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EnekmpuyHi MawuHu ma anapamu
UDC 621.313

A. Aib, D.E. Khodja, S. Chakroune, H. Rahali

https://doi.org/10.20998/2074-272X.2023.6.01

Fuzzy current analysis-based fault diagnostic of induction motor using hardware
co-simulation with field programmable gate array

Introduction. Presently, signal analysis of stator current of induction motor has become a popular technique to assess the health state of
asynchronous motor in order to avoid failures. The classical implementations of failure detection algorithms for rotating machines, based on
microprogrammed sequential systems such as microprocessors and digital signal processing have shown their limitations in terms of speed
and real time constraints, which requires the use of new technologies providing more efficient diagnostics such as application specific
integrated circuit or field programmable gate array (FPGA). The purpose of this work is to study the contribution of the implementation of
Suzzy logic on FPGA programmable logic circuits in the diagnosis of asynchronous machine failures for a phase unbalance and a missing
phase faults cases. Methodology. In this work, we propose hardware architecture on FPGA of a failure detection algorithm for asynchronous
machine based on fiizzy logic and motor current signal analysis by taking the RMS signal of stator current as a fault indicator signal. Results.
The validation of the proposed architecture was carried out by a co-simulation hardware process between the ML402 boards equipped with a
Virtex-4 FPGA circuit of the Xilinx type and Xilinx system generator under MATLAB/Simulink. Originality. The present work combined the
performance of fuzzy logic techniques, the simplicity of stator current signal analysis algorithms and the execution power of ML402 FPGA
board, for the fault diagnosis of induction machine achieving the best ratios speed/performance and simplicity/performance. Practical value.
The emergence of this method has improved the performance of fault detection for asynchronous machine, especially in terms of hardware
resource consumption, real-time online detection and speed of detection. References 22, tables 3, figures 19.

Key words: asynchronous machine, fuzzy current analysis, field programmable gate array, hardware co-simulation.

Bemyn. B oanuil yac ananiz cuemany cmpymy Ccmamopa AacuHXpoHHO20 O6U2YHA CMAE NONYIAPHUM MemoooM OYiHKU Ccmamy
npaye30amHocmi aCUHXPOHHO20 08USYHA, W00 YHUKHYmMuU 8iomos. Kiacuuni peanizayii ancopummis uagieHHs HeCnpagHOCmel MauH, o
00epmaiomvcs, 3aCHOBAHI HA MIKPONPOSPAMHUX NOCTIOOBHUX CUCMEMAX, MAKUx aK Mikponpoyecopu i yugposa o0pobka cucHanis,
noKazanu coi 0OMediceH s 3 MOUKU 30py WEUOKOCH Ma 00MedIceHb Y PeabHOMY Yaci, Wo 8UMA2ac GUKOPUCAHHS HOBUX MEXHON02IL, o
3a6e3neqyioms Oinbul epexmueHy OiaeHOCIUKY. HANPUKIAO, IHMEeZPatbHAa cxema 05l KOHKPEemHOI npozpami abo npoepamosana 6eHmuIbHa
mampuys. (FPGA). Memoto danoi € 0ocniodicennss 6uecky peanizayii Hewimkoi 102iku Ha npospamosanux nociunux cxemax FPGA e
0la2HOCMUKY 8I0MO68 ACUHXPOHHUX MAWUH Npu Hecumempii ¢haz i obpusax gpazu. Memooonozia. Y yiii pobomi Mu nponoHyemo anapammy
apximexmypy na FPGA aneopummy eusenenHs 6i0MO8 AcuMXpOHHOI MAWIUHU HA OCHOGI HeYimKOi NI02iKU ma aHamizy cueHanie cmpymy
08UYHA, NPUUMAIOUU CEPeOHbOKBAOPAMUYHULL CUSHATL CIMAIOPA CIPYMY AK CUSHA THOUKamopa Hecnpagrocmi. Pesynemamu. Banioayis
3aNPONOHOBAHOT APXIMEKMYPU NPOBOOUNACS ULIAXOM ANAPAMHO20 MOOent08anHs micxc niamamviu ML402, ocnawenumu cxemoro Virtex-4
FPGA muny Xilinx ma zenepamopom cucmemu Xilinx nio xepysannam MATLAB/Simulink. Opucinansnicmes. [Jana poboma noeonana 6
cobi epexmusHicmb Memooie HewimKol J102IKu, NPOCMONTY AI2OPUMMIE AHANIZY CUSHATE CIPYMY CIAMopa ma 8UKOHABYY NOMYICHICINb
niamu ML402 FPGA oOna  OiaeHOCMuKU — HECHpasHOCmell  ACUMXPOHHUX —MAWUH, 00CA2AI0YU  HAUKPAWUX — CRIBBIOHOWIEHD
WBUOKICMb/MPoOdyKmusHicms  ma  npocmoma/npodykmueticmos.  Ilpakmuuna  yinnicme. llossa yvoco memody nokpawuia
NPOOYKMUBHICMb BUAGTIEHHS HECHPABHOCMEN ACUHXPOHHOT MAWIUHY, OCOOIUBO 3 MOYKU 30PY CHONCUBAHHS ANAPAMHUX PecypCis, OHAAUH-
BUAGIICHHSL 8 PeAIbHOMY uaci ma weuoxkocmi eusignenns. bion. 22, Tabn. 3, puc. 19.

Kniouogi crosa: aCHHXpOHHA MAIIMHA, aHAJI3 HEYiTKHX CTPYMiB, MIPOrpaMoOBaHA BeHTHJILHA MATPHIA, alapaTHe CHilbHe
MO/IeJII0OBaHHS.

Introduction. The advances in electronics, power
electronics and control circuits have contributed to the
growing use of asynchronous machines in electrical drive
systems. The use of asynchronous machines is mainly
linked to their robustness, their specific power and their
manufacturing cost. Their maintenance and monitoring
make it possible to make the installations profitable. It is
therefore important to develop diagnostic tools for early
detection of faults that may appear in these machines [1].

Usually, diagnostic methods require knowledge of
the healthy state of the machine regardless of the physical
quantity used. The detection of a fault is based on the
comparison of the signature of a given state with a healthy
state, by considering an indicator resulting from a
measurement that is known to be sensitive to a particular
fault [2]. Analysis and processing of measurable
quantities in the electrical system, in particular stator
currents, has taken a preponderant place in the approaches
for detecting and diagnosing faults in electrical machines.

In the last decades, the diagnosis of the asynchronous
machine has known a growing enthusiasm on the part of
the scientific community. The model approach consists of
the analytical modeling of machine [3]. The occupation of
Lipo et al. [4] and Cornell et al. [5] all relate to the accurate
modeling of the machine. Those of Toliyat are
characterized by the winding function and the consideration

of space harmonics [6]. On the other hand, Devanneaux et
al. studies [7] are based on the multi-winding model. This
work has greatly enriched the accurate modeling oriented
towards diagnosis. Filippetti’s et al. research for the
diagnosis defects in the induction motor by using the
technique of artificial intelligence [8] and neural networks
[9]. The signal approach consists in the detection of
indicators or signatures of defects [10]. This operation is
carried out by the extraction and quantification of
measurable electrical or mechanical quantities of reliable
indices related to defects. Work has been illustrated by the
search for internal indicators (magnetic field, etc.) [2],
others by external indicators (voltage, current, torque,
speed) [6]. The system approach consists of extracting and
classifying or interpreting the results. A form of automation
of the diagnostic procedure from acquisition to decision-
making has been developed and presented [11].

Intelligent techniques such as fuzzy logic and neural
networks are increasingly integrated into algorithms for
detecting the failure of electrical machines, particularly in
the classification of faults. Filippetti et al. [9] introduced
neural networks for the rotor faults diagnosis, in particular
for the detection and estimation of the number of broken
bars. In [12] presented a new method for on-line detection
of faults in asynchronous machine by monitoring stator
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current based on artificial neural networks. His essays
prove the interest of neural networks for classification and
decision making. In [13] introduced the Kalman filter in a
parametric study for detection of broken bars with
estimation of rotor resistance. Another study [14], in
which was presented a method for the diagnosis of
electrical faults, based on Park vector approach using the
technique of artificial neural networks as a decision
criterion for the discrimination between healthy and failed
cases. In [15] were proposed a system for identifying and
classifying asynchronous machine faults. This system is
based on radial function-based neural networks. The
author [16] proposed a parameter selection method based
on a genetic algorithm. It allows a notable reduction of
the dimension of this vector without significant loss of
information. In [17] was presented a new estimation
model without sensors of inaccessible quantities of
asynchronous machine for control and monitoring, based
on artificial intelligence techniques, such as artificial
neural networks and neuro-fuzzy networks. Furthermore,
he gave the notion of neuro-fuzzy extended Kalman filters
for the estimation of the internal parameters of
asynchronous machine.

Online fault diagnosis plays a vital role in
monitoring operation and provides early protection
against faults in many industrial areas without stopping
production lines. The use of field programmable gate
array (FPGA) for implementing fault diagnosis algorithm
solves the biggest obstacle of system complexity by
reducing interconnections and wiring problems [18].

The condition monitoring and diagnosis of faults
that occur in an asynchronous machine makes the
machine highly reliable, helping to avoid unplanned
downtime, which leads to more lost revenue and
interrupted production. This can only be achieved when
irregularities produced due to faults are detected as they
occur and diagnosed quickly so that appropriate action to
protect the equipment can be taken. This requires
intelligent control with a performing scheme [19].
Therefore, FPGA architecture based on a hardware
implementation of the motor current signal analysis
(MCSA) failure detection algorithm and fuzzy logic is
suggested in this article to diagnose the fault more
efficiently and almost instantaneously.

The purpose of this work is to study the
contribution of the implementation of fuzzy logic on
FPGA programmable logic circuits in the diagnosis of
asynchronous machine failures for a phase unbalance and
a missing phase faults cases. In this study, we start with
the adaptation of the fuzzy logic in order to allow an
optimal implementation. This implementation must
ensure efficiency, speed of execution and a minimum
possible space on the FPGA circuit.

Basic calculation relationships and assumptions.
A proposed system consists of a power supply block
having an AC-DC inverter node and a DC-AC inverter
node, an asynchronous machine, a flux and torque
estimation block, a fault based on fuzzy MCSA, a
controller block based on direct torque control (DTC)
command. The input signals corresponding to the currents
at the terminals of the asynchronous machine are
transformed into output signals indicating the torque and
the flux by the estimation block. These signals are fed
into the controller block, which creates input signals for

the DTC block, which processes and generates
appropriate pulses for the bipolar transistor inverter. The
fault diagnosis block receives signals corresponding to the
stator currents of the asynchronous motor and gives the
states (healthy or faulty) of the asynchronous machine.

The diagnostic block diagram of the asynchronous
machine with a fuzzy MCSA implementation based on
FPGA is shown in Fig. 1.

Fuzzy MCSA diagnostic block

| ':
1
1 ) E[a !
! Machine < '
1 state Fuzzy Ep !
| g—— Inference (4 RMS (& |
! System !
: L « | |
1 1
e e e e e e e e e e e e e e e e e e e _L _I
o I,
Continuous LTWOl Iy
Source E evess > M
o [nverter | [ .

DTC Control

AA A A

Fig. 1. Schematic of fuzzy-MCSA-based fault diagnosis drive system

Fuzzy inference system will automatically detect the
fault of lack of phase, imbalance of the three phases and
short circuit also between the turns as soon as it appears
on the asynchronous motor.

RMS signal of the asynchronous motor stator phase
current is used as a fault indicator signal

1
RMS = —juz(t)dt. (1)
! 0
For a periodic signal 7, the relation will be:

)

The RMS values for the three phases of stator
currents are compared with their nominal values. The
results of this comparison give the three fault indicator
signals: fault indicator of phase A current (E;), fault
indicator of phase B current (£) and fault indicator of
phase C current (E}.) in the method proposed in this work.

Signals (Ey, Ej and E;) represent the linguistic
variables for the inputs of the proposed fuzzy inference
system. These variables can take three linguistic values: N
(negative), Z (zero) or P (positive). Figure 2 shows the

fuzzification membership functions of the RMS error.
1

09}

0.8 |

0.7 L
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0
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Zero error

0 0.1 0.2 0.)3 0‘.4 0.5 O.é l;.7 0.8 0.9 1
Fig. 2. The fuzzification membership functions of the RMS error
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Output signal of the proposed fuzzy inference system is
presented by the linguistic variable EM, which represents the
state of the machine and can take the following linguistic
values S (Healthy); D1 (Fault degree 1°); D2 (Fault degree 2°);
D3 (Fault degree 3°). The fuzzification membership functions
of the machine state EM is presented in Fig. 3.

[
>

Fig. 3. The fuzzification membership functions of the EM

Fuzzy inference system decides according to the
following rules:
e if all the fault indicators are zero then the state of the
EM machine takes the value S (Healthy);
e if only one fault indicator is non-zero then the state
of the EM machine takes the value D1 (Fault degree 1°);
e if only two fault indicators are non-zero then the state
of the EM machine takes the value D2 (Fault degree 2°);
e if all the fault indicators are non-zero then the state
of the EM machine takes the value D3 (Fault degree 3°).
FPGA implementation of RMS function. The
RMS block is used to calculate the effective value of a
signal using (1) [20]. Consider a signal form u(#) in Fig. 4
a signal form «’(7) will be as in Fig. 5.

u :
o} i
os
/ \ i i ,
0.4l N I R
o2}/ b} :
of 19 )
&Y 1
oz} e ’-_,f N
0.4} > A
0.6 i
il — AN
5 i £ 3 F .
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g . ——
oslU ,/ '\_- ; L1
P I AN W A .
07| i :\ f § ‘\‘,
0.6 / Y i { i
os i -‘ \
T + ',, i i I
04 f T U / 5
L L 1 J.‘" \.\ /
0.2f-eeofernnt H \\. 1‘4 \, _'
0|/ H Y / \ v
LA 'y 7 NSt

"Fig. 5. Signal form 12(t)

A signal sampled by a sampling steps 7.. Signal 1*(7)
will only be known at sampling instants. Figure 6 shows
the signal u’(r) sampled. Signal J;uz(t)dt can be

approximated by the area between u*(f) discretized and
the time axis as shown in Fig. 7.
11— : - -

o o

g = |
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¥
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Fig. 6. Sampled u*(7)

Fig. 7. Area between () discretized and the time axis

For N samples:
t N-1
[u@de= Y ui -1,
0 i=0
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The hardware implementation on FPGA we used a
counter to count the number of samples, a multiplier to
calculate the square of a sampled signal u7, an
accumulator to cumulate the values of u7, then multiply
the value of the accumulator and the inverse of counter at
the end make the square root of it to obtain the result.

The hardware architecture on FPGA of the RMS
function is presented in Fig. 8.

Resource System
4 Generator
Estimator

Signal  Gatewayn
Generator

Gateway Out

Mult SquareRoot Display

Convert Convert3

Counter Reciprocal

Fig. 8. Hardware architecture on FPGA of the RMS function

FPGA implementation of fuzzy inference system. The
hardware implementation of a fuzzy inference system consists
in implementing the three phases of a regulation by fuzzy
logic: fuzzification, fuzzy inferences and defuzzification.

Fuzzification module implementation. In this
study, we employ a memory-oriented approach for
implementing the fuzzification module, which allows us
to determine the degree of membership in a fuzzy set
using a member ship function. This approach calculates
the output values offline and stores them in memory. One
advantage of this solution is that it simplifies the process
of changing a member ship function [21].

To represent each linguistic input/output variable, we
use tables that store the degree of membership for each
linguistic value. These tables are implemented in hardware
using Read Only Memory blocks that can be addressed with
a single entry. These memory blocks contain the degree of
membership for each linguistic value and provide a
representation of the discrete speech universe. For instance,
if we have a normalized discourse universe [0, 1] with 64
points of discretization, we would use an address space of
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[0:63]. The hardware implementation of these functions is
detailed in [22].

Implementation of rule inference and evaluation
module. The implementation of rule inference and
evaluation is shown in Fig. 9. This module takes three
blocks from the fuzzification module as input. The rules
selector block helps construct the rule base, which
consists of 27 rules. The realization of all the possible
combinations between the fuzzy values of «RMS error»
makes it possible to obtain this base of rules.

The (min/max) operators are implemented by a 2-1
multiplexer and a comparator on XSG «Xilinx System
Generator» hardware tool. If an operator (min/max) has
more than two inputs, multiple two-input (min/max)
operators are used. For instance, to implement a min
operator with three inputs, two min operators with two
inputs are employed.

‘ RMS error Ia

|

1019335 SN

RMS error Ib

|

RMS error Ic

|

Fig. 9.Architecture of the inference engine module

Implementing the defuzzification module. The
hardware description of the defuzzification module is
performed by a MAX operator as shown in Fig. 10. The
inputs of this module are the outputs of the inference
module. The output of this block is representing the
output of the entire EM fuzzy block, which represents the
state of the machine.

