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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 sofiware 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.

Bcmyn. Ocmanni 0sa decamunimms po32nsaoanacs mexuika 08ueyHa 6HYMpiuiHb020 320PAHHA Ol CUCIEMU 2eHepamopa 3MiHHO20
cmpymy. Ocobnugo 3 yYpaxy8aHHAM pPISHOMAHIMHOCMI 6U0i8 NAIUd, HAOIUHOCMI, NOPMAMUSHOCTI, NUMOMOI NOMYHCHOCTI
KIIbKICMb 00CTI0MNHCeHb 3DOCMAE 3 KOMCHUM OHeM. Y 38°A3Ky 3 yum iHmepec 0y8 30cepeddceHull HA OO0CTIONCeHHAX NIHIIHUX
cenepamopie. Mema. Memoio Oocniodcenuss € amaniz NpoOYKMUGHOCMI JIHIIHO20 2eHepamopa ma U020 3acmocy8anHs OJis
BUPOONICHHS eeKmPOoeHepeii 6i0 08USYHA GHYMPIUWHBLO2O 320PAHHA O BUPIWEHHS NPOOIEeMU 3aNaAcy X00Y MAluXx eleKmpomooinie.
Tenepamop, na 6iominy 6i0 mpaouyitino2o, CKIA0AEMbCA 3 NIHIUHO20 2eHepamopa 3 KPUGOWUNHO-UWAMYHHUM MeXAHI3MOM, U0
DPYXacmuvcsi 08USYHOM HYMPIiUHb020 320panHA. Opuzinansricms. IIpo Kougizypayiio ninilino2o eenepamopa 3 KpUGOUUNOM 08USYHA
SHYMPIUWHBLO2O 320PAHHA paHiwe He nogioomnanocs. Memoou. Hucenvne piwenns 2enepamopa npoGoOOUNOC MEMOOOM CKIHYEHHUX
enemenmis y npoepami Ansys Maxwell 6 yuninopuunoi cucmemi koopounam. Bnaug doeorcunu ma wacmomu xo0y Ha nanpyzy ma
BUXIOHY NOMYICHICMb OOCHIONCYBANU WINAXOM MOHIMOPUHSY 306HIUHLO20 eNeKMPUYHO20 HABAHMAdICEHHA. 3 Ypaxy8auHAM
2abapumnux posmipie po3pooneno ma aueomogieHo NpoMmomun ainiinozo eenepamopa. Konghicypayis mooice suxopucmosgysamucs 6
EHePeOEMHUX 3ACMOCYBAHHSAX I 30INbULYBAMU 3ANAC X0OY HeGeIUKUX eiekmpomobinis. Pezynemamu. Pe3ynomamu mooenioganus ma
3 npakmuxu nepesasxcho sbicaiomocs. Ilpakmuyuna yinnicms. /[ns ananizy 6yn0 no6yoosano npaKmudny Mexamiumy cucmemy, wo
CKNA0AEmobCs 3 MHILIHO20 2eHepamopd, 3 €OHAHO20 3 OBUSYHOM BHYMPIUWHLO20 320psaHHA nomyscnicmio 2,2 kBm uepes wamyn
xkpusowuny. bion. 35, tabn. 1, puc. 15.

Kniouosi cnosa: ninilinuii renepaTop, e1eKTpoMoOiib, riOpuIHHI aBTOMOOIIb, ABUT'YH BHYTPILIHHOI'0 3T OPSIHHS.

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
(VeH I I~V

No-load operation
o Re Load operation

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 pF 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)

2770

30

28
238
26

2105

%)
B

1773

~
L]

20 1440

Freguency(Hz)

10,8

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 Q, 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 Q.
At the optimum load value (16 Q), the power obtained from
the generator is 787 W, the efficiency is 88 %.

30 Power(W)
T L T - o
28
1229
26
" 1058 1058
% 22 886,3
=
(5]
S 20 7150
=
T s 6,3
i
[T

16
3725
14
12
10

Stroke Lenglh mm)

28
26

\ 478

1

Power(W)
- 1970

1724

1478

S

1231

N
N

Frequency(Hz)
= 5 a 38

-
]

10 0,000

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

Power(W)

1645
28 0

1441
26

1236
24
22 1032

8275
18 6231
16
14
12 '
10 :

20 30 40 50 80 70 80

Stroke Length(mm)

Frequency(Hz)
[*]

Power(\W)

1810
28 1

1584
26

1358

131

905,0

6768

452 5

2263

0,000

20 30 40 50 60 70 80

Stroke Length(mm)

Frequency(Hz)
2 5 2 » » 838 R R

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)

Electrical Engineering & Electromechanics, 2023, no. 1



900 [ . . 95
-

800 ./ — k90

L85
g 700 o ;\E
g 3
2600 " c
(e} [ ] - [0}
8 ! 75 g
\. &=
500 w

400

300

T T T T T T T T 55
0 10 20 30 40 50 60 70

Rload(ohm)

Fig. 5. Power and efficiency variation of the linear generator vs
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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.

Fig. 7. ICE 2.2 kW

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:

T, =9550-P,/N,, . 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/Trczzl/zz. 2)
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.

- i BN
Fig. 8. Linear generator 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.
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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.
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An expanded version of the induced voltage at
generator rotation speed of 528 rpm is given in Fig. 13.
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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(#)) in each generator shown in
Fig. 13 and Fig. 14 is less than the magnitude of £, (Fig. 3
and Fig. 10) due to the resistance (R,q) 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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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.

Bcemyn. Tiopuoni enekmpomobini npononyoms Haubibi eKOHOMIMHO OOYLbHULL 6UOID Y CYHACHIT A8MOMOOLTbHIL NPOMUCTIOBOCTT, HAOAIOYU
HalKpawi piwenHss Onsl 0ydce GUCOKOT eKOHOMII namuea ma Hu3bko2o pieHa euxudig. Llleuoxkuil npoepec ma po3eumox yici eanysi
niowimoexuyu mooeti 00 nepexooy 6i0 NPUMIMUEHO20 DieHA 00 Oyiice BUCOKO20 THOYCMPIANbHO20 CYCHibcmea, Oe MOoOiIbHicmb 0y1a
gyroamenmanvroro nompe6oio. OOHAK BUKOPUCTNAHHSA BEIUKOL KITbKOCMI a8mMoMo0LNié 3a80a€ Cepuio3HOI WKOOU OOBKLLIIO MA HCUMMNIIO
J00uHU. Humi Oineuwicms mpancnopmuux 3aco6ié noKiaoarmscsa Ha CNATIOBAHHS 8Y2leB00HI6 3a0A OOCASHEHHSI NONYHCHOCMI pYXy Ha
nposionux xonecax. Omoice, HeOOXIOHO BUKOPUCIIOBYBAMU YUCIT MA eheKmUBHI MpancnopmHi 3acodu, maxi sax 2iopudni enekmpomo6ini. Ha
Jlcanb, pauiue cmpamezii YnpaeniHHs cepiliHuM SIOPUOHUM eleKmpPOMODLIEM He 8paxosysanu 30YPeHHA HABAHMAICeHHs Ni0 uac pobomu
aemomooins i OesIKi 3MIHU HETHIUHUX nApamMempie (Hanpukiaod, IHOYKMUGHICIb Po3Cioeants cmamopa, onip oomomxu i m.o.). Hoeusna
3anponoOHOBaHOL pobOMU 3ACHOBAHA HA PO3POOYL Mma peanizayii 060X HAOJIHUX KOHMpOepie koe3Hozo pexcumy (SMC) ua cepitinomy
2ibpuoHOMY eneKmpomooini O NiO8UWEeHHs eeKMUBHOCII 3 MOUKU 30pY WEUOKOCIT mMa MOMEHNTY, WO Kpymumb, 8ionogioto. OcHosHa
ioes nonsizae 8 momy, wob 00380aUMU 08UZYHY NPAYI08AMU MIbKU MO0, KOU ye HeOOXIOHO 3 YPaXy8aHHAM CMamny 3apsaody aKymyiamopa.
Mema. Y npononosaniti cxemi KOHMPOIOIOMbCA XAPAKMEPUCMUKY AK OBU2YHA, MAK | 2eHepamopa, 0OUH KOHMPOAep KOB3HO20 PedCUM)
pe2yioec WeUOKICIb 08USYHA, d THUUIL Pe2yliioe KPYMHUL MOMENM 2eHepamopa, a Nomim pe3yibmami NOpieHIoIomMbCsl 3 BUKOPUCIAHHAM
pexcumie 1-SMC i 2-SMC. Memoo. Cunosa ycmanoska cepitinoeo 2iopuonoco enekmpomooins, wo posenioacmvpcs 6 Oawuiti pobomi,
CKIA0aembCst 3 aKyMyJIAMOpHOL bamapei ma ycmanosKku 08U2yH-2eHepamop, KA HA3UBACMbCs OONOMIJICHOIO CUTOBOI YCMAHOBKOIO,
MA2068UM OBUSYHOM MA CUNOSUMYU NIEKIMPOHHUMU CXEMAMU OJIsL NPUBOOY 2eHepAmopa ma ma206020 08UYHA. 3a2anbHa cmpamezis 3acHo6and
Ha pobomi OsueyHa 6 00nacmi ONMUMATBHOL eQEeKMUGHOCHI 3 YPaXy8aHHsM pigHs 3apsady akymyusmopHol 6amapei. Pezynbmamu.
Mamemamuuni mooeni osucyna ma 2enepamopa Oyiu npuLiHami 00 yeazu O po3pOOKU PeyIAMOpI8 KOGIHO20 PeXCUMY AK Ol KepY8aHHs
uacmomoio obepmanta O08U2yHd, Max i 0N KepyeanHs KpymHum Momenmom cenepamopa. Tpancnopmuutl 3aci6 eunpo608ysascs 3a
cmanoapmuum yukiom. Pesynomamu noxasanu, wo 3amicmv GUKOPUCIAHHA Jule OOHO20 pe2ylamopa dacmomuy odepmanis 08uyHa
Habazamo Kpawji pe3yibmamu 00CA2AI0MbCsl NPU 0OHOUACHOMY BUKOPUCHIAHHI 080X pe2yNsmopi6 KOB3HO20 PediCUMy, OOUH 3 AKUX Kepye
uacmomoio obepmanHs O8USYHa, a iHUWULL - MOMEHMOM, wo Kpymumb, cenepamopa. bion. 37, puc. 11.

Knrouoei crnosa: riGpuaHi e1eKTPoMOOLL, e1eKTpoMOoOLli, KepyBaHHSI KOB3HUM Pe:KHMOM, IiIBUIIICHHSA e()eKTHUBHOCTI.

1. Introduction. Advent of high pace development
of internal combustion engine (ICE) wvehicles 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. Tbrar, 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
HMMWYV 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 HMMWYV 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
Diesal

L
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 7, in terms of
speed w,; comes out to be:

T, =16510-107" - w? —0.0002 - w’+0.0546 - w2 —
LR (1)
—6.65-w, +36167 = a;w},
i=0
where ¢; are the polynomial coefficients i = 0,1,2,3,4. It is
also possible to derive w,, as a function of 7, such as
w,=232-107°7* = 0.00114- 73 +01937-7% -

4 ] 2)
~11839-7+267963 =Y a;- ;- T4,
i=0

where f; 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

L Battery Traction motor
Engine [/ ol ==
8 oc| T T | /ac
Tu"";im’ Tuganafalu

APU CONTROLLER

L 8fo. i T';' ]'x\(,l

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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di, =——-i, + ij—— v, +—=-w 3)
q q d q e
Ly Ly q q
w, - L 1
dij=——ij+——2L i —— v, 4)
a oLy L
Tg__Kz’iq+k1'(Ld_Lq)'id'iq ’ ®)

where i, i, are the d-q axis axis currents of generator
respectively; v,, v, are the generator’s d-q axis voltages;
R is the generator resistance; Ly, L, are the generator’s d-q
axis inductances; K, is the torque constant of generator;
K is the induced voltage constant of generator; 7, is the
generator torque; k; 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 (SOCy.x) then EC = 0:

1 SOC,i, = SOC(1);
EC ={EC(t—1) SOCpuyx > SOC(t)> SOCyyin:
0 SOC 0 < 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:

Wwe = iﬁj(Téy-

j=0

(6)

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:

d):OC =Klb,
t
7
dw, 1 1 )
= Tes_ 'Tgs
e Jiy n-Jio

where x,,. is the state of charge; i, = i, — i, — i, is the
battery current; i, is the traction motor current; i, is the
parasitic electric load current; i, is the generator
quadrature current; T, is the generator torque; Jy, is the
total inertia J,,, = Jg-n2 + J,; J. is the engine inertia;
Jg is the generator inertia; n is the generator speed ratio
w/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 0 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:

T, :u~(a0 +oyw, +ay ~we2 + 03 -wg +ay ~w§), ®)
where u is the torque control input (throttle angle 0-100 %).

First, the polynomial approximation in (1) for 7, is
substituted in the following equation of motion for the
engine:

d 4 .

Wg:L-u-Zai-wj— ! Ty . 9)

e Jyy i=0 n-Jior

Then, a sliding surface o, is chosen as
o=Te, (10)

where
_ T

e=w, —W,. (11

To ensure system’s the stability, Lyapunov conditions
are used to derive the sliding mode control law:

(12)

V=l- >0 ;
2
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V=00, (13)

which should be equal to —D- o to satisfy the condition of
negative definiteness of ¥ . Thus

V=-D o, (14)
where D>0.
Consequently
c+D-6=0. (15)
By taking the derivative of o and substituting the
equation of motion. Inside &

d:T*-(wg—we)z

4 16
. 1 1 (16)
:T*~wé—T*-—-u-Za,--w£+ Ty
tot i=0 n-Jio
Now u.,, which is equivalent control input, that
makes o =0 is to be calculated by replacing u with u,,.

And it produces

J . 1
Ueg= 7 o (Wfﬁ”n_‘] Tg]§ (17)
i tot
Zai-we
i=0
4
Pl :
6=T -J—-Zai~wé~(ueq—u). (18)
tot =0

Substituting in (14) into (18) and discretizing this
equation with (18), yields

113 1)l (0)- i) D6 =0 (19

tot j=(
and
a(k)—a(k—l) 1< i
——————==T-— > ;- w,lk—1)x
; Jtoti=zo i welk=1)
x(ueq(k—l)—u(k—l))

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

Uy ~ gy (k—1). 1)

Finally generating a chattering free controller named
as SMC which is

(20)

u(k)=ulk —1)+ X
(22)
i-0
x((1+D-T)o(k)-o(k-1))

where 7", 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
Ty =Tos—Jior W' (23)

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

7: Ly
Ag
L . K 1
L_dWeld +—bWe _L_ 0 .
| ‘ d M (24)
L 1|
4y 0 ——1Le
e Ld u
\ ) g
n Bg

Ty =K, iy +Ky-(Lg L) iy i,
As there is large number of rotor teeth so we assume
that L,~L, the torque of the generator becomes

T, ~K, i, (25)

In state space form
Xg=Ag - Xg+Bg ug+1m;
iy (26)
y=T, x,=|0 K,]{ }
1l
q
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

g (k) =g (k —1)+BT_1((1 + DT oy ()-

where
_|va
Ug = ol
q

In generator control mechanism, generator output
currents are taken and passed through abc/dq, 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.

o, (k-1)), @7

(28)
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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 w,, 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 w,. 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, i, coming from generator is being
multiplied to constant K7, to get T, torque and other
reference torque value is generated by using previously
generated w,,.r and passing it into torque calculator as an
input and output is the respective torque values Ty,.; now
both 7, and T, 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 15 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

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 7° which together makes
o= T -e the sliding surface. Next this is being multiplied
by (1 + D-T) also a delayed signal is introduced making
o0=(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, 7" is multiplied by 7" and
then passed through polynomial equation block to find

4
Za[-wé(k), is nothing but (1). Then passed through a
i=0

divider output u(k) is delayed by 1 and passed through
adder to complete the equation:
(k) = ulk—1)+—— ot ‘
Ty a;-wi(k)
i=0

x(1+D-7T) o(k)-o(k-1))
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4.1.5 Sliding Mode based Generator Torque
Controller. In Fig. 7 equation (27) is implemented in the
same way as previous is done.

ug (k) =1y (k—1)+

N BTl 1+, -7) 04 (k)-cy (k-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 0 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.

(30)

Target speed

e

[} ‘5 1‘0 1‘5 Z‘D 2‘5
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
upto12 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.
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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
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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.
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Fig. 11. Generator torque using 1-SMC and 2-SMC’s
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4.3 Efficiency enhancement. Efficiency
enhancement in terms of 7 is calculated in this section.
Using this formula

_ obtained speed 100

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:

12
=—-100=24%.
U 30 °

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

42
=—-100=284%.
m 30 0

Hence, increase in efficiency 7, — 77, = 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.
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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 PI 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.

Bemyn. J[na noninwenns sxocmi  enekmpoenepezii y cucmemi  eleKmponocmadanta 3aeanvie eapmoniune cnomeopenns (3IC) e
HAUBANCTUGILUUM NAPAMEMPOM KITbKICHOT OYIHKU 2APMOMIK, BUKTUKAHUX HeNiHIUHUMU Haganmadcennamu. Ha npaxmuyi éona mae oymu
menworo 3a 5 %. Hosuszna 3anpononosanoi pobomu noisieae y BUKOPUCMAHHI KACKAOHO20 N SIMUPIGHeE020 aKmueHoz2o Qinempa, Ko
nepemeoplosay ckiadacmocs 3 wiecmu nap H-wocmis, kodxcna 3 akux exmouac womupu mpansucmopa. Mema. [Io6 nidsuwumu
epexmusHicmy ybo2o Qinbmpa, NPONOHYIOMbCSL 080 MEMOOU KITbKICHO20 8USHAYEHHS 2aPMOHILIHUX cmpymis: no-nepuie, PO-meopis, axa
npocma, aie Modxce BUKOPUCTIOBYBATNUCS Juwie Y pasi 30aNaHCO8aHOT CimKu, i, no-Opyae, Mmeopis CUHXPOHHOL cucmemu 8iONIKy (meopis
SFR). , aKutl 30amuuti cmeoplogamu. 2apMOHIHULL CIPYM He MINbKU 8 HeCUMeMpUYHIll Cimyi, a Ui Y HeCUMEemPUIHOMY Md CHOMBOPEHOMY
nyuky. Memoou. Bukopucmosytouu memoou ynpasuints, 2apMOHIUHUI CIPYM UMAZYEMbCA 3 CIPYMY HABAHMANCEHHS | PO32NAOAEMbCS
sk onopuutl. Tlobydosanuil cmpym nosunen cuioysamu 3a yum nocuianusm. Pesynemamu. Oyinka axmueHoi ma peakmueHoi
nomyslcHocmell 3ACHOBAHA HA GUMIPIOBAHHI CIMPYMIG, WO NPOXOO0AMb yepe3 HABAHMADICEHHs, Md Mepedcesux Hanpys, 3a yumu
NOMYJICHOCAMY  BUBHAYAEMbCA  hopma  2apmoHilinozo (onopnozo) cmpymy. Ilpu euxopucmanni Ill-pecyramopa euxionuii cmpym
1 AMupieHes020 iHBepmMopa MouHO GiOnosidac onopHoMy cmpymy. Buxionuii cmpym ineepmopa nooaemvcs 00 mepedci Onsi YCYHeHHs
eapmonitunux cmpymie. Ilpaxkmuuna winnicmo. Hacnpasoi xoegiyienm eapmonitinux cnomeopenv 31C ¢ Haubinbw  wupoxo
BUKOPUCIOBYBAHUM KpUmepiem 05l KpUMUKU Popmu Xeuui cmpymie ma OyinKu siKocmi 3a0isHol enepeii. /i cmpymie Ha cmopoHi
Oaxcepena 3I'C esadicacmuvcs nputinamnum, Akwo ein menute 5 %, 3a nauoro nponosuyiero 3I'C cmanosums 0,85 % 3 PQ-meopieio i 2,34 %
3 SFR-meopicto, momy 6in € onmumanvrum. biom. 11, puc. 23.

Knouosi cnosa: GararopiBHeBuii (iabTp aKTMBHOI NMOTY:KHOCTI, MOBHIi rapMOHiYHi CIOTBOpPEHHS, MUTTEBA AKTHBHA Ta
PeaKTHBHA MOTYKHOCTI, TADMOHIYHi CTPYMH, CHHXPOHHA TeOpisi CHCTeMH BijliKy.

multilevel

Introduction. The use of power electronics equipment In the

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].

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

o smaller output voltage step;

¢ lower harmonic components;

e better electromagnetic compatibility;

o 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:

iﬂt)ziln sin(not+¢,); (1)

n=1
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ip () =1Iysin(@t+ @)+ Y I, sin(not +¢,) .
n=2
For harmonic compensation, the active filter must
provide the compensation current:
ip()=ig(t)=ig(1). A3)
At that time, the source current ig will be in phase
with the utility voltage and become sinusoidal.

2

ig il.

Non-Linear
Load

APLC

voc
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.
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Fig. 2. Cascaded multilevel inverter design

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]:

. LR S
e |_ |2 2 2, @)
ip 3 0 \/5 \/g b
2 2 e
L )
Va | _ |2 2 2], (5)
Vg 3 0 3B
2 2

The expressions of the instantancous real and
imaginary load powers are given as follow:

MR

(6)

where p and ¢ contain respectively the harmonic (oscillatory)
and continuous terms which can be written as:

P=DctPhs 4=9c+ 9 (7
This method is described in detail in the diagram on
Fig. 3, 4.
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Fig. 3. Building block of calculation of harmonics powers
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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.
ph
p

L=

i

Fig. 5. Harmonic power separation
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By a simple use of the reverse Concordia
transformation [8] defined by (9), one arrives at the
reference current i,.; presented in Fig. 6.
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Fig. 6. Harmonic currents i, i, i) (reference currents)

Simulation results using theoretical active and
reactive powers. The regulation current is realized by
using a PI classic regulator as presented in Fig. 7.

Electrical Engineering & Electromechanics, 2023, no. 1

21



. Harmonic istirnated +
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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Fig. 8. Reference and measured harmonic currents

Reference and mesured harmonic currents (A)

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

Load currents a,b,c (A)

~ I I I I
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Fig. 12. Polluted load currents without filtering

Fundamental (50Hz) = 46.94 , THD= 21.84%
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Fig. 13. Spectrum of polluted current iy, 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 L, = 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.

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

| R S R

PWM triangular signals
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Fig. 10. Super imposed PWM triangular signals (zoom)
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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, R, = 0.5 Q, the source frequency is 50 Hz.

Polluting load. 1t is a 6 diodes bridge, feeding a
series RL load, where L=0.1 Hand R =20 Q.

Resistor and inducter
of line

O ¢f$
TN

Fig. 11. éimulation model of network and polluting load without
filters
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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.
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Fig. 15. Filtered source currents

Fundamental (50Hz) = 49, THD= 0.85%
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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 N IS
S o S S

Three phase source current (A)

A
S

&
3

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 a-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 __siné? —cos@ || iy (10)
iy B | cosd  sind | ip ’
where i; and i, are given by:
ia] g @
=L 2. 11
_%} [% %1 W

The out of low-pass filter gives continuous current
component. The inverse transformation the transformation
from 2 phase d-g rotating frame to 2 phases a-f-0

stationary frame is given by:
lgref | | sin@ —cos@ iy
i fref “lcos® sing | ig |
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).

(12)

(X)

+
Val

DSOGI-WPF

Xr
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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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 wunbalanced 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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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
(IGBTs) 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.

Bemyn. [upoxe suxopucmanus gpomoenekmpuyHux cucmem y pisHux 3acHmocy8anHax GUCYHYIO HA Nepuiuti NIaH HA2ATbHI 8UMO2U OO0
HaoiiHocmi, eexmusnocmi ma OesnepepsHocmi 0Ociyeo08ysants. OCHOBHOI NEPewKo0or 0l eheKmMUHIUO020 3acmocysants Oyna
Haoiinicmy cunosux nepemeopiosais. Cnpasoi, HaaeHICMb HeCnPasHOCMell Y CUNOBUX NEPEMBOPIOBAYAX MOJice CHpUMUHUMU 3001 8 pobomi
homoenexmpuunoi cucmemu, wo mooice sHuzumu it npodykmuericme. Hoeusna. 'V yiti cmammi npedcmasnena memoouxa OiacHoCmuKu
o6pusy xona 6 nepemuxauax (IGBT) cunosux nepemsoprosauie (nepemeopiogauis nocmiiiHo2o cmpymy ma mpugasHux inéepmopis) y
ghomoenexmpuuniti  cucmemi, niokmoueHiti 0o mepeosici. Mema. [ 3a6e3neyenHs OesnepepsHOCMi NOCMAYAHHA NOMpIOeH npoyec
OdlaeHOCMUKY HecnpasHocmell Ha 6CIX emanax GupobHuymea, nepeoadi ma nepemsopenms enepeii. Memoou. [iaenocmuunuil nioxio
3ACHOBAHUL HA WMYYHUX HEUPOHHUX MEPedNCcax ma GUIVYeHHs O3HAK, wjo eionosioaiomv obpusy kona IGBT-nepemuxaua. Lleti nioxio
IPYHMYEMbCA Ha hepemeopenni Knapka mpugasuux cmpymie Ha 6uxooi iHEepmMopa, a m aKoxc po3PAXyHKY CepeOHbO20 3HAYEHHS YUX
cmpymie O 6UHAYEHHs MOYHo20 Kyma obpusy koaa. Pesynemamu. llei memoo Oossonac epexmusHo idenmupikysamu ma
JIOKanizyeamu 0OUHOUHi abo MHOMCUHHI HecnpasHocmi posimkuymoeo koaa 1GBT-nepemuxawa DC-DC nepemeoprosaua abo IGBT-
nepemuxaua mpugasrozo ineepmopa. biom. 26, tadm. 4, puc. 8.

Kniouosi cnoea: dororajibBaHiuHa cucTeMa, IIIKJIIOYEHA A0 Mepe:Ki, IITYYHA HelpPOHHA Mepexa, CHJIOBI IepeTBOpIOBayi,

BiztmMoBa IGBT npu 00puBi ko/1a, BUSIBJICHHSI HeCIIPABHOCTEHH.

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, 1.) into a two-
phase system (I, 1,). 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

p—y
PV Array

—
DC-DC Boost

Converter Inverter

Three Phase

system using the ANN assisted by the Clarke
transformation. This approach requires the three phase
currents (1, I, I.) 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.

Y rTE—
LCL Filter

GRID

Currents Controllers

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

Fig. 1. Grid connected PV system diagram

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)

@ |

( v(k):v(K-;)¥d

AP>0

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 V. is
compared to the reference voltage V... For the voltage
control a PI controller is employed [24, 25].

The three-phase currents of the inverter (/,, I, 1.)
and the grid voltages (V,, V;, V.) are transformed into to
dq reference frame (/,, 1,) and (V4 V,). To obtain a unit
power factor in a grid-connected PV system, the current
reference /, s is considered to be zero. The output from
the voltage controller is the current reference /... The
voltage reference for the PWM is the PI current
controller’s outputs which are given by [24, 25] in (1):

. K (. .
Ud :Vd_w'Llot'lq+(Kp+le'(ld—ref_ld)’
6]
Uy=Vy+a-Liy-ig+ KP+T Nig—rer =14

where U,, U, are the dq desired voltage references; w is
the angular frequency of the grid; K, K; gains of the PI
controller; L,,, refers to L, + 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:

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

e extraction of information from the
transformation;

e implementation of ANN as diagnosis method;

e 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:
1, =1« -sin(a) . t),
Iy = Iy -sin(e-1—2-7/3); ?)
I, = Ipay -sin(@-1+2-7/3);
where I, is the maximum amplitude of the current.
Applying the Clarke transformation on the system
allows us to obtain the system of equation (3) [7]:
2 1 1

[y =iy —— iy —— i
3 3 3
3)
i,B :L'(l’b _ic)=
NE)
where i,, igare the Clarke currents.
The average currents in the two axes (« and f) can
be calculated using the following equations [7]:

amean

a length(i,, )

3 igl)
. _ B\J
Ypmean = ; lengthiiﬂ i’

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]:

0= tan‘l(MJ . (5)

! Bmean

“4)

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 6 State 6
Healthy [0, 2n] T1 and T5 [n/2, 5n/6]
Tl [7/2, 37/2]] T1 and T6 [57/6, 31/2]
T2 [0, ©/2] or [37/2, 2] | T2 and T3 | [0, 7/6] or [3w/2, 2x]
T3 [0, m/6] or [7n/6, 2] | T2 and T4 [m/6, 2m]
T4 [7/6, Tn/6] T2 and T5 |[0, n/2] or [117/6, 2]
T5 [0,5m/6]or[11n/6, 2n]| T2 and T6 [37/2, 117/6]
T6 [57/6, 117/6] T3 and T5 |[0, n/6] or [11a/6, 2x]
T [0, 2x] T3 and T6 [7n/6, 117/6]
T1 and T3 [7n/6, 37/2] T4 and TS [m/6, 5/6]
T1 and T4 [7/2, Tn/6] T4 and T6 [57/6, Tn/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 (igmeans ipnean 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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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 2
Classification of open circuit faults
State Output State Output
Healthy [00000 0] T1 and T5 [100010]
Tl [100000] T1 and T6 [100001]
T2 [010000] T2 and T3 [011000]
T3 [001000] T2 and T4 [010100]
T4 [000100] T2 and T5 [010010]
TS [000010] T2 and T6 [010001]
T6 [000001] T3 and T5 [001010]
T [111111] T3 and T6 [001001]
T1 and T3 [101000] T4 and T5 [000110]
T1 and 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

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.

