yaci t ocumnor-
pamu po3psgHOro 3aracatouoro CUHyCOifanbHOro CTPyMy
io(t) BKazaHoro IIC (kpuBa 1; 1,c=—190 KA; §~14,39-10°
¢l w=26,18 10% ¢ t,~42 MKC; k:=2,05) i iMnynbCHOI
nikonoAibHoT Hanpyru ug(t) (KprBa 2; Unc(tex)=—28,17 KB;
tex=3,2 MKc [30]) npu noBiTpsHOMY EB KOPOTKOro TOHKO-
ro migHoro nposigHuka (Ip=110 MM; re=0,1 MM) y CW/b-
HOCTPYMOBOMY PO3pSIZHOMY KO/ MOTY>KHOTO BMCOKOBO-
nbTHOTO IMIC (Ug=—27 KB; Wy=121,4 k[X) npn MacLTa-
6i 3a ropusoHTanto 5 Ta 50 MKC/NoAinky.
Tek : JlM ..Acq E_!umplejte rvaPos:l‘IS.UU)l.ls

CURZOR

Source
Y Ef

Delta
1.2y

IR XN

Cursar 1
=500V

Cursar 2
: =16.2%

CHT GO0Y  CHE GOoW M Saius TN i
Puc. 1. MoegHaHi ocumnorpamu cTpymy ic(t) (kpvsa KaHany 1) i
Hanpyru uc(t) (kpmBa KaHany 2) B CUNbHOCTPYMOBOMY KOi
MOTY>KHOro BUCOKOBO/MLTHOIO MIC npn EB B aTMoctepHoMy
noBiTPi TOHKOro mMigHoro npoigHuKa (=110 MM; ry=0,1 MMm;
tex=3,2 MKC [30]) (MacLuTab 3a BepTUKannio gnas ctpymy — 50
KA/MoAinKy; Maclutab 3a BepTUKaII 415 Hanpyrn — 12,6
KB/nopinky; maclutab 3a ropusoHTaIio — 5 MKC/ NOAinky)
Tek ”rlM i 4cq Complete B Pos: 1500 us CURSOR

Cursar 1
0,00y

Cursar 2
: =130

CHT GO0V CH2 GO0V M GO0Ls RS-

Puc. 2. Tix, wo i Ha puc. 1 cyMmilleHi ocumnorpamMm po3psgHo-
ro cTpymy ic(}) (KpvBa Kanany 1; I,c=—190 KA; 5:~14,39-10° c™;
0:=26,18 10° ¢™; T=2m/w =240 mKc [30]) i Hanpyrv u(t) (kpu-
Ba KaHa/ly 2) B CU/IbHOCTPYMOBOMY KOJi MOTYXHOIO BUCOKOBO-
nbTHoro MlC npu EB B aTMoCchepHOMY MOBITPI TOHKOIO MigHO-
ro nposigHuka (1y=110 mM; ry=0,1 MM; te,=3,2 MKC) TiflbKu1 Npu
MacLUTabi 3a ropusoHTaso — 50 MKC/Noginky

Mpn npoBefeHHI eKcnepuMeHTaIbHUX AOCILKEHb
noBiTpsiHOro EB BKa3aHOro TOHKOro MigHOro NpPoBiAHMKA
6y BUKOPWUCTaHI KOaKCiabHWUA BUMIPIOBAIbHUM LUYHT
Tuny LK-300, €MHICHWIA noAiNbHWK Hanpyru Tuny
€MMH-100 i undposwit ocumnorpad Tektronix TDS 1012
[30], siki nporwnn aep>kaBHY METPOIOTiUHY NEPeBipKYy.

3 ocuymnorpam pospagHoro ctpymy ic(t) (kpuea 1) i
Hanpyrn uc(t) Ha BMOyXaro4yomy MigHOMY MNPOBIAHWKY
(KpvBa 2) cnif 3a3HaumMTK, WO B LbOMY BUMALKY LOCMia-
HWIA Yac to, TEPMIYHOIO BMOYXY PO3rNISHYTOr0 NPoBigHN-
Ka, WO BigbyBaeTbCA Ha (POHTI MepLUol NiBXBWI Po3ps-
QHOro CTpyMy ic(t), CTaHOBUTb MPUBAM3HO t,=3,2 MKC
(npw pospaxoBaHoMy 3a (5) MOro 3Ha4eHHI t,=3,32 MKC).