S —
D1l ——

——EM

DI —

D3 —

Fig. 10. Defuzzification architecture

Results, simulations and validation. This phase
consists of the integration of a fuzzy inference system in
the MCSA algorithm for diagnosis of asynchronous
machine defects. During this part and similar to the
simulation with MATLAB, we will simulate the proposed
hardware architecture using the Xilinx generator system.

The diagnostic algorithm is applied to an induction
motor, whose specifications are given in Table 1.

Table 1
Induction motor parameters

Stator resistance Rg, Q 10
Rotor resistance R,, Q 6.3
Stator inductance Lg, H 0.4642
Rotor inductance L,, H 0.4612
Mutual inductance L,,, H 0.4212
Moment of inertia j, kg-m’ 0.02
Machine pair pole number p 2

Synthesis results. Table 2 presents the performances in
terms of resource consumption obtained during the
implementation of the diagnostic algorithm proposed on the
FPGA Virtex 4 given by the architecture presented in Fig. 1.

Note that the proposed architecture optimizes the use of
the hardware resources of the FPGA card 4.8 % of slices and
13.7 % of look up tables (LUTs), moreover this architecture
considerably reduces the logical components to be used
compared to the architectures presented in [19, 21].

Table 2
FPGA proposed diagnostic algorithm

Target Device: ML402 Virtex-4 xc4vsx35-10ff668

Logic utilization RMS| P92 | Available|Utilization
system

Number of slice flip 170 | 1304 | 30720 | 4.8%
flops
Number of oceupied | 455 | 1685 | 15360 | 13.7%
slices
Total number o
of 4 Input LUTs 1286 2173 30720 | 11.25%
Number of bonded input o
output block (IOBs) 65 >8 448 274 %

Table 3 presents operating frequency comparison
between our implementation and previous implementations
of induction motor diagnostics algorithms.

Table 3
Operating frequency comparison
Proposed
References [21] [21] [19] fuzzy
MCSA
Device Intel Pentium | FPGA FPGA FPGA
family Dual Core Altera Xilinx )_(ﬂmx
processor | Cyclone-II | Spartan-3E| Virtex-4
Maximum
clock 2.95 kHz 45.45kHz | 92.1 MHz |231.64 MHz
frequency
Minimum 338 pis 2ps | 10857ns | 4317ns
period
The synthesis tool sets the maximum clock

frequency at 231.64 MHz, corresponding to a minimum
period of 4.317 ns. Table 3 presents a comparative study
of the operating frequencies among various references
within the same research axis.

MATLAB/Simulink and XSG/Xilinx simulations.
The structure of the fuzzy MCSA diagnostic algorithm block
is shown in Fig. 1. This proposed algorithm consists of two
modules. RMS module is used to calculate the effective
value for the three phases of stator currents. This signal is
used as the signal fault indicator and the diagnostic module
based on a fuzzy inference system, we simulated these
modules separately on MATLAB/Simulink with Xilinx
generator system. Simulation results of the RMS module for
the different types of input signals are illustrated in Fig. 11.
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Fig. 11. RMS function for different types of input signals
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FPGA hardware co-simulation validation. After a
simulation step, the proposed hardware architecture was
validated by co-simulation on the target device ML402
equipped with a Virtex4 FPGA circuit. This last is
dedicated to the implementation of the proposed
diagnostic algorithm on a development board integrating
an FPGA component. It is mainly intended for the
verification and validation of the digital implementation
of control and diagnostic algorithms on FPGA targets in a
«Hardware in the loop» simulation environment.

Figure 12 shows the principle of validation of the
architecture proposed by Hardware co-simulation.

Point-to-point
Ethernet communication

procedure to generate a bitstream file from the prototype and
a point-to-point Ethernet block. This facilitates the
Hardware-in-the-Loop (HIL) procedure. The generated
block (Fig. 13) replaces the previously constructed hardware
architecture for the fuzzy MCSA diagnostic algorithm.

[1a] Ia Ell—#{el D1—42H
Point-to-point DE1 <A
Ib E2—m "

= Ethernet ( -

Pi—»4BEL
Sysem
[Te] Ic E3—me3 51 s Generaior
RMS FUZZY DIAG SYS

hweosim
Fig. 13. Fuzzy MCSA diagnostic algorithm HIL point-to-point
Ethernet block

During the HIL validation process, the point-to-point
Ethernet blocks are connected to both the inverter and the
induction motor. In this setup, the motor model, DTC
control, and inverter models are simulated in the
MATLAB/Simulink environment, while the XSG
architectures of the fuzzy MCSA diagnostic algorithm are
implemented on the ML402 FPGA device.

To perform the HIL validation, the target device is
connected to a PC using an Ethernet cable. This allows
for real-time communication and interaction between the
simulated models running on the PC and the hardware
implementation running on the FPGA device.

1. For phase unbalance: phase 4 voltage V,, =40 %
Vi at t = 0.5 s the waveform responses of the induction
motor speed, torque, phase voltages and currents are
shown in the Fig. 14, 15.

Ve, V

200 (-
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0

Fuzzy MCSA diagnostic block ______
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<
{ DTC |
MéTL AB control [

Fig. 12.Hardware in the loop validation of fuzzy MCSA
diagnostic algorithm

Upon completion of the simulation and timing analysis,
the hardware co-simulation process in XSG follows a

01 04 f,s
Fig. 14. Behavior of induction motor phase voltages
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Fig. 15. Behavior of induction motor speed, torque and phase
currents

Figure 16 presents the results of the analysis by the
fuzzy MSCA algorithm proposed for the phase currents of
the previous Fig. 15.
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" ‘ : : Figure 19 presents the results of the analysis by the
, f . fuzzy MSCA algorithm proposed for the phase currents of
u ‘ i ‘ | i the previous Fig. 18.
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Fig. 16. Proposed fuzzy MSCA analysis of the phase currents o o o o m % 5
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In the machine start-up phase (transient regime)
from 0 to 0.2 s the three current phases are greater than ' ; ; : ; ;
. i | | \ i

their nominal values so it is obvious to have a class D3
fault in this time interval.

In the interval 0.2 to 0.5 s the machine reaches their
permanent regime and the three current phases resume
their nominal values so the state of the machine takes the
value Healthy.

At instant 0.5 s a fault appeared and the state of the
machine changes from the S value to the value D1.

The fault does not have a great influence on the
dynamic response of the machine speed; this is due to the
robustness of the DTC command.

2. For missing of a phase: Vy,, = 0 at t = 0.5 s the
waveform responses of the induction motor speed, torque,
phase voltages and currents are shown in the Fig. 17 and 18.
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Fig. 17. Behavior of induction motor phase voltage
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Fig. 18.Behavior of induction motor speed, torque and phase
currents
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Fig. 19. Proposed fuzzy MSCA analysis of the phase currents

In the machine start-up phase (transient regime)
from 0 to 0.2 s the three current phases are greater than
their nominal values so it is obvious to have a class D3
fault in this time interval.

In the interval 0.2 to 0.5 s the machine reaches their
permanent regime and the three current phases resume
their nominal values so the state of the machine takes the
value Healthy.

At instant 0.5 s a fault appeared and the state of the
machine changes from the S value to the value D3.

The lack of phase fault has a great influence on the
dynamic response of the machine speed, this is due to the
catastrophic nature of the lack of phase fault.

Conclusions.

1. The purpose of this work was, firstly, to evaluate the
performance of the use of field programmable gate array
programmable logic circuits for the diagnosis of faults in
an asynchronous machine by introducing a fuzzy
inference system into the algorithm of the analysis of the
motor current signal analysis by taking the RMS signal of
the stator phase current as the fault indicator signal.
Secondly, to implement and validate the proposed
hardware detection algorithm.

2. The originality of our work has been to combine the
performance of artificial intelligence techniques, the
simplicity of motor current signal analysis algorithms and the
execution power of programmable logic circuits, for the
definition of a fault diagnosis structure for the asynchronous
machine achieving the best simplicity/performance and
speed/performance ratios.

3. Finally, we believe that the proposed solution has
improved the performance of fault detection for the
asynchronous machine, especially in terms of hardware
resource consumption, real-time online detection and
speed of detection.
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Axial flux machine with non-slotted TORUS-NS rotor type. Design and investigate for electric
traction

Introduction. The drive electric motor is one of the key components in the traction chain of an electric vehicle. Traditional radial flux motors
used in electric vehicles, which use permanent magnets or induction motors in an electric field, are experiencing significant development
aimed at optimizing their weight and cost. However, it can only go so far, so switching to a completely different type of machine, such as an
axial flow, might be a good alternative. The novelty to this item is an axial flux permanent magnet motorization with non-slotted TORUS-NS
rotor (single interior stator with two external rotors North-South) type housed in the wheel of the vehicle; this allows power to pass directly
from the motor to the wheel, increasing the efficiency of the motor. System complexity is also less, as the transmission, differentials and
driveshaft are eliminated. Purpose is to equip the electric car and choose the motor adapted to the application and the available space. The
smaller size and weight allows for a lighter vehicle and more batteries, thus increasing range. The focus on customization is because vehicle
performance is so dependent on the quality of the vehicle architecture , battery pack and axial flux motor design. The results obtained are in
good agreement of accuracy, in particular the flux density at the air gap. The investigation is carried out by the finite element method.
Machine model was run on Maxwell 16.0 business code. References 22, table 1, figures 10.

Key words: axial flux permanent magnet machine, electric vehicle, finite element method, TORUS-NS.

Bcemyn. Ipusionuii enekmpooguzyt € 00HUM i3 KII0UOBUX KOMNOHEHINIE MA208020 KOIA eNeKmpomooina. Tpaouyitini 0sueynu 3 padianbHum
MAZHIMHUM NOMOKOM, W0 BUKOPUCHIOBYIOMbCS 8 eNeKMPOMOOLIAX, 8 AKUX UKOPUCHIOBYIOMbCS NOCMILIHI MACHIMU ab0 AcUNXPOHHI OBU2YHU
6 eNeKMPUYHOMY RO, NEPENCUBAIOMb 3HAYHUL POZGUMOK, CNPAMOBAHUI Ha onmumizayiio ixuvoi éazu ma eapmocmi. OOHax ye He medicd,
MOMY 2aPHOIO ATLIMEPHAMUBOIO MOJHCE OYMU NePexio HA 306CIiM THUIUIL MUN MAWUHY, HANPUKIAO, 3 0CbO8UM nomokom. Hoeusznorw y ybomy
NUMAHHI € MAWUHA 3 NOCMIUHUM MAZHIMOM 3 OCbOSUM MazHimuim nomoxom ma 6esnazosum pomopom TORUS-NS (ooun enympiwiniii
cmamop 3 080MA 308HIWHIMU POMOPAMU NIGHIY-NIGOEHb), POSMIWEHUM Y KONeCi MPAHCNOPMHO20 3aco0y; ye 0036018€ NOMYHCHOCHI
nepedasamucsi 6e3nocepednvo 6i0 08uyHa 0o Koneca, nioguwyrouu egpexmugricmo ogueyna. Ckradnicms cucmemu makoc 3HUICYEMbCS,
OCKIbKU 8IOCYMHI mMpaHcmicis, oughepenyianu ma kapoannuil éan. Mema nonsicac 6 momy, wjo6 oonaoHamu enekmpomodit, ma eubpamu
osucyH, adanmosanull 00 3ACMOCy8aHHs Ma OOCHynHoz2o npocmopy. Haiimenwi posmip i éaza 003601s10me guKopucmosysamu Oinou
Jleckuli agmomoobine ma binvute bamapet, wo 36invutye npobie. Ocobausa yeaza npUOinAEMbCa iHOUBIOYATLHOMY HACMPOIOBAHHIO, OCKIbKU
NPOOYKMUBHICMb ABMOMODINA 6a2amo 6 HoMy 3anedicums 6i0 AKOCMI 1020 apXimeKmypu, akymyiamopHoi 6amapei ma KOHCMpYKyii
08USYHA 3 OCLOBUM MazHimHUM nomokom. Ompumani pesynemamu nepedysaionsv y 000piti 32001 3a MOYHICIIO, 30KpemMa 3d 2YCIMUHOIO
NOMOKY Y NOSIMPAHOMY 3a30pi. JOCTIONCEHHS NPOBOOUMBCA MEMOOOM CKIHUeHHUX enemenmis. Modens mawuny 6yna 0ocniodcena 3
BUKOPUCIAHHAM KOMEPYITIHO20 npoepamtozo npooykmy Maxwell 16.0. Bion. 22, ta6n. 1, puc. 10.

Kniouogi cnosa: mammHa 3 MOCTIHHMM MArHiTOM 3 OCHOBHM IOTOKOM, €JeKTPOMOOiIb, MeTOJ CKiHYeHHHUX eJIeMEHTIB,
ejqekTpuyHa mamuna tTuny TORUS-NS.

1. Introduction. Road transport is one of the biggest
emitters of greenhouse gases in the world and one of the main
sources of air pollution. Faced with this colossal challenge,
the world has embarked on an ambitious transition policy
towards cleaner and more efficient energy, improving
performance, efficiency, safety and sustainability [1] with less
polluting transport judged as a strong requirement. One of the
solutions for reducing polluting gas emissions is the
development of electric vehicles, while the traction of electric
vehicles is entirely provided by electric motors.
Unfortunately, electric vehicles have several disadvantages
compared to internal combustion vehicles: for example; very
limited autonomy, and high manufacturing costs.

On the might of these points, it is obvious that the
motor for this vehicle must be very efficient. Due to its
disc-shaped structure and high compactness, the topology
of the axial flux permanent magnet (AFPM) machine is
well suited for direct drive motor applications in the
wheels [2]. Innovative solutions for emerging low-speed
vehicles each providing a wide range of benefits in the
areas these vehicles move through. The use of low-speed
vehicles helps users enjoy the benefits of low-speed
electric vehicles even more. For this purpose, a mode for
low-speed vehicles was chosen for this study where the
nominal speed of the wheels is 200 rpm.

The objective of this paper is to design the twin
rotor axial flux synchronous motor without slot with
internal stator (TORUS) according to the dimensioning
equation. 3D finite element analysis is used for the
accuracy of the electromagnetic air gap density.

2. Axial flux permanent magnet machine.

A. Presentation of the axial flux machine. A radial
flux motor generates flux perpendicular to the axis of
rotation, where the rotor is made of permanent magnets
located inside a stator that contains support known as a
yoke, which 1is outfitted with «teeth» containing
electromagnetic coils that work as alternating magnetic
poles. These poles interact with the alternating magnetic
flux of the stator coils, which produces rotation of the rotor
and therefore of the motor. An axial flux motor design has
a different geometry from a radial machine, since its stator
disc sandwiched between two rotor discs distinguishes the
motor. In this design, the flux is generated parallel to the
axis of rotation. This carries has the advantage of
simplifying the fabrication of the motor (Fig. 1).

Axial flux motor Radial flux motor

Current
Current

Al Magnetic field
Magnetic field

Torque

Torque

Axial flux motor

Radial flux motor

— L
=

— -

TR

-
iE=
—tl

Fig. 1. Operating principles of the machine
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B. Topologies of axial flux machines. Several axial
flux machine configurations are shown in Fig. 2. Are
classified into several categories [3, 4] according to:

e construction: number of stators and rotors, and their
locations to each others.

o winding support: slotted, unslotted.

o type of winding produced: distributed, concentrated,
Gramme ring.

e arrangement of magnets: on the surface, buried
radially, buried tangentially.

Moreover, in literature, 4 main families are
classified according to the type of structure:

1. «Single face» machine or a machine with 1 rotor and
1 stator.

2. «TORUS» (single interior stator with two external
rotors) machine, where the stator is between 2 rotors.

3. «<AFIR» (axial flux internal rotor) machine, where
the rotor is between 2 stators.

4. Multi-stage machine with several stators and rotors.

h

Fig. 2. AFPM synchronous motor topologies:
a, b — single stator-single rotor [5]; ¢, d — dual stator-single
rotor; e, f, g — dual rotor-single stator; 4 — multistage structure

3. Geometrical modeling, and dimensioningof the
AFPM machine.

A. Machine suitable for automotive application. In
order to be able to select the best machine meeting the needs
of our application, a small comparison between the different

topologies of the AFPM machine illustrated in Fig. 2 is made
to extract the advantages and disadvantages of each machine
in order to be able to select the most suitable topology and
meeting the different requirements of our application. Firstly,
single air gap structures of the 1 stator/l rotor type are
eliminated in favor of multiple air gap structures because the
objective is to have a mechanically balanced structure where
the axial forces in operation compensate each other. In
addition, a multiple air gap structure allows us to use a larger
electromechanical conversion surface than the single air gap
structure and, therefore, to hope to meet the performance
required for our application. However, the reduced axial size
imposed by the wheel and the obligation to work with discs
of significant thickness prohibits multi-disc structures with
more than two air gaps. The choice made among the
symmetrical structures with two air gaps, we eliminate the
structure with two stator and one rotor because of volume in
favor of a structure with two rotor and one stator, therefore
the selection remains between the TORUS-NN machine a
magnetic flux emanates from a permanent magnet (PM),
passes through the air gap, passes through the stator core and
completes the circuit at the opposite polarity PM [6], stator
and TORUS-NS or the direction of the flux changes such that
the flux moves along the axis of the stator; in other words, the
flux moves from the first rotor to the stator towards the
second rotor without circulating along the stator yoke. In this
case, the winding is placed on a disk of non-conductive and
non-magnetic material [7], which implies a considerable
reduction in iron losses and the elimination of the cogging
torque which can be responsible for annoying torque ripples.
Thus, this machine has a fairly advantageous mass torque [8].
In addition, the windings are placed at the level of the air gap
and are in direct exposure to the magnetic field. At the end of
this comparison and according to the criteria required for our
application the TORUS machine where the stator is located
between 2 mild steel rotors, carrying axially polarized
magnets [9, 10] reaching relatively large dimensions air gap
associated with a winding without an air gap [11]. The
laminated stator strip wound toroid has a slotless toroidal
winding that carries three phases. The geometric design of the
TORUS-NS engine is shown in Fig. 3 [12]. The arrangement
of the three-phase windings, the polarity of the magnet and
the current path in the magnetic circuit through the diameter
of the machine are shown in Fig. 4 [13].