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 C;, F 6.7586:107°
Capacitor C,, F 5.5-107
Inductor L, H 3107
Boost frequency, kHz 5
DC-link voltage, V 700
Inverter frequency, kHz 10
Parameters of LCL filter: L;,, H |4.1897- 10"
L,,H |2.513810°"
CpF  [5.0886-107
Grid frequency, Hz 50

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 (igmean, igmean and 6). The
information of each scenario for the healthy case and the
defective cases is summarized in Table 4.

SO TS
R HW‘WWWMM

I I L I
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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 iameans ipmeans O
Healthy 0.0004039 —0.004703 27491
Tl -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
T1 and T3 -16.8 —82.43 258.5
T1 and T4 -96.12 6.134 176.3
T1 and T5 —63.08 55.82 138.5
T1 and T6 -53.36 -80.41 236.4
T2 and 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
T2 and T6 63.04 —55.78 318.45
T3 and T5 79.83 26.65 18.46
T3 and 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 9.1656-10" after 28 iterations, as

shown in Fig. 6.

5 Best Training Performance is 9.1656e-21 at epoch 28
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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. 7. The ANN used
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Fig. 8. Simulation results in state: (a) Healthy, (b) Fault in DC-
DC Boost Converter, (¢) Fault in T4 and TS, (d) Fault in T1 and
T3, (e) Fault in 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
Saults 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.

Bcemyn. Kackaoni bazamopisuesi ineepmopu H-bridge 6ce uacmiwie uxopucmogyiomscs 6 makux npucmposx, K po3nooiibHi cucmemu,
eNeKmpuyni msA206i cucmemu, CUCEMU NPAMO20 NePemBOpeHHs. 6UcOoKoi Hanpyeu ma 6azamo inwux. Hesgadcaiouu na me, wo
bazamopisnesi iHeepmopu MICMAMb BeIUKY KIIbKICIb NEPEeMUKAYIB, WO YAPAGISIOMb, GUABTICHHS HECNPABHOCII 3alMAc 3Ha4Hull yac. Y
KOHi2ypayii asapitinoeo UMUKA4a YGIMKHEHO O0io0 Olsi pobomu 6 pedcumi GLIbHO20 X00y 6 ymosax obpugy HecnpagHocmi. Ilpu
KOpOMKOMY 3aMUKAHHI A8APIHI CMAHU BUKOHYIOMbCA 3ANODINCHUKOM, AKULL MOJICe GUSHAYUMU HANPAMOK CMPYMY BilbHO20 XOOY.
Kamezopis necnpasnocmi modice 6ymu 8usHauena camocmitino, a makodic 6i0MOBA CUNOBUX BUMUKAYIB, WO NOPYULYE YHKYIOHYBAHHA MA
Haoiinicmy Kackaonux baeamopisnesux ingepmopie H-bridge. V yiii cmammi 00caioscyiomsbcs HAcioku ma Xapakmepucmuku 00pueie ma
KOPOMKUX 3AMUKAHb 6a2amopisHesux IHeepmopie. Xapakmepucmuky 6uxioHoi Hanpyeu 35-pieHeso2o IHEepmopy uYacmo GU3HAUAIOMbCs
XapakmepHuMu HecnpasHoCHAMY NepeMuKaid, npu YoMy Hpu aHAi3i MOOEN08aHH GUKOPUCHIOBYEMbCA 3HAYEHHS iHOeKCY MOOYIAYii
0,85. B imimayitinomy exchepumenmi 3naueHHs inoexcy mooynayii 0,85 6 micyi HecnpasHozo nepemuxaya cmeoproiomvcs 00HOCEKYHOHI
06pusu i kopomke 3amuxanus. HecnpasHicmv i0enmu@ikyemvcs asmomMamuyto 3a 00NOMO2010 Memooy WHYYHOL HeUpPOHHOT Mepedici 3
BUKOPUCIAHHAM CUHYCOIOANLHOI WUUPOMHO-IMIYTLCHOT MOOYIAYIT HA OCHOBL CHOMBOPEHO20 NOGHO20 2APMOHINHO20 CNOMBOPEHHT ma
Kepyemucs camocmitino. Hoeusna 3anpononosanoi pobomu nonseac y 3acmocyGanti wueuokoeo nepemeopents Dyp’e ma wmyunoi
HelipoHHoi mepedxci Ons idenmuikayii necnpasnoco nepemuxaua. Mema. [Ipononosana apximexkmypa npusnauena ONs GUAGNEHHS
HeCnpasHo2o KOMymamopa npu pO3MUKAHHI Ma KOPOMKOYACHUX GIOMOBAX, WO MAE 3HU3UMU NOGHE 2apMOHiliHe CNnOmeopenHs ma
3abe3neuumu Hadiliny pobomy cucmemu. Memoou. 3anponoHo8aHa Monono2is Mac Oymu CHpOeKmoBana ma OYiHeHd 3 GUKOPUCHIAHHAM
niamegpopmu MATLAB/Simulink. Pesynemamu. Buxopucmogyiouu nioxoou weuoxko2o nepemeopennsi Oyp’'e ma wimyuHoi HeupoHHOT
Mepedxci, 00CTIONHCYIOMbCA HOPMATbHI MA HEeCNPAasHi cMany 6a2amopieHesux iHEepMOpIs, | HeCNPAGHULL NEPEMUKAY BUABTIAEMbCA HA OCHOBI
Mooeneti 3MiHU Hanpyau Ha 6uxodi. Ilpakmuuna yinnicms. 3anpononosana mononozis 0yxce CHpuamauda 0 peanizayii HempaouyitiHux
Odicepen enepeii Ha 0CHO8I bazamopieHe8o20 iHeepmopa, No6'sI3anHo2o 3 eauKuM nonumom y mepedici. bioi. 22, tadm. 2, puc. 17.

Kniouogi crosa: miTydyHa HeiipoHHA Mepe:xka, IIBU/IKe NepeTBOpeHHs Pyp’e, 6araTopiBHeBHIi iIHBePTOpP, LIMPOTHO-IMITYJILCHA
MOJYJIsILisl, MOBHi TApMOHIYHi CIOTBOPEHHS.

1. Introduction. Multilevel inverters (MLIs) have In [1] had investigated in both moderate and high-

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

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
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 q-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/d¢ 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

FFT ANN offline Faulty
Analysis/Feature ~wmp  Trained Pattern Switch
Extraction using MATLAB Identification

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
V:ms Values, which are all utilized to extract characteristics
from the output signal employing FFT analysis.

CHB-MLI
OUTPUT ) e .| FEATURE : LabVIEW .

VOLTAGE HARMONIC [ 4 FXTRACTION BASED  [outpuT >
SIGNAL |_ANALYSIS |'|  PROCESS ANN 4

CLASSIFIER

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;

e) V,,s analysis for open circuit fault;

/) Vs 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{7), the FT is defined as:

o0
Flo)= [ £(t)-e/“dr. (1)
The inverse FT is de}med as:
o0
1) =—- [Flo)-e/™dw. @)
2r o

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

2,72, 12 2
THD:\/Vz +V3 +I;4 +... 4V,
1

; €)

where V, is the root means square (RMS) value of the
voltage of the n™ 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:

MSE:%Z(PM—Qm)~ )

Input Hidden Qutput
layer layer layer

Error back propagation

Tnput 1

Fig. 4. Back propagation 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 7 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, STA 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 0 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 =0.1
convergence criteria = 0.01
Iterations =2500 -

e

°
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2

Mean Square Error
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(] 5 10 15 18 20 25
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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
2Bl 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

N

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

_‘E{ 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.

1
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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 V
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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
technique 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
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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 MLI 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
L{rjojof1rj{1rjojo +2Vpc
1{1j0|{0|0|O0O]|0O]O +Vpe
0/{]0|0]0]0O]O]O]|O 0
o(oj1|{1(0(0]j0]0 —Vpe
ojoj1]|1(0]0]|1]|1 —2Vpc
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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Fig. 11. Voltage and load current pattern of cascaded H-bridged
inverter topology with inductive motor before and after SIA
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-

36

Electrical Engineering & Electromechanics, 2023, no. 1



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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Current (A)
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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
durmg short circuit condition

— ( I
e remracif m||\| || fﬂWll\“ il ]'”"‘ i

\ \ / } /
‘\f \ -!f \J \, \V.' ) \ _.-’! \ [/ o \,_ﬂ ._,f
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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
SIB 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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A calculation of basic thermophysical, gasodynamic and electropower parameters of electric
explosion in the gas environment of a metallic conductor

Goal. Obtainingand analysis of close analyticalrelationships for the engineering calculation of maximal temperature T, and
pressure P, in a plasma channel, time t,. of explosion of conductor, active resistance R, and specific conductivity y, of plasma
channel, thermal energy entered in conductor W; and dissipated in the channel W, and high speed of v,,, distribution of shock
acoustic wave in the plasma products of electric explosion (EE) in gas of conductor under the action of large puls current (LPC).
Methodology. Basis of thermophysics, thermodynamics, theoretical and applied electrical engineering, electrophysics based
ontechnique of high-voltage and high pulse currents, basis of high-current electronics, theory of explosion and plasma, measuring
technique and electromagnetic compatibility. Results . Close formulas are obtained for the analytical calculation of temperature T,
and pressures P,, in a plasma channel, time t,, of explosion of conductor, active resistance R. and specific conductivity y, of plasma
channel, thermal energy entered in conductor W; and dissipated e in the channel W, speed v,,, of shock acoustic wave in «metallic
plasmay at EE in gas of conductor, testing action of LPC in the discharge circuit of high-voltage generator of pulse currents (GPC)
with the dissipated energy W,. It isdemonstrated that at EE in atmospheric air of copper conductor of 110 mm length and radiusof
0.1 mm in the discharge circuit of GPC of the microsecond temporal range (L,~—190 KA; 1,242 us; ©.~26.1810° s': W=121.4 xJ)
levels of temperature T,, to time of t,. explosion, pressures P,, and speeds ov,,, in the area of his explosion can get numeral values:
T,~121.6:10° K, 1,~3.32 us; P,~14.19-10° Pa and v,,,~4693 m/s. The ways of receipt are formulated in the discharge circuit of PIC
of «recordy (most) values of temperature T,, pressures P, and speeds v,,,. It is shown that at EE in atmospheric air of the indicated
short thin copper conductor the coefficient of the useful use 5. of electric energy W, of capacitor battery of GPC 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 conductor,
temperature T,, and pressure P,, time t,.. of explosion of conductor, specific conductivity y, of channel, thermal energy W, and speed
Vo Of shock acoustic wave dissipated in a channel in «metallic plasma» can be certain experimental by a way on results decoding of
oscillograms of discharge current i.(t) and high-voltage of u.(t) on conductor in the circuit of GPC. A formula is resulted for the
close calculation of critical integral of current J, at EE in gas of conductor from different metals. Executed on powerful GPC high-
current experiments were confirmed by substantive provisions offered approach near the analytical calculation of basic parameters
of electro-explosive process for the probed conductor. Originality. Offered the engineeringapproach is scientifically grounded for
the analytical calculation of the indicated thermophysical, gasodynamic and electroenergy parameters T,,, P, to, R, 7, W;, W, and
Vo at EE in gas of metallic conductor, connected to the discharge circuit of GPC. Practical value. Application in electrophysics
practice of the offered engineering approach for calculation in the ciccuit of GPC 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 of different electro-explosive technologies. References 41, tables 1, figures 2.

Key words: high pulse current, electric explosion of conductor, temperature, pressure, time and energy of explosion, active
resistance and specific conductivity of plasma channel, energy entered in conductor and dissipated in plasma channel, speed
of shock wave at the explosion of conductor.

Haoani pesynemamu inowcenepno2o pospaxynky memnepamypu T,, i mucky P, 6 nnasmoeomy xauani, uacy t,. eubyxy nposionuxa,
axkmueno2o onopy R. i numomoi enexkmponposionocmi y, niazmu Kanauiy, mennoeoi enepeii, wo 6600umvcsa 6 nposionux W; ma
suoinsemvbcs 6 Kanani W, i weUOKoCmi v, PO3N0CIOONCEHHsL YOAPHOT aKyCmuuHol Xeuli 6 «KMemanesitl niasmiy, wo Ymeopioemocs
npu enexmpuunomy eubyxy (EB) 6 cazoeomy cepedoguwyi memanegoeo nposionuxa nio Oi€l0 Geauxo20 IMHYIbCHO20 CHPYMY.
Iokasano, wo npu EB 6 ammocghepnomy nosimpi KOpoOmKo2o moHKo20 MiOHO20 NPOGIOHUKA 6 PO3PAOHOMY KO BUCOKOBOILIHOO
eenepamopa imnynocuux cmpymie (I'IC) mikpocekyHoHozo yacosoeo dianazony pieni memnepamypu T, mucky P, i wieuOKocmi vy,
6 30Hi 1i020 BUOYXY MoAHCYMb docseamu wucenvhux suavens T,=121,6110° K, P,~14,19-10° Ila i v,,~4693 m/c. Chopmynvosani
e1eKmMpOmMexHiuHi WIAXu ompumanis 6 po3paonomy koai I'IC 3 memanesum nposioHuKoM, AKull uOyxXae y 2azo8omy cepeoosuuyi,
Haubinbuux 3uaven memnepamypu T, mucky P, i wieuokocmi v,,,. bion. 41, Tabun. 1, puc. 2.

Kniouogi cnosa: Benukuii iMnyibcHHI CTPYM, eJleKTPUYHMIT BUOYX NPOBiIHUKA, TeMIIePaTypa, THCK, Yac Ta eHepris BUOyxy,
AKTHUBHUI ONip i NUTOMA €JIEKTPONPOBIIHICTH IJI1a3MOBOI0 KAHAJY, CHEpris, 110 BBOAUTLCHA B NPOBIIHUK Ta BUALIAETLCHA B
IJIA3MOBOMY KaHaJli, MIBUAKICTH y1apHOI XBIJIi NpH BUOYXY NPOBiIHMKA.

State and relevance of the problem. Electric
explosion (EE) of metal conductors with cross-section S
and length /; in vacuum, gas and liquid media under the
action of high pulse current (HPC) flowing through them
of various amplitude-temporal parameters (ATP) has
found quite wide practical application both in scientific
(for example, in the study of the mechanisms of phase
transitions of matter [1-5], the phenomena of mass,
momentum and energy transfer in extreme conditions,
including in the critical modes of nuclear explosions
[6, 7], the production of soft X-ray radiation for
controlled thermonuclear fusion [8], research of the
processes of optical pumping of gas lasers and active
media for quantum generators based on metal vapors [9],

etc.), as well as technological ones (for example, when
sputtering thin coatings for microelectronics [10, 11],
obtaining highly dispersed conductive powders [12—16],
creation fast-acting electric explosive circuit breakers for
high-current circuits of high-voltage generators with
powerful capacitors and inductive energy storage [17],
production of dense high-temperature plasma [18], high-
speed power processing and deformation by shock loads
of wvarious materials (parts) [19, 20], conducting
certification tests of aviation and rocket-space equipment
for electromagnetic compatibility and resistance to effects
of lightning (first of all, in electrical circuits for
introducing current and electromagnetic energy into
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objects under test) [21, 22], etc.) purposes. When studying
the complex process of EE of metal conductors and the
practical implementation of electro-explosive
technologies, specialists in the course of their work use
both more accurate computational numerical methods
of studying the phenomenon of EE of metal conductors
in gases and liquids [4, 5, 7, 8] and less accurate
engineering analytical methods and models for calculating
thermophysical, gas-, electric-, and
magnetohydrodynamic processes in continuous media
during the occurrence of the specified electrophysical
phenomenon [9-15, 23-26]. Here, the known calculation
methods and the approximate calculation expressions
obtained with their help for the analytical study of the
indicated phenomenon of EE of a metal conductor have a
significant general drawback: they do not allow providing
a comprehensive approach to the simultaneous calculation
of the main thermophysical, gas-dynamic, and electrical-
power parameters of the EE process of a conductor.

In addition, when establishing the necessary modes
of operation of the high-voltage pulse technology (HPT)
used in electro-explosive technologies and predicting the
effects of the electrophysical effects created by EE of
conductors on the processed materials, parts and objects,
the engineering and technical personnel needs simplified
and convenient in practical application approximate
analytical relationships for the calculated assessment of
the discharge of powerful capacitive energy storage
devices of HPT in the EE of conductors and the plasma
channel initiated by it: the maximum levels of
temperature 7,,, pressure P,, time f#, of the explosion,
active resistance R. and specific electrical conductivity y,
of the plasma channel, energy W; introduced into
conductor, and energy W. released in the plasma channel
and the speed v,, of the shock wave in the plasma
products of the discharge channel in the gas (liquid). In
this regard, obtaining approximate analytical ratios for the
engineering complex calculation of the specified
parameters T,, P, fteo Reo ¥p Wi W, and v,
characteristic of EE of metallic conductors, is an actual
applied scientific and technical problem in the world.

The goal of the paper is to obtain and analyze
approximate analytical relationships for the engineering
complex calculation of the maximum values of
temperature 7, and pressure P, in the plasma channel,
time ¢, of the conductor explosion, active resistance R,
and specific electrical conductivity y, of the plasma
channel, energy W; introduced into the conductor, and
thermal energy W, released in the plasma channel and the
maximum velocity v,,, of propagation of the shock
acoustic wave in plasma products of EE in the conductor
gas under the influence of HPC.

1. Problem deinition. Consider a thin metallic
conductor of cylindrical shape located in a gaseous
environment under normal atmospheric conditions, along
which in its longitudinal direction from a high-voltage
pulsed energy source (for example, from a powerful low-
inductance capacitor battery) a HPC flows with ATP
sufficient to reach in the conductive structure of the
conductor with length /y and radius ry, with cross-section
Se=nry> the numerical value of the current integral J,
which is critical for the conductor under study. By the

current integral J; we will understand the well-known

integral involving the square of the current density, which

is determined by the expression accepted in the works
t

[3, 24, 27] in time ¢ J, = J.S,Z{(t)dt , where 0,(¢) is the
0

critical pulse current density in the conductor that causes
sublimation of the metal and overheating of his steam;
t., is the time of onset of EE and the beginning of the
spatial spread of the sublimated metal of the conductor
and its vapor.

Let us dwell on the use of low-impedance generators
of pulse currents (GPC) for EE of the investigated
conductor, whose ATP of the discharge current i.(¢)
changes in time ¢ according to the law of a decaying
sinusoid [9, 10, 19]. We believe that the pulse current
density OJ4(f) is characterized by an almost uniform
distribution over the cross-section S, of the accepted thin
conductor, because for it the thickness of the current skin
layer can significantly exceed its radius r,. We assume
that in the pre-explosion state of the sublimated body of a
thin conductor, its maximum values of temperature 7,
and pressure P,, are uniformly distributed over the cross
section of the formed dense «metal plasma» [9, 10],
which is located before its high-speed expansion (flight)
within the critical section S,.>S, [20]. We believe that the
specified «metal plasma» of the conductor is, in the first
approximation, a superheated metal vapor, which refers to
highly unsaturated vapors (real gases) with temperature
T,, much higher than its boiling point at temperature T,
and high pressure P,. In this connection, the gas laws
known in classical physics can be applied to the «metal
plasma» formed after the sublimation of the metal with its
highly superheated vapor and their subsequent high-speed
expansion (expansion at EE) in the surrounding gas in the
considered approximation [28]. We believe that the
maximum temperature 7,, in the indicated equilibrium
«metal plasmay», for which the electron temperature
practically does not differ from the temperature of its ions
and atoms, is determined by the electron temperature,
which depends on the amplitude of the longitudinal heat
flux density g,, in the cross-section S, of the conductor. In
the analyzed case, g, will be determined by the amplitude
Ome of the current density in the conductor and the near-
electrode voltage drop U, in the edge zones of the
sublimated body of the conductor [24]. The gas
surrounding the investigated conductor with the initial
temperature 7, of its material, as well as the «metallic
plasma» formed during the EE of its strongly overheated
body, are taken as ideal gas environments that correspond
to the classical concept of «ideal gas» [10, 28].

Taking into account the normal atmospheric
conditions before the EE of the conductor under study,
one can use the following basic characteristics of the
surrounding source gas medium for the conductor [28]:
the gas pressure is P,~1.013-10° Pa; absolute gas
temperature is 7,~273.15 K; the molar volume of the gas
is V3=22.41-107 m*/mol. Taking into account the rapid
explosive nature of the thermophysical and gas-dynamic
processes occurring during EE of the metal of the
conductor (when their duration in time ¢ is up to 0.5 ms
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[10]), and the insignificant removal of heat from the EE
zone to the radial expansion of the «metal plasma» of the
conductor under study [9] we will limit ourselves to the
consideration of the flow in the conditions of almost
complete thermal insulation of the conductor of the
adiabatic process in the local zone around the exploding
conductor, with the HPC flowing along it, in which case
heat exchange processes between the conductor under
study and the gas will not occur in the volume of EE
occupied by the cylindrical zone, which surrounds it.

It is necessary, under the assumed assumptions, to
obtain calculated relations for estimating the temperature
T,, and pressure P, in the plasma, the time ¢, of the
conductor explosion, the active resistance R. and the
specific electrical conductivity y, of the plasma channel,
the energy W, introduced into the conductor, and the
energy W, released in plasma channel, and the velocity
v Of shock wave propagation in the plasma products of
EE of the conductor metal in the gas medium under the
influence of HPC.

2. Approximate calculation of the maximum
temperature 7, in the plasma channel of the discharge
at the gas EE of the conductor. For the engineering
calculation of the maximum temperature 7,, in the «metal
plasma» at EE in the gas environment of the investigated
metal conductor with a cross-section S, under the action
of HPC flowing through it, the following thermophysical
relationship can be used [24]:

o -1 /3|74

Tm ~ [”Uc Ue(ZJkSO |1mc | a)c) ’ (1)
where 6,=5.67-10° W-(m*K* ' is the Stefan-Boltzmann
constant [28]; U, is the near-electrode voltage drop in the
edge zones of the sublimated conductor, which
numerically does not exceed 10 V for base metals used in
HPC technology [29]; I, is the first amplitude of the
discharge current i.(¢) in the electrical circuit of the HPC
generator, which changes in time ¢ with the circular
frequency w, and is determined by the -electrical
parameters of the discharge circuit of the generator; J; is
the critical value of the current integral for a conductor
metal with cross-section Sy [27].

Calculation estimation based on (1) of the value of
the highest temperature T, in the «metal plasmay» at EE in
air of a short thin copper conductor (/p = 110 mm;
ro = 0.1 mm; S, = 3.1410° m% U, = 10 V [29];
Je = 1.95:10" A%-s'm™* [27]) under the influence of HPC
of the microsecond time range (/,~—190 kA;
©~26.18-10° s7'), experimentally obtained in the
conditions of a high-voltage electrophysical laboratory
using a GPC with capacitance of Cy=333 uF and electric
energy Wy=121.4 kJ stored in its powerful capacitor
battery (at its charging voltage U.~—27 kV) [30] shows
that the temperature in this case, it will be approximately
equal to 7, =~121.6-10° K. It should be noted that
verification by the authors of this temperature by other
methods (for example, with the help of appropriate
experimental devices) is currently impossible in the
conditions of a high-voltage electrophysical laboratory.
Let us point out that in [18] at EE in a vacuum of a short
thin lithium conductor (/; = 10 mm; ry = 63.5 um;
Si=1.27-10° m? J=0.61-10" A%sm™* [31]; U~5 V
[29]), which is connected in the discharge circuit of a

high-voltage GPC (I,,,~45 kA; w~1.2510° s') with
nominal electrical energy Wy=100 kJ, which is stored in
its  capacitor bank, the maximum temperature
T, ~113.5:10° K was experimentally recorded in the
plasma products of EE of this conductor with GPC of the
microsecond time range with high frequency of
oscillation. The use of (1) to estimate the temperature
level T, in the test case specified in [18] indicates that the
numerical value of the temperature will be equal to
T, =122.4-10° K. As we can see, the approximate results
of the numerical calculation by (1) of the maximum
temperature 7,, in the «metal plasma» during EE of the
specified lithium conductor indicate that the calculated
data indicated above agree well with the experimental
data that were given in [18] and obtained by other EE
research methods.

It is interesting to note the fact that during our
experimental study [30] of EE in atmospheric air of a thin
round copper conductor (/=110 mm; 7y=0.1 mm), it
reached the amplitude of the critical pulse current density
Omi, Which is calculated by the following approximate
expression:

Sk = 2 So" | I | @) @

From (2) at 1,,~190-10° A and ©~26.18-10° s

[30] for the considered thin copper conductor
(lo = 110 mm; r, = 0.1 mm; Sy = 3.1410° m?

Je=1.95:10" A%-s:m™* [27]) we find that the amplitude of
the critical density d,,; of the sinusoidal current in it will
take a numerical value of about &,; ~3.95-10"" A/m?>.
According to the data of the magnetohydrodynamic
calculation of EE from [32, 33], this level of current
density 6, will correspond to the high-temperature mode
of flow of EE of the conductor.

Calculation data obtained in [32] on the basis of
numerical magnetohydrodynamic modeling of the
electroexplosive process for metal in vacuum (water)
indicate that at high-temperature EE of an aluminum
conductor (r¢~0.1 mm; S0=3.14:102 mm?; 9,,~10"? A/mz)
regardless of the properties of the environment in
which its explosion occurs, the temperature of the
«metallic plasma» formed from it reaches a level of up to
8 eV, which corresponds to an absolute temperature of
92.8-10° K [27]. The calculated estimation according to
the proposed formula (1) for the maximum temperature
T,, of the created plasma in the air discharge channel
of a powerful high-voltage GPC ([, = —190 kA;
©.~26.18-10° s') at EE of the specified aluminum
conductor (U8 V [29]; J=0.82:10" A%*sm™* [31])
shows that in this case 7,~107,1-10* K. This calculated
level of the temperature 7, of the «metal plasma» from
that specified in [32] (7,, ~92.8:10° K) differs by almost
13 %. Of course, such a comparison is not entirely correct
(here, the initial data for EE were taken by us from
different studies). It should not be forgotten that there are
very few relevant research results for 7, in the field of EE
of conductors. Despite this, for the case under
consideration, we can say that formula (1) for 7,, works.

It follows from (1) that in order to achieve «record»
(highest) levels of absolute temperature 7,, in the local
zone of EE in a gas environment (vacuum) during the
explosion under study, it is necessary to use extremely
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thin conductors with the maximum possible value of the
critical current integral J; for them, as well as to use
«fast» GPC generators, which are capable of forming on
the exploding conductor the maximum possible
amplitudes 1,. of the first half-waves of the GPC
discharge current of nanosecond duration.

Let us point out that experimental numerical values
of the critical current integral J; were given in [27] only
for aluminum and copper conductors. Of undoubted
practical interest are the calculated data for the current
integral J; for other conductive materials used in HPT and
HPC technology for EE of thin metals, when the critical
density oy of current i,(¢) in them is at least 10'" A/m”.