BugHo, Wwo ans napaveTpa ty, PO36DKHICTL MiX 3a-
3HAYEHUM MOro PO3paxyHKOBUM i EKCNEePUMEHTASIbHUM
3HAYeHHAMU He nepesulye 4 %. Lii faHi BKasyloTb Ha
npauesjaTHicTb Ta AOCTOBIPHICTb 3aCTOCOBAHOrO po3pa-

XYHKOBOTO MifXx04y A0 BW3HAYEHHS MapameTpa te npu
OMucaHHI enekTpogiismyHoro npouecy EB y rasosomy
CepegoBuULL KPYr/ioro TOHKOro MeTaneBoro NpoBigHuKa.

Kpim Toro, HaBegeHi 3rigHo 3 puc. 1 i 2 gocnigHi
faHi ana AU pospsgHoro cTpymy ic(t) pasom 3 ekcne-
pUMeHTanbHUMK pe3ynbTaTtamu 3 [36, 37] Ana enekTpodi-
3MYHMX MapameTpiB Ry i e ONOCepeKOBaHO BKa3yloTb
Ha NPaBOMIPHICTb BUKOHAHMX PO3PaxyHKOBMX OLIHOK 3a
(1), (7), (14), (15) i (18) BignosigHo napameTpiB Tp, Pp,
Re, Yo i W npu EB B aTmoctepHOMY MOBITPi MiHOro
nposigHuka (1p=110 mMm; ry=0,1 MM), YBIMKHEHOrO Y ene-
KTPWYHE KOJ10 MOTY>KHOI0 BUCOKOBO/IbTHOTO [MIC.

BucHoBKW.

1. 3anponoHoBaHWii eneKkTpogisnyHMiA nigxig Ao
aHaNiTUYHOr0 KOMMMEKCHOrO PO3paxyHKy OCHOBHMX MNa-
pameTpis EB y rasoBomy cepefoBuLLi TOHKOro MeTane-
BOr0 MPOBIAHMKA J03BONSE 3 IHXEHEPHOK TOUHICTIO BYU-
3HaUMTV NpW AaHoMy BMOYXY Oro Taki TennodisuyHi,
rasofyHaMiyHi Ta €NeKTPOeHepreTUYHi napameTpu AK:
MaKcuMManbHy Temnepatypy T, i TUCK P, y nnasmoBomy
KaHani, yac te, BMOYXy MPOBiJHMKaA, aKTUBHWIA onip R. i
MUTOMY €NeKTPOMPOBIAHICTb Y, N71a3MOBOr0 KaHany, Ten-
NoBY eHeprito W;, o BBOAMTLCS Y NPOBIAHMK, | TEMI0BY
eHeprito W, WO BUAINAETLCA Y KaHai, Ta MaKCUMasTbHY
LWBWAKICTb Vi MOLWMPEHHS YAAPHOI aKyCTUYHOT XBUAI B
«MeTaneBiii nnasmi» Big EB B rasi TOHKOro MeTaneBoro
NpoBiAHMKA Mif eneKkTpoTepMivHoto gieto BIC.

2. BcTaHoBNEHO, Wo npu EB B atmocgepHomy no-
BITpi TOHKOro migHoro nposigHuka (lp=110 mm; re=0,1
MM), SKWiA YBIMKHEHO Y PO3psAAHE KOMO KOHAEHCATOPHOT
6aTapei NOTY>XHOro BUCOKOBONbTHOMO IMC MiKpOCEK;/H,CIi—
HOro 4yacosoro gianasoHy (In=—190 KA; 8.~14,39-10° c™;
0:=26,18 10° ¢ 1,42 MKC; U=—27 KB; Wy=121,4 K[),
3a3HayeHi MapameTpu eneKTPoBMOYXOBOrO Mpouecy B
Aoro Koni NpuiiMaroTb HaCTYMHI HaGMVOKEHI YMCeNbHI
3HaueHHs: T,=121,6 10° K; P,=14,19-10° Ma; t,=3,32 MKC;
R=18,37 mOwm; Y,=1587,6 (OM-M)_l; Wi=2,44 k[X;
W=37,2 KK; Vinw=4693 M/C.

3. Y pamkax nofjanblloro po3BUTKY iHXEHEPHOro
nigxoQy A0 aHaNiTUYHONO KOMMMEKCHOTO PO3paxyHKY
nepepaxoBaHMX BULLE OCHOBHWX NapaMeTpiB eNeKTpoBu-
6yxoBoro npouecy B pospsgHomy koni 'IC HaBefeHo
CNiBBIAHOLIEHHS (3) 41 HAGNMXKEHOro PO3pPaxyHKOBOIO
BM3HAUYEHHN 3HaYeHb KPUTUYHOrO iHTerpana cTpymy Jg
npu EB y ra3oBoMy cepefoBWLLi TOHKUX MeTaneBux npo-
BifIHVKIB 3 HaibiNbLL BUKOPUCTOBYBAHNMU B rasy3i ekc-
nepuMeHTanbHOT (isnkn, BIT Ta eneKTpoBUOYX0BUX TeX-
HONOri NPOBIAHMKOBUMM MaTepianamm (auB. Tabn. 1).