Fig. 3. a — definition of the geometrical parameters for the
AFPM TORUS-NS motor [10]; b — configuration of the PM
machine with axial flux TORUS without slot (TORUS-NS)
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Fig. 4. PM polarities and magnetic flux paths of a TORUS-NS machine [5]:
a-2D;b-3D

B. Sizing equation for the AFPM machine. Two
models of analytical modeling of -electromagnetic
phenomena are described, a simplified modeling was
developed in order to set up dimensioning equations [14]. It
is based on a reasoning on the power balance of the machine
tha allows possibility to analyze, compare and pre-dimension
machines of different structures. These models are fast,
however, compromises must be made in terms of solution
accuracy. The established sizing rules link input quantities
such as geometry and power supply to output quantities
which are the performance of these machines in terms of
torque, losses, and efficiency. The sizing equations of
machines with TORUS axial flow have the following form:

m T .
P =1 [y -1 =m- Ky By Ly (1)

where e(?) is the electromotive force (EMF) due to PM;
i(¢) is the supply current; E, is the maximum value of
EMEF in air gap; I, is the maximum value of current; K, is
the power coefficient; 7 is the motor efficiency; m is the
phases number of motor [6, 15].

The power coefficient K, is defined as:

1T e

K,=
T 3 Ep-L i

T
1
t=— { fet)- fithde.  (2)

The normalized EMF and current are defined as:
Jele)= ) Epe - FO)=1(0) 1,
The form factor of the current is K; defined as:
-0.5

It LTl 2
Ki:Lk: _.I LGN Y , 3)
1 rms r 0 1 pk
where I,,,,; is the average square value of the phase current.

The maximum value of the phase air gap EMF for
the AFPM in (1) is given as:

E Li-2)og. @

K,-N,, B
e P gp

Pk =
where K, is the factor form voltage into account the type of
winding; N, is the turns per phase number; B, is the air gap
magnetic flux density taken as a parameter to increase the
mass moment [16]; f'is the frequency of machine; p is the
pole pairs number of machine; A = D, / D,, which is taken
as a parameter to improve performance of motor [17]; D, is
the outer diameter of motor; D, is the inside diameter of
motor.
The maximum current value is given by:
ka:A~7r~Ki-ﬂ-L, (5)
2 2,Npy,
where m; is the number of phases in stator; 4 is the
electrical load of machine.

ml’

Combining (1) to (5), we obtain measuring equation:

m 1+ 2
Pouz:;l'i_zr'Ke'Kp 'Ki'A'Bg'U'i'(l_/12)'[ 2 ]'ng(@
with introduction the aspect factor of the axial current
machine [16]: K; = Dy / L., where L, is the axial height of
the machine, which is based on certain considerations of
physical and geometrical quantities.

Using this parameter, second expression of the sixth
dimensional equation (6) is deduced:

1+
FPoyr=K,-K; 'Kp Ky, '77'Bg 'A'i'[(l_lz).T'Dg]Le (7
The torque density of machine for total volume is:
P
Tdem = T 01412 5 )]
Wi 4 Dior * Liot

where w,, is the angular speed of rotor; D,,, and L, are the total
outer diameter and the total length of machine respectively,
including the outer diameter winding end [2, 6, 17].

A general approximation of the size equation can be
easily applied to TORUS surface-mounted PM motors [6].
The diameter of the outer surface D, can be specified as:

3
T KK, KA B, .ﬁ.f.(l_ﬁ).[lﬁj
2-my p 2

Axial height of active parts L, (7) is expressed as a
function of geometric and magnetic parameters of axial
flux machine, the axial height of active parts can be
expressed by:

L,=L;+2-L.+2-g, (10)
where L, is the active length of the rotor:
L},.:LC,,-FLPM, (11)

where L., Lpy are the axial height of a rotor yoke and
magnets respectively; g is the axial thickness of machine
air gap; L, is the height of the toroidal stator without
notch. This height is made up of a laminated
ferromagnetic yoke to height L.,, and that of the windings
in the axial direction, denoted W,
Li=L. +2-W,,. (12)
In order to evaluate W, in [17] was developed a
method based on volume considerations. By introducing
the effective surface current density J; in the copper wire,
and the winding factor K., simple considerations on the
volume of copper allow us to write that:
D;,-./D-\2-4-D, /K, -J,
v, PP AB R T)

This size is also useful not only for the axial size,
but also for radial dimensions, because it can then write
the total exterior diameter of the machine in the form:

Dypy =Dy +2W,, (14)

The thickness of the yoke of the stator is obtained as:

LCS:Bg 7-a,-Dy (1+/1)’ (15)
4-p- B
where B, is the flux density in the stator core.

For the rotor thickness, the previous expression must
be divided by a factor of two, since the rotor yoke must
only channel the magnetic flux present on one side:
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B,-7-Dy-(1+ 1)
8-p- B
where B, is the average magnetic flux density on a pole at
surface of magnets. Axial height of magnets Lpy as
function of maximal required magnetic flux density B, is:

-7 (g+w,),  (7)

L

where S, is the relative opening angle of the magnet with
respect to the pole pitch; K is the ratio of the mean value
of the air gap magnetic flux density under a pole B, to its
maximum value B, [19], and must be determined by
three-dimensional finite elements in the axial flux
machine.

The form factor of an axial flux machine, whose
expression [20]:

KL=_ K B 1 = . (18)
7r-(l+/1)( f g+Buj+
4-p B B
-B
L w, 2eg) 14— "8
Dy B _L.B
r u
Ba

C. 3D finite element modeling. The complexity of
AFPM on surfaces with a single stator double rotor structure
requires 3D finite element numerical analysis. In general,
finite element modelling and simulation are used to take into
account non-linear and three-dimensional aspects of
electrical machines [21]. However, this type of simulation is
becoming increasingly common in industry. Figure 5 shows
the assembled machine using Ansys Maxwell 3D 16.0
Software (the machine design has been modelled here).
Meshing is an important step in numerical modeling [22].
Improper meshing can lead to incorrect results. It is
therefore important to develop a mesh in combination
between smoothness and computation time. This machine
was initially designed to meet the conditions for integration
in the wheels of electric cars.

Fig. 5. Illustration and mesh of a double rotor axial magnet
machine with internal stators TORUS-NS:
a — general geometry of machine; b — part of machine

The geometrical and electrical parameters are detailed
in Table 1.

Table 1
Geometrical and electrical parameters of the TORUS-NS AFPM

Parameter Value
Main voltage V;, V 219.05
Phase voltage Vp, V 126.47
Number of pole pair p 14
Electrical loading 4, A/m 10500
Current density J, A/mm? 7.8
Air-gap flux density By, T 0.74
Diameter ratio 4 0.5745
Electrical power wave factor K, 0.777
Current wave form factor K; 0.134
EMF factor K, II
Copper fill factor K¢, 0.33
Residual magnetic flux density of PM material B,, T| 1.17
Leakage flux factor K, 0.533
Specific magnetic loading B,, T 1.125
Outside diameter D,, mm 470
Internal diameter D;, mm 270
Average diameter D,, mm 370
Air-gap length g, mm 1.5
Flux density in the stator core B, T 1.245
Axial span of the stator core L., mm 20
Winding width at internal thickness #,,;,, mm 5.5
Winding width at external diameter W,,,,, mm 32
Interior diameter along side width W,,, mm 43
Stator core length L, mm 28.8
Rotor core length L., mm 20
Magnet thickness-to-pole field ratio o; 0.72
Average diameter magnet breadth WPy, mm 29.9
Axial length of the rotor L,, mm 32.7
Axial length of the machine L., mm 97
Number of winding turns per phase &, 160
Phase current rms value /,; A 12.71
Axial thickness of the winding /,,, mm 4.4
Cross-section area of wire S,,, mm? 0.396
Wire conductor diameter d,,, mm 0.71
Effective axial length of machine L;, mm 100
Average length of the armature turn L,,,, mm 257.6
Nominal power Pz, W 5000
Number of phase m 3
DC voltage Vpc, V 210
Frequency f, Hz 46.67
Nominal speed, rpm 200
Connection Y

Figure 6 in 3D model shows the distribution of
magnetic flux density B of yoke vector distribution. In
magnetic analysis, the motor is simulated at a certain time to
obtain the magnetic field distribution. In this way, it is
possible to check whether the design geometry is correct, by
observing flux density distribution in air gap, in which
central radius is obtained.

The results are shown in Fig. 7, 8.
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Fig. 6. a — magnetic field strength with vectors;
b — magnetic flux density distribution in the motor
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Fig. 7. Air gap flux density magnetic distribution for average
radius (average diameter D= (D; + D,)/2)
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Fig. 8. TORUS-NS air gap flux densityunder one pole

The expositions of the stator core and rotor to time-
varying flux densities were studied. The results are
illustrated in Fig. 9, 10.
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Fig. 9. Stator yoke flux density magnetic distribution for average
radius
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Fig. 10. Rotor yoke flux density magnetic distribution for
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4. Conclusions. The current global context has
prompted car manufacturers to electrify their vehicles. In
order to reduce the cost, which is still high, various
technical solutions need to be implemented in these types
of vehicles to reduce the cost of the power-train/electric
transmission components, particularly the electric
machines.The main objective of this article is to study an
electric machine that can satisfy severe constraints in
terms of performance and size for an application in a
direct drive system for electric vehicles.

It is important to achieve optimum performance: high
torque density with maximum efficiency over a wide speed
range, which would impact the use of analytical models
based on the sizing equationsin order to identify the best
geometry of the machines application. Therefore, at the end
of this study, axial flux machine with non-slotted TORUS-
NS rotor type was selected due to its advantages. The
numerical results using finite elements have given satisfied
resukts to evaluate the potential of this machine.

For further study this machine, three-dimensional
features are considered using the Maxwell Ansys finite
element model. The results concerning the magnetic flux
density in the air gap, obviousmy shown that it is
necessary to improve the overall operation: in the end
wheel motors begin to make their way to the automobile.

The effect of buried permanent magnet axially in the
rotor has been planned as a perspective task and radial
split of each permanent magnet into small pieces.

Conflict of interest. The authors declare that they
have no conflicts of interest.
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Optimization of cogging torque in interior permanent magnet synchronous motor using
optimum magnet v-angle

Introduction. At present, the most important requirement in the field of electrical engineering is the better utilization of electrical
power, due to its increasing demand and not-so-increasing availability. A permanent magnet synchronous motor (PMSM) is
increasingly gaining popularity in various household and industrial applications because of its superior performance compared to
conventional electrical motors. Purpose. PMSM is designed based on the selection of various design variables and optimized to
Sfulfill the same. Being superiorly advantageous over other motors, PMSM has the major disadvantage of higher cogging torque.
Higher cogging torque generates torque ripple in the PMSM motor leading to various problems like vibration, rotor stress, and noisy
operation during starting and steady state. The designer should aim to reduce the cogging torque at the design stage itself for overall
better performance. Methods. An interior rotor v-shaped web-type PMSM is designed and its performance analysis is carried out
using finite element analysis (FEA). Magnet v-angle is optimized with the objective of cogging torque reduction. Performance
comparison is carried out between the optimized motor and the initially designed motor with FEA. Novelty. Magnet v-angle analysis
is performed on the same keeping all other parameters constant, to obtain minimum cogging torque. The proposed method is
practically viable as it does not incur extra costs and manufacturing complexity. Practical value. It is observed that the magnet v-angle
is an effective technique in the reduction of cogging torque. Cogging torque is reduced from 0.554 N-m to 0.452 N-m with the application of
the magnet v-angle optimization technique. References 19, tables 2, figures 10.

Key words: cogging torque, finite element analysis, interior v-shape web, magnet spread angle, magnet v-angle, permanent
magnet synchronous motor.

Bcemyn. B oanuil uac natieasiciusiuioro 8UMo2oio 8 2any3i enekmpomextiku € Haukpauje 6UKOpUCAanHs eiekmpoenepeii uepes 3pocmaiody
nompe0y 8 Hitl i He HacmineKu 3pocmaiouy docmynticmo. Cunxponnui 0sueyn 3 nocmivnumu maenimavu (CAIIM) nabysae ece 6invuol
NONYIAPHOCI 6 PI3HUX NOOYMOBUX MA NPOMUCTIOBUX 3ACMOCYEAHHAX 3A60AKU CB0IM UYOOSUM XAPAKMEPUCTIUKAM Y NODIGHANHI 3i
seuyatinumu enexkmpoosuzynamu. Mema. C/{IIM, cnpoekmosanuii na 0cHo8i 6ub0pY pPisHUX KOHCIMPYKMUGHUX 3MIHHUX A ONMUMI308aAHULL
oA ix eukoHanHa. byoyuu uyooeum y nopieHanHi 3 inwumu osueynamu, CLAIIM mae conosuuii Heoomik. euwyuil KpymHutl Momenm. Buwui
KpYMHULL MOMEHIM SUKTUKAE NYTbCayii KPYMHO20 MOMEHMY 8 O8USYHI 3 NOCMIUHUMU MASHIMAMU, WO NPU3B00UMb 00 DI3HUX npobiem,
makux Ak eibpayis, Hanpyea pomopa i wymHa poboma nio uac 3anycky i pexcumy. IIpoekmysanHuk noeuHeH npazHymu 3MeHuumu
Kpymuuii MOMeHm 3y04acmozo Koieca Ha cmaodii NpoeKmyeanHs OnsA niosuents 3a2anbHoi npodykmusnocmi. Memoou. Po3poonero
CHIIM 3 enympiwHiv pomopom Vv-nodiOHoi ¢hopmu ma CMpUd’CHe8020 Muny, md aHAm3 U020 XAPAKMEPUCMUK BUKOHAHULL 3
BUKOPUCIAHHAM aHANIZY MemoOoM CKiHueHHux enemenmis (FEA). Kym v-nodionoco maeHimy OnmMumi3o8aHO 3 Memoto 3HUMCEHHs
3ybuacmozo momenmy. ITlopignanusa npooykmueHocmi 30MICHIOEMbCA MIIC ONMUMI308AHUM OBUSYHOM MA OBUSYHOM, CHOYAMKY
cnpoekmosanum 3a oonomozoilo FEA. Hoeusna. Ananiz Kyma v-nooibnozo MazHimy 6UKOHYEMbCA MAKUM JHce YUHOM, 30epiearoyu peuimy
6cix napamempie NOCHMIHUMY, WOO OMPUMAMU MIHIMATbHUL 3y0Yacmuil KpYmHUll MomeHm. 3anponoHo8aHuul cnocid npakmuyHo
HCUMMEZOAMHUL, OCKLIbKU He 8uMazae 000amKogux eumpam ma cKiaoHocmi eueomosnents. Ilpaxmuuna yinnicme. [lomiveno, wo v-
nOOIOHULL Kym MACHIMY € eqhekmusHuM cnocoboM 3HUdICeHHs 3youacmozo momenmy. 3ybuacmuil kpymuuii momenm 3menuwenui 3 0,554
Hm 00 0,452 Hwm 3a paxynok 3acmocyeants memooy onmumizayii v-nodionoeo kyma maenimy. bion. 19, ta6mn. 2, puc. 10.

Knrouosi cnosa: kpyTHHIT MOMEHT 3y0uaToi nepenayi, aHaJIi3 MeTOI0M CKiIHYeHHHX eJIeMEHTIB, BHYTPIillIHE V-NI01i0HE M0JI0THO,
KYT PO3KPHMTTS MarHiry, v-noai0Huii KyT Maruity, CHHXpOHHHI IBUTYH i3 IOCTiilHUMM MarHiramu.