3. Approximate calculation of the critical current
integral J; at the gas EE of the conductor. Calculation
of the numerical value of the critical current integral J; at
EE in the gas of the thin conductor under study can be
performed according to the formula [31]:

Jie = vebNoWy 3)

where 7., is the specific electrical conductivity of the
conductor metal at its boiling temperature 7, (during its
sublimation) (Q:m)'; N, is the concentration (density) of
atoms (positive ions) in the crystal lattice of the metal of
the conductor before the action of HPC on it (m°);
W, is the thermodynamic work of the release of free
electrons from the metal of the conductor before the flow
of HPC begins (J).

Equation (3) is based on the results of a theoretical
study by the authors of the phenomenon of anomalous
thermoelectronic emission of free electrons from the
material of the conductor, which during EE is destroyed
and loses its metallic conductivity under the action of
HPC in the high-current discharge circuit of a powerful
high-voltage GPC [31].

Let us point out that the value of y,, for the main
conductor materials can be determined according to the
experimentally obtained empirical relations for them
given in [34]. The numerical value of the initial
concentration (density) of atoms N, in the electrically
explosive solid metal of the conductor under study with
its initial density d. can be found using the following
formula [28]:

No =d.(M,0-1,6606-10727)7" (4)
where M,, is the atomic mass of the metal of the
conductor of the density d..

The value of the thermodynamic work of output W
of free electrons from the metal in (3) can be found from
[35], where experimental emission data for most metals
used in experimental physics, high-current HPT, and HPC
technology were given.

Table 1 summarizes the numerical values of the
parameters Y., No, Wy and J; determined according to (3),
(4) taking into account [28, 34-36] for a number of metals
used in the study of EE of thin conductors in gaseous
media and in the circuits of electrotechnical devices of
electroexplosive technologies [9, 10, 20]. From the data in
Table 1, it can be seen that the approximate calculated
value of the critical current integral J; for a thin copper
conductor (J; = 1.71-10"7 A*s'm™) obtained under
the accepted assumptions and normal atmospheric
conditions according to (3) is approximately 12 % less

than its corresponding experimental value in air
i = 19510 A*sm®* at room temperature
(T, = 293.15 K) [27]. One of the reasons for this may be
that the calculated relation (3) does not take into account
the influence on the specified thermophysical parameters
Yebrs No and W of the rapid overheating of the sublimated
metal of the conductor (its vapor), which accompanies the
high-temperature EE mode in the gas of the conductor
placed in the circuit of a powerful high-voltage GPC.

Table 1
Numerical values of parameters y.4, No, W, Ji 27, 31, 34, 35]

Parameter values
6 28 —19 T T
Metal Yebs 10° | No, 107 | W5, 10 Ji, 10 Ji, 10
e @my' | m? by | Jby |A*sm?|A>sm*
(by [34D| ) [35]) | (by (3)) |(by [27])
Copper 2,87 8,43 7,05 1,71 1,95
Aluminum 1,99 6,05 6,81 0,82 1,09
Nickel 0,97 9,10 7,21 0,63 —
Molybdenum 0,65 | 640 | 689 | 028 -
Tungsten 0,50 6,26 7,27 0,23 -

On the other hand, the experimental methods of
quantitative determination of the value of the integral J;
are also not without shortcomings and the errors
introduced by them in the determination of J; [32]. The
parameters Ny and W, in (3) clearly do not depend on the
value of y.,. Therefore, the calculated data of Table 1 for
v and J; clearly demonstrate to us that the smaller the
value of the specific electrical conductivity y., (the greater
the specific electrical resistance of the conductor material)
used for EE in the metal in the gas, the smaller the value
of the critical current integral J;, necessary for the
occurrence of this electrophysical phenomenon will be
and  accordingly, based on the numerical
magnetohydrodynamic model of EE in vacuum (water) of
a thin aluminum conductor investigated in [32], the
integral of the specific action A(f) of the GPC pulse
discharge current with its density Jd,(¢) in this conductor.
This, taking into account the theoretical results of works
[5, 32], indicates the possibility of using formula (3) for
the integral J.

4. Approximate calculation of the time 7, of
thermal explosion of theconductor in the gas. The
calculation estimation of the time #,, of EE in the gas of
the investigated metal conductor, which corresponds to
the moment of its maximum resistance and peak-like
increase in the electric voltage u.(¢), can be carried out
according to the expression [30]:

2 2 7 |1/3

lex = 42T So) (g [ L )| /3. ®)
From (5) for a thin round copper conductor (/=110
mm; 70~0.1 mm; Sy=3.14-10° m% J=1.95-10"" A*s'm™*
[27]) with the HPC parameters used by us in the discharge
circuit of a powerful GPC (/,,~190 kA; ©~26.18" 10° s’l),
we obtain that 7,~3.32 ps. Based on (5), for a given
conductor material (a given numerical value of the critical
integral J}), to decrease (increase) the ¢, parameter, it is
necessary to: decrease (increase) the section S, of the
conductor and increase (decrease) the circular frequency
w. of oscillations and the first amplitude 7,. of the

discharge current in the GPC circuit.
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5. Approximate calculation of the maximum
pressure P, in the plasma channel of the discharge at
the gas EE of the conductor. Using the well-known
equation of state of an ideal gas [28], taking into account
the accepted assumptions in a rough approximation that
does not take into account the pressure of electrons, for
the maximum pressure P, in the cylindrical zone of the
«metal plasma» at EE in the gas environment of a thin
metal conductor, we have:

-1
Pm zppRm‘}wp Tms (6)

where R,, =8.314 J/(mol-K) is the universal gas constant
[28]; M, is the molar mass (in kg/mol) of superheated
metal vapor with density p,, which occurs before its radial
expansion within the critical section Sy~10S, of the
sublimated body of the conductor under study with the
initial density d, of its solid metal.

For the case under consideration, p,~0.1d. [20, 23].
Then, taking into account (1) and (6), for the pressure
amplitude P,, in the plasma cylindrical channel, which is
initiated by EE in the conductor gas, in the final form we
obtain the following approximate calculation ratio:

Py = 01 R, M 20 U, (20180 e 10 2] )

Note that expression (7) corresponds to the
approximate calculation model of EE of a metal
conductor in gas under conditions where the «metal
plasmay» within the section of the conductor Sy. can be
considered as an ideal gas.

From (7) at EE in a gas (for example, in air) of a thin
copper conductor (Sy=3.14-10° m?; d,~8920 kg/m’ [28];
M,~63.55-10" kg/mol [28]; R,=8.314 J/(mol'K) [28];
U~10 V [29]; Ji=1.95:10"7 A%s:m ™ [27]), connected in a
high-current discharge circuit of the indicated high-
voltage GPC (I,,~190 kA; ©.~26.18-10° s' [30]), we
find that the maximum gas-dynamic pressure P, arising
in the local zone of its explosion in the «metal plasmay
will be equal to P,, ~14.19-10° Pa (up to 14-10* atm [28]).
This calculated result for P,, indicates that with EE in the
gas environment of thin metal conductors, gas-dynamic
pressure of large values can arise in their cross-section Sj.
It can be seen from (6), (7) that the pressure value P, is
directly proportional to the temperature level T,,, which is
reached in the EE zone of the conductor, and practically
does not depend on the parameters of the gas environment
in which the EE of the investigated metal conductor takes
place. In this regard, in order to achieve «record»
(highest) levels of maximum pressure P, in «metal
plasma» at EE in the gas of a thin metal conductor, it is
necessary to ensure that the maximum temperature
T, of this plasma is obtained in the zone of this explosion.
For this, it is necessary to use the smallest cross-sections
So of short metal conductors, as well as «fasty HPC
generators, which reproduce in GPC circuits the largest
amplitudes [, and circular frequencies . of their
discharge current i.(¢).

6. Approximate calculation of the sublimation
energy W of the metal at the gas EE of the conductor.
The sublimation energy W, of the conductor substance
will be equal to the sum of the energies of its heating Oy,
from the initial temperature 7, to the melting temperature
T,, heating O, from the melting temperature T, to the

boiling temperature 75, melting Oy and vaporization O,
[28]. For the heating energy Oy, the formula will be
valid:

th :chmc(Tw_Ta)’ (8)
where c;, is the specific heat capacity (at constant volume)
of the material of the investigated metal conductor of the
initial mass m~=[Syd. [28].

We have the following expression for the heating
energy Op:

Opa = cpme(Ty =T,,) - €

For the heat of melting of the metal of the conductor
0, the following relation will be valid [28]:

0 f=4rMc, (10)
where ¢y is the the specific heat of melting of the material
of the cylindrical conductor with its initial absolute
temperature 7,~273.15 K and the mass m=[,Sod..

For the heat of vaporization O, of the metal of the
conductor under study, the expression can be written [28]:

0, =q,m,, (11)
where ¢, is the specific heat of vaporization of the
material of a cylindrical conductor of the mass m =[;Sod.
at its initial absolute temperature 7,~273.15 K.

From (8)—(11) for the analyzed short thin cylindrical
copper conductor (/p =~ 110 mm; ry, = 0.1 mm;
Sy = 3.14:10° m* d~8920 kg/m’; m~0.30810" kg;
T, = 273.15 K; T, = 1356.15 K; T, = 2863.15 K;
e = 385 Ji(kgK); q=2.05-10° J/kg; ¢,~4.79-10° J/kg
[28]), later used when we conducted high-current
experiments (/,,,~—190 kA; ©~26.18-10° s [30]) on a
powerful high-voltage GPC according to its air EE, we
find that W, = (O + O + O+ 0,) = 197.4 J. Note that
according to experimental data from [9, 37], the specific
sublimation energy ¢, for copper is numerically equal to
approximately ¢, ~ 4.68:10'° J/m’. In this regard, the
refined value of the sublimation energy W; for the thin
copper conductor (Vy=l,Sy~34.5-10"" m’) will be equal to
about W=161.5 J. It can be seen that the calculated and
experimental values for the sublimation energy W of the
indicated copper conductor under study (/=110 mm;
r¢=0.1 mm) differ from each other with an error of no
more than 18 %. Therefore, we can say that the calculated
estimation of the sublimation energy W, of the copper
conductor metal is valid.

7. Approximate calculation of the overheating
energy W, of the sublimated metal at the gas EV of
the conductor. The energy of strong overheating Wy, of
the metal vapor in the discharge plasma channel, which
was formed from the sublimated one by discharge current
i(f), which flows through the conductor in the GPC
circuit, its metal and is part of the «metal plasmay» of this
cylindrical channel, can be estimated by the following
expression:

Wsh z(Tm_Tb)Cvs’/”c’f (12)
where ¢, is the specific heat capacity (at constant
volume) of the metal vapor of the sublimated body of the
conductor with mass equal to the initial mass m=[,Syd, of
the metal conductor exploding in a gas environment.

From (12) taking into account the accepted
assumptions for the investigated thin copper cylindrical
conductor (/;=110 mm; 7ry=0.1 mm,; So=3.14-10°8 mz;
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d~8920 kg/m’; m~030810" kg; T,2863.15 K;
¢,,~0.385-10° J/(kg'’K) [28]; Ji=1.95-10" A*s-m™* [27];
U~10 V [29]) at high-current discharge on the conductor
of a powerful high-voltage GPC ([,~-190 KkA;
©~26.18-10° s™'; T,~121.6-10° K [30]), which explodes
electrically in air, we obtain that the sought overheating
energy Wy will take a numerical value of about
W, =1407.9 J. As can be seen, the calculated value of the
overheating energy Wy, of the sublimated conductor metal
and, accordingly, the metal vapor formed from it, is
approximately seven times greater than the calculated
sublimation energy W=197 .4 ] of copper conductor
metal: W,/W=7.1. According to the theoretical data from
[32], obtained on the basis of a complex numerical
magnetohydrodynamic model of EE of the metal with
current, this indicator for high-temperature EE
(Tm:92.8‘103 K; (5,,1;(:1012 A/mz) in vacuum (water) of
thin aluminum of the conductor is also approximately
W/ W1 (without taking into account the energy released
during EE, which is introduced into the metal structure of
this conductor). In this regard, the approximate results of
the estimated energy Wy, given by us are valid.

8. Approximate calculation of the energy of the
thermal explosion W, in the gas of the superheated
vapor of the metal conductor. Taking into account the
accepted assumptions, in the approximate calculation of
the energy of the thermal explosion W, in the gas
medium of the highly superheated metal vapor of the
metal conductor under study, we use the formulas known
in thermodynamics for the work done by the gas during
its adiabatic expansion [28]. Using the mode of adiabatic
expansion of a highly superheated metal vapor with a gas-
dynamic pressure P, of a sublimated body of a metal
conductor with mass of m~[,Sod,, in the considered
approximation for the work W,, produced by this vapor
and, accordingly, the thermal energy released in the
surrounding gas by the «metal plasma» that rapidly
expands around the conductor in a gaseous medium, the
following gas-dynamic relation can be written [28]:

Wee = lgSod Ry (M, + M ,) (T, =T, )(B, D', (13)

where M,, M, are, respectively, the molar mass
(in kg/mol) of the initial gas around the conductor
(T, =273.15 K) and the metal vapor formed in this gas
from its sublimated metal; f, is the adiabatic index for
«metal plasma» in the EE zone; T, is the temperature that
is established in the EE zone of the conductor after
the expansion of its highly superheated metal vapor in
the gas.

In the general case T,#7T, for further calculation
estimations according to (13) of the largest values of the
thermal explosion energy W, at EE of a metallic
conductor in a gas (for example, in air), we limit
ourselves to the particular thermophysical case when
T,~T,.

It can be seen from (13) that the thermal explosion
energy W, of the highly overheated metal of the
conductor is determined mainly by the mass m=[;Syd, of
the exploding conductor and the maximum temperature
T,, according to (1) in the formed plasma channel of the
high-current GPC discharge. As for the adiabatic index f,
for «metallic plasmay, taking into account the fact that at

EE in the gas of a metallic conductor, this plasma usually
contains diatomic gases by its composition (for example,
nitrogen N,, hydrogen H, and oxygen O,, which are part
of air), in the first approximation for it in the case of the
presence of diatomic gases in the gaseous medium around
the conductor, it is possible to take the numerical value of
the adiabatic index f,, which is about 8,~1.4 [28]. Then
from (13) for EE in atmospheric air (7,~273.15 K; §,~1.4;
M~28.97-10" kg/mol [28]) of the copper conductor
(lp=110 mm; 79=0.1 mm; Sy=3. 14-10° m?; d.~8920 kg/m3;
m~0.308-10" kg; J=1.95:10"7 A*>s'm™ [27]; U~10 V
[29]; Mﬁ63.55-10’3 kg/mol [28]) in the high-current
discharge circuit of a powerful high-voltage GPC
(e = —190 kA; w. = 26.18:10° s' [30 ]) for
R,, = 8.314 J/(mol-K) [28] and T,,~121,6-10° K, we obtain
that in this electrophysical case the value of the thermal
explosion energy W,, of the conductor under study will be
numerically equal to approximately W,,~838.8 J.

9. Approximate indicators of the process of
introducing energy W, into the structure of the
conductor at its gas EE. As is known, the peculiarities of
the process of rapid introduction of thermal energy W;
into the crystalline structure of the metal conductor will
determine all the thermophysical and thermodynamic
characteristics of its next EE both in vacuum and in gas
and liquid media [5, 9, 10, 20, 32]. In the studied case of
the engineering approach to the gas EE of a thin metal
conductor in the high-current discharge circuit of a
powerful high-voltage GPC, this process includes the
stages of its sublimation, severe overheating, and thermal
explosion of the metal vapor of the conductor. For a brief
description of these stages above, in sections 2 and 4-8,
the corresponding approximate calculation formulas (1)
and (5)—(13) were given for determining the maximum
temperature 7, of the plasma, the time ¢, of the thermal
explosion, the maximum pressure P,, the sublimation
energy W,, the overheating energy W, and the thermal
explosion energy W, at EE in the accepted gas
environment (7,~273.15 K; P,~1.013-10° Pa [28]) of the
considered metal conductor. With respect to a short thin
copper cylindrical conductor ((/;=110 mm; ry=0.1 mm;
S¢=3.1410° m* d~8920 kg/m’; m~0.30810" kg;
J=1.95:10" A*s-m™ [27]), placed in the high-current
discharge circuit of a powerful high-voltage GPC
(Lne~—190 kA; ©~26.18-10° s'; U.~27 kV [30]), it
was established by calculation that the thermal energy
W, = (W, + Wy, + W,,) injected into the metal of the
conductor in the microsecond time range is numerically
about W; = 2.44 kJ (with a powerful GPC stored in a
capacitor battery with capacitance of Cy=333 uF electrical
energy is about Wy=121.4 kJ [30]). It can be seen that the
thermal energy W; does not exceed 2 % of the electrical
energy W, of the GPC battery. Such an electrophysical
approach to the calculated determination of the energy W;
introduced into the metal structure of the conductor is in
full agreement with the first law of classical
thermodynamics [28].

10. Approximate calculation of the active
resistance R, of the plasma channel of the discharge at
the gas EE of the conductor. After the considered
conductor loses its metallic conductivity, which is
characterized at the boiling temperature 7}, by the specific
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electrical conductivity y, (see Table 1) [34], strong
overheating of the metal vapor, the appearance of radial
spread (from the moment of time #,) of the sublimated
metal vapor of the thin conductor [4, 5, 7, 32] and the
formation in the local zone of its EE in the gas of a high-
temperature «metal plasma» [31], which forms a
cylindrical plasma channel of a gas discharge [29], the
main part of the stored in the GPC capacitor battery of its
electrical energy is «switched on» in the electrophysical
process energy W,. This part of the energy W, will be
dissipated on the active resistances of the electric circuit
of the high-voltage GPC: R, for the formed plasma
cylindrical discharge channel of length /. and R, for the
current-carrying elements of the GPC discharge circuit
[19, 20]. Analytical determination of R. faces serious
technical difficulties. Therefore, later, when calculating R,
numerically, we will limit ourselves to the results of our
own experimental studies [37], performed on a low-
impedance powerful high-voltage GPC (R;=50 mQ [21])
with a discharge decaying sinusoidal current i.(f), which
was used (see the following section 14) during the
experimental study of EE in the atmospheric air of a thin
cylindrical conductor (/¢=110 mm; ry=0.1 mm).

In [36, 37], experimentally when using in the
discharge circuit of a powerful GPC a decaying sinusoidal
current i.(f) of microsecond duration, the first amplitude
of which Imc varied within £(30-220) kA, the validity of
Braginsky formula for the maximum radius r,. of the
plasma channel of a spark discharge in atmospheric air
initiated by EE of a copper conductor was confirmed [38]:

Fe = 0,093 | Ly 3 4)/2 (14)
where ¢,. is the time (s) corresponding to the first
amplitude 7,,. (A) of the discharge decaying sinusoidal
current i.(¢) in the capacitor battery circuit of the high-
voltage GPC.

When (14) is valid for the air channel of a spark
discharge and the specified conditions of change in a
cylindrical plasma channel with length /.~[, of the ATP of
the discharge current i(¢) of a powerful high-voltage GPC
[37], it was established that the minimum running active
resistance R.(=R./l. of a high-current plasma of the spark
discharge channel in atmospheric air when it is initiated
by the exploding thin copper conductor ({; = 50 mm;
ro = 0.1 mm) is numerically R.~(0.167+£0.005) Q/m.
Knowing Ry, the minimum value of the active resistance
R, of the plasma discharge channel in atmospheric air,
formed by the GPC capacitor battery, which is discharged
on a thin, exploding metal conductor of length /y=/., can
be found from the relationship: R~R.l.. At [=110 mm
for the minimum active resistance R.<R; formed in the
high-current discharge circuit of the GPC (7,,,~—190 kA;
©~26.18-10° s' [30]) of the plasma discharge channel
that initiates EE in air of the short thin round copper
conductor (/y=110 mm; 7;=0.1 mm), we get the following
numerical value for R.: R.~18.37 mQ.

11. Approximate calculation of the specific
electrical conductivity y, of the plasma channel of the
discharge at the gas EE of the conductor. From the
classical electrical engineering formula for R, of a
conductor with radius 7,,., taking into account (14) and the
minimum linear active resistance R, of initiated EE in the

gas of the conductor of the plasma cylindrical discharge
channel in the GPC electric circuit, we obtain the formula
for the engineering estimation of the maximum specific
electrical conductivity y, of its plasma:

Vp = 368Reg | Lne P 1) ™" (15)

From (15) at the studied EE in atmospheric air
(T,~273.15 K; P,~1.013-10° Pa [28]) of a thin copper
conductor (/=110 mm; ry=0.1 mm), which is connected in
a high-current discharge GPC high-voltage capacitor bank
circuit (1, ~190-10° A; £, ~42:10° s; ©~26.18-10° s°';
U~-27 kV [30]) for R.~0.167 Q/m the specific
electrical conductivity y, of the plasma cylindrical
channel with length /=110 mm, which occurs in this case,
turns out to be numerically equal to y,~1587.6 (Qm)".
This calculated value of y, is in good agreement with the
corresponding experimental data of yp for «metallic
plasma» given in [9, 10, 37].

12. Approximate calculation of the energy W,
released in the plasma channel of the discharge at the
gas EE of the conductor. At EE in the gaseous medium
of the metal conductor of length /, under consideration,
through it and the cylindrical channel of length /=,
formed by this explosion with «metal plasma» in the
high-current GPC circuit of the capacitive type, a
discharge decaying sinusoidal current i.(f) flows, which is
described in time ¢ by the following dependence [6, 36]:

i,(t) =%kl exp(=o.t)-sin(w.t), (16)
where J., w, are, respectively, the attenuation coefficient
and the circular frequency of oscillations of the
discharge  current  of the  powerful  GPC;
k. = [exp(—5(,/60caurcctgéc/a)c)~sin(arcctgéc/wC)]’l is the
dimensionless normalizing coefficient.

On the active resistance R, of the plasma cylindrical
channel of the spark discharge of length /.~/, initiated by
EE in the gaseous medium of a thin metal conductor of
length /o, in the accepted high-current circuit of the high-
voltage GPC of the capacitor type with pulsed sinusoidal
current i(¢) according to (16), thermal energy W, will be
released, which is calculated according to the following
electrotechnical formula:

0

Wc ~ lORcOkczligw e

0

After integration in (17) for the thermal energy W,
released in the plasma discharge channel formed in the
GPC circuit due to EE in the metal conductor gas, we
obtain finally:

W, = R k2120, 1+ (5, /@.)* 1" /4. (18)

According to (18), at EE in the atmospheric air of
the short copper conductor (/p=110 mm; r=0.1 mm) and
the plasma channel of the spark discharge initiated by it
(I~l=110 mm; R.=0.167 Q/m [37] ) in the high-current
circuit of a powerful high-voltage GPC (/,~—190 kA;
5:~1439:10° s, ©.~26.18:10° s '; k~2.05 [30]) in the
indicated channel with «metallic plasma» thermal energy
W. will release, numerically equal to W~37.2 kJ. This
energy W. in sum with the thermal energy Wi=2.44 kJ
introduced into the investigated explosive copper
conductor (/=110 mm; »y=0.1 mm) is approximately
(W.+ W;) = 39.6 kl. Then the ratio of the sum of thermal

20! sin? (@, t)dt .

an
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energies (W. + W) to the electrical energy Wy=121.4 kJ
[30] stored in the GPC capacitor battery will be
numerically equal to (W; + W.)/Wy=0.326. Therefore, it
can be said that in the considered electric circuit with the
use of a powerful high-voltage GPC of the capacitor type
(Co=333 uF; U=—27 kV; W=121.4 kJ [30]) for the
practical implementation of the EE process in the
atmospheric air of the short copper conductor (/=110 mm;
r¢~0.1 mm) the efficiency n~(W; + W.)/W, of the
electrical energy of the GPC capacitor bank is
numerically #7,~0.326 (32.6 %). This indicator 7, turned
out to be smaller than the similar indicator . = 57.1 %,
typical for the use of the same powerful high-voltage
GPC when forming a similar copper conductor of a
plasma channel of an underwater discharge in its
discharge circuit based on EE in technical water [39]. The
reason for this is the greater value of the active resistance
R~R.l. of the underwater plasma discharge channel
compared to the gas discharge channel [20, 39]. It follows
from (1) and (18) that both the temperature T,, of the
plasma channel and the energy W, released in it can be
determined from the oscillogram of the discharge current
i(?) of the GPC at EE in the conductor gas.

13. Approximate calculation of the maximum
velocity v,,, of the shock acoustic wave at the gas EE
of the conductor. In the analyzed electrophysical case,
the expression for the maximum velocity v, of
propagation of theshock acoustic wave in plasma
products formed from EE in the gas medium of the
investigated metal conductor can be represented in the
following form [28, 40]:

Voo = 0,58, + DB, Ru Ty (Mg +M )] (19)

When obtaining (19), we wused the known
relationship between the shock wave velocity v,,, and the
velocity of expansion v,, of a highly overheated metal
vapour of a conductor behind the shock wave front
[27, 40]: vu=0,5(B,+1)v,.. In the studied case, it is
assumed that the velocity v,, corresponds to the velocity
of a sound wave in a dense «metal plasma» formed at the
initial stage of EE in the gas of a metal conductor
[10, 28]. It can be seen that the value of v, is directly
proportional to the level of the temperature indicator 7},"”.

From (19) at EE in air with normal atmospheric
conditions (7,~273.15 K; §,~1.4; M~28.97-107 kg/mol;
R,, = 8.314 J/(mol-K) [28]) of the short copper conductor
(lh = 110 mm; r, = 0.1 mm; S, = 3.1410° m?
Ji = 195107 A%s'm™ [27]; M, = 63.55:10”° kg/mol
[28]), connected in the high-current discharge circuit of a
high-voltage GPC (I,,~190 kA; ©~26.18-10° s
T,~121.6-10°K), it turns out that the velocity of the shock
acoustic wave v, acquires a numerical value of
approximately v,,,~4693 m/s. This estimated calculated
value of the velocity v,,, of the gas-dynamic shock wave
at EE in the atmospheric air of a thin copper conductor
corresponds to the velocity as a shock wave from the EE
of a copper wire with radius of 75 pm with HPC
propagating in distilled water at speed of approximately
4.3-10° m/s (at thus, the pressure amplitude in the water
near the exploding wire reaches the level of 6.5-10° Pa or
6.42:10* atm) [8], as well as the detonation wave in
«slow» solid explosive explosives [41]. In this regard, the

EE phenomenon in gas environments of thin metal
conductors can be used in electrodetonators when
detonating ammunition with both conventional and
nuclear explosives [40, 41].

14. Results of experiments for air EE of the thin
cylindrical conductor. To verify some of the calculation
results obtained above for EE in the gaseous medium of
thin metal conductors, corresponding experiments were
performed for EE in the atmospheric air of the thin copper
conductor (/y = 110 mm; 7y = 0.1 mm; Sy = 3.14-10°® mz).
Here, a low-impedance high-voltage GPC with a powerful
capacitor battery was used as a source of electrical
energy, characterized by the following nominal electrical
parameters [22, 30]: Cy=333 uF; U.~£50 kV; Wy=416 kJ.

Figures 1, 2 show the combined in time ¢
oscillograms of the discharge decaying sinusoidal current
i(f) of the indicated GPC (curve 1; [,~—190 kA;
0~1439:10° s, 0,226.18:10° s7'; 1, ~42 ps; k~2.05)
and pulsed peak-like voltage uJf) (curve 2;
Un(tex)=—28.17 kV; 1,~3.2 us [30]) at air EE of the short
thin copper conductor (/p~110 mm; 7¢=0.1 mm) in a high-
current discharge circuit of a powerful high-voltage GPC
(U.=—27kV; Wy=121.4 kJ) at a horizontal scale of 5 and
50 ps/division.
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Fig. 1. Combined oscillograms of current i.(¢) (curve of channel

1) and voltage u.(¢) (curve of channel 2) in the high-current

circuit of a powerful high-voltage GPC at EE in atmospheric air
of the thin copper conductor (/;=110 mm; 7,=0.1 mm; #,,~3.2 us
[30]) (vertical scale for current — 50 kA/division; vertical scale
for voltage — 12.6 kV/division; horizontal scale — 5 ps/division)
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Fig. 2. The same as in Fig. 1 combined oscillograms of the
discharge current i.(7) (curve of channel 1; /,,,~—190 kA;
5:214.39-10° s 0, ~26.18-10° s7'; T.~27/w,~240 ps [30]) and
voltage u.(¢) (curve of channel 2) in the high-current circuit of a
powerful high-voltage GPC at EE in the atmospheric air of the
thin copper conductor (/;=110 mm; r¢=0.1 mm; ¢,~3.2 ps) but

with horizontal scale — 50 ps/division
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When conducting experimental studies of air EE of
the specified thin copper conductor, the coaxial measuring
shunt of the ShK-300 type, the capacitive voltage divider
of the EPN-100 type, and the Tektronix TDS 1012 digital
oscilloscope [30] were used, which passed the state
metrological inspection.