4. TokasaHo, Lo Taki mapameTpu eneKTpoBUOYXO-
BOrO MPOLIECY SIK MakcUManbHa Temnepartypa Ty, i Haibi-
NbWWA TUCK Py, B MAasMOBOMY KaHasli, 4ac te BUOYXY
MPOBIHWKa, MUTOMA €/IEKTPOMPOBIAHICTD Y, MIa3MOBOr0
KaHasy, Tennosa eHepria Wi, L0 BBOAUTLCS Y MeTaneBuil
NpoBigHWK, i Tennosa eHepria W,, L0 BUAINAETLCA Y Ka-
Hani, He 3aneXaTb BijJ BNaCTMBOCTEN rasy, B SKOMY Bifl-
OyBaeTbcst EB focnifiKyBaHOro MeTanesoro npoBigHuKa.

5. Mpu EB y rasoBoMy cepefoBuLLi TOHKOrO MeTa-
NeBOro NPOBIAHMKA, YBIMKHEHOr0O B poO3psiiHe KOO Mo-
TYXXHOro BUCOKoBo/IbTHOro IM'lC, Temnepatypa Ty, i TUCK
P, Hac te, BUOYXyY MPOBIAHMKA, MUTOMA €/1EKTPONpPOBIA-
HICTb Y, NNa3MOBOro KaHany, Tensiosa eHepria W, L0
BUAINAETLCA Y KaHani, Ta LWUBWAKICTb Vpyy XBW/I B 30Hi
BUGYXY, L0 BUHMKAIOTb Y M1a3MOBOMY KaHasli po3pagy,
MOXYTb 6TV BM3HaueHi 3a (1), (5), (7), (15), (18) Ta (19)
Ha OCHOBI po3WndpyBaHHS OCLMIOrpaM pPo3psaHOro
cTpymy ic(t) Ta Hanpyru u.(t) y enektpmuHomy koni IM'C.
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6. Tennosa eHepria W=2,44 k[, L0 BBOAUTLCA Y
[OCNIAKYBaHWA KOPOTKWIA TOHKWIA MigHWIA NPOBIAHMK
(10=110 mM; ro=0,1 mMMm), iKMIA YBIMKHEHO Yy pO3psiaHe
CW/IbHOCTPYMOBE KOJIO 3a3HAYEHOr0 MOTYXHOIO BYICOKO-
BonbTHOro IMIC, npu itoro EB B atmoctepHOMyY NOBITPI, HE
nepesuLLye 2 % Big eneKTpuyHOI eHeprii Wy=121,4 KX,
3anaceHoi B KOHAEHcaTopHil 6atapei usoro IMC.

7. Y aHani30BaHI eNeKTPUYHIA CXeMi MPakTUYHOT
peanizauii fBMLLa BUCOKOTeMMepaTypHoro EB B atmocte-
PHOMY MOBITPi JOCNILKYBAaHOrO KOPOTKOr0 TOHKOro Mifg-
Horo npogigHuKa (=110 MM; rg=0,1 MM) TennoBa eHepris,
L0 BUAINAETLCA Y NMa3mMoBOMY KaHani W.=37,2 kX cni-
NbHO 3 BBEEHON Y MPOBIAHMK eHeprietdo W=2,44 KX,
3abe3neyye JOCArHeHHs KoedillieHTa KOPUCHOro BUKOPK-
CTaHHS N €NeKTPUYHOI eHepril KOHAEeHCcAaTOpHOI 6aTapel
NOTYXXHOro B1cokoBosibTHOro MC Wy=121,4 k[x, ynce-
NbHO PiBHOrO NPM6AN3HO N=0,326 (32,6 %).