1. Introduction. The permanent magnet synchronous
motor (PMSM) is increasingly gaining popularity in recent
times because of its stellar performance with its smaller size.
The moment of inertia and the dynamic response time is
reduced due to its lesser size. It also turns out to be beneficial
when there are spatial limitations. Its initial cost is higher
compared to the induction motor, but thanks to its superior
performance, its extra cost is paid back within just some
time. It was developed keeping in view the elimination of
synchronous machine exciters, which eventually decreases
field winding losses and enhances performance and thermal
conditions [1, 2]. Based on the magnet location, the two most
common rotor configurations available for PMSM are
surface permanent magnet (SPM) and interior permanent
magnet (IPM). Among both of these, IPM beats SPM in
terms of advantages. Because of the interior configuration of
the magnets, they can be easily mounted in grooves, without
the use of any binding material, which simplifies the
manufacturing process and increases stability. As the
magnets are not close to the air gap, the possibilities for
demagnetization are also minimized. The increased saliency
ratio also adds to the reluctance torque, which further
enhances the average torque [3].

However, the concern with this motor is the cogging
torque. It is an undesirable phenomenon. Cogging torque

is inherent in permanent magnet motors due to the
presence of a permanent magnet and slotted stator.
Cogging torque is the result of the interaction of
magnetomotive force harmonics and air gap permeance
harmonics. It degrades the motor performance and adds
instability to the shaft movement, rendering the motion
shaky. So, this unnecessary torque has to be reduced in
torque-sensitive applications like traction, robotics, etc.
The cogging torque can be minimized by choosing the
appropriate magnet length. The equation involving
optimum magnet length and slot pitch is given. By
shifting the pole pairs, and creating an asymmetric
distribution of the magnet pole, further reduction is also
possible [4]. The same equation is improved, taking into
account, the effects of the rotor curvature [5]. But the
approach involves changes in the design of the rotor. The
probability of asymmetry in flux distribution also exists.
Another solution is to reduce the cogging torque by
determining the optimal ratio of pole arc to pole pitch
using no. of slots, no. of poles, and the goodness factor
[6]. Simulations as well as experimental methods were
used to validate the approach [7]. A novel approach
consisting of torque ripple modeling and its use of the
genetic algorithm to minimize cogging torque is also

© A.N. Patel, P.J. Doshi, S.C. Mahagaokar, T.H. Panchal

16

Enexmpomexnixa i Enexmpomexanixa, 2023, Ne 6



presented [8]. The parameters needed as well as the
calculations performed are more in this method. It's quite
time-consuming. It also does not provide an angular
spread of the magnets relative to the center of the rotor.
Thus, magnet placement in an interior-type rotor has not
yet been specified. The cogging torque can be minimized
using skewing techniques. Recent developments also
suggest step skewing of the rotor in which the rotor is
axially skewed [3, 9]. V-shape skewing is also
implemented in which, the skew is added in a v-shape to
the axial rotor length [10]. But these are very
complicated, exhaustive, and time-consuming approaches.
Various rotor skewing techniques are compared for the
generation of cogging torque, excitation torque ripple,
average torque, and axial force [11]. The opening width
of the slot and the shape of the magnet edge can also have
an impact on the cogging torque [12].

Various types of rotor geometries are used for the flux
barrier synchronous reluctance motor. The equation is given
for the determination of the angular spread of flux barriers. It
can also be used in the case of v-shape web type PMSM, as
the magnet spread, because the principle behind the equation
is the reduction of torque ripple by employing uniformity of
reluctance only [13]. An approach to minimizing cogging
torque using flux barriers is also presented [14]. The design
of concentrated wound interior permanent magnet
synchronous motor (IPMSM) with symmetrically positioned
flux barriers to address smaller sensorless operating regions
and significant torque ripples is proposed [15]. The Machaon
structure having flux barriers, ending at some specific angles
is also introduced, which can improve the cogging torque
profile. The Taguchi method has been employed for shape
design optimization [16]. The axial pole shaping of IPM
machines to reduce the cogging torque as well as to obtain
uniform distribution of flux density all over the surface is
presented [17]. A hybrid rotor design, consisting of both
circumferential as well as radial magnets, and having
consequent rotor poles are also introduced to achieve an
optimum synchronous performance of the motor [18]. But,
the difficulties and expenses of manufacturing such kinds of
rotors are very significant. Keeping uniformity and
symmetry needs to be utmost considered.

So, in all the previous developments, it is either time-
consuming and involves indirect calculations (in the case of
the equation for optimum magnet length or optimum pole arc
to pole pitch ratio or genetic algorithm using torque ripple
modeling) or complicated and involves constructional
changes (in the case of skewing), or affected by complexity
and expenditure (in the case of axial pole shaping or step
skewing). The v-angle is one of the major factors that
influence the performance of IPMSM. The v-angle variation
technique is straightforward, practically implantable hence
suitable for the mass production of IPMSM. The proposed
technique is more viable where cogging torque has relatively
less effect on vibration and losses. Therefore, an approach is
presented here, to find out the optimum magnet placement
for cogging torque minimization.

The advantages of a PMSM are explained in section 1.
The harmful impact of cogging torque and the limitations
of its reduction techniques invented to date are also
mentioned. Section 2 focuses on designing a PMSM. In
section 3, the finite element analysis (FEA) of the same is
carried out and different performance characteristics such

as cogging torque profile and torque-angle profile are
analyzed. In section 4, the optimization of the designed
motor is carried out for the magnet v-angle. The plot of
the variation of cogging torque with respect to the magnet
v-angle is also analyzed. From the attained results, the
optimum magnet v-angle is found. The cogging torque,
average torque, back electromotive force (EMF)
spectrum, back EMF profile, and flux density plot are
compared for both initial as well as the optimized model
and the discussion of the same is carried out in section 5.
In section 6, the conclusion from the exercise is drawn.

2. Design of PMSM. Owing to the many advantages
of IPM over SPM, as evident from Section 1, IPM is
selected for research purposes. Figure 1 shows the
illustrative figure of the same which can help to
understand terminology better. Figure 2 is the magnified
view of the same.

Fig. 2. Magnified view of Fig. 1

There are two magnet angles in the design of IPMSM.
The first one is the magnet spread angle. This is known as
the angular spread of a magnet pole in relation to the center
of the rotor. This angle is shown as 6, in Fig. 1, 2. The
other one is magnet v-angle, which is defined as the
angular spread of a magnet pole in relation to the pole
center. This angle is shown as #; in Fig. 1, 2. Magnet
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spread angle at the magnet top is 0, and the offset angle due
to magnet thickness is 8, as shown in Fig. 1, 2.

PMSM of rating 4 kW, 415 V, 3-phase, and 50 Hz is
designed. Necessary assumptions for specific magnetic
loading, specific electric loading, number of poles,
number of stator slots, aspect ratio, conductor packing
factor, current density, tooth flux density, etc. are made.

The design outcomes of this design are shown in Table 1.
Table 1
Design outcomes

Parameter Value
Stator outer diameter D, mm 175
Stator inner diameter D, mm 120

Rotor outer diameter D,,,, mm 118

Core length L, mm 150
No. of stator slots S 36
Magnet width #,,, mm 5

Slot pitch 4, mm 10.46
Magnet spread angle 6, 72°
Magnet v-angle 6; 125°
Magnet length 7,4, mm 33

Air gap thickness /,, mm 0.5
Permanent magnet material N38SH
Core material M530-50A

3. FEA of the designed machine. The FEA of the
designed machine is carried out using commercially
available FEA software for design validation. Performance
characteristics exhibited by this machine are observed, such
as the cogging torque profile and torque-angle profile.

A two-dimensional (2D) finite element model of the
designed machine is shown in Fig. 3.

Fig. 3. 2D finite element model of the designed IPMSM

The dimensions to create this model are as per the
analytical design. Each pole of the v-shape IPMSM
consists of two magnet segments, to make v-shape poles.
For different parts of the motor, appropriate materials are
used. Figure 4 reveals that the peak cogging torque is
0.554 N-m. The cogging torque profile can be shown for
one slot pitch only because of its repetitive nature for each
slot pitch. Figure 5 dictates the variation of torque with
respect to angular rotation. The maximum and minimum
values are 36.1 N-m and 22.3 N-m respectively.

0.8

T.,N-m

s Angular rotor position, mech. degree

Fig. 4. Cogging torque profile

7, Nm

35
30
25
20
15

10

Angular rotor position, mech. degree

0 20 40 60 80 100 120 140 160 180

Fig. 5. Torque-angle profile

4. Optimization of the designed machine. As
described earlier, cogging torque is an unwanted
phenomenon. Therefore, it is necessary to reduce this
torque. There is some specific relationship between
cogging torque and reluctance variations. When the
reluctance variation with respect to angular displacement
increases, the cogging torque also increases. An equation
is stated in [19], which describes this relationship as:

Tcz_l.gpé%.%’ (1)
2 dég
where T is the cogging torque; @, is the air-gap flux; R is
the reluctance of air-gap; 0 is the angular displacement of
the rotor.

As per the equation, the cogging torque can be
reduced if the reluctance is made as uniformly as possible.
This torque is the result of harmonic components present in
the torque harmonic spectrum. So, it can also be
represented in the Fourier series form, as mentioned in [8]:

e8]
T,=) Ty -sin(k-9+¢,§), @)
k=1
where T, is the magnitude of ™ cogging torque
harmonic; k is the integer; ¢¢ is the phase angle of ™
cogging torque harmonic.

In this section, the cogging torque is optimized. The
effort is made to achieve minimum cogging torque using
magnet v-angle optimization. The magnet v-angle is changed
and its effects on cogging torque are observed. During this
entire optimization process, magnet volume, magnet length,
magnet width, magnet spread angle, winding design, and slot
dimensions have been kept constant.

Magnet v-angle is varied from 121° to 149°, above
and below which the design fails to keep magnet
dimensions constant due to geometrical constraints.
During the entire process, the magnet spread angle is kept
constant at the initial value of 72°. To achieve this, the
magnet v-angle is increased by pushing the magnet
segments away from the shaft. The geometrical constraint
is that the original magnet length has to be retained while
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pushing it upwards. This becomes necessary as, when the
magnets are pushed upwards, the maximum allowed
length (/,max in Fig. 2), which the geometry can afford,
reduces. At one point, it reaches the boundary, and further
increment of magnet v-angle becomes impossible. The
results of this analysis are shown in Fig. 6.
0.58 7. N-m
0.56
0.54
0.52
0.5
0.48
0.46
0.44
0.42
04 Magnet v-angle, degree
120 122 124 126 128 130 132 134 136 138 140 142 144 146 148 150
Fig. 6. Cogging torque vs. magnet v-angle

The figure dictates that the cogging torque reduces
from 121° to 143° and then starts increasing. At 143°, the
cogging torque is minimum. On both sides of 143°, it is
increasing. So, this angle can be said as the optimum
magnet v- angle for this design.

5. Result table and observations. FEA is carried
out to obtain the peak cogging torque of the initial design
and optimized design. The cogging torque period obtained
for the designed 4 kW IPMSM is 10° mechanical.
Cogging torque waveform period can be calculated as:

360°

Hcog—period = I CM(NP_), N, > 3)

where N, is the number of poles; N, is the number of
stator slots; LCM is the least common multiplier.

Figure 7 shows the comparison of cogging torque
profile for both, the initial as well as the optimized
models. The peak cogging torque reduces from 0.554 Nm
to 0.452 N-m.

o I
03 ’ —~
]
0.1 ] f \
o i
010\ ¥ Io 10
\\VJ ]
- ]
-0.3 l
4
imized Model

Angular position, mech. degree
Fig. 7. Cogging torque profile of initial and optimized model

The performance comparison of the initial design
and the optimized design is shown in Table 2.
Table 2
Comparison of initial and optimized design

Design | Cogging torque, N-m | Average torque, N-m
Initial 0.554 28
Optimized 0.452 28.2
Change, % -18.41 0.71

Compared to the initial design, the optimized model
shows an 18.41 % reduction in cogging torque and a 0.71 %
increase in average torque. The back EMF profile
comparison for the initial model, optimized model, and
model having skewing of rotor poles is shown in Fig. 8.

Vv,V

180
150
120 —— Optimized Model
20
60
30

Initial Model

Skewing of Rotor Poles

-30 180
-60
-90
-120
-150
-180

Angular rotor position, mech. degree

Fig. 8. Comparison of back EMF profiles of different models

It is evident from the same that there isn’t much
difference in the back EMF profile of the initial and
optimized models. Both are looking almost similar to each
other. It is analyzed that the back EMF profile obtained
with a skewed rotor is smooth without any dips. Skewing is
a known method to reduce cogging torque. However, there
are some well-known disadvantages of skewing as well.
For instance, the skewing of rotor magnets results in more
axial thrust, more flux leakage, and a low winding factor.
The skewed rotor of PM machines normally requires a
magnet with a specific shape which complicates the design
and increases the manufacturing difficulty as well as the
cost. Skewing makes the rotor mechanically weak also.
Skewing imposes limitations in mass production due to low
manufacturability.

Figure 9 shows the comparison of the back EMF
harmonics spectrum. Again, there isn’t any appreciable
change in the spectrum. The fundamental component of
the back EMF is increased by 1 V. This slight increment
has contributed to the minor increment of average torque
achievable from the design. It is observed that after
optimization, the even-order harmonics are eliminated
and the other odd-order harmonics are decreased. The
total harmonic distortions (THD) of the back EMF
spectrum are also reduced slightly from 5.13 % to 5.04 %
due to this spectrum improvement.

V,V

180

160 B Initial Design

140

Optimized Desi
120 B Optimized Design

Harmonic order

p N
.l o

1 2 3 4 5 6 7 8
Fig. 9. Back EMF harmonic spectrum of the initial and optimized model

Figure 10 shows the flux density plot of both, the initial
as well as the optimized models. In both cases, flux density
at all parts is the same as that of the analytical design.

Fig. 10. Flux density plot of initial model (a) and optimized model (b)
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From all these observations it can be said that the
magnet v-angle has a major impact on cogging torque of the
PMSM. It also has some minor impact on average torque,
back EMF spectrum, and THD. Only by changing the
placement of the magnet, cogging torque can be reduced.
There is no need to change any other parameters or any other
structural modifications required, which makes this
technique practically viable and implementable, as it will not
increase the complexity or initial cost of the motor. This is
the novelty of the proposed methodology.

The reason behind this behavior can be stated as the
uniformity of reluctance, at all times. As it is well-known,
the cogging torque is the outcome of non-uniform reluctance
distribution offered to magnet flux. But if we place the
magnet such that, it faces nearly equal reluctance at all times,
during the rotor rotation, it will face minimum reluctance,
eventually resulting in minimum cogging torque.

6. Conclusions. The design of a permanent magnet
synchronous motor and its finite element analysis is
conducted for performance analysis. This initial design is
considered a reference for further comparative performance
analysis. Design optimization is performed with the
objective of cogging torque minimization by optimization of
magnet v-angle, and keeping all other dimensions constant.
From the results obtained, it is analyzed that the magnet v-
angle has a major impact on cogging torque. The cogging
torque is reduced up to 18.41 % compared to the reference
design. In addition to that, the average torque is increased by
0.71 % and the total harmonic distortions of back
electromotive force reduces from 5.13 % to 5.04 % by
application of magnet v-angle optimization.
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MopenwBaHHS Ta JOCTIIKEHHSI MATHITOEJIeKTPUYHOT O EPeTBOPIOBAYA
JJIA TiAPO- Ta MHEBMONPUBO/IIB

Hasedeno pesynbmamu mooenioganus ma npaxmuunoi peanizayii MacnimoeiekmpuiHo2o nepemeoplosaia 0as 2iopo- ma nHeemo-
npueodie aepokocmiunoi eanysi. Ha ocHosi cepii npoexmuux po3paxyHkie npu pisHOManimuil Kou@icypayii macuimuoi cucmemu
nepemeopiosaua 00pano 6apianm 3 Yomupma 3yOysmu Ha NOMOCi cmamopy i ompumani 1020 0CHO8HI Xapakmepucmuku. Pe3ynb-
mamu pO3paxyHKie 3IiCMasneHi 3 pe3yrbmamamu eKChepuMenmy Ha MAaKemHoOMY 3pa3Ky MASHImOoeneKmpuiHo20 nepemeoprosaid.
bi6a. 9, Tabmn. 3, puc. 14.

Kniouogi cnosa: MarHiToeeKTpHYHMIA NepeTBOPIOBAY, TPUBMMIPHe MarHiTHe moJie, MeXaHiYHAa XapaKTepUCTHKA, MAKeTHHI

3pa3ok.

Beryn. ¥V cydyacHEX cucTeMax KepyBaHHS JITaJbHU-
MU arapaTaMi, CHCTeMaX HaBEIEHHS Ta CYIPOBOIY IIHUPO-
K€ 3aCTOCYBaHHS 3HAWIUIM TiIpo- Ta IHEBMOIPHBON,
CKJIQJIOBAM €EJIEMEHTOM SIKUX € OE3KOHTAKTHHH MAarfirto-
enektpuuHmuil mepersoproBad (MEIT) [1-3]. MEII npusHa-
YEHHH U1l TIEPETBOPEHHS BXiJJHOTO €JIEKTPUYHOIO CHI'HA-
ay (ctpymy), IO MOJAEThCS Ha OOMOTKY KepyBaHHs, B
NPONOpLIHE KYTOBE IIEPEMILIIEHHSI BUXiZHOTO Baly.