From the oscillograms of the discharge current i.(¢)
(curve 1) and the voltage u.(f) on the exploding copper
conductor (curve 2), it should be noted that in this case
the experimental time ¢, of the thermal explosion of the
conductor in question, which occurs at the front of the
first half-wave of the discharge current i(?), is
approximately ¢,~3.2 us (when its value is #,~3.32 pus
calculated by (5)).

It can be seen that for the ¢, parameter, the
discrepancy between its calculated and experimental
values does not exceed 4 %. These data indicate the
efficiency and reliability of the applied calculation
approach to the determination of the ¢, parameter when
describing the electrophysical process of EE in the gas
environment of the round thin metal conductor.

In addition, given according to Fig. 1, 2
experimental data for the ATP of the discharge current
i(f) together with the experimental results from [36, 37]
for the electrophysical parameters R,y and r,,. indirectly
indicate the wvalidity of the calculated estimations
according to (1), (7), (14), ( 15) and (18), respectively, of
the parameters 7,, P, R. y, and W. at the EE in
atmospheric air of the copper conductor (/[;=110 mm;
r¢~0.1 mm) connected in the electric circuit of a powerful
high-voltage GPC.

Conclusions.

1. The proposed electrophysical approach to the
analytical complex calculation of the main parameters of
the EE in the gas medium of a thin metal conductor
allows to determine with engineering accuracy such
thermophysical, gas-dynamic and electrical parameters of
a given explosion as: the maximum temperature 7,, and
the pressure P, in the plasma channel, the time ¢, of the
explosion of the conductor, the active resistance R. and
the specific electrical conductivity y, of the plasma
channel, the thermal energy W, introduced into the
conductor and the thermal energy W, released in the
channel, and the maximum velocity v,, of the
propagation of the shock acoustic wave in the «metal
plasma» from EE in the gas of a thin metal conductor
under electrothermal action of the HPC.

2. It was found that at the EE in the atmospheric air
of the thin copper conductor (/;=110 mm; ry=0.1 mm),
which is connected in the discharge circuit of a capacitor
battery of a powerful high-voltage GPC of the
microsecond time range (7,,,~—190 kA; 6,~14.39-10° s,
0~26.18:10° s7'; 1,,~42 us; U,~27 kV; Wy=121.4 k),
the specified parameters of the electroexplosive process in
its circuit take the following approximate numerical
values: 7,~121.6:10° K; P,~14.19:10° Pa; £.,~3.32 ps;
R, = 1837 mQ; y, = 1587.6 (m)'; W, = 2.44 kJ;
W.~37.2KJ; v, = 4693 m/s.

3. As part of the further development of the
engineering approach to the analytical complex
calculation of the above-listed main parameters of the

electro-explosive process in the discharge circuit of the
GPC, the relationship (3) is given for the approximate
calculation of the values of the critical current integral J
at the EE in the gaseous medium of thin metal conductors
with the most widely used in the field of experimental
physics HPT and electro-explosive technologies with
conductive materials (see Table 1).

4. It is shown that such parameters of the electric
explosion process as the maximum temperature 7,, and
the highest pressure P, in the plasma channel, the time 7,
of the conductor explosion, the specific -electrical
conductivity y, of the plasma channel, the thermal energy
W; introduced into the metal conductor, and the thermal
energy W, released in the channel, do not depend on the
properties of the gas in which the EE of the investigated
metal conductor takes place.

5. At the EE in the gas environment of a thin metal
conductor connected in the discharge circuit of a powerful
high-voltage GPC, the temperature 7,, and the pressure
P, the time ¢, of the conductor explosion, the specific
electrical conductivity y, of the plasma channel, the
thermal energy W, released in the channel, and the
velocity v,,,, of the wave in the explosion zone, occurring
in the discharge plasma channel, can be determined by
D), (5), (7), (15), (18) and (19) on the basis of
deciphering the oscillograms of the discharge current i.(¢)
and voltage u.(f) in the electrical circuit of the GPC.

6. The thermal energy W=2.44 kJ, which is
introduced into the investigated short thin copper
conductor (/=110 mm; ry=0.1 mm), which is connected
in the high-current discharge circuit of the indicated
powerful high-voltage GPC, at its EE in atmospheric
air, does not exceeds 2 % of the electrical energy
Wy=121.4 kJ stored in the capacitor bank of this GPC.

7. In the analyzed electrical circuit of the practical
implementation of the phenomenon of high-temperature
EE in the atmospheric air of the studied short thin copper
conductor (/;=110 mm; ry=0.1 mm), the thermal energy
released in the plasma channel W =37.2 kJ together with
the energy introduced into the conductor W; =2.44 kJ,
ensures the achievement of the efficiency 7. of the
electrical energy of the capacitor bank of the powerful
high-voltage GPC Wy=121.4 kJ, which is numerically
equal to approximately #7.~0.326 (32.6 %).

8. The high-current experiments performed with the
help of a powerful high-voltage GPC confirmed the main
provisions of the proposed engineering approach to the
analytical complex calculation of the specified parameters
of the electro-explosive process in a gaseous medium with
normal atmospheric conditions and showed that the
difference between the calculated according to (5) and the
experimental data for the explosion time ¢,, of the copper
conductor (/=110 mm; 7¢=0.1 mm) does not exceed 4 %.
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Cascade sliding mode maximum power point tracking controller for photovoltaic systems

Introduction. Constant increases in power consumption by both industrial and individual users may cause depletion of fossil fuels and
environmental pollution, and hence there is a growing interest in clean and renewable energy resources. Photovoltaic power generation
systems are playing an important role as a clean power electricity source in meeting future electricity demands. Problem. All photovoltaic
systems have two problems, the first one being the very low electric-power generation efficiency, especially under low-irradiation states; the
second resides in the interdependence of the amount of the electric power generated by solar arrays and the ever changing weather
conditions. Load mismatch can occur under these weather varying conditions such that maximum power is not extracted and delivered to the
load. This issue constitutes the so-called maximum power point tracking problem. Aim. Many methods have been developed to determine the
maximum power point under all conditions. There are various methods, in most of them based on the well-known principle of perturb and
observe. In this method, the operating point oscillates at a certain amplitude, no matter whether the maximum power point is reached or not.
That is, this oscillation remains even in the steady state afier reaching the maximum power point, which leads to power loss. This is an
essential drawback of the previous method. In this paper, a cascade sliding mode maximum power point tracking control for a photovoltaic
system is proposed to overcome above mentioned problems. Methodology. The photovoltaic system is mainly composed of a solar array,
DC/DC boost converter, cascade sliding mode controller, and an output load. Two sliding mode control design strategies are joined to
construct the proposed controller. The primary sliding mode algorithm is designed for maximum power point searching, i.e., to track the
output reference voltage of the solar array. This voltage is used to manipulate the setpoint of the secondary sliding mode controller, which is
used via the DC-DC boost converter to achieve maximum power output. Results. This novel approach provides a good transient response, a
low tracking error and a very fast reaction against the solar radiation and photovoltaic cell temperature variations. The simulation results
demonstrate the effectiveness of the proposed approach in the presence of environmental disturbances. References 23, table 1, figures 11.
Key words: renewable energy, photovoltaic system, maximum power point tracking, DC-DC boost converter, sliding mode control.

Bemyn. Tocmiiine 30inbiuents eHepeoCnONCUBAHHS SK NPOMUCTOBUMY, MAK I THOUBIOYATbHUMU KOPUCIYS8AUAMU MOJHCE NPUZBECHIU 00
BUCHAJICEHHS. 3aNACI6 BUKONHO20 NANUBA MA 3A0PYOHEHHs HABKOIUWHLO20 Cepeoosuwd, MoMy 3pOCmac iHmepec 00 HYUCMUX Md
sionoemosanux oxcepen ewepeii. Pomoenekmpuuni cucmemu 6UpOOHUYMBA erekmpoenepeii idizparoms 6adXdCIUGy poilb K eKON02iHO
uucme Odicepeno enekmpoeHepeii Oisi 3a00801eHHsT Matlbymuix nompeb ¢ enekmpoenepeii. Ilpoénema. Yci pomoenexmpuuni cucmemu
Maiomb 08i npobnemu, no-nepuie, oysce HU3bKA eheKmusHicms BupobIeHHS eleKmpoeHepeii, 0CoOMUB0 8 YMOBAX HUZLKO20 ONPOMIHEHHS,
opyaa nonseac y 83AEMO3ANeHCHOCI KibKOCHI eleKmpoeHepeii, wo UpoOiacmvca cOHAYHUMU bamapesmu, ma NOCMIlHO MIHIUBUX
NO20OHUX YMOB. Y yux no20OHUX YMOBAX, WO 3MIHIOIOMbCA, MOJice 8I00YMUCS HeBIONOBIOHICMb HABAHMAICEHHS, MAK WO MAKCUMATbHA
nomyaicHicmo ne OyOe eumsicnyma i nepedana 6 nasawmadcenns. Lla npobrema ¢ max 36anoi0 npobremor0 GiOCMedNCceHHs: MOUKU
makcumanvHoi nomyachocmi. Mema. byno po3pobneno Oesniy memooié 6USHAYEHHsT MOUKU MAKCUMATLHOT NOMYAHCHOCME 3a 0)Ob-SIKUX
yMo8. IcHytomb pisHi Memoou, 30e0iIbuio20 3aCHO8AHI HA 8I0OMOMY NPUHYUNE 30ypeHHs ma cnocmepedicelb. Y ybomy memooi poboua
MOYKA KOTUBAEMbCS 3 NEGHOI0 AMNIINYO0I0, HE3AaNeNCHO 6i0 MO20, OOCASHYMO MOUKY MAKCUMAnbHoi nomyscnocmi yu ui. Tobmo ye
KOMUBAHHS 3ATUMAEMBCA HAGIMb ) CIILIKOMY CIAHI NICNA 00CASHEHHS MOYKU MAKCUMATLHOI HOMYIICHOCTI, WO NPU3800UMb 00 Mpamu
nomyosicHocmi. Lle 3naunuii HeOomK nonepeonvbo2o cnocoby. Y yill cmammi 01 NOOONAHHA SUILE3AZHAYEHUX NPOOIeM NPONOHYEMbCA
KACKaoHe Kepy8auHs GiOCMEICeHHAM MOYKU MAKCUMANLHOI NOMYICHOCMI 6 pedcumi Koe3amhs Onsl (omoeneKmpuuHoi cucmemu.
Memoodonozin. Pomoenekmpuyna cucmema 6 OCHOGHOMY CKIAOAEMbCS 3 COMAYHOI bamapei, nepemeopiosava nOCMIlHO20 CmMpymy, Wo
niosUULYE, KACKAOHO20 KOHMPOAEPA KOB3HO20 PEeACUMY MA BUXIOH020 Hasanmadicents. Jl6i cmpamezii npOEKmy8anHs Kepy8aHHs KOGIHUM
pedrcumom 00'€Onani ons no6yoosu NPONOHOBAHO20 KOHMPONEPA. AN2OpUmMM NepeUHHO20 KOB3HO2O PEHCUMY NPUSHAYEHUL Ol NOULYKY
MOUKU  MAKCUMATILHOT  NOMYJICHOCHE, MoOmo  Olsl  8lOCmediceHHsi 6UXiOHOi onopHoi Hanpyeu cowsunoi 6amapei. [l nanpyea
BUKOPUCIOBYEMbCS  ONAL YNPABNIHHA YCMABKOIO GMOPUHHO20 KOHMPONEPAd KOB3HO20 PeXCUMY, AKULL BUKOPUCIMOBYEMbCS  depe3
nepemeopro6ay NOCMItIHO20 CIMPYMY, WO NIOBUWYE, ONid O0CACHEHHS MAKCUMANbHOI 8Uxionoi nomyscnocmi. Pesynomamu. Lleii noguil
nioxio 3abe3neyye Xopouty nepexiony Xapakmepucmuky, HU3bKY HOMUIKY 6IOCMedCeHHs ma Oyxce WEUOKY peakyilo Ha COHAYHe
BUNPOMIHIOBAHHA Ma  KOMUBAHHA Memnepamypu @omozanbeaniunozo enemenma. Pesyiomamu moOeno8anus OemoHcmpyloms
epexmusHicmb NPONOHOB8AHO20 NIOX00Y 3a HAABHOCMI 30ypeHb 0oekinia. bioim. 23, Tabm. 1, puc. 11.

Knrouoei cnosa: BiHOBJIIOBaHA eHepris, (poTorajbBaHiyHa CHCTEMA, BilcTe:xKeHH TOUKM MaKCHMAaJIbHOI norys;kHocti, DC-DC
NiIBHIIYBATLHUI NepeTBOPIOBAY, KePYBAHHS KOB3HUM PeKHMOM.

Introduction. Due to the increasing energy demands
and environmental protection requirements, renewable
and sustainable energy resources are becoming an
important part of power generation. Photovoltaic (PV)
systems are one of the most promising renewable sources
since they exhibit many merits such as availability,
cleanness, little maintenance and no noise pollution. Thus,
the power generation from PV systems will keep
increasing in the future electrical power grid and
microgrid systems as well [1-5]. However, PV systems
present notable disadvantages, such as a very low electric-
power generation efficiency, especially under low-
irradiation states; an interdependence of the amount of the
electric power generated by solar arrays and changing
weather conditions [2-7].

To harvest a maximum amount of energy available
under all environmental operating conditions, maximum
power point tracker (MPPT) is an important component in a
PV system that enables to extract maximum power at
maximum power point (MPP). PV systems have nonlinear
configurations, which require a robust control scheme for a
practical operating environment. Therefore, an efficient
MPPT algorithm which considers the nonlinear nature of the
plant is necessary and is addressed in this paper.

Many papers have addressed this issue using
nonlinear approaches such as backstepping technique [8],
perturbation and observation (P&O) method [9],
incremental conductance approach (InC) [10, 11] and
sliding mode control (SMC) schemes [12, 13]. In most of
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these approaches, the MPP to track the reference voltage
is obtained based on P&O method, InC approach and
constant voltage technique (CV) [7, 14, 15]. However, in
quickly changing meteorological circumstances, both of
these strategies fail [7, 14, 15]. In this paper to improve
the operation of the PV system, both power-voltage and
characteristic curve of a PV array are analysed and a new
MPPT algorithm based on SMC is proposed.

Sliding mode technique provides a robust control
law driving system states to a predesigned attractor and
on to the operating equilibrium point. The main advantage
of this approach is that once system states reach the
attractor, the system dynamics remain insensitive to a
class of parameter variation and disturbances, which are
typical in solar systems. Consequently, some solutions
based on this approach have been proposed to provide
good performance in attenuating the oscillations of the
output voltage and to ensure the tracking of the reference
provided by the MPPT algorithm [16, 17]. However,
these solutions do not guarantee the existence of the
sliding mode throughout the entire operating range.

The objective of this work is to develop an
improved sliding mode based maximum power point
tracking (SMC-MPPT) controller that takes into account
all the elements required to ensure the PV system’s
desired operation, namely, a robust controller that can
follow the reference provided by an MPPT algorithm in
the presence of environmental disturbances.

The proposed approach ensures a stable sliding
regime over the system’s desired operating range, while
also providing the convergence time and PV voltage
overshoot required by an MPPT algorithm. The
simulation results demonstrate the efficiency of the
improved sliding mode MPPT controller in the presence
of environmental disturbances.

Design of cascade sliding mode controller. This
work presents an improved procedure of designing a
sliding mode MPPT controller for PV systems, which
forces the PV voltage to follow a reference provided by
an external MPPT algorithm and attenuates the
disturbances caused by the climatic changes. A DC-DC
boost converter constituting the heart of the MPPT is
inserted between the PV module and its load to achieve
optimum power transfer, such a scheme with a resistive
load is illustrated in Fig. 1. The converter is used to
regulate the PV output voltage (v,,) in order to extract as
much power as possible from the PV module.

. . . - ) H
- Q,, e
e T
“
. . . e

PV Module Vgu TTEITmzmz=mmeo- +  SMC-MPPT

Y
.

DC-DC Boost Coverter

L
ipy SMC-MFPP

|Vraf

Fig. 1. Block diagram of PV system using cascade SMC-MPPT
control

Where the output PV voltage v,, and the output PV
current i,, are measured from PV array and sent to the

sliding mode maximum power point searching algorithm
(SMC-MPP), which generates the reference maximum
power voltage v,.. Then, the reference voltage is given to
the SMC-MPPT controller the maximum power tracking.

Design of SMC-MPP controller. The maximum
power at any operation point can be performed in an easy
way if the SMC is used to generate the reference output
voltage by imposing the following sliding equation.
—dp"”—i +v iy _ 1)
dv,, proom dv,, ’
where o is the sliding mode surface; P, is the output PV
power.

If (1) is satisfied, the PV array operates at its
maximum power point (MPP) and reference voltage v, is
generated.

Now consider the characteristic curve of the PV
system as shown in Fig. 2, the SMC-MPP method can be
designed according to the following steps.

Step 1. As shown in Fig. 2 the sliding mode surface
has a positive value in region A, this conduct to a negative
value of its derivative, i.e. <0 to ensure the local
reachability condition oo <0 of the existence SMC
operation [18]. From this analysis, SMC-MPP controller
increase v,, from v; to v, to track the MPP. Thus v,

o

must be a positive value.

P
o

Region -A- Region -B-

MPP.

v, v v,
2
| n 2 v

Fig. 2. Power-voltage characteristic curve of a PV system

Step 2. In this case, the sliding mode surface has a
negative value as shown in Fig. 3 (region B), this conduct
to a positive value of its derivative, i.e. >0 to ensure
the local reachability condition of the existence SMC
operation [18]. Due to this analysis, SMC-MPP controller
decrease v, from v; to v, to track the MPP. Thus \'}pv
must be a negative value.

Now, define the output of the SMC-MPP controller
as v, then combining steps (1) and (2), leads to (2):

"}ref = _O- . (2)

Thus, the control law of the proposed SMC-MPP
controller can be designed as

Vi = j Gdt . 3)

Based on the exponential reaching law [18], the
equation in (3) can also be written as:

Vs :j(k0'+77 sgn(a))dt, 4)
where 77 and k are the positive constants.
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With sliding mode control law (4), MPP reference
voltage can be generated under various weather conditions.

Design of SMC-MPPT controller. The proposed
controller has advantages over existing solutions which
rely on the linearization of the dynamics of the internal
current loop, since the chosen sliding surface S is a linear
combination of the input capacitor current and the error of
PV voltage

S:ﬂi(vPV_vre/’)Jrj‘ZiC,’ ®)

where A, and A, are the constants.

The main advantage of this approach is voltage
regulation v,, without additional regulators based on
linearized models. A good alternative to define the
behavior of PV voltage is to include both the error with
respect to the reference voltage given by a SMC-MPP
algorithm and the voltage derivative in the expression of
the sliding surface. The voltage derivative can be obtained
by measuring the current of the input capacitor i,.

This work is based on the choice of a sliding surface
S given in (5), which makes it possible to explore the
stability of the PV wvoltage in presence of climatic
changes. The dynamic behavior of the DC-DC converter
is modeled by (6), (7):

dvpy ..
e, = 1'%=1PV_IL; (6)
di
v, = d_;:vPV_ch(l_”)’ (7)

where C;, L and v, are respectively the output
capacitance, inductance and the output voltage of the
boost converter; i; is the inductor current; v; is the
inductor voltage and u is the control signal.
The PV current i,, can be modeled by the simplified
single diode model given by (8) [19]:
iy =ige = (€ =1). (8)
where igc is the short-circuit current; 7y is the saturation
current of the diode; « is the thermal voltage which
depends on the temperature of the panel [20], knowing
that the short-circuit current is approximately proportional
to the irradiance E [21]:
i =K E. ©)]
The design of sliding mode regulators supports the
desired performance in a systematic way. It also requires
fulfilling three conditions: transversality, equivalent
control and reachability [18, 19, 22, 23].
Transversality condition. The derivative of the
function S with respect to time is given by (10):

das _dv dv,
"V[A Az - j—a i
PV

dl‘ t
(10)
) dl‘sc_l Vey =V (1-u)
Par 7 L :
By differentiating (10) versus u, we have:
ds
da AV
e | (11)
du L

since v, and L are both positive, the transversality
condition is then satisfied if the parameter A, # 0.

Equivalent control condition. The equivalent
control u,, is a continuous function which is used to
maintain the variable to be controlled on the sliding
surface. It is obtained thanks to the invariance conditions
of the sliding surface. For the DC-DC converter, the
correct range is given by 0<u,, <1

ds

A= =0 - 0<u, <l. (12)
dt

By replacing u by u,, in (12), while respecting the
inequality given in (11), we obtain:

dv,
0<u, :i{[iﬁqdﬂ_ﬁﬁ}
Voo | LA, dt A, dt (13)
+Ldll_vﬂ+l<l
Ve, dt v,
where:

A=-I,ae”™ . (14)

Considering that the system is maintained on the

sliding surface S =0, equation (15) obtained from (5) and

(6) describes the dynamics of the sliding mode, which can
be analyzed in the Laplace domain as indicated by (14):

. dvp, A .
le, = G dt = _Z(VPV _Vre/‘) > (15)
Ver (S) 1
16
re/ (S) ﬂ'ZCl S+1 ( )
A

Equation (16) shows the existence of an equivalent
pole —4,/1,C,. Therefore, A, and A, must be of the same
sign to ensure the stability of the system.

Reachability conditions. These conditions allow the
sliding surface to have a dynamic of convergence towards
zero. As discussed in the previous section, the proposed
approach design requires a negative value for the parameter
Ay; thus, the existence condition in (11) is positive,
imposing the reachability conditions (17), (18):

Lim as d S >0; (17)
s> dt |, dt u=1, §=0
Lim d—S = d—S <0. (18)
S/ dt u=0, §=0

The value of u is imposed for each condition: u = 1
for <0 and u =0 for S >0 [18, 23]. Substituting (10)
in (17) and (18), leads to (19) and (20) which confirm that

the condition SS < 0 is satisfied:

im dS vPV (/1] A A)
S0 dt d (19)
lsc ( j>0 :
dS dv
Lim ”V(/L A, A)- ,11—’+
507 dt dt (20)

di _
+ A lsc AZ(VPVLVIJJ<O.

Simulation results. In order to test and compare the
performance of the proposed SMC-MPPT algorithm to the
conventional P&O algorithm, the PV solar system is
modeled and implemented in MATLAB/Simulink software.
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The Simulink PV system model shown in Fig. 3 was
selected to assess the performance and the effectiveness of
the proposed controller SMC-MPPT. Specification
parameters PV power generation are given in Table 1.

Table 1
PV system specifications
Parameter Value
Maximum output power P, W 85
Maximum voltage Vpyny, V 18
Maximum current Ipy;, A 4.72
Open circuit voltage Vo, V 22.1
Short circuit current g, A 5
Temperature coefficient of Ve, %-°C™' -0.8
Temperature coefficient of Igc, %-°C™' 0.00065
L
b flling pue=s
E>_l cz R Load

\
PV Amay Discrete
Telss,
i ‘ LD_.
AND
T S
et et

e
SNIC-MFP

Fig. 3. Simulink PV system model

SMC-MPPT

A comparative study with strictly identical simulation
parameters is carried out. The PV system consists of a
typical PV generator BP585, a DC-DC boost converter and a
load. The input voltage of the DC-DC converter is set to
18 V, the inductance value is equal to 22.5 mH, the input
capacitor is set to 132 pF, the output capacitor is equal to
66 pF and the output resistive load is set to 12 Q. In DC-DC
converter applications, hysteresis comparators are commonly
used to implement the proposed controller. To limit the
switching frequency, a hysteresis band () must be
introduced to the sliding surface [22, 23]. As a result, the
sliding surface’s limits will be:

tes<l

ey
2 2

Equation (22) which is derived from inequalities
(17), (18) shows this constraint:

SS—%—)le/\SZ%—)uzO. (22)

Several simulations were carried out taking into
account variations in climatic conditions, namely
irradiance and temperature. Obtained results are presented
for a period of 1 s. Each figure presents a comparison of
the characteristics of the PV system governed by the
cascade SMC and P&O approaches. Zooming was carried
out at two different locations, the first at the beginning of
the profile to illustrate the response time and the second to
show the oscillations around the MPP.

Case 1: variable temperature. A variable temperature
is used with a constant irradiance equal to 1000 W/m’.

It can be noted from Fig. 5-7, that the response
times are approximately 2 ms and 17.5 ms. During the
transient regime, we notice that the trajectory of the PPM
obtained by applying the cascade SMC control is better

than that obtained with the P&O. In steady state, the P&O
oscillates around the PPM between 81.75 W and 84.45 W
as shown in Fig. 4.

—sMC
——P&O

P,, W
9}’

60

T e

L 1 L 1 n 1 " 1 " t’ 5
00 02 04 06 08 10
Fig. 4. PV power evolution for case 1
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Fig. 5. PV voltage evolution for case 1
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Fig. 6. PV current evolution for case 1
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Fig. 7. Load voltage evolution for case 1
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Case 2: variable irradiance. To validate the
effectiveness of the proposed approach, another robustness
test was carried out where a trapezoidal irradiance profile
was chosen (the temperature is set to 25 °C). The simulation
results as given in Fig. 8—11 show that the P&O method
exhibits poor performance in its dynamic response. With a
constant increase in irradiance in the form of a positive slope,
the P&O method fails to follow the true path of the MPP
thus causing losses of power and energy. Under decreasing
variation in irradiation, the same monitoring problem is
observed. In addition, in static mode the power of the PV
constantly oscillates around MPP.

9

Pp,W ——sMC
—P&0O
30 ik 1 " L= " (1 P n t’ S
00 02 04 06 08 10
Fig. 8. PV power evolution for case 2
1o Y.

—8SMC

14 1 n 1 " 1 n
o 02 04 06 08 10
Fig. 9. PV voltage evolution for case 2
L, A — SMC
51 R (e P— e PO

1 il - L (e o A
00 02 04 06 08 10
Fig. 10. PV current evolution for case 2

Unlike the P&O algorithm, the proposed approach
reveals remarkable performance in all irradiance conditions.
The SMC controller perfectly follows the MPP trajectory as
shown in the zoomed parts where the tracking of the MPP is

perfect and the minimization of power oscillation in static
regime is effective.