8. BMKOHaHi 3a [ONOMOroK NOTY>XHOro BMCOKOBO-
NbTHOrO MIC CMIbHOCTPYMOBI EKCMEPUMEHTU MiATBEPAN-
NI OCHOBHI MNOJIOXKEHHSA 3anpOMNOHOBAHOIO iHXXEHEepPHOro
nigxoqy [0 aHaliTMY4HOrO KOMI/IEKCHOTO PO3PaxyHKY
3a3HaYeHNX MmapameTpiB €M1eKTPOBMOYXOBOro MpoLecy B
rasoBomy CepefoBuLLi 3 HOPMaSlbHUMK aTMOCHepPHUMMU
yMOBaMu Ta nokasanu, WO BiAMIHHICTb PO3paxyHKOBUX
3a (5) Ta gocnigHMX JaHUX NS Yacy te, BUBYXY MigHOTO
nposigHuka (1o=110 MMm; rg=0,1 MM) He nepesuLLye 4 %.

diHaHCcyBaHHS. Po60TYy BUKOHaHO 3a NigTpuMKy MiHic-
TepcTBa OCBITU i HAYKM YkpaiHu (Tema b Ne 0121U109546).
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A calculation of basic thermophysical, gasodynamic and
electropower parameters of electric explosion is in the gas
environment of metallic explorer.

Goal. Receipt and analysis of close analytical correlations for the
engineering calculation of maximal temperature of T, and pres-
sures of Py, in a plasma channel, time of t., explosion of explorer,
active resistance of R; and specific conductivity of y, of plasma
channel, to entered in explorer W; and selected in the channel of W,
of thermal energy and high speed of vy, distribution of shock acous-
tic wave in the plasma products of electric explosion (EE) in gas of
explorer under the action of large impulsive current (LIC). Meth-
odology. Basis of thermophysics, thermodynamics, theoretical and
applied electrical engineering, electrophysics bases of technique of
high-voltage and large impulsive currents, basis of heavy-current
electronics, theory of explosion and plasma, measuring technique
and electromagnetic compatibility. Results . Close formulas are got
for the analytical calculation of temperature of T, and pressures of
Pn in a plasma channel, time of t,, explosion of explorer, active
resistance of R and specific conductivity of y, of plasma channel, to
entered in explorer W; and selected in the channel of W, of thermal
energy and speed of vp, of shock acoustic wave in «metallic
plasma» at EE in gas of explorer, testing action LIC in the dis-
charge chain of high-voltage generator of impulsive currents (GIC)
with the stocked energy of W,. It is rotined that at EE in atmos-
pheric air of copper explorer long 110 mm and by a radius 0,1 mm
in the bit chain of GIC of the microsecond temporal range
(1nc=—190 KA; tn=42 pis; 1=26,18 10% s1; Wy=121,4 KkJ) levels of
temperature of T, to time of t, explosion, pressures of P, and
speeds of v, in the area of his explosion can arrive at numeral
values: T,=121,610° K, t,=332 ps; P,=14,1910° Pa and
Vmw=4693 m/s. The ways of receipt are formulated in the bit chain of
GIC of «record» (most) values of temperature of T, pressures of Py,
and speeds of vy, It is set that at EE in atmospheric air of the indi-
cated short thin copper explorer the coefficient of the useful use of
n. of electric energy of Wy of condenser battery of GIC arrives at the
numeral value of n=~=(W;+W.)/Wy=0,326 (32,6 %). Arising up in the
plasma channel of discharge, initiated EE in gas of explorer, tem-
perature of T, and pressure of Py,, time of t,, explosion of explorer,
specific conductivity of y, of channel, thermal energy of W, and
speed of vy, of shock acoustic wave selected in a channel in «metal-
lic plasma» can be certain experimental a way on results decoding
of oscillograms of discharge current of i(t) and high-voltage of u(t)
on an explorer in the chain of GIC. A formula is resulted for the
close calculation of critical integral of current of J, at EE in gas of
explorers from different metals. Executed on powerful GIC heavy-
current experiments were confirmed by substantive provisions of-
fered approach near the analytical calculation of basic parameters
of electro-explosive process for the probed explorer. Originality.
Offered and the engineering going is scientifically grounded near
the analytical calculation of the indicated thermophysical, gasody-
namic and electroenergy parameters of Tp, P, te, Re, Yo, Wi, W
and vy, at EE in gas of metallic explorer, plugged in the discharge
chain of GIC. Practical value. Application in electrophysics prac-
tice of the offered engineering going near a calculation in the chain
of GIC of basic parameters of electro-explosive process will allow
to facilitate labour of workers of scientific laboratories and promote
efficiency of work of technicians-and-engineers during practical
realization by them different electro-explosive technologies. Refer-
ences 41, tables 1, figures 2.

Key words: large impulsive current, electric explosion of ex-
plorer, temperature, pressure, time and energy of explosion,
active resistance and specific conductivity of plasma chan-
nel, entered in explorer and energy selected in a plasma
channel, speed of shock wave at the explosion of explorer.
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