[epmioro Ta Ha JaHWH Yac €IMHOIO0 TEOPETHYHOIO
pobototo, sika npucesyeHa po3podui MEII, B Ykpaini €
pobora [4]. Illoxo po3poOok MOAIOHUX MPUCTPOIB 32 KOP-
JIOHOM, TO Y BIOKPHUTHX JpKepenax OyIb-fka iHdopMaris
BiZICYTHS a00 HEIOCTYIIHA.

Hapasi MEII qis1 aBiariifHoi Ta KOCMIYHOT TEXHIKH B
VYkpaiHi He BUITYCKalOThCs. Y 3B SI3KY 3 IIUM aKTYaJIbHOIO €
po3poOka Ta OCBOEHHs BUPOOHUITBA BiTum3HIHUX MEIIL.
L Meta BUpINIyeTHCS B paMKaxX HayKOBO-TEXHIYHOI CITiB-
npaui mix Il «Kb «IliBgenne» (M. duinpo) ta TOB
«Enexrporexuika — Hosi Texnomorii» (M. Oneca).

3a xoHCTpyKIier MarHiTHOT cuctemMu MEIT MoxyTh
BHUKOHYBATHUCS 3 €IEKTPOMArHITHUM 30YIKEHHSIM Ta 30y-
JOKCHHSIM BiJl TIOCTIHUX MarHiTiB. Haibinemie momupeH-
a1 orpumanu MEIT tunmy MII-220b 3 nocTiifHUMEU MarHi-
tamu mapku FOHJIK. B ocHOBY KOHCTpyKIii IJaHOTO
MEII noknaaeHo NPUHUMI 3ABOEHOTO HOJSIPU30BAHOTO

pene (puc. 1) [5].
e 3
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Puc. 1. MEII tuny MI1-220B: 1 — mocTiitHuii MarHit; 2 — MOJI0-
CHI HAKOHEYHHUKH; 3 — ocepast; 4 — sKip; 5 — 00MOTKa KepyBaHHSA
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KoHcTpykuist jaHoro Tuily 3ade3nedye CTilike HEeHT-
paJbHE IOJOXKEHHS, & TAKO)K BUHUKHEHHSI MOMEHTY, NpO-
HOPLIHHOTO BEIMYMHI KyTOBOTO BiJXHJICHHS BiJ He#Tpa-
JILHOTO TIOJIOKEHHS Ta CIIPSIMOBAHOTO Y OiK, MPOTHIICKHUH
LIOMY BIAXHWJICHHIO (€pEeKT MarHiTHOI IPY>KUHN).

Bomnowac MEIT B moniOHOMy BHKOHaHHI MalOTh
pAO HEMOJIKIB, OB’ SI3aHUX 3 KOHCTPYKTHBHOIO Ta TEXHO-
JIOTIYHOIO B)KKICTIO X BUTOTOBJICHHS [4].

BruiB BuIeBKa3aHUX HEJOMIKIB MOXKJIMBO YCYHYTH
HIISIXOM 3MIiHM TomnoJjorii marHitTHoro kosa MEII 3 mpsi-
MOKYTHOTO BHUAY Ha KOHIEHTPHUYHHUH 31 30epeKeHHSIM
NPUHLMUITY B3a€MOJI] MarHiTHUX HOTOKIB 30y/KCHHS Ta
KepyBaHHS [4].

Jlyist BUpILIEHHS AaHOi 3a/1a4i MPOIOHYETHCS BUKO-
HyBatu MarHiTHY cuctemy MEII monioHo MarHiTHIH cuc-
Temi ribpuaHOro KpokoBoro apuryHa [4, 6, 7]. Take Bu-
koHaHHs MarHiTHOI cucremu MEII, y nopiBHsHHI 3 Mar-
HiTHOIO cuctemoio MII-220b, xapakTepu3yeTscsi 3HAYHO
KpalyiM BHKOPHUCTAHHSIM 00’€My aKTHBHOTO HIPOCTOpY,
MIUTOMUMH Maco-TabapUTHUMH NOKa3HUKAaMH Ta aJalTH-
BHICTIO JI0 BUKOPHCTAHHS PiIKO3EMEJIFHUX MarHitiB [4].
Bnepme nochmimxenas MEIl 3 Takoro TOMOJIOTIYHOIO
CTPYKTYPOIO MarHiTHOI cucTemH 3jilicHeHo B [4] Ha 0asi
MAarHiTHUX 3aCTyNHUX CXEM 3 HACTYHNHHM BH3HAYCHHSIM
MarHiTHUX TPOBIJHOCTEH METOMOM IMOBIPHUX MUISXiB
MarHiTHOro notoky y moaudikauii P. TTons. He craBnsun
i CyMHIB oTpuMaHi B [4] pe3ynbTaTtu Bce X Tpeba Bif-
MITHTH, [II0 METO/I IMOBIPHUX HUIAXiB MarHITHOTO IIOTOKY
Ma€ HEBUCOKY TOYHICTh Ta OOMEEHICTh Y BUKOPUCTaHHI
[8]. BpaxoBytoun Te, mo B koHCTpYKHii MEIIL, sxa moGy-
JIOBaHA MOJIOHO MarHITHIN CHCTEMI TiOpPUIHOTO KPOKOBO-
rO JIBUTYHA, CKIaJHMHN IUISAX 3aMHUKaHHA MarHiTHOTO I10-
TOKY B 00’€Mi aKTMBHOi YacTWHH, B JaHOMY BUIIAJKy €
HEOOXiTHUM BHpIIICHHS 3a[adi PO3pPaxyHKYy MarHiTHOTO
NOJIS y TPUBUMIPHIH MOCTAHOBII OJJHUM 3 CY4acHHX YH-
CEJILHUX METO/IIB.

MeTto10 cTaTTi € po3poOKa TPUBUMIPHHX MaTeMa-
THYHHUX MOJIEJTICH Ta aHalli3 XapaKTePUCTHK MarHiTOeIeK-
TPUYHOTO IEPETBOPIOBAYA, MArHiTHA CUCTEMa SIKOTO BH-
KOHaHa MOJII0HO MarHITHIA CHCTEeMi Ti0pHIHOTO KPOKOBO-
O JIBUTYHA.

OcHoBHI TexHiYHI BHMOIrH 10 eJIleKTPOMeXaHiy-
Hux napamerpis MEIL

1. MEII noBuHeH 3a0e3MevnTH TiHIIHICTE Ta HEO0O-
X1JIHy JKOPCTKICTh MEXaHIYHUX XapaKTEPUCTUK NPH Pi3-
HUX CTpyMaX B OOMOTII KepyBaHHI. MeXaHIqYHOIO Xapak-
TEPUCTUKOIO € 3aJIeKHICTh MOMEHTY M, CTBOPIOBAHOTO
METI, Big kyTa moBopoTy Horo Bairy 6, To6to M = f{ 6).

2. MEII noBuneH 3a0e3ne4nTy JiHIHHICTD Ta HE0OXia-
Hy KOPCTKICTh MeXaHiuHoi xapakrepuctuku M = f{6) npu
CTpyMi KepyBaHHS y HOro oOMOTKaxX piBHOMY HYJIIO (Xapak-
TEpPUCTHKA MAarHiTHOI mpyxuHu). Haxun miel mexaniaHoi
XapaKTePUCTUKH BU3HAYAE )KOPCTKICTh MarHiTHOI NPy KUHU,
sika oBuHHA OyTH He MeHme 0,0106 Hm/rpan.

3. IIpu HOMiHATTEHOMY CcTpyMi kepyBaHHA [ = 50 MA Ta
HYJILOBOMY TOJIOKEHHI Bajly MoMmeHT Ha Bairy MEII noBu-
HeH craHoBuTH He MeHIe 0,0624 Hwm, a mpu HaBaHTaXeHH1
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30BHILIHBOIO MPYKUHOIO 3 xopeTkicTio 0,0236 Hm/rpan ta
KyTi TI0OBOpOTY Baity 1.5°, MOMEHT NMOBMHEH CTaHOBHTH HE
menmre 0,0354 Hu.

Onuc ta npunumn Aii odpanoi koncTpykuii MEIL
3a aHasori€lo 3 TiOPUIHAM KPOKOBHUM JIBUTYHOM MarHiTHa
cuctema po3pooneHoro MEIT cknmamaetbest 3 3y0uacTux
craropa Ta poropa (puc. 2). Crarop | BUKOHaHUH y BUTTIAII
SIBHOTIOJTFOCHOT CTPYKTYpH 3 KOTyIIKamMd 4 Ha 3yO4acThx
moJrocax. Potop 2 po3nineHuii Ha ABI YaCTHHH, MK SKUMHA
pO3TalOBaHMil HMIIHAPUYHUI NOCTIHHUI MarHiT, HaMarHi-
YEHUH B OCbOBOMY HANpsIMKY. BepxHs Ta HWKHS 4aCTUHHU
poTopa 2 3MillIleHi BiTHOCHO OIFH OMHOTO Ha 90° Ta MaroTh
3yOlLIeBi 30HH 3 MPOMDKKaMH, 10 BiAPI3HSE iX BiJ 3yOLEBHX
30H KPOKOBOT'O JIBUTYHA, SIKI BUKOHYIOThCS 0€3 IPOMIXKIB.
JInsi BUKIIFOYEHHS! MAarHiTHOrO TiCTEpe3HCy MarHiTOIpOBif
MEII BurorosmnsieThes 3 nepmaiioro Mmapku 50 H.

1

Puc. 2. Axtuna yactuna MEII: 1 — cratop; 2 — poTtop;
3 — mocTiiiHMii MarHit; 4 — 0OMOTKa

Mpuniun i MEI, 1mo po3risgaerses, HONsrae B
HACTYITHOMY. 3a BiJICyTHOCTI CTPyMy B OOMOTLI 30y /IKeH-
HSl HAMarHiYeHUH pPOTOp 3aiiMae HyJbOBE IMOJOXKEHHS, 3a
SIKOTO HAINpOTH 3yOLis CTaTopa CHMETPUYHO PO3TaIlOBY-
€ThCS TIOJIOBMHA BEPXHBOI'O Ta HIKHBOTO 3yOIIiB poTOpA.

[Tpu BinXuieHHI poTopa BiJl HYJIHOBOTO MOJIOKEHHS
3MIHIOETHCSI TUIOIIA MIEPEKPUTTS. MK 3yOusMH craTtopa i
3yOLSIME BEpXHbOT Ta HIKHBOI YaCTUHU POTOpa (HAIPH-
KJ1aJl, 3BepXy 3MEHIIY€EThCS, 3HU3Y 30UIBIIYyEThCS B 3alie-
JKHOCTI Bifl HalIpsIMKy TTOBOPOTY pOTOpa) i BimOyBaeThCs
3MiHa MAarHiTHOTO IIOTOKY y BIAIOBIZHUX MOBITPSHHUX
3a3opax. [IpyM 1IbOMY BHHHMKArOTh CHJIM MAarHiTHOTO Ts-
XKIHHSI, 1110 TParHyTh [TIOBEPHYTH POTOP Yy CTiliKe HYJIbOBE
nonoxeHus. TakuMm ynHOM, MarditHa cucrema MEIT mac
BJIACTHBOCTI MEXaHIYHOI NPYKHHH.

[Tpu nporikaHHi CTpyMy B OOMOTII YHpaBIiHHS
CTBOPIOETHCSI MAarHITOPYILiiiHA CHJa, SIKa MPU3BOAUTH JI0
3MiHHM PO3IOJTy MarHiTHOrO MOTOKY B HOBITPSHOMY 3a-
30pi MK CTaTOpPOM 1 NMOJOBHHKAaMH pOTOpa. SIK HACII/IOK,
BUHUKAIOTh €ICKTPOMATHITHI CHIIM I MOMEHT, IO Mpar-
HYTbh BIIXWJIUTH POTOP BiJl LEHTPAIBHOTO MOIOKECHHS.

Konctpyxuiro MEII Takoro Tiiy Mo)KHa BUITOBHUTH
3 Pi3HHM YHUCIIOM 3YOIIiB i1 ITOJFOCIB HA CTATOPi Ta POTOPI.
Hanpuknan, KOHCTPYKUist 3 JBOMa 3yOIsIMH Ha MOJIOCI
craTopa 300pa’keHa Ha PHC. 2, a 3 TpbOMa Ta YOTHPMA
3yOLsIMH — BIATIOBITHO Ha pHC. 3 Ta puc. 4.

Puc. 3. AxruBna yactiura MEII 3 TppoMa 3y01isiMu Ha IoJtioci
cTaTopy

Puc. 4. AxtuHa yactiura MEII 3 wotupma 3y0O1isiMu Ha moJroci
cTaTopy

Jns BuOOpY KOHCTPYKTHBHOTO BHKOHAHHS aKTHBHOT
gactuan MEII, npencraBnennx Ha puc. 2 — puc. 4, Ta
PO3paxyHKy XapaKTepUCTHK OOpaHOi KOHCTPYKILIT HeoO-
X1JHO IPOBECTH MOJEIIOBAHHS MAarHiTHOTO MOJISA JUIs KO-
JKHOTO 3 BapiaHTiB akTuBHOT yacturu MEIL.

Hoanosi moaeai MEII Ta pe3yjbTaTi NPOEKTHUX
po3paxyHkiB. Po3paxyHKku TpHBHUMIPHOIO MAarHiTHOTO
1oJ1s OYJIM IPOBEIEHI METOIOM CKIHUEHHX EJIEMEHTIB JUIs
YOTHPHOX BapiaHTIB YOTHUPHUIIOJIIOCHOT aKTUBHOI YaCTUHU
MEII 3 nBoMa, TppOMa, YOTHPMA Ta I’AThMa 3yOLIMH Ha
MoJroci craTopy. Y BCiX BapiaHTaX pO3paxyHKy YHCIIO
€JIEMEHTIB CKIHUYEHO-eIeMEHTHOI ciTkh 3D Momeni ctaHo-
Bwio B cepenapoMy 240.000. IIpum Takiii KiTBKOCTI ene-
MEHTIB CITKHU JIOCSITAE€ThCS IOCTATHBO JIETAIbHA allPOKCH-
Maitis reometpii METL

Sk npukiag, Ha puc. 5 NpeacTasiieHa M0JIbOBA TPU-
BuMmipHa MatemarnyHa mozenb MEII 3 Tppoma 3yOrsimMu
Ha TMOJIIOCI, 10 po3poOiieHa B JIiLEH3IHHIN mporpami
JMAG-Designer [9], a Ha puc. 6 — pe3yJIbTaTH pO3paxyH-
Ky MarHiTHOTO TOJISl Y BUIVISLAI MarHiTHUX CHJIOBHX JIiHIH.

Ha ocHoBi pe3ysbratiB cepii po3paxyHKiB MarHiTHO-
TO TOJISI PO3MIIIHYTUX YOTHPHIIOIIOCHUX BapiaHTIB Oyio
OTPUMAHO CIMEHCTBO XapaKTEPUCTUK MArHITHUX MPYKHH
Ta MexaHI9YHUX Xapakrepuctuk MEIL. Anaii3 oTpuMaHux
XapaKTePHUCTUK MTOKA3aB HACTYITHE:

e 3i 30UIBIIEHHSM YKCia 3yOIliB 3pOCTaE KOPCTKICTH
MAarHiTHOI Py)KHHHU;

® MOMEHT IpPH HOMIHAJILHOMY CTPyMi Ta HYJIHOBOMY
MTOJIO’KEHHI POTOpa MPAKTHYHO HE 3aJICKUTh BiJl KITBKOCTI
3yOLiB Ha ITOJIIOC] CTaTOPY;
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HAXUJI MEXaHIYHUX XapaKTEPUCTUK 30UIbIIYETHCS 31
3pOCTAHHAM YKCIIa 3yOLiB Ha OJIIOCE CTATOPY. I'eomerpuuHi po3mipH Ta MaTepiainu akTuBHOI yactunu MEIT
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Puc. 6. Cuiosi JiHiT MardiTHOro 1oJis B akTUBHIN yacTuai MEIT

3 TpbOMa 3yOISIMU Ha TIOJIIOCI CTATOPY
Tabmuus 1
a
Puc. 7. KorctpykTuBHi enemeHTH akTuBHOI yacTuH MEIT:

Pesynprati pospaxynkis MEIT
a — 3aranbHui BUNA (1 — MarHiTonposix craropa, 2, 3 — mar-

KinbkicTs 3y6niB [XKopcTkicTs MaraiT- |MOMEHT IIpH HYJIBO-
Ha MOJIFOCI CTa-  |HOI IPY>KHHY, BOMY MOJIOKEHH]
TOpY Hw/rpag. poropa, Hm HITOIIPOBO/U YaCTHH POTOpPa, 4 — MOCTIMHHUI MarHit, 5 — KOTy-
2 0,00059 0,055 KK 0OMOTKH KepyBaHHs) Ta TIepepi3 MarHiTONPOBOLY CTAaTOPa;
3 0,0063 0,0617 6, ¢ — TIepepi3 YaCTHH MarHiTONPOBOAY POTOPA;
4 0,0117 0,067 2 — mepepi3 HOCTIHHOTO MarHiTy
5 0,0183 0,0676
Ha puc. 8 300paxkeH0 TPUBUMIpPHY CKIHUEHO-EJIEMEHTHY
mozenbs MEIT 3 wotnpma 3yO1ssMu Ha TOJIOCE CTaTopy, a Ha
pHC. 9 — pO3MO/ILT MATHITHOT'O TIOJIS Y IOTO AKTUBHIM YaCTHHI.