Veoads V
30

25

20

15 . 1 . 1 . I . 1 .
0,0 02 04 0.6 038 1.0

Fig. 11. Load voltage evolution for case 2

Conclusion. The study reported in this paper focused
on the control of a solar system that uses a DC-DC boost
converter to supply electrical clean power. An advanced
procedure for the designation of a sliding mode based
maximum power point tracking control for photovoltaic
systems has been proposed. This control ensures maximum
power point operation and robustness to irradiance and
temperature fluctuations, as well as reducing oscillations at
the converter’s output voltage. The simulation results made it
possible to demonstrate the performance and robustness of
the proposed control law.
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Indirect adaptive fuzzy finite time synergetic control for power systems

Introduction. Budget constraints in a world ravenous for electrical power have led utility companies to operate generating stations with full
power and sometimes at the limit of stability. In such drastic conditions the occurrence of any contingency or disturbance may lead to a
critical situation starting with poorly damped oscillations followed by loss of synchronism and power system instability. In the past decades,
the utilization of supplementary excitation control signals for improving power system stability has received much attention. Power system
stabilizers (PSS) are used to generate supplementary control signals for the excitation system in order to damp low-frequency oscillations
caused by load disturbances or short-circuit faults. Problem. Adaptive power system stabilizers have been proposed to adequately deal with
a wide range of operating conditions, but they suffer from the major drawback of requiring parameter model identification, state observation
and on-line feedback gain computation. Power systems are nonlinear systems, with configurations and parameters that fluctuate with time
that which require a fully nonlinear model and an adaptive control scheme for a practical operating environment. A new nonlinear adaptive
fuzzy approach based on synergetic control theory which has been developed for nonlinear power system stabilizers to overcome above
mentioned problems. Aim. Synergetic control theory has been successfully applied in the design of power system stabilizers is a most
promising robust control technique relying on the same principle of invariance found in sliding mode control, but without its chattering
drawback. In most of its applications, synergetic control law was designed based on an asymptotic stability analysis and the system
trajectories evolve to a specified attractor reaching the equilibrium in an infinite time. In this paper an indirect finite time adaptive fuzzy
synergetic power system stabilizer for damping local and inter-area modes of oscillations for power systems is presented. Methodology. The
proposed controller design is based on an adaptive fuzzy control combining a synergetic control theory with a finite-time attractor and
Lyapunov synthesis. Enhancing existing adaptive fuzzy synergetic power system stabilizer, where fuzzy systems are used to approximate
unknown system dynamics and robust synergetic control for only providing asymptotic stability of the closed-loop system, the proposed
technique procures finite time convergence property in the derivation of the continuous synergetic control law. Analytical proofs for finite
time convergence are presented confirming that the proposed adaptive scheme can guarantee that system signals are bounded and finite
time stability obtained. Results. The performance of the proposed stabilizer is evaluated for a single machine infinite bus system and for a
multi machine power system under different type of disturbances. Simulation results are compared to those obtained with a conventional
adaptive fuzzy synergetic controller. References 20, table 1, figures 9.

Key words: adaptive fuzzy systems, synergetic control theory, finite time convergence, power system stabilizer, multi-machine
power system.

Bcemyn. brooswcemni obmedicenna y ceimi, x#cadibHomy 00 enekmpoenepeii, 3myuyioms KOMYHANbHI NIONPUEMCINGA eKCHAyamysamu
CMaHyii, wo zeHepylomv, HA NOGHY NOMYNCHICMb, d iHOOI i HA Medxci cmabitbHocmi. Y maxux pisKux yMoeax 6UHUKHEHHS 0YOb-sKOi
nosawmamuoi cumyayii abo 30ypenHs Modce npuzeecmu 00 BUHUKHEHHS KPUMUYHOL cumyayii, wo NOYUHAEMbCS 3 NO2AHO 32ACAIOYUX
KOMUBAHb 3 NOOAILUIOIO 8MPAMOI0 CUHXPOHI3MY A HeCMiliKicmio enepeocucmemu. B ocmanni decamunimms eéenuxa ysaea npuoinsanacs
BUKOPUCIAHHIO  000AMKOBUX —CUSHATIG, Kepylrouux 30VodiceHHs, Ona  nioeuwenns cmitikocmi  enepeocucmemu. Cmabinizamopu
enepeocucmemu (CEC) cryocamv 0ns 6upoOieHHs: 000amKOSUX CUSHANIE KEPYBAHHS CUCEMOIO 30VOXCEHHs 3 Memoio 2aciHHs
HU3bKOYACMOMHUX KOAUBAHb, CHPUYUHEHUX 30ypeHHAMU HAaeaHmagicenns abo kopomkumu samuxanusmu. IIpoonema. Aoanmusni
cmaobinisamopu enepeocucmem Oy 3anPONOHOBAHT Ol MO20, Wob A0eKBAMHO CHPABIAMUCS 3 WUPOKUM OianasoHoM podouuUx yMos, ae
60HU CcMpaxcoaromv 6i0 OCHO8HO20 HeOONIKY, WO Nofdedae 8 HeoOXioHocmi ioenmudbikayii Mooeni napamempis, cnocmepedstCceHHs 3d
Ccmanom ma ooYucienHs KoepiyicHma nocuneHHs 360pOMHO20 36'sI3Ky @ pedcumi peanvhozo uacy. Enepeemuuni cucmemu € neninitinumu
cucmemamu 3 KOH@ieypayiamu ma napamempamu, AKi 3MIHIOIOMbCA 3 YACOM, WO NOMpedYE NOBHICMIO HEMIMIlIHOI Modeni ma cxemu
adanmueHo20 ynpaeninHa Ol NPAKMu4Ho20 onepayilinoeo cepedosuwya. Hoeutl Heninitinutl a0anmusHo-HewimKkull nioxio, 3acCHO8AHUL HA
CUHep2emMUYHILl meopii YNpasinHs, po3podaeHull Olisk HEHIIHUX CMabini3amopie eHepeocucmem 071 NOOOAAHHSA BULYE3A3HAYEHUX NPOOIEM.
Mema. Teopis cunepeemuynoe0 YNpAaGuiHHA YCHIWHO 3ACMOCOBYBANACS NIO 4YAC NPOECKMYBAHH cmabinizamopie enepeocucmem. Lle
HaUOILbW NePCneKmMuUHUL HAOTHULL MemOoO YAPAGIIHHS, 3ACHOBAHUL HA MOMY ¢ NPUHYUNL THEAPIAHMHOCMI, WO | 8 KOG3HOMY PeNcumi
ynpaeninHa, ane 6e3 1020 HeOoniKy, nogssanozo 3 eiopayicio. Y 6invuiocmi c80ix npospam cumepemuuHull 3aKOH YNpAseniHHA 0Y8
PO3poONeHUll HA OCHOBI AHATIZY ACUMIMOMUYHOI CIIUKOC, i MPACKMOpIi cucmemu esontoyionyoms 00 3a0aH020 ampaxkmopd, wjo
docseae pieHoBazU 34 HeCKiHYeHHull yac. Y cmammi nooamo Henpsamull a0anmueHull HeuimKull CUHepeemuyHuil cmaobilizamop
eHepeocucmemu 3 KiHYeUM 4acom O 2aACiHHA JOKAIbHUX MA MIJIC30HO8UX MOO Koaueans enepeocucmem. Memooonoeia. [Ipononosana
KOHCMPYKYISL pe2yiamopd 3ACHO8AHA HA AOANMUSHOMY HEYimKOMY VHPAGUIHHI, WO NOEOHYE CUHEP2EMUYHY MeOpilo VAPAGTIHHA 3
ampaxkmopom Kinyeeo2o yacy ma cunmezom JIanynosa. Yoockonanioouu icHyrouuti cmaoinizamop adanmueHoi Heuimkoi cunepeemuiHol
eHepeocucmemy, Oe HeuimKi CUCeMU GUKOPUCIOBYIOMbCsL Ol anpoKCuMayii OUHaMiku HesiooMoi cucmemu ma HAOUIHO2O
CUHEP2EMUYHO2O YNPAGTIHHA MIIbKU OISl 3a0e3NeUeHHss ACUMNMOMUYHOL CIIUKOCMI 3AMKHYMOL cucmemu, 3anponoHO8aHULl Memoo
3abesneqye eracmusicms 30ICHOCII 34 KiHyeguil 4ac npu eueoenHi 6e3nepepeHozo CuHepeemuiHo20 3aKomy Kepyeanns. Haeedeno
ananimuyni 0okasu 30i%cHOCMI 3a KiHYegull 4ac, wo niomeepodcyiomby, W0 3anponoHo6aHa aoanmueHd cxema Modice 2apanmyeamu
obMedIceHicmy  cueHanig cucmemu ma OMpUManHa cmitikocmi 3a xinyesuil uac. Pesynemamu. [Ipaye3oammuicmv npononoéanozo
cmabinizamopa oyiHIEMbCA 0l OOHOMAUWUHHOL cUCmeMu 3 HeCKiHYeHHUMU WUHaMu I 6a2amomMawuHHol enepzocucmemu npu pisHux
munax 36ypens. Pesyibmamu mo0eno8ants nopieHIolomsCs 3 pe3yiomamam, OMpUMAHUMU 34 OONOMO20I0 38UHAUHO20 HeHimKO20
adanmugHozo cunepeemuyno2o pezyismopa. biomn. 20, tadmn. 1, puc. 9.

Knrouoei cnosa: aganTHBHI HeYiTKi cHCTeMH, CHHepreTH4Ha Teopis ynpasJliHH#A, 30DXKHICTH 32 KiHNeBHUi 4Yac, cTadiaizaTop
€HepProcucTeMy, 0araTOMalIMHHA EHEProcucTEeMAa.

Introduction. Power systems are one of the most
complex and nonlinear systems, with configurations and
parameters fluctuating with time thus require a fully
nonlinear model and an adaptive control scheme for
adequate and sound operating environment [1-4].

Therefore, guaranteeing system stability for all operating
condition is a major concern for utility companies. It is a
recognized fact that hindering low frequency oscillations
often occur in power networks upon advent of
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perturbations and power system stabilizers (PSS) have been
developed to suppress them and to enhance overall system
dynamic stability. PSS are used to generate supplementary
control signals for the excitation system in order to damp
low-frequency oscillations during disturbances [3-5].
Adaptive stabilizers have been proposed to provide better
dynamic performance over a wide range of operating
conditions [3, 4], but they suffer from the major drawback
of requiring parameter model identification, state
observation and on-line feedback gain computation.
However, a nonlinear adaptive fuzzy approach based on
synergetic control theory (SC) has been developed for
nonlinear power system stabilizers [6, 7] to overcome
above mentioned problems.

Synergetic control, a powerful tool for nonlinear
system control [8-12] is a most promising robust control
approach relying on the same principle of invariance
found in sliding mode control, but devoid of its
shortcoming: inherent chattering. Its robustness and its
ease in implementation have put forth this recent control
technique. Synergetic control has been successfully
applied in the design of power system stabilizers [6-8]. In
most of these papers, synergetic control law was designed
based on an asymptotic stability analysis in which system
trajectories reach the equilibrium point in infinite time.
Several papers have proposed a so called terminal
approach resulting in a finite time convergence based on
terminal attractor techniques [13-15]; it is evident that
reducing the time required in reaching the equilibrium
point reinforces convergence as well as dwarfs
disturbance impacts.

In the present paper, the first contribution lies in
investigating the efficiency and robustness of indirect finite
time adaptive fuzzy synergetic PSS (ITFSC-PSS) to control
partially known or unknown systems and the second one
consists in determining a new dynamic evolution of the
synergetic attractor, such that system trajectories evolve to
a specified attractor reducing the time required in reaching
the equilibrium point and reinforcing the convergence as
well as faster attenuation of disturbances. A nonlinear
power system model consisting of a single machine
connected to an infinite bus and a nonlinear multi-machine
power system model, are used to assess performance and
effectiveness of the proposed controllers. Performances
obtained with the proposed ITFSC-PSS are compared to
those obtained using an indirect adaptive fuzzy synergetic
power system stabilizer (IFSC-PSS) [6], under different
operating conditions.

Synergetic power system stabilizer. In order to
design the power system stabilizer proposed in this paper, a
power system dynamics can be expressed in a canonical
form given in [6, 7, 16, 17], using speed variation
Aw, = @; —a; and the accelerating power AP; = P,,; — P,; as
measurable input variables to the PSS. The synchronous
machine system model can be represented in the following
non linear state-space equations form [8, 16, 17]:

riy =L AP
2H, (1)

APf =f;(Awi’APi)+gi(Aa)i’AB)ui

where ; is the angular speed in per units; P, is the

delivered electrical power; P, is the mechanical input
power treated as a constant in the excitation controller
design and H; is the per unit machine inertia constant; u; is
the necessary control signal to be designed, i.e. the PSS
output; f; () and g; (.) are the nonlinear functions with
g: () # 0 in the controlled region.

It has been assumed that two nonlinear functions can
be found from system dynamics analysis [6, 7, 16, 17]. In
generic terms, the equation set (1) for the /™ generator is:

X =Aw= Lx2
2H 2)
%, =AP=f(x,x)+g(x,x,)u
Synthesis of a synergetic controller begins with a
choice of a state variables function called a macro-variable:
o=Ax+x,; A>0. 3)
Desired dynamic evolution of the macro-variable can
be designer chosen such as (4):
c+170=0, 4)
where 7 is the positive constant imposing a designer
chosen speed convergence to the desired manifold.
Differentiating the macro-variable (3) along (2)
leads to (5):
G =A% +%,
:ix2 + f(xl , X, )+g(xl , X, )u
2H
Combining equations (4) and (5), leads to (6):

)

%xz+f(x1,x2)+g(xl,x2)u=—ra. (6)

Solving for the control law u, leads to (7):

u:—(%xz +f(xl,x2)+70'j(g(xl,x2 ))71. (7

The power system under synergetic control stabilizer
(7) has an asymptotic stability and its trajectories
converge to the equilibrium point in infinite time.
Therefore, robust operating conditions may not be
satisfied and even slight disturbances can destabilize the
system. To improve robust tracking and finite time
convergence, a terminal synergetic controller leading to
fast response and more robust performance is proposed.
Finite time synergetic power system stabilizer. In
this new approach, aiming to reinforce robustness and
better tracking, a reformulation of the dynamic evolution
of the macro-variable (4) is adopted by defining a new
nonlinear functional equation given in (8).
6+70"+ac=0 , (8)

where « > 0 is the constant and n, m are the odd positive
integers.
It can be derived that the time to reach the
equilibrium o= 0 is [13-15]:
a|0'(0)

. 1 | T ©)
t = n s
a(l-m/n) T
where ¢ is the finite expressing a finite time convergence
as opposed to the asymptotic infinite time convergence to
the attractor o= 0 resulting in the previous scheme.

This approach inspired from sliding mode
techniques [13-15] will be used to express the finite time
synergetic control law u. Using (5), (8), the synergetic
control law is then obtained as:

1-n/m
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u=-

A
aa+ﬁx2 + f(xl,xz) (g(xl x, ))71 (10)

+rom

Equation (10) is used in the design of a synergetic
power system stabilizer which assures finite time stability
of the system, in which o= 0 is guaranteed in finite time

Stability and robustness analysis. Under the
control law (10) and macro-variable design constraint (8),
the state trajectories of the power system (2) can be driven
onto the manifold o= 0 in a finite time (9) thus ensuring
finite time stability.

Theorem 1 [13-15]: suppose that there exists a
positive definite continuous function v(f) with positive
real numbers p, fand 0 < y< 1, such that v(f) satisfies the
differential inequality:

v(t)<-pv(t)-Bv (1) . (11)
Then the positive definite continuous function v(f)
will converge to the origin in finite time given by:

1 (o) +p
i, = In .
"op(-y) s

Proof: let’s consider Lyapunov function candidate:
v = ¢/ 2, where o defined as in (3). Then the time
derivative of v leads to:

V= O'dza(%xz +(f(x1 , X, )+g<x1 , X, )u)j (13)

Substituting (10) into (13), one can obtain

(12)

v<—r """ —ao’. (14)

Using (11), (14) becomes
v<—1 2(l+n/m)/2 v(1+n/m)/2 “2av. (15)
Defining constants: p and B as: p = 2« and

B = 72072 if the parameter y = (1+n/m)/2 is chosen
such that 0<(1+n/m)/2<1, therefore, (15) can be further
simplified as:
v<=pVv —pv. (16)

Thus according to Theorem 1, the stability of the
power system (1) is guaranteed and the state trajectories
can be driven onto the manifold o= 0 in a finite time ¢
given in (9). Therefore, o= 0 is achieved in finite time, and
the proof is complete. However, power system parameters
for nonlinear functions are not well known and imprecise;
therefore it is difficult to implement the control law (10) for
unknown nonlinear system model. A fuzzy logic system
will now be used to address this latter issue.

Finite time adaptive fuzzy synergetic power
system stabilizer. The control law (10) for power system
(1) can be modified as:

u :—(aa+%x2 + f(x)+1'0'”/’"](g(x))_] .(17)

In a practical real case where f{x) and g(x) are
unknown functions, they are replaced by their fuzzy
estimates [6, 7, 16, 17]:

[(x18)=675(x);
g(x/6,)=06,&(x),
where &(x) is the fuzzy basis functions defined as:

(18)
(19)

n

H/”p,' (x)

I=1 \_i=1

(20)

where 42, (x,) is the membership function value of x; in

labels of fuzzy sets F' in U= HU . €R" and the
parameters vectors &-and 6, of the fuzzy logic systems (18)
and (19), can be continuously updated as [6, 7, 16, 17]:

0, =n0&(x); 1)

0, :nzof(x) u, (22)
where 77; and 77, are the positive constants that will be
used as learning rates in the adaptation procedure.

It is to be noted that the approximation issue has
been addressed in great details in [18] where the universal
approximation theorem is used to prove that fuzzy
systems can approximate any continuous real function on
a compact set to any arbitrary accuracy, while fuzzy rules
are derived based on experts’ recommendations.
Therefore the new control law is rewritten as:

u=-

y) .
+aa+ﬁx2 +f(x/l9f) (é(x/&g))il. 23)

m

+ro"

The power system models shown in Fig. 1, Fig. 5 are
used to evaluate performance of the terminal adaptive
fuzzy synergetic stabilizer (23) and results obtained are
compared with a IFSC-PSS [6]. Different operating
conditions are used in a simulation study and results are
given and discussed in the next section.

Simulation results. The basic function of a PSS is
to damp power oscillations that occur upon perturbations
such as sudden change of loads or in the event of short-
circuit occurrence. In this study, we will investigate the
performance of the proposed power system stabilizer as it
is applied to both single machine infinite-bus and multi-
machine power systems. The success of the proposed
PSS, with the single-machine infinite-bus case, motivates
us to test its capability on a multi-machine model.

Application to the single-machine infinite bus
model. A simplified schematic diagram of a single-
machine infinite-bus system, which illustrates the position
of a PSS, has been shown in Fig. 1.

— b Transmission Line
Synchronous nu

2
machine /@Y

ansfo fini
Transformer Infinite-bus

Ao AP

i

Fig. 1. Single-machine infinite-bus power system

The power system consists of a synchronous
machine connected to an infinite bus through a
transformer, a double transmission line and automatic
voltage regulator (AVR) is represented by a four order
model [3, 4]. The power system equations and parameters
can be found in [4]. When the power system is operating
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with a leading power factor, the stability margin is
reduced and, thus, the PSS faces adverse operating
conditions. This scenario is now considered and power
system simulation is carried out under the following
severe fault cases:

Case 1. 0.2 p.u. disturbance in mechanical torque
occurring at =1 s.

Faster oscillations damping occurs, as can be seen in
Fig. 2, for the ITFS-PSS than for the traditional fuzzy
synergetic stabilizer IFSC-PSS under a mechanical torque
disturbance. A larger control effort is solicited by FFSPSS
but only as a transient that rapidly dies out as opposed to
its counterpart.

0,6

i3
rS
T

—— ITFSC-PSS
IFSC-PSS

u)

— ITFSC-PSS
| IFSC-PSS e

e o o
M o N

2
>
Elzctrical power (p
)
o

Speed deviation (rad/s)
o
=
T

o
=)

o
)

03 | | | 1 1
6 0 2 e B 4
Time (s)

2 i3 4
Time (s)

Fig. 2. System response for case 1

Case 2. Three-phase fault to ground on the
transmission line occurring at ¢ = 1 s with 0.06 s duration.

1,0 1,0
—— ITFSC-PSS
- IFSC-PSS

— ITFSC-PSS
IFSC-PSS 08

Spe(l-;d deviation (rad/s)
Electrical power (pu)

2 Timd) ¢+ %

2w 3 4 5 6 0 1
Time (s)

Fig. 3. System response for case 2

Even in the case of severe three-phase short circuit ,
the proposed controller effectively exhibits and confirms
superior performance in improving finite time
convergence of the system responses as clearly shown in
Fig. 3, compared to [FSC-PSS.

Case 3. 0.1 p.u. step increase in reference voltage
appliedatz=1s.

0,24 F 0,76

—— ITFSC-PSS
IFSC-PSS 0,74 |-

0,70

——ITFSC-PSS
- IFSC-PSS

Speed deviation (rad/s)
o

2l 3 4 5 6 0 1
Time (s)

2 Tlmg (s)

Fig. 4. System response in case 3

Simulation results show that the output responses of
the IFSC-PSS are considerably affected by the step
change in reference voltage as shown in Fig. 4, while
oscillations are rapidly damped with the use of proposed
PSS. It can be easily concluded that the latter achieves
better robustness and has satisfactory time response under
these types of disturbance and uncertainties over its
presented counterpart.

Application to the multi-machine model. In this
study, the three-machine nine-bus power system shown in

Fig. 5 is considered. Details of the system data are given
in [3, 4]. To identify the optimum location of PSS’s in
multi-machine power system the participation factor
method [19] and the sensitivity of PSS effect method [20]
were used. Both methods result indicate that G2 and G3
are the optimum location for installing PSS’s in WSCC
system. To assess the effectiveness and robustness of the
proposed method over a wide range of loading conditions,
three different cases designated as nominal, lightly and
heavily loading are considered. The generator and system
loading levels at these cases are given in Table 1.

Load C
Bus 7

ONR

—
Gen 2

Bus 9

Bus 8 e

“"\N

Bus 1 Bus3 Gen3

Bus5

Lua'd A Load B

Bus 1

Gen

Fig. 5. Multi machine power system

Table 1
Loading operating conditions for the system (in p.u)
Nominal Heavy Light
Gen P (0] P 0 P 0
Gl 0.72 | 0.27 2.1 1.09 | 036 | 0.16
G2 1.63 0.07 192 | 0.56 | 0.80 | 0.11
G3 0.85 0.11 1.28 | 036 | 045 | 0.20
Load P 0 P 0 P 0
A 1.25 | 0.50 2.0 0.80 | 0.65 | 0.55
B 0.9 0.30 1.80 | 0.60 | 045 | 0.35
C 1.0 0.35 1.50 | 0.60 | 0.50 | 0.25

The performance of the proposed controller under
transient conditions is verified by applying a 6-cycle
three-phase fault at t = 1 s, on bus 7 at the end of line 5-7
[4]. The fault is cleared by permanent tripping of the
faulted line. System response under the nominal, lightly
and heavily loading conditions are shown in Figs. 7-9.
Figure 6 shows the system response without PSS. It is
clear that the system response without PSS is highly
oscillatory and eventually becomes unstable.

Changein W , W, ;and W, | (pu)

Timg. (s)
Fig. 6. Response of Wy, W, 3 and W;_; in nominal operating
condition without PSS
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ITFSC-PSS ITFSC-PSS
———————— IFSC-PSS. ~———— IFSC-PSS

ITFSC-PSS
- IFSC-PSS

Change in W3.| (pu)

o

5 & o0 5 s 0 i s 6

3 2 s 4 2 3
Time (s) Time (3) Time (s)

Fig. 7. Response of W15, W, 3 and W3, in nominal operating condition

It is evident from the results in Figs. 7-9, that the
damping of the low frequency oscillations in IFSC-PSS
requires more time and has more oscillations before the
speed deviation response is stabilized. The indirect
adaptive fuzzy synergetic PSS improves the damping of
oscillations in the change of operating conditions.

ITFSC-PSS
———— IFSC-PSS

Change in W53 (pu)
Change in W3, (pu)

Change in W13 (pu)

2 3 4 s ' 2 a4 s ' 2 2 o
Time (s) Time (s) Time (s)

Fig. 8. Response of Wy, W, 3 and W3_; in heavy operating condition

However, the superiority performance is clear with
the proposed controller. The proposed controller provides
significantly better damping enhancement in the power
system oscillations. It is possible to observe that the
overshoot and the settling time are reduced.

ITFSC-PSS
— IFSC-PSS

Change in V1. (pu)
Change in W73 (pu)
Change in W. (pu)

Time (s) Time (s) Time (s)

Fig. 9. Response of W1, W,_3 and W3_; in light operating condition

Conclusion. An indirect finite time adaptive fuzzy
synergetic power system stabilizer has been presented and
its performance evaluated by simulation using nonlinear
power system models. Furthermore results have been
compared to simple adaptive fuzzy synergetic PSS
showing the pre-eminence of the proposed approach in
both time response and steady-state performance. Despite
the critical conditions, power systems considered have
been subjected to the overall performance using the
indirect adaptive finite time fuzzy synergetic power
system stabilizer shows remarkable fast suppression of
undesirable oscillations.
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Intelligent cascaded adaptive neuro fuzzy interface system controller fed KY converter
for hybrid energy based microgrid applications

Purpose. This article proposes a new control strategy for KY (DC-DC voltage step up) converter. The proposed hybrid energy
system fed KY converter is utilized along with adaptive neuro fuzzy interface system controller. Renewable energy sources have
recently acquired immense significance as a result of rising demand for electricity, rapid fossil fuel exhaustion and the threat of
global warming. However, due to their inherent intermittency, these sources offer low system reliability. So, a hybrid energy system
that encompasses wind/photovoltaic/battery is implemented in order to obtain a stable and reliable microgrid. Both solar and wind
energy is easily accessible with huge untapped potential and together they account for more than 60 % of yearly net new electricity
generation capacity additions around the world. Novelty. A KY converter is adopted here for enhancing the output of the
photovoltaic system and its operation is controlled with the help of a cascaded an adaptive neuro fuzzy interface system controller.
Originality. Increase of the overall system stability and reliability using hybrid energy system fed KY converter is utilized along with
adaptive neuro fuzzy interface system controller. Practical value. A proportional integral controller is used in the doubly fed
induction generator based wind energy conversion system for controlling the operation of the pulse width modulation rectifier in
order to deliver a controlled DC output voltage. A battery energy storage system, which uses a battery converter to be connected to
the DC link, stores the excess power generated from the renewable energy sources. Based on the battery’s state of charge, its
charging and discharging operation is controlled using a proportional integral controller. The controlled DC link voltage is fed to
the three phase voltage source inverter for effective DC to AC voltage conversion. The inverter is connected to the three phase grid
via an LC filter for effective harmonics mitigation. A proportional integral controller is used for achieving effective grid voltage
synchronization. Results. The proposed model is simulated using MATLAB/Simulink, and from the obtained outcomes, it is noted that
the cascaded adaptive neuro fuzzy interface system controller assisted KY converter is capable of maintaining the stable operation of
the microgrid with an excellent efficiency of 93 %. References 21, table 1, figures 20.

Key words: photovoltaic system, hybrid energy system, proportional integral controller, adaptive neuro fuzzy interface system
controller.