3 nmanux Tabn. 1 BHAOHO, IO BapiaHT aKTHBHOI 4ac-
trau MEII 3 gotupma 3yOIsMu Ha IIONIOCI CTaTOpy Ta
BHCOKOCPIIUTUBHUM TOCTIHHNM MarHiToM Mapku NdFeB
MIOBHICTIO 3aJI0BOJIBHSE OCHOBHHM TEXHIYHHM BHMOTaM
J0 enektpoMexaHiuHux napametpiB MEII, a iforo Buro-
TOBJIEHHSI € OUIBII TEXHOJOTIYHUM, HI’K BUIOTOBJIEHHS

aktuBHOi yactuau MEII 3 m’sTbMa 3yOIsIMH Ha MOJIIOCI

ik
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cTaTopy.

KoHcTpykTBHE BHKOHaHHA mponoHoBaHoro MEIL
300paxxeHo Ha puc. 7. OCHOBHI r€OMETPUYHI PO3MIpH Ta
Marepiaiy aKkTHBHOI 4acTMHU oOpanoro Bapianty MEII

EETCLIiaTae e Le T s

ALY

HaBeJIeHi B Tabi. 2.
BpaxoByroun cuMeTpito KOHCTPYKTHBHOTO BHKOHAH-
Hs aktuBHO{ yactuHn MEII mpu BupimeHHI TPUBIMIpHOT
TTOJIHOBOI 3aad4i MPUHAHSTI TPAHUYHI YMOBHU TIEPIOAMIHOCTI
3MiHH BEKTOPHOTO MarHITHOTO ITOTEHIIATY, IO JTO3BOJIMIO
OOMEXHUTH 00JIaCTh PO3paxyHKy mojoBuHOKW 3D mopeni
MEII Ta 3HU3UTH Yac aHaji3y MarHiTHOTO MOJIsL.

Puc. 8. TpuBnMipHa CKiHUCHO-EIIEMEHTHA MOJIeNIb AKTHBHOT
yactuau MEII 3 yoTrpMma 3yOI1sIMH Ha MOMIOCI CTaTOpy
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Mesimu: 16058
[

Puc. 9. Posmonin marHitHOT inaykmii B akTuBHii yacturi MEIT
¢ 4oTHUpMa 3yOLIIMH Ha MOJIOCI CTaTopy

B pesynbraTi cepii po3paxyHKIiB MarHiTHOTO ITOJIS
OyJI0O OTPUMAaHO CIMEHCTBO MEXaHIYHMX XapaKTepUCTHK
MEII (puc. 10).

- — - , /.
25 15 o 0, ola 2,5

T

-0,08 Q.

o1
Puc. 10. Mexaniuni xapakrepuctuku MEII 3 wotupma 3y0rsmun
Ha IIOJIIOCI cTaTopy

Po3paxyHOK MeXaHIYHUX XapaKTEPUCTHK MPOBOANB-
cst ipu 3miHi MPC kotymok oOMoTkH KepyBaHHS Bij 0 10
20 A. TIpu upomy MPC kotymiku 20 A BiAmoBinae HOMi-
HanpHOMY cTpyMy kepyBauHHsI MEIT y 50 MA.

3 puc. 10 BHAHO, IO MEXaHIYHI XapaKTEPUCTHKH
MEII e niniftanvu. [Ipu HOMiHaTBHOMY CTPYMi KepyBaH-
H1 50 MA Ta Bary, 3araJJbMOBaHOMY Y HYJIbOBOMY IOJIO-
JKCHHI, MOMEHT, sikuii po3BuBae MEII, ckiamgae 0,067 Hwm,
o BiamoBimae Bumoram (He menme 0,0624 Hwm). Ilpu
moBopoTi potopa Ha 1,5° moment MEII mopisaioe 0,0476
Hwm, mo Takox BiamoBimae Bumoram (He menrre 0,0354
Hwm). Xopctkicte MarHiTHOI npykuHu ckiamae 0,0117
Hwm/rpazn. (0,668 Hm/pan) Ta Biamosinae 3ajaHuM BHUMO-
ram (ae menme 0,0106 Hm/rpan.).

Takok BUKOHaHO PO3PAXyHOK XapaKTEPHCTHK 00-
paHoi koHCTpyKUii aktuBHOI wactTuHH MEII 3 wortupma
3yOLsIMH Ha CTAaTOpi 3 BUKOPUCTAHHIM 3aMiCTh MTOCTIHHO-
ro MmarHiTy Mapku NdFeB mocTiifHOrO Marity MapKu
SmCo, 1m0 Mae OiIBII BUCOKY TEMIIEPATypHY MEXY po0o-
TH, aJIe JIEIIO TipII MarHiTHI Ta €HEPreTHYHI XapaKTepu-
ctuku. Ha puc. 11 300paxkeHi MeXaHIYHI XapaKTePUCTHKH

BapianTiB MEII, 1m0 HOpiBHIOIOTHCS. 3 HABEACHHUX TAaHHX
BuaHo, 1m0 MEII 3 mocriiiHum mardiTom Mapkun SmCo
Ma€ MEHIy XOPCTKICTh MarHiTHOT NPY)XUHH Ta MEHIIHN
MOMEHT IIpH HYJbOBOMY IOJIOKEHHI pOTOpa i HOMiHAJIb-
HOMY CTpyMi KepyBaHHs 50 MA.

0,1

NdFeB
Puc. 11. Mexaniuni xapaxrepucriku MEII 3 yotnpma 3y6rsmu
Ha noskoci craropy 3 MarHitamu Mapku SmCo ta NdFeB

Takox MPOBENEHO 3iCTaBICHHA PO3PAaXyHKOBUX Xa-
paktepuctuk 3amnpornoHoBaHoro MEII 3 xapakrtepuctu-
kamu niporotuiry MI1-22056 (puc. 12).

BuaHo, 1o 3icTaBieHi XapaKTepUCTHKU OJIU3bKI OJ1-
Ha 10 onHoi. [Ipore, akmo ans xepyBanHs MII-220b y
HOMIHAJIbHOMY pPEXHMi IOTpiOHa CymMapHa MarHiTopy-
mritiaa cuna 300 A, TO A MPOMOHOBAHOTO Y Wil cTaTTi
MEII ycporo 80 A, TodTo eneprocnoxusanust MEIL, mo
PpO3pOOISIETECS, CYTTEBO MEHIIIE, HK B IPOTOTHITY.

TakuMm dYHHOM, Ha OCHOBI aHaNi3y pe3yJbTaTiB
OTPHUMAaHUX PO3PaxyHKiB, MPUHHATO KOHCTPYKTUBHE BH-
KoHaHHsI akTHBHOI yactuau MEII y Burmsiii yotupuno-
JIIOCHOT MarHiTHOi CHCTEMH 3 4OTHpMa 3yOLsIMH Ha TO-
JIFOC1 CTaTopy, OCHOBHUMH T€OMETPUYHUMHU PO3MipaM Ta
MarepialamMH, HaBeICHUMH B Ta0I. 2.

MaxkeryBannst MEIL. 3 MeToro miATBEp/KEHHS Tpa-
LE3JaTHOCTI Ta MOXJIMBOCTI pealti3alii OCHOBHHX TEXHiY-
HHUX XapaKTEepUCTHK OyJ0 BUTOTOBJICHO MaKETHHH 3pa3ok
MEII, 30BHINIHII BUMIISA SIKOTO 300paXkeHo Ha puc. 13.

0,1

-0.02
Puc. 12. [lopiBHAHHS pO3paxXyHKOBHX MEXaHIYHUX XapaKTepUC-

tuk npornonoanoro MEII ( ) 3 YoTUpMa 3yOLSIMH Ha T10-
moci craropy Ta MEIT MIT-220b6 (— - —- — )
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Puc. 13. 3oBHilHi# Burisa makernoro 3pasky MEIT

IMpn wmakeryBanni MEII ouiHIOBamMch HacTymIHI
MIOKA3HHUKU:
1. XKopcTkicTs MarHITHOT IPYKHUHU.
2. MOMeHT IipH HyJIH0BOMY TOJIOKEHHI poTopa.
3. Kyt nmoBopoTy poTopa npu MOMEHTI HaBaHTa)KEHHs
0,0354 Hwm.
Jnist oniHkM BKazaHuX Buiie nokasuukis MEII Gyio
po3po0biieHo BUITPOOYBaNbHUH cTeH (puc. 14).

MEII

HapanTaxyBanabHa
Mpy>KHHA
Puc. 14. Crenn s Bunpo6ysanb MEIT

Enkonep

CreHp CKIamaeThCs 3 IBOX BY3IiB, MEXaHIYHO 3B’ s-
3aHuX 3 BaioM MEII: HaBaHTa)XyBaJbHOIO MPYKUHOKO Ta
eHKkozepoM. HaBaHTaxyBanbHa Mpy)XHMHA MpU3HAYECHA
JUls CTBOpeHHs1 HaBaHTaxkeHHs Ha Ban MEII y ¢ynxumii
Horo KyTa nmoBopoty. MarHiTHUi eHKoJep, pealli3oBaHui
Ha natuuky AEAT-6600, nmpusHaueHuid 1isi BUMIPIOBaH-
Hi KyTta noBopoty Bany MEII. Po3ainbHa 31aTHICTE €H-
Kozepy ckianae 16 OiT, 110 J03BOJISIE BU3HAYATH IIOJIO-
JKEHHSI BaJly 3 TOYHICTIO 710 1 KyTOBOi XBWJINHH.

Pesynbratn BunpoOyBaHb MakeTHOro 3paska MEIT
HaBeJleHi B Tabi. 3.

Tabumuus 3
Pesynpratu BunpoOysans MEIT

YKopctkicts MowmenTt npu Kyt nosopory
THOT poTopa mpu
MarHiTHOI HYJOBOMY -
f MOMEHTI
NpY>KUHH, TOJIOXKEHHI
Hw/rpazx potopa, Hu HaBaHTAXKEHHS
i > 0,0354 Hwm, rpax
MakeTt
MEIT 0,0115 0,064 1,7
Texuiuni HE MEHIIE HE MEHIIE L5
BUMOTH 0,0106 0,0624 s
BucHoBku.

1. [Tokazana moxumBicTs cTBoperHss MEII 3 HeoO-
XITHIMHU TEXHIYHUMH XapaKTEPUCTHKAaMH Ta IapaMeTpa-
Mu. Ha OCHOBI MPOEKTHUX pO3paxyHKiB, MPOBEIECHNX Ha
0a3i MOJCIIOBAaHHS MArHiTHOTO MOJISI B TPUBHMIPHI# 1mO-
CTAHOBLI, OOIPYHTOBAHO KOHCTPYKTHBHE BUKOHAHHS aK-
tuBHOT yactuau MEII y BUIIIsAlI YOTHPHUITOIIOCHOT MarHi-
THOT CHCTEMH 3 YOTHPMa 3yOLISIMH Ha IOJIFOCI CTAaTOpYy.

2. MexaHi4HI XapakTepUCTHKH po3podienoro MEIT e
JHIAHUMH y 33J]aHOMY Jiana3oHi 3MiHM KyTa IOBOPOTY
potopa. Ilpu HOMiHaBLHOMY CTpyMi KepyBaHHs 50 MA Ta
BaJIi, 3araJJbMOBaHOMY B HYJIbOBOMY IOJIOXKEHHI, PO3paxy-
HKOBHI MOMEHT, III0 PO3BUBA€ThCA cripoekToBaHuM MEIT,

ckiaagae 0,064 HM, 110 3a70BOJIBHSE TEXHIYHMM BUMOTaM
(ne menme 0,0624 Hwm). JKopcTkicTe MarHiTHOI IPYXUHA
ckmagae 0,0115 Hw/rpax. Ta BigmoBinae BenwdwHi, 3a3Ha-
YeHil B TexHiYHUX BUMorax (He Mmermre 0.0106 Hwm/rpan).

3. BunpoOyBanHs MakeTHoro 3pa3ky MEII migreep-
IV TIPUHLIMIIOBY Ipale3laTHICTh NPUHHATHX IMPOEKT-
HWX Ta KOHCTPYKTHBHHX PillICHb.

Kondumikr inTepeciB. ABTOpH CTaTTi 3asABISIOTH
PO BiZICYTHICTH KOHQIIKTY iHTEpECIB.

CIIMCOK JITEPATYPU
1. PemernukoB E.M., Cabmun 10.A., I'puropseB B.E. Ozex-
mpomexanuueckue npeodpazoeamenu 2UOPAGIUYECKUX U 2a30-
6bix npuso0os. M.: MammuHoctpoenue, 1982. 144 c.
2. Kanrok I'U., lUlyBanoB A.H., bimsanuenxo E.H. ['mapas-
JIMYECKUE WCIIOJIHUTENbHBIE MEXaHU3MBI ISl OBICTPOJEHCT-
BYIOIIMX TPELH3HOHHBIX JJIEKTPOHHO-THIPABIMYECKUX CIIE/Is-
mmx cucrteM (OI'CC). Enexmpomexwixa i erexmpomexaHika,
2005, Ne 1, C. 44-46.
3. KapuayxoB H.®. Onexmpomexanuueckue u mexampouHvle
cucmemut. PoctoB u/J1: ®enukc, 2006. 320 c.
4. Xapunmmua B.M. Pospobnenns ma oocniodcenns HOBUX
KOHCMPYKYIU eleKmpOoMeXaniuHux nepemeoplosayie Ojis NHes-
Mmo-2ioponiocunosayis. ABroped. muc. K.1.H.: 05.09.01 «Emnext-
pruHi MamwmHE 1 amapatm». HY «JIbBiBCbKa NONITEXHIKay,
JIsBiB, 2003. 19 c.
5. TonmaueB B.A., lemunosa I'.JI. MaremaTrueckue Moaeau
1 IMHAMHYECKUE XapaKTePHCTHKU DJIEKTPOMEXaHWUCSCKUX IIpe-
oOpasoBaresiell ¢ OrpaHHYCHHBIM YTIIOM MOBOpOTa. HM36. BY306.
Ilpubopocmpoenue, 2008, T. 51, Ne 6, C. 18-23.
6. CronoB JLU., AdanaceeB A.IO0. Momenmnuvie osucamenu
nocmosinnoeo moka. M.: DHeproatomusnat, 1989. 223 c.
7. EmenpsnoB A.B., lllunun A.H. Lllacosvie osucamenu: yueo.
nocoobue. Bonrorpazn, BonrI'TV, 2005. 48 c.
8. byms O.b. Memoowl pacuema macnummuvlx cucmem 3jeK-
mpuieckux annapamos: Maenumnvle yenu, noisi U NPOSPAMMA
FEMM: Vueb. nocobue. M.: Axagemus, 2005. 336 c.
9. JMAG-Designer.  Available  at:  https:/www.jmag-
international.com/products/jmag-designer (accessed 10.01.2023).

REFERENCES
1. Reshetnikov E.M., Sablin Yu.A., Grigoriev V.E. Electrome-
chanical converters of hydraulic and gas drives. Moscow,
Mashinostroeniye Publ., 1982. 144 p. (Rus).
2. Kanuk G.I., Shuvanov A.N., Bliznichenko L.N. Hydraulic
executive mechanisms for highspeed precision electronic hy-
draulic servomechanisms (EHSM). Electrical Engineering &
Electromechanics, 2005, no. 1, pp. 44-46. (Rus).
3. Karnaukhov N.F. Electromechanical and mechatronic sys-
tems. Rostov-on-Don, Phoenix Publ., 2006. 320 p. (Rus).
4. Kharchishyn B.M. Designing and researching of new type of
electromechanical converters for pneumatic and hydraulic am-
plifiers. PhD Thesis, Lviv Polytechnic National University,
2003. 19 p. (Ukr).
5. Tolmachev V.A., Demidova G.L. Mathematical models and
dynamic characteristics of electromechanical converters with a
limited angle of rotation. Journal of Instrument Engineering,
2008, vol. 51, no. 6, pp. 18-23. (Rus).
6. Stolov L.I., Afanasiev A.Y. DC torque motors. Moscow,
Energoatomizdat Publ., 1989. 223 p. (Rus).
7. Emelyanov A.V., Shilin A.N. Stepper motors. Textbook.
Volgograd, VolgGTU Publ., 2005. 48 p. (Rus).
8. Bul O.B. Methods for calculating the magnetic systems of
electrical devices. Magnetic circuits, fields and the FEMM pro-
gram. Moscow, Academy Publ., 2005. 336 p. (Rus).
9. JMAG-Designer.  Available  at:  https://www.jmag-
international.com/products/jmag-designer (accessed 10.01.2023).

Haoiuwna (Received) 07.03.2023
Iputinama (Accepted) 13.05.2023
Onyb6nixosana (Published) 02.11.2023

Enexmpomexuika i Enekmpomexanika, 2023, Ne 6

25



Pumwa Bimaniu BiKmopoeultl, 0.Mm.H., npog.,

Paoumos lzop Muxonatiosuy', k.m.n., ooy.,

Tynuii Muxaiino BiKmopoeuql, K.M.H.,

babuu leop Hempoeuqz,

Kanunuuenxo Onekcandp Anopitioguy?,

Hemenxo Muxona Hpoxonoeuuz,

' TOB «Enexrporexnixa — Hopi Texsomnorii»,

65005, Oneca, Byn. MenpHHIBKA, 26/2,

e-mail: rimsha61@gmail.com (Corresponding Author);
igor.radimov(@gmail.com;

mv.skbss@gmail.com; office@ukrainemotors.com.ua
2 JIIT «KB «IliBneHHe»,

49008, Juimpo, Byn. Kpusopisbka, 3,

e-mail: igorbabich@hotmail.com; alex_kalinichenko@i.ua
info@yuzhnoe.com

V.V Rymshal, LN. Radimovl, M.V. Gulyyl, LP. Babych 2,
AA. Kalinichenkoz, N.P. Demenko >

'Ltd. «Electrical Engineering — New Technology», Ukraine,
26/2, Melnytska Str., Odesa, 65005, Ukraine.

% State Design Office «Pivdenne»,

3, Kryvorizka Str., Dnipro, 49008, Ukraine.

How to cite this article:

Modeling and research of a magnetoelectric converter for
hydro and pneumo actuators.

Purpose. Presentation of the results of modeling and practical
implementation of a magnetoelectric converter for hydraulics and
pneumatics systems of the aerospace industry. Methodology. Cal-
culations of three-dimensional magnetic fields are carried out
with the Finite Element Method by JMAG program. The solution
of the differential equations connecting the input voltage, current,
magnetic flux and torque is performed by numerical integration.
Results. As a result of calculations, the converter configuration
was obtained. Tests of the prototype model of the converter con-

firmed the principle workability of the adopted design and design

solutions in its development. Practical value. Tests of the con-
verter prototype sample confirmed the fundamental performance
of the adopted design and constructive solutions. References 9,
tables 3, figures 14.

Key words: magnetoelectric converter, three-dimensional
magnetic field, mechanical characteristic, prototype sample.
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Y.A. Mabrouk, B. Mokhtari, T. Allaoui

Frequency analysis of stator currents of an induction motor controlled by direct torque
control associated with a fuzzy flux estimator

Introduction. The best way to control the torque of an induction motor is conventional direct torque control (DTC), this control
method is the most used approach in the industrial sector due to its many advantages. Its main advantages are its simplicity and its
exclusive dependence on the stator resistance of the induction motor. However, the use of hysteresis comparators reduces its
effectiveness, causing more torque ripple. Additionally, this results in variable operating frequency and limited frequency sampling,
resulting in pseudo-random overshoot of the hysteresis band. Purpose. For these reasons, this article presents a new study aimed at
confirming its shortcomings and improving the effectiveness of the control. Novelty. We propose to use fuzzy logic methods to
estimate the two components of the stator flux. Methods. In traditional DTC the flux components are estimated from an equation
relating the stator resistance to the stator voltage and current. In the proposed method, only stator currents and voltages are used for
this evaluation, which eliminates the dependence of DTC on stator resistance. The aim of this proposal is to make DTC robust to
parametric changes. Results. General harmonic distortions, rotational speed of the induction motor, electromagnetic moment,
magnetic flux and stator currents are analyzed. Practical value. With this proposed technique, validated in Simulink/MATLAB,
several improvements in motor behavior and control are endorsed: torque fluctuations are reduced, overshoot is completely
eliminated, and total harmonic distortion is significantly reduced by 48.31 % for stator currents. This study also confirmed the
robustness of DTC to changes in stator resistance. References 26, table 3, figures 11.

Key words: direct torque control, fuzzy logic controller, fuzzy logic estimator, induction motor, spectral analysis, total
harmonic distortion.

Bemyn. Haiikpawum cnocobom ynpasninms KpyWMHUM MOMEHIMOM ACUHXPOHHO20 O8USYHA € Mpaouyitine npsme YNpaeninHa KpymHUM
momenmom (DTC); yeii Memoo ynpasninms € HalibinbL BUKOPUCTIOBYSAHUM Y POMUCTIOB0MY CeKMOpi uepes tioz2o uucienti nepesazu. Hozo
OCHOGHUMU Nepedazamu € Npocmoma ma GUKIIOUHA 3ANeAHCHICMb 6I0 ONOpYy CMAmopa acuHXponHoz2o oeuzyhd. OOHAaK BUKOPUCMAHHS
2icmepesucHux KOMRApamopie 3HUNCYE U020 eeKmugHicmy, SUKTUKAIOUU 6eTUKy nyabcayilo Kpymuozo momenmy. Kpim moeo, ye
npU3600UMb 00 3MIHU POOOHOT YACMOMU MA 0OMeNHCeHHS BUOTDKU YACMOMU, WO NPU3E00UMb 00 NCEEO0BUNAOKOB020 BUXOOY 30 MECE CMyeu
cicmepesucy. Mema. 3 yux npuuun y yitl cmammi npedCmaeneHo Hoge OOCTIONCEHHS, CNPAMOBAHe HA NIOMBEPONCEHHS 1020 HeOOiKie ma
niosuwenns egpexmusnocmi konmpono. Hoeusna. Mu npononyemo euxopucmogysamu memoou Hewimkoi 102iKku 3 Menolo OYiHKu 080X
Komnonenmie nomoky cmamopa. Memoou. Y mpaouyitinomy DTC xomnonenmu nomoxy oyiHIOIOMucs 3a PIGHAHHAM, WO 36'13y€ ONip
cmamopa 3 Hanpy20l0 ma Cmpymom Cmamopd. Y 3anponoHoeanomy memooi yiei OYinKu GUKOPUCIOBYIOMbCS uwe cmpymi i Hanpyeu
cmamopa, wo suxmiouae sanexcricmvs DTC 6i0 onopy cmamopa. Mema yiei nponosuyii — 3pooumu DTC cmitikum 00 napamempuynux smiH.
Peszynomamu. Ananizyiomvcs 3a2anvhi 2apMOHIUHI CHOMEOPEHHS, WEUOKICMb 00epMaHHs aCUHXPOHHO20 OBUZYHA, eleKMPOMASHImHULL
MOMeHm, MazHimHul nomik ma cmpymu cmamopy. Ilpakmuuna yinnicms. 3a 00nomoz2010 yb020 3anponoHOBAHO20 MO0y, NEPesipeHo2o 8
Simulink/MATLAB, niomeepooiceno Kinbka NOKpawjeno y HOBeOIHYI Ma YNPAGuiHHA OBUSYHOM. KOMUBAHHS KPYMHO20 MOMEHIMY
3MEHULYIOMbCS, NepepecyTIoBants NOBHICHIIO YCYBAEMbCA, A 3a2ANbHI 2APMOHIYHI CHOMBOPEHH S 3HAYHO 3MeHuyIombes Ha 48,31% ona
cmpymie cmamopa. Lle 0ocnioscenns niomeepouio cmitikicms DTC 0o amin onopy cmamopa. bion. 26, Tabn. 3, puc. 11.

Kniouosi crosa: npsime ynpaBJiiHHSI KPYTHHM MOMEHTOM, KOHTPOJIEp HEYiTKOI JIOTiKH, MPUCTPil OLiHKH HediTKOi Joriku,
ACHHXPOHHMIi IBUTYH, CHEKTPAJbHUI aHAJI3, IOBHEe rapMoHiiiHe CIOTBOPEHHS.

Introduction. Owing to their affordability and ease
of construction, induction motors (IM) are widely used in
variable-speed drive systems [1]. IM compared to DC
motors, are more durable, easier to maintain, and more
economical [2]. Additionally, they are sturdy and resistant
to big loads [3]. These many benefits, however, are not
without drawbacks. The motor’s dynamic behavior is
frequently quite complicated [4], as a result of the
strongly coupled, multivariable, nonlinear equations that
come from its modeling. Furthermore, some of its state
variables, including flux, cannot be measured or
quantified [5-7]. To continuously control the torque and
flux of these motors under these limits, more
sophisticated control algorithms are needed [8]. Academic
and commercial research has been conducted for a
number of years to address the IM’s control issue and
create reliable controls [9]. For high-performance
applications, there are two types of control used to control
the electromagnetic torque of AC drives:

e Vector Control based on pulse width modulation
inverter control for stator current regulation in the field
rotational reference;

e Direct Torque Control (DTC) was proposed as an
alternative to field-oriented control for high-performance

AC drives. The fundamental idea behind this control
method is the direct control of electromagnetic torque and
flux by direct selection of the control sequence to be used
with voltage inverters. This control strategy was proposed
for the Ist time in the 1980s [10, 11]. The idea of torque
control in the DTC scheme [12] is to increase the torque
angle (angle between the stator and rotor flux) in case
torque output needs to be increased. To reduce torque,
one performs the reverse. However, it is maintained at the
desired magnitude for the stator-linked flux [13].

Among the advantages of DTC control, it depends
only on the motor stator resistance (R;). Unfortunately,
this solution can degrade the control’s robustness because
the resistance value varies over time due to heating. For
this reason, we propose in this paper to replace the
«classic estimator» of the two flux components which is
described in equation (5) with another fuzzy one, in this
fuzzy estimation we eliminate the dependence of the flux
estimator to the R, and the only quantities used in this
operation are the stator currents and voltages. This
technique allowed us to improve the DTC control
performance by minimizing the undulations of the
controlled quantities.
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To date, several studies have investigated the fuzzy
estimator in DTC control. Khadar et al. in [14] propose a
method for stator resistance estimation of a double-fed
induction motor (DFIM) by a three-level neutral point-
clamped inverter based on the DTC technique. Also,
Zidani et al. in [15] propose a new stator resistance
estimator using fuzzy logic. While in [13], Kamalapur et
al. implement the estimation method using the
proportional-integral (PI) control and fuzzy logic control
schemes. Also, El Ouanjili et al. in [9] for a DFIM driven
by two voltage source inverters operating at two levels,
show an improved DTC technique.

Model of the IM in the stationary frame. In the
literature, there are several mathematical models
representing the dynamic behavior of IMs. In the
following, a state space model related to a and S axes, for
electrical variables, is considered [4]:

de, de
d de

where w,, = pQ, = o, — ®,, where p is the pole pairs;
subscripts s and 7 refer to the stator and rotor; a and £ refer
to components in (a, f) frame; V, I, ¢ are used to describe
respectively voltage, current, and flux; R; and R, refer to
the stator and rotor resistances; £,, is the mechanical
speed; w; is the rotation speed of the stator field; w, is the
rotation speed of the rotor one.
Currents and flux relationships are [16]:

goas_Ls M | g (DﬂS_LS M 1135 )
¢ar_M L, Iar’wﬁV_M L, Iﬂr’()

where L and M are respectively the inductance of motor
and the mutual one.

The next equation represents the mechanical part of
the motor [16]:

dQ 1
dtm =7'(Tem_TL); 3)
where T,, and T, are respectively the electromagnetic
torque and load one; J is the motor inertia.

Presentation of the DTC control. The DTC
principle was first developed by Takahashi and
Depenbrock [10, 11] around the end of the 1980s. It
accomplishes decoupled control of the electromagnetic
torque and stator flux, allowing IMs to respond to
electromagnetic torque accurately and quickly in the
stationary frame (a, ). A switching table is used to select
the proper voltage vector. The choice of switching states
has a direct impact on changes in the stator flux and torque
of the motor. As a result, the choice is made by keeping the
magnitudes of the flux and torque within two hysteresis
bands. These controllers ensure that these two quantities
are controlled separately [17, 18]. The flux and torque
errors are the inputs of hysteresis controllers, and the
voltage vector that is appropriate for each commutation
period is determined by the controllers’ outputs [19]. In
DTC, the inverter voltage and frequency are adjusted based
on the measured stator current and voltage. The torque and
flux of the motor are then estimated based on these
measurements, and the inverter voltage and frequency are
adjusted to maintain the desired torque and flux. The
schema of direct torque control is shown in Fig. 1.
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Fig. 1. Basic diagram of DTC control of IM

a) electromagnetic torque and flux estimation
equations. To control the IM, a DTC loop is selected.
First, the principal motor inputs, stator voltages, and
currents are used to determine the 7, and ¢,. Then, the
selection of the optimal voltage vector is applied inside
the inverter. It is mandatory to express the used
mathematical models for estimating the 7, and ¢,. The
expressions of the flux into the stator can be evaluated as:

Ps =+ ((002(.9 + (/J%s ) > “)

where the variables in (4) are given in (5):
Pos = I(Vas - Rslas);

Pps = J‘(Vﬂs - Rslﬁ's)’
where ¢,, and @, represent the two components of flux in
(a, p) reference frame.

The angle 0 between ¢, and ¢y is calculated as
follows:

(6))

0= arctan(goﬁs / ¢)w). 6)

The cross-product of the stator quantities (stator flux
and stator currents) can be used to calculate the IM’s
produced electromagnetic torque as:

3
Temzzp(¢as1ﬂs_¢ﬁslas)' (7)

b) presentation of the conventional switching
DTC table. Table 1 displays the switching table for the
conventional DTC control [13].

Table 1
DTC switching table*
Sector

Flux Torque ! 2 3 4 > 6

AT,,=1 V2| V3| V4| V5]|Ve |Vl
— 2 level

Ap,=1 AT,,=0 | V7| VO | V7| VO | V7| VO
AT,,=—-1 | V6 | V1 | V2 | V3 | V4 | V5 |3 level

AT,=1 | V3 | V4| V5|V6| V1| V2
L 2 level

Ap,=0 | AT,=0 | VO | V7 | VO | V7 | VO | V7
AT,,=—1 | V5| V6 | V1 | V2 | V3 | V4 |3 level

*Ag, is the difference between the reference flux and the estimated
one, Ag, = (p: — @ AT, is the difference between the reference
electromagnetic torque and the estimated one, AT, = T, vn = Tom
DTC with a fuzzy estimator. Principle of the
fuzzy logic controller. A fuzzy logic controller (FLC) is
a type of control system that uses fuzzy logic (FL) to
control a system or process. FL is a mathematical
approach that deals with uncertainty and imprecision,
allowing for more flexible and robust control than

traditional control techniques. In an FLC, the inputs to the
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system are represented as fuzzy sets, which are defined by
membership functions (MF) that assign degrees of
membership to each input. These MFs allow for a more
natural representation of inputs that may be difficult to
define using traditional crisp sets.

The output of the FLC is then determined using a set of
fuzzy rules, which define the relationship between the inputs
and the output. These rules are typically defined by expert
knowledge or by analyzing data from the system [20, 21].

The output of the FLC is then defuzzified to produce
a crisp value that can be used to control the system. This
defuzzification process can be done using a variety of
techniques, such as centroid or max-min.

One of the advantages of FLC is its ability to deal with
complex and nonlinear systems, which may be difficult to
control using traditional control techniques. FLCs can also
adapt to changing system conditions, making them suitable
for systems that may experience changes in operating
conditions. FLCs are commonly used in a variety of
applications, such as process control, robotics, and intelligent
transportation systems. They have also been used in many
consumer products, such as washing machines, air
conditioners, and cameras, to provide intelligent control and
improve performance [22, 23].

In summary, FLCs provide a flexible and robust
approach to control systems and processes, using fuzzy
logic to deal with uncertainty and imprecision. Their
ability to deal with complex and nonlinear systems makes
them suitable for a wide range of applications, from
industrial control to consumer.

Inference and formulation of rules. In most cases,
fuzzy systems translate input fuzzy sets into output fuzzy
sets. Relations between input and output fuzzy sets are
known as fuzzy rules. Any one of the following can be
used to derive fuzzy rules:

¢ master insight and control designing information;
e control actions were taken by the operator;
e gaining knowledge from the training examples [24].

The fuzzy rules in this study are created by learning
from the training instances. In this instance, the fuzzy
control rules’ general form is: if x and y are 4; and B,
respectively, then z = f{(x, y) denotes the linguistic variables
that, in turn, denote the control variable and the process
state variables. A first-order Sugeno (FOS) fuzzy model is
the outcome of a fuzzy inference system (FIS) that takes
the form of a FOS fuzzy model. 4; and B; are the language-
specific values of the linguistic variables, fi{(x, y) is a
function of the process state variables x, y [25, 26].