Mema. Y yiii cmammi npononyemocsi Ho6a cmpamezis ynpaeninns nepemeopiogavem KY (niosuwenns nanpyeu nocmiiinoeo cmpymy).
TIpononosana 2ibpuona enepeemuyna cucmema, wo dcugumocs nepemeoprosatem KY, sukopucmogyemucs pazom i3 KOHmMponepom cucmemu
adanmusHo2o Helpo-Heuimkoeo immepgheticy. Bionosmosari doicepena enepeii ocmanuiv yacom HAOYIU GeIUUE3HO20 3HAUEHHS 6HACTIOOK
3POCMAHHA NONUMY HA eNeKMPOEHEP2II0, WBUOKO20 BUCHAIICEHHS GUKONHO20 NATUBA MA 3az2po3u 2nobambHozo nomentinua. OOHax uepe3
enacmugy im ypusuacmicme yi Odicepena 3a0e3neuyioms HU3bKy Haditinicme cucmemu. Takum uunom, 2iOpUoHa enepeemuyna cucmema, wo
BKTIIOUAE eHEPIIO GIMPY/(HOMOENEKMPUYHUX eNeMEHIMI6/AKYMYIMOPY, Peani308ana Olsi OMPUMAHHsL CIMAOLILHOL | HAOIIHOT MIKDOMEPECI.
Ak conauna, mak i 6imposa enepeis OOCHYNHi 3 6elU4esHUM HEBUKOPUCTAHUM NOMEHYIANoM, | pasom 6oHu 3abesneywyioms nonao 60 %
WOPIUHO20 HUCMO20 NPUPOCMy HOGUX NOMYJiCHOCmell 3 eupobHuymea enekmpoenepeii 6 ycvomy ceimi. Hoeusna. Ilepemsopiosau KY
BUKOPUCTOBYEMBCA MYM ONA NIOBUWEHHSL BUXIOHOT NOMYHCHOCTT (PomoeneKmpuuHoi cucmemu, i 1020 poboma Kepyemuvcs 3a 00NOMO2010
KACKAOH020 KOHMpONepa cucmemu 3 a0anmueHum Hetpo-Heuimxum inmepgheticom. Opuzinansvhicms. Iliosuwenns 3aeanvhoi cmabinbnocmi
ma HaolliHOCMI cucmemuy 3a OONOMO20I0 2IOPUOHOI eHepeemuyHOL cucmemu, wo dcusumvcs nepemeoprosadem KY i euxopucmogyemucs
Pa3oM 3 KOHMPONEPOM Cucmemu 3 a0anmueHum neupo-wewimxum inmepeeticom. Ipaxmuuna yinnicme. [Iponopyiiinuti inmezpanvruii
KOHMpONEp BUKOPUCMOBYEMbCS 8 CUCEMI NepemeopeHHsl eHepaii 6impy HA OCHOBI ACUHXPOHHO20 2eHEPAMOPaA 3 NOOBITIHUM JHCUBTIEHHAM Os
VAPAGTIHHS SUNPSIMIISTYOI0 POOOMOIO 3 UUPOMHO-IMIYILCHOKO MOOYTSYIEIO Ol 3a0e3NeUeHHst pe2yb08aHOl GUXIOHOT Hanpyau NOCMIHO20
cmpymy. AKyMYIAMOpHA cucmema HAKONUYeHHs enepeil, 6 AKIll GUKOPUCIIOBYEMbCS AKYMYIAMOPHULL NEPemBopIosay ONisi NIOKIOYeHHs. 00
Koa NOCMILIHO20 CMPYMY, 30epieae HAOMIPHY NOMYNCHICMb, WO BUPOOIAEMbCA 3 8IOHOGTIOBAHUX Odcepen eHepeii. 3anexcHo 6i0 cmany
3apady akymynamopa, npoyec oo 3apsaoKu i po3psaoKu KOHMPOTIOEMbCs 3a 00NOMO20I0 NPONOPYIIHO20 [HMESPANbHO20 KOHMpOiepa.
Keposana nanpyza xona nocmitinozo cmpymy nooacmucs Ha mpugasnuii ingepmop 0dicepena Hanpyau Onsl eqeKmueHo20 nepemeopeHHs
nocmitinoi’ Hanpyau 3MiHHy. IHeepmop niokmouenuil 0o mpughastoi mepedici uepe3 LC-pinomp 015 egpexmugro2o npuoyuieHHs 2apMOHIK.
Tlponopyitinuil inmespanvhuii pe2yisimop 6UKOPUCMOBYEMbCSL Osl OOCASHEHHs eqheKmusHOi CUNXpoHizayii nanpyau mepedici. Pezynomamu.
3anpononosana modenv 3modenvosana 3 suxopucmannim MATLAB/Simulink, i 3 ompumanux pe3yibmamie UNIUBAE, WO KACKAOHULL
adanmueHuil Heupo-HeuimKuil tHmepghelic i3 cucmemMHUM KOHmMpoaepom ma nepemsopiosavem KY 30amuuii niompumyeamu cmadinbHy
pobomy mixpomepesici 3 uyoosum KKJT 93 %. bion. 21, tabdmn. 1, puc. 20.

Kniouosi cnosa: ¢pororanbBa”iuHa cucTema, riOpuaHa eHepreTM4Ha cucTeMa, NponopuiiiHuii iHTerpajbHMii KOHTpO.Jep,
CHCTEeMHHIl KOHTPOJIep 3 alaNTUBHUM Heiipo-HediTkuM iHTepdeiicom.

Introduction. The increasing energy demand and
awareness about the harmful consequences of carbon
emissions from fossil fuels have intensified the need for
infusion of clean and sustainable sources of energy that
includes wind, solar, biomass and fuel cell into electrical
systems. Among these, solar and wind power, in
particular have grown at an incredible rate during the last
decade. Since, both are non-polluting, abundantly
available and generate power closer to load centers [1].
The widespread integration of renewable energy sources
(RESs) into the utility AC grid causes voltage fluctuations
and protection issues [2]. As a result, the utility grid’s
reliability, security and quality are highly affected. To

subdue the effect of these issues, a new concept called
microgrid has been developed for future electrical power
systems. Microgrid is an interconnected network of
Distributed sources of energy, loads and energy storage
systems (ESS) that operates in either grid connected mode
or islanded mode [3, 4]. Microgrids are basically
categorized as AC, DC and hybrid microgrid on the basis
of the voltages and currents used [5]. The voltage output
from a photovoltaic (PV) is basically a low DC voltage
and it fluctuates with the varying weather conditions and
solar irradiance, hence a DC-DC converter is considered
to be crucial for the conversion of the low voltage to a
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high voltage [6]. Different DC-DC converters like boost
[7], buck-boost [8], Cuk [9], SEPIC [10] and so on are
used with the PV system for the purpose of executing
effective DC-DC conversion process.

By using efficient control techniques, the efficiency of
the converter is significantly improved with the reduction of
total harmonic distortion, settling time, peak overshoot issues
and steady state error. The control techniques are categorized
into two major types, which are conventional control and
intelligent control [11]. The conventional control technique
like PI controller is simple in design and effectively controls
the DC quantities. However, this controller suffers from
certain drawbacks like nonzero steady state error, poor
performance during sudden load variations and excessive
integration of distributed energy resources in microgrid.
Additionally, for the system's operation, an accurate
mathematical model is required. Artificial neural network
(ANN), fuzzy logic controller (FLC), and neuro fuzzy
systems are examples of intelligent control approaches.
When compared to conventional PI controller, these
techniques are more reliable and efficient as they enhance a
system’s dynamic performance without the requirement of
an accurate mathematical model of the system. One of the
most frequently used approach in microprocessor-based
control system is FLC because its working is not affected by
the fluctuations in operating points and PV parameters.
However, it is an error prone and time-consuming approach
as it works on the basis of membership functions and rule
base. ANN, which is made up of a group of simple
processing interconnected neurons, replicates the human
learning approach. Here, the learning process is complicated
and focused on a number of methods. Moreover, it is too
difficult to create a mathematical model that incorporates all
of these methods. The adaptive network based fuzzy
inference system (ANFIS) is a neuro fuzzy system that
combines ANN and FLC characteristics. Here, the
parameters and structure of a fuzzy inference system are
identified and tuned using neural learning rules solely with
the given data [12-15].

In [16], both doubly fed induction generator (DFIG)
based wind energy conversion system (WECS) and solar
PV system are integrated into the microgrid for providing
seamless power supply. The two most common types of
wind turbines utilised for wind energy extraction are
variable-speed and fixed-speed wind turbines. Fixed speed
wind turbines are simple in operation, but generation of
high-power losses has limited their application. Variable-
speed wind turbines with DFIG are broadly utilized due to
the several advantages they provide, including lower
acoustic noise, lower converter ratings, excellent energy
efficiency and minimum power loss.

The stability, resiliency and efficiency of the electric
power grid are greatly improved by using a proper ESS.
Some of the most essential tasks of the ESSs are to store the
surplus energy generated from the RESs, to smoothen the
variations that result from the non-linear quality of the RES,
to heighten the flexibility and security of the power system
[17-19]. For the sake of minimizing the DC voltage
fluctuations, a bidirectional DC-DC converter is
implemented for interfacing the ESS to the DC bus [20, 21].

A hybrid wind/PV/battery based microgrid is
designed in this research work. The non-linear output

from the PV is stabilized using cascaded ANFIS assisted
KY converter (KY is the name given to this converter by
the first letters of both authors K.I. Haw, Y.T. You). The
output from the DFIG based WECS is stabilized using PI
controller. The excess power from both PV and WECS is
stored in battery energy storage system (BESS), which
acts as a secondary power source in the absence of power
supply from primary sources. The interfacing of battery to
the microgrid is accomplished using a battery converter
and the state of charge (SOC) of the battery is managed
using a PI controller. The effective grid synchronisation is
also achieved by the control of 3¢ voltage source inverter
(VSI) using the PI controller. The performance of the
designed hybrid microgrid in enhancing the voltage
stability is examined using MATLAB simulations.
Proposed system description. The PV system’s
output is generally low, so a KY converter is implemented
for boosting the solar panels output voltage. The output of
the converter is not stable and experience incessant
fluctuations due to the intermittency of the PV system so
the cascaded ANFIS controller is chosen for stabilizing the
converter output. The error signal obtained by comparing
the actual DC voltage output Vpc — of the converter to the

reference voltage VDCref is fed to cascaded ANFIS

controller. The reference signal generated from the
controller is provided to the PWM generator for the
purpose of generating PWM pulses. The resultant pulses
control the switching action of the converter so as to
produce a stable output. Figure 1 illustrates the block
diagram of proposed hybrid energy based microgrid. In the
WECS, the wind turbine produces mechanical energy by
conversion of the kinetic energy of the wind, whereas the
DFIG produces electrical energy by conversion of
mechanical energy. The obtained electrical energy is AC,
hence the conversion of AC voltage to DC voltage is
carried out using a pulse width modulation (PWM)
rectifier. The output power of the WECS fluctuates with
the changing wind speed, so the PI controller is used for
stabilizing the voltage output of the PWM rectifier.

LC FILTER

= KY
Y _,| CONVERTER

CASCADED
ANFIS
CONTROLLER

WIND -
=N - PWM
m 3| recriFiEr | Yoo
' -
BATTERY | PWM PULSES T
CONVERTER GENERATOR

vy -

PWM
GENERATOR

PWM PULSES)|

BATTERY CONTROLLER

Fig. 1. Proposed hybrid energy based microgrid

The error obtained by analogising the actual DC
voltage Vpc, — of the PWM rectifier with the reference

voltage VDCM is supplied to the PI controller. The

control signal generated by the PI controller is supplied
into the PWM generator for the generation of PWM
pulses. These pulses control the switching operation of
the rectifier so as to generate a controlled DC output. The
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error signal produced by comparing the actual DC voltage
output VBm of the battery with the reference voltage

VBM_ is provided to the PI controller. The controller

generates a control signal, which is fed to the PWM
generator for generating PWM pulses. These pulses
control the switching operation of the battery converter
for providing a constant DC supply. The 3¢ VSI, which
converts the DC output voltage of the converter into AC
voltage, is connected to the 3¢ grid through an LC filter.

Proposed system modelling.

a) Solar PV modeling. The solar cell is the most
essential component of a PV system that generates DC
voltage when exposed to sun light based on the
phenomenon of PV effect. A PV panel consists of many
solar cells, which are linked in parallel and series, with
the parallel connection expansion increasing the current
and the series connection expansion increasing the
voltage. A PV array is made up of many PV panels.
Figure 2 illustrates the equivalent circuit of a PV cell.

Rs

M

—
Ipy

T
Ipn f D Re Vpy
N T

Fig. 2. Equivalent circuit of PV cell

By applying Kirchchoff’s current law

Ipy =lpp=1a~1p, (1
where
=1 “{MH @
n-v
1, :(M], 3)
R
P

Loy =11, {p(VPVHPVst 1} Ver+lpy-Rs (g
n-v Rp
where Ipy is the PV output current that flows through the
series resistance Rg; Vpy is the PV output voltage; 1, is
the photo generated current; [, is the diode saturation
current; I, is the reverse saturation current; Ip is the
current that flows through the shunt resistance Rp;
n is the number of series connected solar PV cells;
v is the junction thermal voltage; a is the diode ideality
constant; g is the electron charge (1.602-10" C);  is the
Boltzmann constant (1.381-10% J/K); T is the
temperature of p-n junction.
The PV panel’s open circuit voltage is:

VOC=“'k'Tlogn(lﬂ+1J. (5)
q lq

b) KY converter. KY converter is a voltage
boosting converter, which has low output voltage ripple.
This converter has the same properties as that of the buck
converter and has rapid transient load response. It
comprises of two power switches S; and S,, a diode VD,
an output capacitor C, an energy transferring capacitor Cy,
an output inductor L and a load resistance R. The terms v,
and v, represent the output and input voltage
respectively. The i,, specifies the input current and i

denotes the current flowing through L. The voltage across

Cy is denoted as v,, as the voltage across C, completely

follows the input voltage v,,. Figure 3 presents the

equivalent structure of KY converter. The two different

modes of operation of KY converter are illustrated in Fig. 4.
VD L

D J_chm\

[
]|
~
M
s

Fig. 4. KY converter operating modes: @) mode 1; b) mode 2

Mode 1. At this stage, the power switch S, is switched
ON, whereas the power switch S, is switched OFF. On
subtracing the output voltage v, from the sum of voltage v,
across C, and input voltage v,,, the magnitude of voltage
across the inductor L is determined. The inductor L is
magnetized in this mode. As a result, the differential
equations are:
oi ov v
o Vpv ~Vos C'a_;:i_?; ipy =i. (6)
Mode 2. At this stage, the power switch S; is
switched OFF, whereas the power switch S, is switched
ON. During this mode, the demagnetisation of inductor L
takes place. On subtracing the output voltage v, from
voltage v, across C,, the magnitude of voltage across the
inductor L is determined. As a result, the differential
equations are:
oi ov, v
L'EZVPV—VOQ C- a::l’—??; iPV:i+ib' (7)
where i, is the current of energy transferring capacitor.
The relationship between v,, and v, is represented as
follows:

Yo _14D, (8)
va
where D is the duty cycle.
The intermittent nature of the solar energy has a
huge impact on the KY converter output, so it fluctuates
and remains unstable. The operation of the converter is

made more efficient by using cascaded ANFIS controller.
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¢) ANFIS controller. ANFIS is a versatile
intelligent control technique, which is first introduced by
Jang in the year 1993, combines both the ANN and fuzzy
inference system (FIS).To deal with non-linear functions,
a system is transformed into if-then rules using ANFIS.
The structure of ANFIS controller comprises of five
different layers, which are fuzzification layer, rule layer,
normalization layer, defuzzification layer and output layer
as represented in Fig. 5. Here, the two inputs to the
ANFIS structure are a and b, while the output is f.

ANTECEDENT CONSEQUENT
T NORM NORMALIZER T NORM ouTPUT

I | ] ]

INPUTS MEMBERSHIP

ouUTPUT
REFERENCE
+
[
> e

OUTPUT

BACKPROPAGATION
ALGORITHM

LAYER1 LAYER2

Fig. 5. ANFIS structure

The Sugeno FIS-based ANFIS
configuration is as follows:
rule 1:ifais Gy and b is Hy; then fy =p-a+q-b +ry;
rule 2: if a is G, and b is Hy; then f, = pr-a + qo-b + 125

The design parameters for training process are p;, ¢;
and r;, where i = 1, 2. The fuzzy sets are represented by
the terms G, and H,.

In the initial layer, the membership functions for each
of the specified input data are developed. The membership
functions of the adaptive nodes of this layer are given by:

01, = pa), i=1,2; )

Ol,i = ,qu(b)n i= 1929 (10)

where the membership grades for fuzzy set (G, Gy, H;
and H,) are represented as pg(a) and p(b).

The second layer consists of circular nodes that are
labeled as 7. This layer multiplies the input signals as
shown in the following mathematical expression

Oa=wi = pca) x py(b), i =1,2; (11)
where the term w; specifies the firing strength of node i.

The third layer is the normalization layer, which
consists of circular nodes that are labeled as N. The output of
the second layer is normalised in this layer, as given below:

Oy, =W =—2—, i=1,2, (12)

Wy + Wy

LAYER3 LAYER 4 LAYERS

if-then rule

~

where w; specifies the normalized firing strengths.
The third layer output is simplified in the fourth
layer and the result is given by:

Ogi =Wy fi=wp(pi-g+q;+r) i=12,  (13)
where {p;, q;, ;} represents the parameter set and the term
w; specifies the output of the third layer.

The summing of all the inputs is carried out in the
final layer. This layer consists of only one node, which is
labeled as X. The overall result is given as:

2
— wifitwy fo
Os; =Y w-fy =—H——2-2
i-1

Wy +wy

(14)

The parameters of first and fourth layer are known
as premise and consequent parameters, respectively. The
first layer parameters are tuned by back propagation
approach, while the fourth layer parameters are tuned by
least square approach. These two approaches improve the
system’s accuracy and speed of convergence, hence the
learning ability of ANFIS is better.

d) Cascaded ANFIS controller. The conventional
ANFIS method has certain limitations like computational
complexity and the curse of dimensionality. These
limitations are overcome by using cascaded ANFIS
method, which is an extension of conventional ANFIS. It
comprises of two important modules namely, pair
selection module and training module. The flow chart of
cascaded ANFIS is represented in Fig. 6,a.

Pair selection module. The overall procedure of the
pair selection module is illustrated in Fig. 6,b. Here,
ANFIS structure with two inputs and one output is used to
find the best matching pair from the input variables. In
this module, sequential feature selection process is carried
out and the matching pair is obtained as the final
outcome. To go through all two pair combinations, a
nested loop is used. The term NI in Fig. 6,b specifies the
number of input variables. The chosen inputs for the
system are input; and input;,. The value of root mean
square error (RMSE), which is represented as E, is
computed and saved for comparing with the prior value of
RMSE (E,,,.,). The matching pair is extracted by checking
the lowest RMSE value at the conclusion of second loop.
The training phase begins after the pairs have been chosen.

Train model module. The train model module also
uses the ANFIS model with two inputs similar to the pair
selection module. It receives the matching pairs from the
pair selection module as input, and outputs are produced
for each set of inputs provided. When the target error is
reached, the process is completed; otherwise, the next
iteration is performed. The operational flowchart of
training module is presented in Fig. 7.

Consider X;, X, X3 and Xj as the input variables of
optimization problem:

Input = {Xl,Xz, X3, X4} (15)

The four input variables form pairs with the best
match in the pair selection module as specified below:

Inputyuirs = {X1, X3}, {X0, Xi}, X, Xa}, 1X0, Xi}. (16)

For each input pair, ANFIS model with two inputs

are used to generate two outputs namely, RMSE; and Y;:

RMSE =+/(4-P)* ; (17)

1

N (0, -0px) |2

RMSEA,p:[Z—(OA’ NOP’) ] : (18)
i=1

where the actual results and predicted results are specified
as A and P, respectively; N is the sample size.

The output fis:

. W . w w . w, .

= 1 i+ 2. + 3 .f3+ 4 f4(19)
wp + wy W + wy wy + w3 w3 + Wy

The initial iteration comes to an end after the
determination of RMSE and Y. The RMSE and goal error
are compared before moving on to the next iteration. The
outputs obtained from the first iteration are Y}, Y, Y3 and
Y4, which are used as inputs for the second iteration.
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e). Grid voltage synchronization using PI controller.
Voltage control and current control are the two different
types of control techniques adopted for controlling the 3¢
VSL In case of voltage controlled VSI, the phase angle
between grid voltage and the inverter voltage output is used
to establish power flow control, where as in case current
controlled VSI, the reactive and active components of the
injected current to the grid are controlled by the use of PWM
approach. The current control technique provides quick
response and is less sensitive to grid voltage distortion and
voltage phase shifts. The voltage control technique is
sensitive to small phase errors and when the grid voltage is
distorted, significant harmonic currents occur. As a result,
the current control technique is highly preferred for
controlling the operation of grid connected inverter. Among
different current control techniques, the PI controller is
widely adopted approach for compensating current errors as
it provides quick steady state response, minimum current
ripple and stable switching frequency. Figure 8 illustrates the
process of grid voltage synchronization using PI controller.

The PI controller minimizes the error, which is
determined by comparing the actual output current of the
inverter with the reference grid current. The proportional

THREE PHASE
INVERTER i
a

vo [+ oo T 7
£ e
f

PWM | |° «— PLL |—

Fig. 8. A synchronous PI controller-based grid voltage synchronization

constant Kp and the integral constant K; are the two
different parameters that are involved in the calculation
procedure of the controller. Here both proportional and
integral operation takes place. In case of proportional
operation, the error e is multiplied with the gain Kp,
whereas in case of integral operation, the error e is
integrated and then multiplied with gain K. At the end of
both operations, the steady state error is totally minimized
and the reference signal is generated in a short span of time.
This controller is capable of working with both stationary
reference frame (o) and synchronous reference frame
(dq). Here the PI controller is used in dq reference frame
for achieving effective grid voltage synchronization.

The grid-connected inverter’s output voltage in the
synchronous (dq) frame is calculated using the inverter’s
mathematical model, as shown below:

[ud}:L.i[l:d}+R~{l:d:|+a).L.|:_iq}+|:ed}, (20)
Ug de| iy lq iq €q

where u, and u, are the Park transformation components
of the inverter output; e; and e, are the Park
transformation components of the grid voltage; R, L are
the resistance and inductance between the grid and the
grid connected inverter, respectively; w is the angular
frequency of the grid.

The structure of synchronous PI controller for grid
tied inverter is illustrated in Fig. 8. The current vector
components indicated in the synchronous reference frame
(dq) are compensated using two PI controllers One PI
controller compares 7, and Id*, while the other compares /,
and I,” and generate errors that are minimized to zero.
The power factor and output power are regulated by
varying the g-axis and d-axis currents.

f) DFIG based WECS. The wind turbine produces
mechanical energy by conversion of the kinetic energy of
the wind. The developed mechanical power is:

Bu=5Col )z oV, @1
where C, is the power coefficient; A is the tip speed ratio;
[ s the pitch angle; r is the radius of wind turbine, m; p is
the air density, kg/m3 ; V., 1s the wind speed, m/s.

Figure 9 illustrates the direct interfacing of the stator
to the grid, while a grid-side converter (GSC) and rotor-

Electrical Engineering & Electromechanics, 2023, no. 1

67



side converter (RSC) are used for interfacing the rotor to
the grid. The control of DC link voltage in between the
two converters is performed by the GSC. The reactive
power required by DFIG for magnetization is provided by
RSC. A PWM rectifier converts the AC voltage generated
by the DFIG to DC voltage. An error signal is produced
when the actual DC voltage Vpc — of the PWM rectifier

is compared to the reference voltage Vpe,, - The error

thus obtained is given as input to the PI controller. In the
PI controller, proportional and integral action takes place
and the error is eliminated. The PWM generator receives
the control signal generated by the PI controller and
generates PWM pulses. The switching operation of the
rectifier is monitored using these pulses in order to
generate a steady and controlled DC output voltage Vpc.

TRANSFORMER

(QH

POWER SYSTEM

Fig. 9. DFIG based WECS

g) PI controller based BESS. The actual battery
voltage Vp ~ and the reference voltage VBref are

compared to find the steady state error e. This error is fed
into the PI controller, which performs both proportional
and integral control operations and generates the control
signal u as shown below:

u=Kp-e+K;-[edr. 22)

The circuit diagram of PI controller based BESS is
illustrated in Fig. 10. The PWM generator generates
PWM pulses based on the control signal, which is
obtained from the PI controller. The resultant PWM
pulses controls the duty cycle of the battery converter in
order to enable buck as well as boost mode of operation.
The battery is charged during the buck mode of operation
and discharged during the boost mode of operation.

Results and discussions. A hybrid energy based
microgrid is designed with PV, WECS and BESS for
getting a reliable power supply in this work. By adopting
cascaded ANFIS controller and PI controllers the overall
system voltage stability is maintained. The performance
of the proposed hybrid energy based microgrid is
analysed by using MATLAB simulation and the results
are obtained as specified below. The specifications of the
solar panel, WECS, converters, BESS and load are
mentioned in Table 1.

P = Kp * e(t)

e

-

iBATTERY

T

BATTERY
CONVERTER

Fig. 10. PI controller for BESS

Table 1
Solar panel, WECS, KY converter, BESS, battery converter
and load specifications

PV Panel
Parameters Ratings
Peak power 10 kW
No. of solar PV panels 750 W, 13 panels
Short circuit voltage Ve 12V
Short circuit current /g 62.5 A
Open circuit voltage Voc 22.6 V
No. of series connected solar cells 36
WECS
No. of wind turbines 1
Power 10 kW
Voltage 575V
Speed range 4-16 m/s
KY converter
L 4 mH
Co 22 uF
C 1000 pF
Switching frequency 10 kHz
BESS
Capacity 100 A-h
No. of battery units 5.12V
Battery converter
L 1 mH
C 1000 pF
Switching frequency 10 kHz
Load
Capacity | S5kW

The waveforms that indicate the magnitude of
voltage and current obtained from the PV panel is
illustrated in Fig. 11. The panel voltage experiences a
slight rise at 0.2 s and maintained constant, while the PV
panel output current is constantly maintained at 25 A after
0.1 s. However, the effects of the variations in operating
condition are seen on the panel output current, which also
happens to be the converter’s input.

SOLAR PANEL VOLTAGE WAVEFORM CONVERTER INPUT CURRENT WAVEFORM

250 30
& 200 T 20
% 150 1 10
>
100 T T T A o 1, S
o 0.05 0.1 0.15 0.2 0.25 0.3 o 0.05 0.1 0.15 0.2 0.25 0.3
a b

Fig. 11. Solar panel: output voltage («); output current (b)

The KY converter output voltage and current settles
quickly after undergoing incessant fluctuations at 0.15 s
and 0.1 s respectively due to the application of cascaded
fuzzy controller as illustrated in Fig. 12. Thus, the
adopted cascaded fuzzy assisted KY converter displays a
remarkable performance in stabilizing and enhancing the
PV output within a short period of time.

ER OUTPUT

CONVERTER OUTPUT VOLTAGE WAVEFORM

@
g
g
w
E]

a
g
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N
°

Voltage (V)

Current(A)

Y
g
8

:

o
©»
°

ts
o 0.05 0.1 0.15 0.2 0.25 0.3 o 0.05 0.1 0.15 0.2 0.25 0.3

Fig. 12. KY converter:
output voltage (a); output current waveform (b)
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In Fig. 13,a the output voltage of the DFIG is around
550 V with slight fluctuations owing to the wind energy
intermittency. The output voltage of the PWM rectifier
undergoes a sudden rise at the beginning and gradually
settles down at 0.15 s with the implementation of PI
controller as seen in Fig. 13,b. The output of the PI
controller based PWM rectifier is constant and remains
distortion free.

DFIG OUTPUT VOLTAGE WAVEFORM PWM RECTIFIER QUTPUT DC VOLTAGE WAVEFORM

o Niva EEm——
& o )
% % 200
> -500 >

LS 0 fs

a b
Fig. 13. Output voltage waveform of DFIG (@)
and PWM rectifier (b)

The battery voltage and current waveforms are
illustrated in Fig. 14,a and Fig. 14,b respectively. The SOC
of the battery is about 60 % as indicated in Fig. 14,c. When
the SOC of the battery is below 60 %, the battery converter
executes battery charging by operating in buck mode.
When the SOC of the battery is above 60 %, the battery
converter executes battery discharging by operating in
boost mode. From the figure, it is evident that the battery
voltage and current initially suffers from fluctuations and
becomes stable within a short period due to the application
of PI controller.

BATTERY VOLTAGE WAVEFORM BATTERY CURRENT WAVEFORM

.
12.08 | | :
£ e g
8 12.038 1 €3
g i
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ts ° | 1S
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a b
100 BATTERY SOC WAVEFORM Fig. 14.
e Waveforms of battery:
& 60
g a — voltage;
8 40
2 b — current;
o Ls ¢—S0C
o oor o  oas oz om o3
c

Figure 15 presents the waveforms that indicate the
magnitude of the real and reactive power. The magnitude
of reactive power gradually increases and becomes stable
at a value of 5400 W at 0.03 s. The magnitude of reactive
power is =50 VAr from 0.1 s.

REAL POWER WAVEFORM

REACTIVE POWER WAVEFORM

comparatively higher than the other four conventional
DC-DC converters. The efficiency of cascaded ANFIS
controller assisted KY converter is about 93 %, which is
higher than the efficiency of other 4 conventional DC-DC

converters as represented in Fig. 17,b.
GRID VOLTAGE AND CURRENT WAVEFORM
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Fig. 16. Waveform of grid voltage and current
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Hardware implementation is represented in Fig. 18.
In Fig. 19, 20 the oscillograms of voltages for KY
converter, which got from experiments, are shown.

Fig. 18. Hardwre setup
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Fig. 15.Waveforms of real power (a) and reactive power ()

The waveforms that represent the grid voltage and
current are seen in Fig. 16. Both the grid voltage and grid
current are stable without fluctuations with the effective
grid voltage synchronization achieved by PI controller.
The magnitude of grid voltage is maintained at 230 V and
the magnitude of grid current is maintained at 10 A.

The voltage gain and efficiency of different DC-DC
converters are compared with KY converter in Fig. 17,a
and Fig. 17,b respectively. From Fig. 17,a, it is clear that
the voltage gain of KY converter is 1:10 and it is

l oV
Volts/div =35 V, Time/div = Sps
Fig. 19. Gating pulses of
S1 and S2

Fig. 20. V, and V; of
KY converter

Conclusions.

A hybrid energy based microgrid that combines
renewable energy sources like photovoltaic system and wind
energy conversion system is designed for the purpose of
heightening the overall system stability and reliability. The
KY converter, which is connected to the output side of the
photovoltaic system, enhances its output voltage with
reduced switching loss. The operation of the converter is
optimized with the assistance of cascaded adaptive neuro
fuzzy interface system controller. A proportional integral
controller is used to stabilize the output of the doubly fed
induction generator based wind energy conversion system.
The battery energy storage system, which is interfaced with
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the microgrid through a battery converter, ensures consistent
supply of power. The state of charge of the battery is
monitored and controlled with the help of a proportional
integral controller. The adopted control approach of cascaded
adaptive neuro fuzzy interface system assisted KY converter
operates with an impressive efficiency of 93 %.
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Investigations on hybrid line stability ranking index with polynomial load modeling
for power system security

Introduction. In recent years, numerous non-renewable and renewable energies are connected to the grid to meet the demand. Also,
transient variation with loads poses the shortcomings for generating units, transmission and distribution networks. In this regard, the
study on choice of suitable load modelling is essential to predict the system characteristics. The aspect of the research design is a
ZIP load model, which, when combined with contingency criteria and constant-impedance, constant-current, and constant-power
loads, produces realistic and long-term load representations. Purpose. The proposed technique, infers the single transmission line
outage for obtaining the contingency ranking to ensure the system behavior. Methods. The proposed mathematical model with hybrid
line stability ranking index has been used for observing the stability analysis with and without considering unified power flow
controller. Results. The power system involves many unpredictable conditions or contingency conditions like single transmission line
outage, double transmission line outage, generator outage and load variations. This paper mainly focuses on the single transmission
line outage for obtaining the contingency ranking. Practical value. The recommended stability analysis has been very beneficial in
establishing a secure transmission power system. References 19, tables 8, figures 3.

Key words: hybrid line stability ranking index, power system security, unified power flow controller.

Bemyn. Ocmannivu poxkamu 015t 3a00801eHHA. nonumy 00 Mepedici niOKmovacmcs Oe3niy HegiOHOGNIOBAHUX | GIOHOBTIOBAHUX Odceper
enepeii. Kpim moeo, nepexiona 3MiHa HABAHMANCEHHS. CMEOPIOE HEOOMIKU OJisl 2EHEPYIOUUX YCMAHOBOK, Nepedarodux ma po3nooLibyux
Mepedic. 'V 363Ky 3 yum O0OCHIONCEHHA 3 Memolo ubOpY 6iON0GIOHO20 MOOENO8AHHA HABAHMANCEHHA MAE 8ANCIUSE 3HAYEHHS O
NnpocHo3y8aHHA xapakmepucmuk cucmemuy. OOHUM i3 acnekmie no6y008u 00CTiONCEHHs € MOOeTb Ha8aHmaiceHHs ZIP, sika y no€OHawHi 3
Kpumepisimu Henepe0OaveHux oOCmasun ma HABAHMAMCEHHAMU 3 NOCMIUHUM IMNEOAHCOM, NOCMILIHUM CHPYMOM Ma NOCMIIHOI
NOMYHCHICIIO A€ peanicmuyni ma 00620CMpPOKO6i yseieHHs Hasanmaxcenns. Mema. Ilpononosanuti memoo nepeobauae iOMo8Y OOHIET
JHIT nepedayi 0 OMPUMAHHA PelimuHzy HenepeobaueHux o6cmagur 0 3ades3neueHts nogedinku cucmemu. Memoou. 3anpononosana
MamemamuyHa Mooelb i3 PelmuHe08UM IHOEKCOM CMIUKOCMI 2IOPUOHOL JHIT 6UKOPUCIOBYBANACS Ol CHOCMEPENCEHHS. 34 AHAI30M
cmitikocmi 3 YpaxyeanHam ma Oe3 ypaxyeanHs YHi(iKkosanozo KoHmMpoaepa nepemikanus nomyxchocmi. Pesynomamu. Enepeocucmema
sKIOUaE Oe3ni Henepedbauy8anux ymos abo Henepedbauenux oOCMasuH, MAaxux K GIOKIIOUeHHs OOHIEL Minil nepedaui, GiOKIOYEHHs
N00GiLIHOT NiHII nepedaui, GIOKTIOUEHHsL 2eHepamopa | KOIUBAHHS HaeanmaicenHs. L] poboma npucesuena iOKMOUeHHIO OOHIEL JIHIT
eflekmponepeoayi Oia OmpuMants peiumuney Henepeobauenux oocmasun. Ilpaxmuuna yinnicms. Pexomendosanuii ananiz cmadinbHocmi

BUABUBCS OVIHCE KOPUCHUM NIO 4AC CMBOPeHHs HAOIliHOT cucmemu nepedadi enekmpoenepeii. biomn. 19, tabmn. 8, puc. 3.
Knrouoei cnosa: inaexc cTiikocTi ribpuaHoi JiiHii, 0e3neka eHeProcucTeMHU, €AMHUN KOHTPOJIEP HOTOKY NOTYKHOCTI.

1. Introduction. Multilevel electricity is necessity
of the maximum elementary condition of the
contemporary world. Hence, safeguarding the safety of
the power system is identical important. The major goal
of power system security is to deliver consistent power to
the clients short of disruption, harm to the user
utilizations, and financial process of the power system.
But such a power system is also disposed to numerous
problems like the transmission line outage, the generator
outage, the rapid increase in load demand, the loss of a
transformer, etc. which are known as contingencies.
Power system safety is one of the keys stimulating
errands in the power system. The gears of blackouts due
to contingency in the power system are fetching extra
frequent in new times. It causes substantial losses to the
industries and gravely disturbs the daily life of a common
man. Thus, it is significant to accept a precise and active
measure to stop the propagation of contingency to other
lines which is the major cause of the blackout.
Contingency analysis is used for fast guessing the system
stability right after the outage or any abnormal conditions.
The purpose of the contingency plan is to ascertain the
change within the device’s functioning, which can occur
after the fault element is removed. Large violations inline
flow may end in single line outages which may cause
cascading effects of the outages and may also cause
overloading on the other lines. If such overload results
from a line outage there’s an immediate essential for the
regulator action to be taken. Therefore, contingency
analysis is one of the prime important tasks to be met by
the power system planners and operation engineers.
Several steady-state and dynamic contingency ranking
methods are used for contingency screening [1, 2].

Load models may be used to predict how loads will
respond to changes in voltage or frequency. It's important
to choose a load model that is easy to understand and can
appropriately represent a variety of load response
situations while executing. In this study, the effects of
steady-state and polynomial load models are examined.
This model is less precise than the polynomial load model
because it depicts a combination of three different sorts of
features in a single load. It is possible to express resistive
loads, induction motor loads, and variable-frequency
loads in a polynomial load model by using the constant
impedance, the constant current, and the constant power.
As a result, the polynomial load model is more accurate
since it accurately depicts load [3].

During any disturbances in the system, the stability of
the system becomes vulnerable and there is a high risk of
moving towards global instability or total collapse, or even
blackout if preventive actions are not taken quickly. When
installed and calibrated properly, flexible AC transmission
system (FACTS) devices may alleviate several power
system problems including contingency. FACTS devices
have shown good performance in solving the contingency
issues of the power systems. An index-based strategy for
placing FACTS devices is found to be extremely precise
and computationally efficient. Static and dynamic analyses
of the system are both possible using this tool. The two
most affected parameters due to contingency in a
transmission system are line loading and voltage stability.
The line overload index and voltage stability index must be
combined to estimate system stress under emergency
situations. Line stability index is easier to calculate, takes
less time, and can identify weak buses [4, 5].
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Unified power flow controller (UPFC) is the most
adaptable and versatile FACTS device [6, 7] due to its use of
both series and parallel inverters connected by a shared DC
connection. FACTS devices are placed on the most severe
line to reduce the severity of the line. A hybrid stability
ranking index has been used for contingency ranking. The
position of the UPFC is recommended to be on the line with
the greatest chance of severity. UPFC is tuned for providing
compensation [8]. The proposed method is implemented and
tested on IEEE 14 and IEEE 118 bus system.

In this paper, section 1 briefs the polynomial load
model or ZIP (constant impedance Z, constant current 7,
constant active power P) modelling and other existing
modeling. Section 2 gives an overview of the contingency
ranking approach and represents the contingency ranking
process in a flowchart. Section 3 gives an overview of the
steady-state and polynomial load model used to analyse
the contingency. The developed mathematical model
incorporated with Newton-Raphson method is used for
analysing the stability of the system. Section 4 explains a
hybrid line stability index, which is used to assess the
stability of the lines between two buses. According to the
value of this index the lines which are under stressed
conditions can be identified. Section 5 explains the
algorithm used for ranking the contingency in the power
system is explained. Section 6 gives an overview of the
UPFC. It is placed in the most severe line and simulated
to provide compensation. Section 7 shows the results
obtained for load modelling and then the results obtained
while performing single line outages are shown. From
these results, the most critical lines are identified and
compensated. The results obtained before compensation
and after compensation are compared and section 8
reviews the complete effort done and concludes the study.
It clarifies the robustness and usefulness of the slants
accessible in this paper.

2. Contingency ranking approach. Contingency
analysis is a fit know function in modern energy
management systems. Contingency analysis of system
may be a main movement in power grid planning and
process. Generally, an outage of single line or transformer
may lead to overloads in other branches and also cause
sudden system voltage rise or drop [9]. The power system
security can be analyzed by ranking the contingencies
based on the severity of the contingency. It consists of
three basic steps to make the analysis easier [10, 11]. The
three steps are contingency creation, contingency
selection, and contingency evaluation.

Contingency creation.

It involves of all set of likely contingencies that may
arise in a power system. This step consists of generating
contingency lists.

Contingency selection.

In this step severe contingencies are selected from
the list that leads to the bus voltage and power edge ruins.
Least severe contingencies are eliminated to minimize the
contingency list. It uses line stability index to find the
sternness of contingencies.

Contingency evaluation.

It is the utmost weighty step which embraces essential
control and safety actions in order to lessen the effect of
contingency. There are various types of contingencies such
as line outage, bus outage and transformer outage. Line
outage is analyzed in this paper as it is the most occurred
contingency in the system (Fig. 1).

Read base case results
T

v

Select the maximum % loading line among
the results

L

v

Select 1st line outage based on 1P1Q

v

List out number of lines are
overloaded

Find maximum % loading of outage condition & select
he next outage of the line which is unique from the previous
case and closing previous outage

b

l List the total number of transmission lines which are overloaded l

Check whether all the overloaded transmission lines are
undergone 1P1Q method

l Arrange all the outages in descending order l

Fig. 1. Flowchart for outages according to their priority

3. Load modelling. Contingency occur mainly due
sudden increase or decrease of loads. Load modelling
plays a major role in analyzing various types of loads.
Load modelling refers to the mathematical illustration of
the connection between the power and the voltage in a
load bus. It has a significant impact on power system
studies [12-14]. Two types of load models are considered
in this project for analyzing the contingency — steady state
load model and polynomial load model.

3.1 Steady state load model. Steady state load model
is also known as constant load model [15]. The active and
reactive power equations in this model are represented as

n

B =YY el +o,-):
=

0, == VitV sinl6; +5;-5,), @
j=1

where P; and O, be the active and reactive power diagonal
and off-diagonal elements of active power and reactive
power are developed.

3.2 Polynomial load model. Polynomial load model
is also known as ZIP load model. Z represents constant
impedance, / represent constant current and P represents
constant power. The active and reactive power equations
in this model are represented in (3), (4). At bus-i:

n [
B=| Y cosls; +0,-0,) |RVE + Y + B4 . 3)
=1

] _ :
0 =| - v¥v;sinls; +0,-0,) |RV + Py + B (4)
=1

At bus+:

} _ .
2 .
Pr=| S v¥bcos(5;:+ 6,6, ||RVE + BV, + B (5)
i=1
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n
Q] = _ZV]YJZI/I Sln(5jl +Hi _Hj )jl[Plez +P2V] +P3 N (6)
i=1

where P;, P; and Q,, O; are the active and reactive power
values at buses 7 and j; V;, V; are the nodal voltage values
at buses 7 and j respectively; o is the angle voltage of unit
i and j; Y; is the admittances of the line; P, P, and P;
represents the ZIP load parameters.

The diagonal and off-diagonal elements of active
power and reactive power at bus-i and bus-j are developed.
These load models are incorporated with Newton-Raphson
power flow solution method. Newton-Raphson method is
used as it is faster, more reliable; results are accurate and
quadratic type convergence. Jacobian matrix is formed using
the developed diagonal and off-diagonal elements. The
Jacobian matrix springs the linear connection between the
small vagaries in voltage magnitude and phase angle with the
small vagaries in real and reactive power as:

AP [, S, AS
o ] | S
0] [J5 J4 AV

where Ji, J,, J; and J; are the Jacobean matrix of Newton-
Rapson method. The variance between the programmed
and the designed values known as power residual is given
in (8), (9)

AR =B - B, ®)

AQf =07 - of . ©)
The new estimates for voltage angle and voltage
magnitude are shown in (10), (11):

o =st - ast (10)

These two load models are applied to IEEE 118 bus
system for analyzing the behavior of the loads. Line
stability index gives support to find most severe lines.

4. Hybrid line stability ranking index (HLSRI)
for contingency ranking. To derive the HLSRI we first
consider the line stability index (LSI or Z,,) and the fast
voltage stability index (FVSI). We then showed that the
FVSl is a calculation of the L, and proceed to derive the
HLSRI for better precision and speed. L,,, index is given
in (12) [16]:

X0, (12)

[v,,sin(6 - 5)F
where 0= 9, — J,; V,, is the voltage magnitude; X is the
reactance of the transmission line.

The FVSI is derived from L,,, when the voltage angle
difference between sending and receiving end is assumed to
be very small (i.e., d = 0). Then FVSI is show in (13):

s, _
W x]

where 0, is the reactive power at receiving end; Z is the
impedance of the line; X is the reactance of the line.

We therefore propose to combine (13) and (14) into
a single equation to compute a HLSRI rendering to a
switching function f, as shown in (14). Each value of
computed from the load-flow program is tested against a
threshold value d¢ to determine whether § is 1 or 0. The
proposed index is formed by combining (12) and (13) into
one to produce a HLSRI show in (14) that gain more

mn

FVSI = (13)

accuracy and fastness with improved line stability. The
HLSRI is given as formulation of FVSI:

axo, | |7 X0,
HLSRI = - (B-1|<1,
[Vm ]2 X Line [sin(H - 5)]2 (14)
{1 o< 5(:}
where [ = ,
0 026¢

where Jis used as modifier; Ais used as switching function.
When HLSRI is less than 1, the system is stable or
HLSRI is approached to one, then the system is unstable.
Table 1 shows the proposed index value in ZIP load
model without contingency of IEEE 14 test system. It has
5 generator buses (PV), 9 load buses (PQ) and 20
interconnected lines or branches. Various indices value with
proposed index as shown in the Table 1.
Table 1
Comparison between indices values
of proposed index with LSI and FVSI

Index
S-no | From | To = e g THISRT
1 1|2 0.0286 | 0.0287 | 0.0287
2 | 2 [3]0.0259]0.0259 | 0.0259
3 2| 410.0004 | 0.0004 | 0.0004
4 1151 0.008 | 0.008 | 0.008
5 2 |5 10.0026 | 0.0026 | 0.0026
6 3 | 40011 0011 | 0011
7 | 4 [5]0.0067]0.0067 | 0.0067
8 5 16100159 ]0.0159 | 0.0159
9 | 4 [710.0618]0.0616] 0.0618
10 | 7 | 8]0.0425 ] 0.0425 | 0.0425
11 | 4 |9 ]0.0406]0.0406 | 0.0406
12 | 7 [910.0022]0.0022 ] 0.0022
13 | 9 [10]0.0083 [ 0.0083 | 0.0083
14 | 6 [11] 0.037 | 0.037 | 0.037
15 | 6 [12]0.0662]0.0663 | 0.0663
16 | 6 [13]0.0114]0.0114]0.0114
17 | 9 [14]0.0456 | 0.0455 | 0.0455
18 | 10 |11]0.2916] 0.264 | 0.264
19 | 12 [13]0.0097 [ 0.0098 | 0.0098
20 | 13 |14]0.0507 [ 0.0509 | 0.0509

From the Table 1 it is evidence that, instead of using
two individual line indexes, the proposed HLSRI values
are very close to the other indices and more accuracy.

5. Power system contingency ranking algorithm is
shown below.

Stage 1. Recite the given system line data and the
bus data.

Stage 2. Without seeing the line contingency
perform the load flow analysis for the base case.

Stage 3. Simulate a line outage or line contingency
i.e. removing a line proceeding to the next step.

Stage 4. Load flow analysis is done for this specific
outage then calculation of the active power flow is done
in the lasting lines and value of Py, is also calculated.

Stage 5. Subsequently for the exact line contingency,
voltages of all the load buses are designed.

Stage 6. Then HLSRI is being calculated which
indicates the voltage collapse.

Stage 7. Stages 3 to 6 for all the line voltages is
repeated to obtain HLSRI.

Stage 8. Contingencies are ranked based on the
sternness of the contingency.

The proposed HLSRI is investigated with IEEE 14
bus system with contingency (single line outage) as
shown in Fig. 2.
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Fig. 2. Proposed index value with LSI and FVSI using contingency
From Fig. 2 the proposed index gives more accuracy and
fastness in the stability value in the contingency when
compared to others. First five ranks considered as most critical
lines, and rank 6 to 16 considered as semi critical and ranks 17
to 20 considered as non-critical line, so in this paper most
critical lines are analyzed with compensation to maintain the
system stable and secure. Table 2 illustrates the data of tuned
UPFC devices placed at critical location for compensation in
contingency. Figure 2 shows the comparison between
proposed index with others when line no. 4-7 gets outage then

severity of the lines along with ranking shown in Table 2.
Table 2

Tuned UPFC devices placed at critical location for

compensation in contingency
Rank|From|To|V,,, p.u|P, MW |QO, MVAT|Pjysses, MW | Qiosses, MV AT
1 10 [11]1.026 | 14.62 | 11.14 2.37 —27.22
2 6 12| 1.12 | 26.16 | 24.57 5.53 —19.47
3 13 [14] 1.083 | 16.43 19.4 2.14 —24.12
4 9 [14]1.034| 1422 | 12.52 2.00 —24.12
5 6 [11] 1.12 | 2329 | —6.67 6.59 —20.86

The above analysis is also carried out for IEEE 118 test
system with different percentage of loadings in contingency
analysis.

6. Unified power flow controller. A FACTS device
plays a vital role in controlling power and enhancing the
working volume of existing lines. Basic purpose of the
parallel inverter is to supply real power required by the
series inverter through the common DC link. The parallel
inverter can also grip or produce controllable reactive
power as shown in Fig. 3 [17, 18].

| Transmission Line

g

f ]

QI Converter 1

AC

STATCOM

IS

Fig. 3. Block

diagram of UPFC
The active and reactive power equation of the UPFC
[19] is developed with ZIP load model as shown in:

{ 2RSL)er-2 cosy:| _{rVisze sin ;/} _|: Rseerl-2 :| N
Re + Xie RS, + X3, RS, + X5, «(15)
{rV,—V/-Xse sin(&,- +y-0; )} J{rVI-VJ-Rse cos(@,— +y-0; )}
RS+ X RS+ X

Measured Vanables
Paramater setting

P=

x%#+&m+&h

ViV,

0= 27112 ~{Xsecos;/—Rsesiny}-{PlVl-2+P2Vl- +P3};(16)
RS€+XS€

2

p.=|—7

DRG]

«{Rv2 + Py By
[ vy, ]

_ﬁ_ oo coslty +7-0;)- Resinle + 7 -0, 15

~{RS€ cos(@,- +y—9j)+XS€ sin(&i +;/—0j)}x (17

0, =

x{ﬁVithV,- +P3},

where P, P;, O, O; are the active and reactive power at
i"™ and jth bus; R, and X, are the resistance and reactance
of the line.

The crosswise and off-diagonal elements are
developed. By using this developed mathematical model,
MATLAB program is developed and used for compensating
the most severe lines.

7. Results and discussion. In this paper, the IEEE
14 test bus system shown for 100 % loading along with
compensation as shown in Table 2.

From the below Table 3, it shows the power flows
without UPFC compensation for 100 % loading (which find
with the help of proposed index).

Table 3
Results of ZIP load modeling for 100 % loading
P 5 > me P lossess lossess
Rank|From|To |\ Mg/Ar pu | MW I\g/zIVAr
ZIP load modeling
1 |70 |74 17.1 14.03 | 0.99 107.8 1758
2 | 71 |72 15.1 | -10.14 [ 0.996 | 137.8 1758
3 [ 24 |72]1-3.02] 4.11 1 137.8 1758
4 124 |70 -11.0| -7.45 1 137.8 1758
5 |92 100 32.0 | —13.30 | 0.99 137.8 1758
Z load modeling alone
1 | 70 |74 18.6 | 21.06 | 0.99 144.9 -1729
2 | 71 |72] 20.0 | —11.19 | 1.001 | 144.9 -1729
3 124 |72 77| 287 1 144.9 -1729
4 124 |70]|-16.0| -7.14 1 144.9 -1729
5 |92 100 32.0 | -13.3 | 0.99 144.9 -1729
I load modeling alone
1 | 70 |74]17.21 | 14.03 | 0.99 137.6 1760
2 | 71 |72]15.06| —10.1 [0.996| 137.6 1760
3 [ 24 |72]-294| 4.13 1 137.6 1760
4 | 24 |70]-10.92| -7.46 1 137.6 1760
5 |92 |100{31.30| -13.2 | 0.99 137.6 1760
P load modeling
1 | 70 |74|16.77 | 14.15 | 0.99 133.0 -1775
2 | 71 |72]1992 | 896 [0.996| 133.0 -1775
3 [ 24 ]72] 213 | 540 1 133.0 -1775
4 |24 |70|-555| -7.67 1 133.0 -1775
5 | 92 |100{ 30.86 | —13.1 | 0.99 133.0 -1775

IEEE 118 bus test system which consists of 1 slack
bus, 69 load buses, 48 generator buses and 179 transmission
lines is simulated using MATLAB for ZIP load modeling
and individual Z, I, P load modeling and following results
are obtained for different loading conditions without
contingency. Tables 4 and 5 shows the ZIP and individual Z,
I, P load model with 100 % and 150 % of loading for the
critical lines without contingency.

At a time, single line outage is performed, and the
stability is analysed on IEEE 118 bus system by
observing the standards of voltage profile, active and
reactive power flows and total power loss. All the lines
are graded affording to the values of a HLSRI. Among
179 ranks, 1 to 8 ranks are identified as most critical lines
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and the below tables shows the results for these 8 most
critical lines obtained while performing contingency and
shows the results obtained after compensating the most

Table 6
Results of ZIP, Z, I, P load modeling for 100 % loading
with UPFC compensation

critical lines. Vi | P. ) Prosees. ssees
Table4  |Rank|From| To | 7|yt |\ Mg/Ar MW I\%VAr
Results of ZIP, Z, I, P load modellng for 100 % loading Z1P load modelling
with contingency 1 [ 70 [74]0.1[10]0.96 [41.8 | 883 | 130 | -1777
Vs P, 0, Posses, Olosses» 2 71 17210.1] 151096 | 21.5 | 36.2 132 —1778
Rank|From| To \HLSRI| "1 vy | MVAr | MW | MVAr 3 | 24 [72]0.1[10] 096 | 142 | 458 | 132 | -1777
ZIP Toad modelling 4 [ 24 [70]0.3[20[0.96 | 16.6 | 759 | 131 | —1767
1 70 [7411.086 1099 25 ] 139.60 | —1732 5 92 [100]0.1] 1 | 0.96]40.5] 199 133 —1774
2 | 71 [72]0965]099] 15 20 [ 140.54 [ 1734 Z load modelling
3 24 7210847 | 1.01 7 3 140.08 | —1737 1 70 [7410.1] 5 | 0.96 | 40.5 | 81.49 132 —1778
4 |24 17010759 | 1.01 7 3 151.89 | —1675 2 | 71 |[72]0.1/10]0.96 | 21.0 | 37.47 132 —1779
5 92 [100[ 05421 1 10 ] 14034 | —1732 3 24 [7210.1] 6 | 0.96 | 144 | 46.31 132 -1779
1 [ 70 [74]1.065] 1 [138.09] 17 [ 145.14 [ -1723 5 |92 1100]0.7] 5 ]0.96]33.8 | =5.57 | 133 | -1775
2 | 71 [7210.999[0.99 ] 66 20 | 14453 | -1719 I 1oad modelling
3 [ 24 7210843 ]1.01 7 3 14421 | 1723 1 70 [7410.1] 5 | 0.96 | 404 | 81.51 132 —1778
4 | 24 170]0.758 | 1.01 7 3 158.43 | —1652 2 | 71 [72]0.1] 5 10.96 | 19.0 | 38.27 132 —1778
5 92 [100] 0.537 | 1 10 ] 145.05 | —1718 3 24 17210.1] 2 [ 0.96 | 12.6 | 47.03 132 -1778
7 load modelline alone 4 [ 24 [70]0.8[120] 0.96 | 15.6 | 36.28 | 125 | —1677
1 70 1741 1.086] 1 25 ] 138.09 | —1752 5 92 [100]0.5] 5 1 0.96 | 32.0 | —10.1 133 -1775
2 [ 71 [72] 096 [0.99] 66 20 | 137.47 | —1750 P load modelling
3 24 [7210.848 | 1.01 7 3 13734 | —1754 1 70 [7410.1] 5 | 096|324 | 82.12 135 —1766
4 |24 1701 0.76 | 1.01 7 3 148.85 | —1692 2 | 71 [72]0.1]10]0.96 | 17.3 | 37.34 133 —1772
5 92 [100[ 05321 1 10 6 137.84 | —1747 3 24 [7210.11 5 | 0.96 | 8.11 | 48.01 134 -1771
1 70 (7411102 1 25 8 138.09 | —1752 5 92 1100]0.5] 5 [ 0.96 | 359 | 2.52 132 -1776
2 | 711721093 1099] 66 20 13747 | ~1750 From the results it is clear that the values of the
3 | 24 172108811011 7 3 137.34 | 1754 transmission line parameters are improved after
4 24 1701 0.766 | 1.01 7 3 148.85 | —1692 . .
5 T o 100105221 1 10 0 13784 | —1747 compensation compared to before compensation. For
Table 5 example, between buses 70 and 74 when performing load
Results of ZIP, Z, I, P load modeling for 150 % loa dinag ¢ modelling, results are active power 17.184 MW, reactive
R 7 5 power 14.0386 MVAr, voltage profile 0.99, total system
Rank|From| To | P, MW M%Ar p";’ 1\’2‘\‘{; I\Q/K;Xr loss 107.815 MW and when contingency is created the
7P load modeling results are active power 25 MW, reactive power 8 MVAr,
T 170 17415179 | —458 | 095 | 8616 616.43 voltage profile 0.99, total system loss 139.60 MW and
2 | 71 1721163361 —33.4 |0.969| 861.6 616.43 finally after providing compensation results are active
3 | 24 [72]-123.6| 4432 1 861.6 616.43 power 41.878 MW, reactive power 88.37 MVAr, voltage
4 | 24 [70|-142.77| 52.42 1 861.6 616.43 profile 0.96, total system loss 130.43 MW. This shows
5 | 92 [100]-223.27] 433.0 | 0.98 | B861.6 616.43 that after providing compensation voltage profile is
Z load modeling alone maintained, active power flow is increased, reactive
; ;(1) ;‘2‘ ;Tg??; 2152;;3 232 giig gg;g} power flow is maintained, and the total system losses are
3 T24 175 130857 7240 : ~i13 30791 condensed and hence the system is maintained Stabl%ble :
§ g; 17(?0 322315 ‘2‘3230(7) 0.1)8 gijg gg;g} Results of ZIP, Z, I,Eload modeling for 150 % loading
1 load modeling alone ilth colritlngeany 7 o
1 70 [ 74| 5.246 | —4.606 | 0.95 862.8 2622.87 ms > > losses losses
2 | 71 [72] 1633 |-33.492[0.969 | 862.8 | 2622.87 Rank|From TOHLSRY) pu | mw MVAr | MW | MVAr
3 |24 [72]-1236] 4435 | 1 862.8 | 2622.87 ZIP load modelling
4 |24 [70] —142 | 5245 | 1 862.8 | 2622.87 1 | 69 |75] 7.78 1097 54 | 200 896 2833
5 | 92 [100] 22.46 [-11.906 | 0.98 | 862.8 | 2622.87 2 169 177) 3.95 1097 54 | 200 | 904 2846
P load modeling alone 3 70 [74] 2.00 1 66 120 1649 6692
1 [ 70 [74] 7.975 [-5.4015] 0.95 [ 6953 | 1615.45 4 124 170) 1.82 10991105 | 4.5 1550 6188
2 | 71 [72[138.394] -34.067 [ 0.971| 6953 | 1615.45 5 |76 177] 1.20 [091] 705 ] 16.5 | 915 2925
3 | 24 [72]-104.80] 34238 | 1 6953 | 161545 I load modelling alone
4 | 24 [70-123.65] 38.692 | 1 6953 | 161545 1 | 69 |75] 681 1097 | 54 | 200 | 864 2641
5 [ 92 ]100[22.305|-8.7145| 0.99 | 6953 | 1615.45 2 | 69 |77) 3.70 | 097 ] 54 | 200 872 2653
3 70 |74| 1.88 1 66 120 644 1654
Table 6 and 7 shows the values for HLSRI of ZIP ‘51 3‘51 ;(7) Hg 832 11%25 4%55 1965409 gg?g
load model with 100 % and 150 % loading with Pl - -
. . oad modelling alone
contmgency. Table 8 ghows.the ZIP lgad model with T 1769 1751 222 1097 54 500 695 1626
compensation for the critical lines whlch is ranked from 1 5 169 |77] 233 10971 54 | 200 702 1636
to 8 with different percentage of loading. 3 | 70 [74] 120 | 1 66 120 644 1654
In Table 6, I denotes ratio of sending end voltage 4 | 24 [70] 096 | 099 ] 10.5| 4.5 914 2729
and injected voltage; yis the angle between the voltages. 5 |75 177] 0.93 [ 0.95] 102 | 40.5 745 2358
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Table 8
Results of ZIP, Z, I, P load modeling for 150 % loading
with UPFC compensation

7. Asawa S., Al-Attiyah S. Impact of FACTS device in electrical
power system. 2016 International Conference on Electrical,
Electronics, and Optimization Techniques (ICEEOT), 2016, pp.
2488-2495. doi: https://doi.org/10.1109/ICEEOT.2016.7755141.

8. Chorghade A., Kulkarni Deodhar V.A. FACTS Devices for
Reactive Power Compensation and Power Flow Control —
Recent Trends. 2020 International Conference on Industry 4.0
Technology — (I4Tech), 2020,  pp. 217-221. doi:
https://doi.org/10.1109/14Tech48345.2020.9102640.

Rank|From|To| » |Gamma g”l’; I\/f\;\/ M%Ar };\IZA{;;’ I\Q/I@AX;
ZIP load modelling
1 69 [75]0.1] 10 ]0.95] 437 | 83.6 689 1565
2 | 69 |77]0.1] 10 |0.95]| 587 | 125 692 1562
3 | 70 |74]02] 5 0.95[30.5| 59.6 692 1599
4 | 24 [70]0.1] 15 [0.95]|-128] 63.2 692 1593
5 | 76 |77]0.5] 15 10.95]| 67 | 417 735 1726
1 load modelling
1 | 69 |75]0.1 1 0.95]430 | 84 688 1564
2 | 69 |77]0.1] 4 0.95] 581 | 124 690 1559
3 | 70 |74]0.6] 75 1095|322 | 194 651 1356
4 |24 [70]0.4] 68 ]0.95]|-63.5] 68 661 1385
5 | 75 177/0.5] 77 095|234 | 63 676 1453
P load modelling
1 69 [75]0.4] 20 [0.95] 620 | 303 700 1504
2 | 69 |77]0.3] 65 095|768 | 214 722 1558
3 | 70 |74]0.2] 20 ]0.95]| 59 132 689 1584
4 | 24 [70]0.1] 10 |0.95]|-128| 63 692 1592
5 | 75 177]0.5] 33 1095|158 | 171 708 1610

8. Conclusions. The proposed index is applied for
IEEE 14, 118 test system and mathematical model of steady
state and polynomial load models (ZIP) are developed and
analyzed with the IEEE test system by in view of the single
line outage at a time. IEEE 118 test system is analyzed for
various percentages of ZIP load model for contingency with
and without compensation. A hybrid line stability ranking
index shows the most critical lines in the system for which
compensation is provided by placing unified power flow
controller with proper tuned. Based on the outcomes it is
apparent that the stress level is reduced, and the system is
maintained stable and healthy by providing suitable
compensation at suitable location.
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Determination of the scope of the experimental-calculation method for measuring
the touch voltage

The work is devoted to the improvement of methods for determining the normalized parameters of the grounding system (GS) of
operating power stations and substations. The aim of the work is determination of the scope of the experimental-calculated method
for measuring the touch voltage, depending on short-circuit (SC) current value for the given dimensions of the GS and the type of
soil. Methodology. The study analyzed the non-linear effect of the SC current value on the touch voltage, taking into account such
factors as the GS size and the soil type. The calculation used statistical data on the GS size and the characteristics of the soil
obtained by monitoring the GS state of 585 operating electrical substations with a voltage class of 110-750 kV using the induction
method and the method of vertical soil sounding, respectively. For the calculation, a mathematical model of a non-equipotential GS
located in a three-layer semiconductor space with plane-parallel boundaries was used, this model was developed using the method of
integro-differential equations. Results. To determine the scope of the method, in this work it is proposed to use the linearity criterion,
which is determined due to the ratio of the constant of reduced touch voltage to the current value. The example shows the method for
determining the threshold minimum and maximum values of the measuring current of the soil, in the range between which the
measurements by experimental-calculated methods are impossible. A table of threshold current values has been formed and
recommendations have been developed on the possibility of using experimental-measuring methods for determining the touch voltage
depending on the GS size and soil characteristics. References 22, tables 3, figures 7.

Key words: electrical substations, grounding system, modeling of the electromagnetic processes, touch voltage, soil
characteristics, short-circuit.

Memoto pobomu € euznauenns 061acmi 3acmocy8anis eKCnepuUMeHmanlbHO-po3PAXYHKOB020 Memooy 6UMIPIOBAHHA HANPY2U OOMUKY
6 3anedCHOCI 8I0 3HAYEHHS CIPYMY KOPOMKO20 3aMUKAHHA O 3A0aHUX pOo3Mipie 3azemmiosanvho2o npucmpoio (311) ma muny
pyumy. B docnidoicenni 6yn0 npoananizosano Heniuiunuil eénaue geaudunu cmpymy K3 ma nanpyzy 0omuxy 3 ypaxy8awHAM maxKux
gaxmopis ax posmip 31 ma mun 1pynmy. [ua po3paxyuky 0yaa UKOPUCMAHA MAMEMAMuiHa mooens Heekginomenyitinozo 311,
PO3MAUIOBAHO20 Y MPUUAPOBOMY HANIGNPOGIOHOMY NPOCMOPI 3 NIOCKO-NAPANENbHUMY 2PAHUYAMU NOOINY, wo 6yaa po3pobrena 3a
00NnOM02010 MeMoOy inmezpo-ougepenyitinux pieHaus. [ eusHauenHs 061acmi 3aCmocy8ants Memooy 6 pobomi 3anponoHO8aHO
BUKOPUCMOBY8AMU  KpUmepiil JHIUHOCMI, KU GU3HAYAEMbCSL Yepe3 GIOHOWEHHsT CMmanoi npugedenoi Hanpyeu O0Omuky 00
nomounozo 3uauenus. Copmoeano mabnuylo 3HaueHb HOPO2OBUX CMPYMIE MA PO3POOIEHO PEKOMEHOAyii 000 MOJICTUBOCTI
BUKOPUCMAHHS eKCNePpUMEHMANbHO-GUMIDIOBANIbHUX MemOo0i8 GU3HAUEHHA Hanpy2u OOMUKY 6 3anexcHocmi 6i0 posmipy 311 ma
xapaxmepucmux tpynumy. biomn. 22, Tabmn. 3, puc. 7.

Knrouoei cnosa: elekTpuyHa MiACTAHLIs, 3a3eMJII0OBAJIbHUIT NPUCTPiii, MOJeTIOBAHHS €JIeKTPOMATHITHUX NpoleciB, HApyra

JOTHKY, XaPAKTePUCTHKHU IPYHTY, KOPOTKE 3aMMKAaHHS.

Problem. The grounding system (GS) of power
stations and substations is a branched complex system of
horizontal ground electrodes and vertical electrodes. The
main purpose of the GS is to ensure the electrical safety
of both the operating personnel of the power facility and
unauthorized persons, as well as the reliable operation of
the equipment.

In all regulatory documents, electrical safety at a
power facility is characterized by the value of the touch
voltage (U,). In Ukraine, the permissible value of U, is
regulated by [1], in the European Union it is regulated by
[2]. Swiss standards [3, 4], as well as Austrian [5]
generally meet European Union requirements.

The method of electromagnetic diagnostics (EMD)
has become widespread for determining the GS current
state of operating power facilities. It involves the
implementation of three stages [6]: the experimental
stage, the calculation stage, and the stage of developing
recommendations for reconstruction aimed at bringing the
GS in line with the requirements of the current regulatory
documents to further perform the main functions.

Over past 20 years specialist of Research & Design
institute «Molniya» was diagnosis of 585 objects with a
voltage class of 110-750 kV (operating power stations,
substations of energy systems, mining and processing
plants, factories, oil pumping stations, etc.), and it was
found that the design of 97 % before reconstruction of GS
was not meet the requirements of regulatory documents ,
and for more than 75 % it was exceeds the allowable

values of the touch voltage [7], which can to severe post-
accident consequences and poses a threat to the safety of
people and animals.

A number of factors that significantly affect the
value of the touch voltage were determined in [8]: the
design of the GS, the electrophysical characteristics of the
soil (EPC) and the resistance of the base at the place of
maintenance of the equipment, etc. In this work, we will
consider in detail the dependence of the touch voltage on
the value of the ground fault current.

Analysis. According to the method of determining
the touch voltage, three methods can be distinguished:
experimental, calculated, and experimental-calculated.

The experimental method for measuring the touch
voltage is carried out in the field on an operating object
directly at a short-circuit (SC) current. It is dangerous,
expensive and can be justified only in isolated cases in
exceptional situations; therefore, it is practically not used.

The calculated method is based on the results of the
GS EMD: the current structural state [9], additional
experimental characteristics of the GS for assessing the
adequacy of the calculation model [10, 11], and the EPC
found using vertical electrical sounding (VES) [12]. The
advantages of the method are the ability to determine the
normalized parameters of the GS in all modes with a real
SC current on all equipment with high accuracy (94 %), as
well as checking the effectiveness of the developed
recommendations [9]. In addition, the calculation programs
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take into account the geometric, electrical and magnetic
parameters of ground electrodes. The disadvantages of the
calculated method are the laboriousness of the work to
determine the initial data (the actual state of the GS, the
carrying out of the VES, etc.), the need for specialized
expensive devices and software, as well as highly qualified
scientific and technical personnel.

The experimental-calculated method has received
the greatest distribution both in Ukraine and in the world.
His varieties and analysis are considering in sufficient
detail in [13]. The general principle is to measure U, while
simulating a SC mode on substation equipment. With the
help of a sinusoidal current generator, a voltage is applied
to the circuit (see Fig. 1) with a frequency close to the
industrial one, but different from it and its harmonics. The
current measuring electrode C is on distance L, which is,
as a rule, 2-3 times greater than the diagonal GS (D). In
this case, the current value in the circuit /,, is fixed using
an ammeter A, and the measured touch voltage U, is
fixed using a voltmeter V connected in parallel with the
resistor Rp, simulating the resistance of the human body
(usually equal to 1000 €). The horizontal distance L,
from the contact point to the plate is assumed to be 0,8 m
[1, 9] or 1,0 m [14, 15]. As a potential electrode P
imitating two human feet, a plate with a contact surface of
25x25 cm® is used, which is loaded with a weight of at
least 25 kg. To simulate the most unfavorable seasonal
conditions, the place of potential electrode installation is
moistened.

=2

b = —fi~

P

Rz =1000 Q

/[

Le=Q2+3)D ‘ Lp

(H—()

Fig. 1. The measurement circuit of touch voltage

In Ukraine and other countries of near and far
abroad, a method of measuring at a low current value (up
to 10 A) with subsequent reduction of the measured touch
voltage in proportion to the real SC current has become
widespread [9]:

U, -u,sc. €9
[m
where Igc is the SC current calculated according to the
energy system data.

In the international standard IEEE [15], the
determination of the touch voltage is performed at a
current of 0,1-0,2 kA (method of current input or high
current method), after which the measured values of the
touch voltage are found by expression (1). In [16], it is
indicated that a value ~ 0,1 kA is necessary to ensure the
best signal-to-noise ratio. Thus, none of the analyzed
sources considered the issue of the influence of the SC
current value on the normalized parameters of the GS
when carrying out the measurements.

In Ukraine, as in some other countries, the GS of power
stations and substations are made of hot-rolled steel (coated
or uncoated). When high currents of a single phase-to-carth
fault (their value for power facilities in Ukraine can reach up
to 60 kA) [17] flow by the elements of GS, the inductive
component of the self-resistance of the ground electrodes is
not a constant, which is explained by the nonlinear
dependence of the magnetic permeability of steel on the
strength of the magnetic field around, hence the magnitude
of the current flowing through the ground electrode (see
Fig. 2). It is assumed that the nonlinear dependence is more
pronounced at low and medium currents.

I
|
1000 [
\\
500 NG
H,
0 1 2 3 4 5 6 7 8 KkAm

Fig. 2. The dependence of the magnetic permeability
on magnetic field strength for steel BSt3SP (Fe37-3FN) [16]

Because of the type of dependence, it can be argued
that the influence of the SC current or measuring current
on the value of the normalized GS parameters is non-
linear. Thus, the disadvantage of the experimental-
calculated method for determining the touch voltage is the
methodological error, which is associated with the neglect
of the dependence of the magnetic permeability of the
ground electrode material on the flowing current.

In addition, such measurements require the installation
of a measuring electrode in the zone of zero potential, the
distance to which L in 2-3 diagonals of the GS D (see
Fig. 1) is valid only for homogeneous soil, for a two-layer
soil such a distance can be in the range of 3-40 diagonals, as
indicated by the data given in [14, 18, 19]. In conditions of
dense buildings or developed infrastructure, this is almost
impossible to achieve. Also, during a short-circuit, as a rule,
part of the current flows in the neutral, which is not taken
into account when measuring by this method. This
component of the methodological measurement error is
considered in detail in [8].

Nevertheless, there are current values at which
magnetic saturation of the GS elements occurs and the
dependence of the touch voltage on the SC current can be
considered linear, and the GS resistance can be
considered as a constant. In addition, the ascending part
of the dependence in Fig. 2 is conditionally linear.

Thus, it can be assumed that there are such values of
the measuring current and SC current for which
expression (1) will be valid. At the same time, the main
factors that affect the limit values of the above currents
are the parameters that are individual for each power
facility: the size of the GS and the EPC of the soil.

The aim of the work is determination of the scope
of the experimental-calculated method for measuring the
touch voltage, depending on SC current value for the
given dimensions of the GS and the type of soil.

Research materials.

It is known that there are four types of VES curves,
each of which is characterized by the ratio of the
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resistivity of the layers: Q —p; > py > p3; A — py < py <p3;
H — p> py < p3; K = p1< p, > p;. Taking into account the
previously obtained statistical distribution of EPC [20], it
is advisable to carry out the study for the data given in
Table 1.

Table 1
Typical EPC of the soil
Soil type | p, Qxm | py, Qxm | p3, Qxm | by, m | by, m
Q 100 50 10 0.8 | 63
H 100 50 100 0,8 | 63
K 10 100 10 08 | 63
A 10 50 100 08 | 63

As part of the GS EMD of 585 power facilities of
Ukraine with a voltage class of 110-750 kV, the
distribution of the GS size S was obtained (see Fig. 3,a)
and it was determined that its value varies in the range
from 122 m” to 436158 m’.

This approximately corresponds to the GS size from
11 m x 11 m to 660 m x 660 m. Figure 3,b shows the
distribution of the SC current value for the selected database.
The database of SC was formed on the basis of responses to
requests to operating organizations, similarly to [17]. In this
case, the current value is in the range from 0,74 kA to 59,995
kA, and the median is 8,47 kA. In Fig. 3,a,b: fis the number
of energy facilities as a percentage of all selected ones.
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Fig. 3. The number of energy facilities as a percentage:
a — GS size distribution of; b — SC current distribution

To carry out the study, the range of GS size S is [30%30;
156x156] m?” was chosen, and the value of the SC current g¢
is [0,2; 20] kA, which allows covering about 75 % of cases.
For the calculation, a mathematical model of a non-
equipotential GS located in a three-layer semiconductor
space with plane-parallel separation boundaries was used,
developed using the method of integro-differential equations
[10, 11, 21]. The determination of the normalized parameters
was carried out for the specified current ranges, while the GS
was located at a depth of 0,5 m, the size of its cell was
6 m x 6 m, and the cross section was J14 mm.

It should be noted that the dependence of the touch
voltage value or the reduced touch voltage on the SC current

is inconvenient for analysis, since visually the curves look
close to straight lines (see Fig. 4), which does not allow
determining the linear section of the dependence for direct
recalculation using the expression (1).

Current and voltage are generally vector values.
According to the theorem on the linear dependence of
vectors, vectors will be linearly dependent if and only if at
least one of them is a linear combination of others [22].
As can be seen from Fig. 4, there are the following SC
current values, starting from which the reduced touch
voltage U'= U, /Isc is almost constant (U';.,s). Therefore,
to determine the range at which the touch voltage can be
considered linearly dependent on the SC current, it is
proposed to use the linearity criterion K,,,, the value of
which should be less than the engineering error of 10 %:

K;ml:(_ﬁﬁL-—lelmﬁ6<1o9a. ?)
const

0,05
——H

0,04 -

==K

—>=A

0,03

0,01 I, A
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

Fig. 4. The dependence of reduced touch voltage on the SC
current for the steel GS, S = (156x156) m” and soil (Table 1)

As a result of the calculations, a number of
dependences of the wvalues of the GS normalized
parameters on three factors were obtained: the SC current
value, the GS size, and the soil type (see Table 1). For
example, Table 2 shows the characteristic points of such a
dependence for the area S = (30x30) m’. As a steady
value of the reduced touch voltage, we consider one that
does not change with increasing current. For example, for
soil type A and GS with 30%30 m%, U'yons = 0,025 V/A.

The data obtained indicate that there are intervals
before and after the threshold values of the currents I,
and I,..«, respectively, where the criterion K,,, is less than
10 %, therefore, a directly proportional recalculation can
be applied. Based on the calculated data, it is possible to
construct a family of curves for the corresponding areas.
Their general view is shown in Fig. 5.

It should be noted that the use of other values of
specific resistances, sizes of GS and sizes of GS cells can
affect the absolute values of the calculated parameters,
but does not change the general appearance of the curves.

Consider the method for finding the values of the
currents I, and /I, using the example of GS with an
area of 30x30 m” Fig. 6 shows the ascending and
descending part of the curves for different soil types. In
Table 2 (soil type K) we find that with an increase in
current from 0,05 A to 0,50 A, the coefficient K,
increases from 1,188 % to 10,163 %, therefore, the
corresponding current value determined by interpolation
for K., = 10 % can be considered as the lower limit of
applying the techniques of linear recalculation for GS of
the specified area and soil type: I, = 0,48 A.
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The dependence of the calculated GS parameters on the SC current

Table 2

SC Voltage on Touch Reduced L inearity Voltage on the| Touch voltage [ Reduced touch L inearity
the GS Ug, touch voltage | criterion K, , criterion K.,
current voltage U, V , GS Ug, V U,V voltage U',
To A \ U % %
5 Soil type K Soil type A
0,05 0,02 0,0017 0,035 1,188 0,0421 0,0013 0,025 1,758
0,10 0,04 0,0035 0,035 2,361 0,0842 0,0026 0,026 3,496
0,30 0,12 0,0109 0,036 6,467 0,2531 0,0081 0,027 9,598
0,35 0,15 0,0128 0,037 7,431 0,2954 0,0096 0,027 10,983
0,45 0,188 0,017 0,037 9,302 0,38 0,01 0,028 13,603
0,50 0,209 0,019 0,038 10,163 0,42 0,01 0,028 14,851
16,0 7,012 0,934 0,058 71,286 13,840 0,805 0,050 103,30
54,0 23,55 2,99 0,055 62,509 46,63 2,55 0,047 90,985
549,3 230,2 20,7 0,038 10,431 465,2 15,7 0,029 15,590
686,0 286,9 25,2 0,037 7,870 580,3 19,0 0,028 11,811
843,8 3523 30,6 0,036 6,196 713,1 22,8 0,027 9,299
2000,0 830,9 69,6 0,035 2,038 1686,0 51,0 0,026 3,092
3041,8 1262,0 104,7 0,034 0,956 2562,0 76,4 0,025 1,517
20000 8279,0 681,9 0,034 0,000 16830 494.,9 0,025 0,000
Soil type Q Soil type H
0,05 0,03 0,013 0,256 0,118 0,0645 0,0100 0,201 0,150
0,10 0,06 0,026 0,256 0,274 0,1290 0,0201 0,201 0,349
6,8 4,174 1,836 0,272 6,541 8,825 1,467 0,217 8,504
16,0 9,974 4,426 0,277 8,353 21,000 3,551 0,222 10,803
31,3 19,490 8,646 0,277 8,371 41,020 6,937 0,222 10,826
54,0 33,55 14,81 0,274 7,426 70,760 11,860 0,220 9,650
2000,0 1202,0 5124 0,256 0,353 2581,0 4024 0,201 0,449
4920,8 2953,0 1257,0 0,255 0,058 6345,0 986,8 0,201 0,119
5488,0 3293,0 1402,0 0,255 0,065 7076,0 1100,0 0,200 0,069
16200 9716,0 4136,0 0,255 0,003 20880 3245,0 0,200 0,004
20000 11990,0 5106,0 0,255 0,000 25780 4006,0 0,200 0,000
1000 Ko % ——H 1000 ot H
o .
60,0 ——A 60,0 ———_
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Fig. 5. The dependence of the linearity criterion on the current simulating a SC for a GS of a given area for different soil types

S$= (156x156) m?
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Fig. 6. The dependence of the linearity criterion K, on the
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Then follows the non-linearity section caused by the
dependence of the magnetic permeability of the ground
electrode material on the magnetic field strength and,
accordingly, on the SC current (see Fig. 2). Starting from the
value of 16 A, the value of the criterion K, passes to the
descending part, and at a current of approximately 550 A, it
crosses the 10 % boundary, then gently decreases to 0. Thus,
in this case, we accept I = 550 A.

Similarly, the corresponding values of the
boundaries of the currents /,;, and /., were found for all
soil types and the considered sizes of the GS. The data
obtained are summarized in Table 3.

Table 3
Threshold current values for using the experimental-calculated
method for determining the touch voltage

Low current method High current method

GS ?:;ga S’ 1ma > A Imi > A
H Q K A H Q K A
30x30 12,71 - 10,48]0,32] 32 — | 550 | 800
45x45 12,1 ] — 04 103|149 — | 600 | 820
54x54 3,5 1100 {0,25]0,17 | 525 | 350 | 900 | 1050
78x78 0,6 | 25 10,19]0,16 | 900 | 650 | 1050|1400
126x126 0,27 10,39 ] 0,16 | 0,15 [ 1500]1300 | 1700 | 1800
156x156 0,24 | 0,3 | 0,13 0,13 1900|2000 | 1800|1850

In Table 3 for soil type Q and GS areas 30x30 m’
and 45x45 m? the lines with the sign «—» mean that there
are no restrictions on the measuring current, because in all
cases, the linearity criterion is less than 10 %.

The obtained dependencies form the limits of
application of the experimental-calculated method for
determining the touch voltage, because the criterion for
the possibility of linear recalculation allows the
possibility of measurement under the following condition:

L, <Ipin or 1,21, . 3)

That is, for GS with an area of 30x30 m’ located in
soil type A, the measuring current must meet the
following requirements: /i, < 0,32 A and 7, > 800 A.

The use of a measuring current of more than 8§00 A
threatens sensitive microprocessor technology, expensive
high-voltage equipment, and the relay protection system.

Provided that all soil types are covered and for
considered dimensions of GS substation, the measurement

requires a current with a value of at least 2000 A. The use of
such a current for the considered soil types with the resistance
of the feet R,= 100 Q and GS with S = 156x156 m” will lead
to a touch voltage from 219 V up to 495 V (you can get the
indicated values from the graph in Fig. 4 by multiplying the
corresponding current value by the reduced touch voltage).
Furthermore, such a current is dangerous.

In addition, it follows from this that a proportional
recalculation of the touch voltage value measured by the
low current method for GS of arbitrary size with an
arbitrary soil type is possible only for substations in
which the SC current will exceed 2000 A.

The use of the experimental-calculated method with a
low current value is acceptable for GS with the area 30x30 m”
and 45x45 m’ located in the soil type Q, and for the IEEE
method — GS with the area 30x30 m® and 45x45 m? for soil
types H and Q and 54x54 m® — for soil type Q.

The carrying out measurements using the low current
method, even for GS with the area S = 30x30 m’, requires a
measuring current not exceeding 0,32 A (to cover all
possible soil types). Such a current, subject to the resistance
of the feet R,= 100 Q, creates a touch voltage not exceeding
8,1 mV (type A), and for large substations, the value of U,
will be even less. Taking into account that measurements are
carried out at an operating power facility, with electric field
strength of up to 30 kV/m and a measuring current with a
frequency close to the industrial one, there are only two
options for determining the touch voltage:

o the use of an experimental-calculated method using
the existing fleet of instruments for some soil types and
GS sizes, according to the restrictions given in Table 3
and expression (3), or the creation of new instruments that
can measure U,, with a value of less than a few millivolts
at a frequency close to the industrial one, in a complex
electromagnetic environment;

o the use of the calculated method based on the data
obtained using the GS EMD with the verification of the
adequacy of the calculated model [10].

An alternative is relevant to develop devices with
the ability to measure units of millivolts, provided that
they operate at a frequency close to an industrial one and
external electric field strength of up to 30 kV/m for
determining the touch voltage by using the experimental-
calculated method.

It should be noted that such dependence is not observed
for GS made of a diamagnetic or paramagnet, which makes
it possible to use the experimental-calculated method for
measuring the touch voltage for GS made, for example, of
copper (see Fig. 7) without restrictions.

0,3 ‘U ——H

t

‘ ==Q
0,2

¥ &K

—>—=A
0,1

—x % % % #~ 3
0,0 + t t Lo, A
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
Fig. 7. The dependence of the reduced touch voltage value on
the SC current for GS made of a copper at § = (30x30) m” and
given soil parameters from Table 1
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Conclusions.

1. For the first time, it was proposed to set the
minimum and maximum threshold values of the
measuring current for determine of the scope application
of the experimental-calculated method for measuring the
touch voltage. It has been proved that a proportional
recalculation of the measured touch voltage value is
possible only for the GS of substations, in which the SC
current will exceed 2000 A.

2.1t was found that using of the experimental-
calculated method for GS made of steel (or other
ferromagnetic material) with:

e low measuring current is limit for GS with the area
45%45 m* (and less) located in soil type Q;

e high measuring current (IEEE method) is limit for
GS with the area 30x30 m” and 45x45 m? for soil types
H and Q, 54x54 m® — for soil type Q.

3. Determining the touch voltage by the experimental-
calculated method for GS of other sizes located in soil
types H and Q, as well as soil types K and A types with
the modern level of instruments is impossible with an
error of less than 10 %.
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