The proposed flux estimator In our research we
propose the use of fuzzy logic to estimate the components
of the stator flux (@, @g), such that we use as inputs of
the fuzzy system the stator voltages V; and currents /; of
the motor, and the outputs of this system are the
components of the flux without having introduced the
stator resistance (R;) in this estimate. The outputs of the
fuzzy system are used to calculate the electromagnetic
torque 7, and the position of the flux 6. Figure 2 shows
the proposed estimation block.

The range of fuzzy controller inputs (Vi, ) are
characterized into three MFs, and two constants MFs are
defined for output. There are 9 rules based on which the
FIS infers the gains, these rules represented in Table 2.
MFs used for inputs are Negative (Ne), Zero (Z), Positive

(Po), and for outputs we choose: flux exists (exist), and
flux doesn’t exist (no).

Osa tan 1%
Vs_alpha — Fuzzy Logic Dsa

Teta

Controller —

Is_alpha
L8
Add [ Phis
P Cem

Osp [ +
s
[ -

—» ﬁsﬂ‘

Vs_beta —*| Fuzzy Logic

Controller

Is_beta

L e

Fig. 2. Fuzzy flux estimator block

Table 2
Inference matrix
Vs, I Ne Z Po
Ne exist no exist
V4 no no no
Po exist no exist

Trapezoidal MFs are chosen for the three fuzzy sets
(P), (N) and (Z) as shown in Fig. 3, 4, and we choose
constant MF for the output (Fig. 5).

The FIS used in this work is a FOS fuzzy model, its
principle of operation is given as: if V; is Po and I; is Po
then flux exist.

Ne z Po

0 4
-300 -200 -100 (1] 100 200 300

Fig. 3. Trapezoidal MFs used for the voltage input

Ne z Po
1
0.5
0 4
-15 -10 5 o 5 10 15

Fig. 4. Trapezoidal MFs used for the current input

1 Xo

I
Fig. 5. MFs used for the decision output

Results and discussion. In this section, we are going to
present and discuss the simulation results of conventional
DTC of an IM, and the simulation results of the proposed
strategy with the analysis spectral of the current. Motor and
simulation parameters are listed in Appendix.

The simulation results in Fig. 6-9 show that the
proposed strategy improved the performance of the DTC,
minimizing torque ripples, the overshoot is absolutely
removed and decreasing important values of total
harmonic distortion (THD) by 48.31 %, and rotation with
some oscillations.
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Fig. 6. Simulation results of conventional and the proposed DTC
of an IM: a — rotation speed; b — electromagnetic torque;

¢ — magnetic flux; d — stator current 4 "
0 0.1

Fig. 9. The two components of flux obtained with fuzzy estimator
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From the analysis of Fig. 7, 8, we can notice the

influence of the proposed method on the waveform of the Table 3
current. The use Of a fuzzy estlmator also makes lt COmparatiVe Study between the CDTC and the :)rOpOSCd one
possible to reduce the effect of harmonics of orders 3, 5, Dynamic Parameter Current
and 7. Figure 9 shows that the two components of flux G — response | sensitivity R, |  THD
obtained by a fuzzy estimator have a perfectly sinusoidal D%ncvemlona fast sensitive iirinsrt)grrttii)nlf
shape as desired. Table 3 presents a comparative study DTC with fuzzy Toss
between the classic DTC and the proposed strategy. observatory slow insensitive | . L
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Robustness test. As shown in the introduction, the
propose FLC-DTC, is independent of the stator resistance,
to check the performance and the robustness of this
proposed control, we propose to vary the value of the
resistance R, (increase it and decrease it) and see its
influence on the behavior of the motor.

In the following, we show the simulation results of
the FLC-DTC control, we increase the value of the
resistance by 50 % of its nominal value (Fig. 10) and
decrease it by 25 % of its nominal value (Fig. 11). These
results confirm the effectiveness of the proposed strategy
when we have a stator resistance variation.

rotation speed
150 ‘
14251 ]
z
E
s
g a
5} —omg*
—omg
0 |
1
0 0.36 ts 0.8
Tem, N-m electromagnetic torque
5
b
0.71
014 L 4
0.338 t,s
58 o, Wb magnetic flux
5.254 — i
—phi
C
121
0.018 ts 0.8
Is, A stator currents
Is__beta |7
d

0 0.34 s 08
Fig. 10. Simulation results of the proposed DTC of an IM
decreasing R; by 50 % of its nominal value: a — rotation speed,
b — electromagnetic torque; ¢ — magnetic flux; d — stator current

rotation speed

14287 ]
£
E
£
o a
§
—omg‘
—omg
0 4
0 0.395 ts 0.8
Tem» N'm electromagnetic torque
5
b
0.7
0.1 .
0 0.375 t,s 0.8
o, Wb flux magnetic
|
\ c
1.21 t
0 05 ts 08
Is, A stator current
15 —Is__alpha|
Is__beta
ST d

0 o1 0.4 s 08
Fig. 11. Simulation results of the proposed DTC of an IM
decreasing R; by 25 % of its nominal value: a — rotation speed;
b — electromagnetic torque; ¢ — magnetic flux; d — stator current

Conclusions. In this paper, we suggested a new
approach to the direct torque control of an induction motor,
we used fuzzy logic to estimate the two components of the
stator flux this strategy brought improvements to this control
and the behavior of the motor. On the other hand, the
simulation results demonstrated the stability of direct torque
control to stator resistance variations, but it also has some
drawbacks such as a speed response time that is a bit slow
with some speed oscillations. We, therefore, propose in
future studies to replace the fuzzy logic controller with a
neuro-fuzzy controller and to use techniques to improve the
dynamic response of the system.
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Appendix

Pole pairs p 1

Stator resistance, € 4.7333
Power, W 1000
Moment of inertia, kg-m’ 0.0026
Coefficient of viscous friction 6.1704-107*
Fuzzy logic gains ki =1825;k,=3.71
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Open circuit fault diagnosis for a five-level neutral point clamped inverter in a grid-connected
photovoltaic system with hybrid energy storage system

Introduction. Recently, the number of high and medium voltage applications has increased dramatically. The connection between
these different applications requires series-parallel combinations of power semiconductors. Multilevel converter topologies provide
major advantages to these applications. In this paper, a grid-connected photovoltaic system with a hybrid energy storage system
using a five-level neutral point clamped inverter is studied. Although the multilevel inverter has many advantages over the two-level
inverter, it has a high probability of experiencing an open circuit fault. In this context, the five-level inverter has 24 controllable
switches, one of which may experience an open circuit fault at any time. Therefore, it plays an important part in the reliability and
robustness of the whole system. The novelty of this paper presents an approach to accurately detect the open circuit fault in all
insulated gate bipolar transistors of a five-level neutral point clamped inverter in a photovoltaic power generation application with a
hybrid energy storage system. Purpose. Before using fault-tolerant control to ensure service continuity, fault diagnosis techniques
must first be used, which are the crucial phase of reliability. Methods. A detection method based on the maximum and minimum
error values is proposed. These errors are calculated using the expected and measured line-to-line pole voltages. Results. The open
circuit fault detection method is implemented using MATLAB/Simulink. Simulation results showed the accuracy of detecting the open
circuit fault in all insulated gate bipolar transistors in a short time. Moreover, this method is adaptable to several applications and is
also robust to transient regimes imposed by solar irradiation and load variations. References 26, table 3, figures 16.

Key words: photovoltaic, fault diagnosis, five-level neutral point clamped inverter, line-to-line pole voltages.

Bcemyn. Ocmanniv wacom pisko 3pocia KitbKicmb 3aCmocy8anb GUCOKOL ma cepeOnvoi manpyeu. 3’€OHauMa Midc yumu pisHUMU
BUKOPUCIAHHAMU 8UMA2AE NOCTIO08HO-NAPANETbHUX KOMOIHAYI cunosux Hanienposionuxie. Tononoeii bazamopisHesux nepemeoprosayis
Haoaroms yum 000amKam eeluKi nepesazu. Y yiti cmammi aus4acmucsa homoenekmpusna Cucmema, niokmoyeHa 00 Mepedxci, 3 2iOpuoHoI0
CcUCmMeMOI0 30epieantst enepeii, AKa GUKOPUCIOBYE N ImupieHesutl IHeepmop i3 (IKCY8aHHAM HeumpaibHoi mouku. Xoua 6azamopieHesull
inéepmop mae bazamo nepesaz, NOPIGHAHO 3 OBOPIBHEBUM THBEPMOPOM, GiH MAE BUCOKY UMOBIPHICTNG BUHUKHENHS 0bpu8gy Kona. Y 36 43Ky 3
yum n’smupieresutl ineepmop mae 24 keposaHi nepemuxayi, 00UH 3 AKUX 0YOb-AKOI Mumi modice 3imkHymucs 3 oopusom xoaa. Taxum
uuHOM, 6iH 6idicpac ajcaugy poas y Hadiimocmi ma cmitikocmi eciei cucmemu. Hoeusna yici cmammi agnse co60ro nioxio 0o mowno2o
BUAGIIEHHA HECNPAGHOCII PO3IMKHYIMO20 KOJIA Y 6CIX OINOIAPHUX MPAHZUCMOPAX 13 1301b0BAHUM 3AMEOPOM N AIMUPIGHEB020 iHGepmopa 3
¢hixcysannam HellmpanbHoi mouku y pomoenekmputHux 000amKax Os GUPOONIEHHSA eNeKMpPOeHepeii 3 SIOPUOHOI0 CUCEMOTO 30epieaHHs
enepeii. Mema. Ilepw nidc gukopucmogysamu ioMo8oCmitikuii KOHmpons 05l 3abe3neyents b6e3nepepeHocmi 00Cy208y8anHs, HeOOXIOHO
CROYAMKY BUKOPUCTIOBYEAMU MEMOOU OIAZHOCMUKU HECHPAGHOCMEl, KT € GUPTUAIbHUM emanom Hadiunocmi. Memoou. 3anpononoearo
MemoO  BUABNEHHA, 3ACHOBAMUN HA MAKCUMATLHOMY MA MIHIMATLHOMY 3HAYEHHAX nomunok. Lli nomunku pospaxogyiomecs 3
BUKOPUCHIAHHAM OYIKY8AHUX MA BUMIDAHUX MidicghazHux Hanpye na nomocax. Pesynsmamu. Memoo suagienns o6pusy Kona peanizoeaHo 3
surxopucmarnnam MATLAB/Simulink. Pezynomamu Mo0enio8ants NOKA3AMU MOYHICMb GUSGNIEHHS 00pUgy Koia y 6CIX OIinomspHux
MpaH3uCmMopax i3 i301b0BAHUM 3aMBOPOM 3a KOpomKull yac. binbw moeo, yeii Memoo adanmyemocs 00 KibKOX 3ACMOCYBAHb, d MAKOIC
CMILIKULE 00 NEPexiOHUX PedCUMIB, BUKTUKAHUX COHAYHUM GUNPOMIHIOBAHHAM ma 3Minamu Hasanmadicenns. biomn. 26, Tabm. 3, puc. 16.
Knrouoei cnosa: pororanppaniyna cucrema, AiarHOCTHKA HECHPaBHOCTelH, I’ATUPIBHEBUI IHBepPTOP i3 3a)KMMOM HeHTpai,
JIiHiliHA HAIIPYTa HA I0JII0CaX.

1. Introduction. Photovoltaic (PV) system is system must be equipped with an inverter that presents the

increasingly important as it is easy to set up and requires
low maintenance. Currently, the energy demand in the
public domain has been fulfilled through the
implementation of stand-alone, grid-connected and hybrid
PV system configurations [1]. However, like other
renewable energy sources, solar energy tends to be
intermittent because it is influenced by meteorological
conditions [2]. Hence, the Energy Storage System (ESS) is
typically needed in renewable energy based microgrid
system to serve as a buffer between production and load. In
microgrid systems, the incoming and outgoing power of the
ESS elements varies considerably depending on the
instantaneous power production and load status [3]. These
intermittent variations negatively impact ESS performance,
reduce ESS life and increase the cost of battery
replacement, as batteries are featured with high-energy
density, but have low-power density, low charge/discharge
rates and slow dynamic response. One way around these
problems is to combine multiple types of energy storage
elements to create a Hybrid Energy Storage System
(HESS). Currently, batteries and supercapacitors (SCs) are
the most popular choices for many systems because SCs
have high-power densities, offer a long life cycle with high
efficiency and fast charge/discharge response [4, 5].

The grid-connected PV system with a HESS was
widely studied in the literature [6, 7]. Moreover, this

connection between the generator and the AC side. The
inverter, which is based on power semiconductors,
including insulated gate bipolar transistors (IGBTs) and
diodes, is one of the most vulnerable components, and
therefore plays an important role in the reliability and
robustness of the overall system. According to a study,
34 % of faults in power converters are related to power
semiconductors and mainly to controllable switches, while
diodes have a lower failure rate [8].

The multi-level Neutral Point Clamped (NPC)
inverter is increasingly used in grid-connected PV systems
because it has many advantages over two-level inverters,
including lower harmonic distortion of the output voltage,
the best choice for medium to high power and low
switching loss [9, 10]. However, the high number of power
switching devices increases the chance of failure. The most
common power semiconductor failures are open circuit
(OC), short circuit (SC), which can occur due to high
thermal or electrical strain, wire disconnection or gate
driver failure [11]. In most cases, a short-circuit fault
results in an overcurrent, which is very destructive and can
immediately damage the IGBTs. Therefore, protection
against short-circuit faults is often achieved through
hardware solutions. In addition, industrial gate drivers
protect the system against short circuits [12]. However,
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when an OC fault occurs, the system continues to operate,
but the line current and DC bus voltage fluctuate, which
may result in a secondary fault in the power converter or
other devices. One of the most important ways to boost
system reliability is through fault-tolerant techniques.
Currently, fault tolerance methods for inverters are mainly
classified into two categories: software-based approaches
without additional hardware and hardware-based
approaches [13]. However, fault diagnosis is a crucial
phase of service continuity, because without it, it is
impossible to reconfigure the converter correctly [14].
Literature review. Fault diagnosis methods for
multilevel converters are still not widely studied in the
literature due to their more recent development than two-
level converters. Moreover, the diagnostic methods
validated for two-level converters are not directly
applicable to multilevel converters due to their large
number of power components. These methods are
classified into two categories: voltage-based methods and
current-based methods. For methods based on currents
[15] proposes a method using the Average Current Park
Vector for a three level NPC inverter. Although this
method can detect the OC fault in two switches, the
possibility of the failure of two IGBTs at the same time is
rare. In [16], the authors contribute to the improvement of
the previously mentioned study by accurately detecting
the faulty switch. However, this study is only dedicated to
AC drive applications. A study based on the extension
theory method to locate faults in a three-level NPC
inverter supplying an AC motor is proposed in [17]. The
inputs used for this method are the frequency spectra of
the line current waveforms. For an AC motor drive, the
frequency spectra are different depending on the faulty
switch. However, for a grid-connected system, it is
impossible to detect the OC fault because the frequency
spectrum is the same for the upper half arm as well as for
the lower half arm. The authors of [18] accurately locate

o L{gq+wgrLtlgd

the OC fault in a three-level NPC converter associated
with a wind power system using the neural network. The
inputs used in this study are the magnitude and phase
angle of the generator currents. However, this method is
limited to AC drive applications and requires large data
storage and computing capacity.

For voltage-based methods, the authors of [19]
propose a method based on the evaluation of pole
voltages and motor line currents to detect the fault in a
three-level NPC inverter. Although this method has the
ability to detect multiple OC faults in all IGBTs and
clamp diodes, it is not suitable for grid-connected
systems. In [20] the authors contributed significantly to
the accurate location of the faulty IGBT in a three-level
NPC rectifier without adding additional hardware. The
estimated voltage errors are represented by the expected
value of the converter line voltage and its estimated value.
However, this estimation generates a lot of noise, and the
choice of thresholds and minimum detection time depends
on each system, which reduces the robustness of this
method. Fault detection of a five-level NPC inverter is not
studied at all in the literature. The authors in [21] focused
on the reconfiguration of this inverter without specifying
the diagnostic method.

The goal of the paper. To remedy the previously
mentioned drawbacks, this study presents an approach to
accurately detect the OC fault in all IGBTs of a five-level
NPC inverter. This inverter is used in a grid-connected PV
system with a HESS to improve the power quality and to be
able to support high power. The detection method is based
on the maximum and minimum error values resulting from
the comparison between the measured line-to-line pole
voltages and their expected values. The fault monitoring is
well achieved regardless of the load type (resistive or
inductive) and power state (transient or steady-state), which
amplifies the reliability of this algorithm. In addition, the
proposed method can quickly detect the OC fault.

2. System description. The global
system architecture is depicted in Fig. 1,
which comprises three main functions:
generation of electrical energy, HESS and
energy management, connection to the
grid.

2.1 PV generation. PV panels have
been installed to produce electrical energy
(Fig. 1,a). The PV generator is formed by

Vic re f

Uga — wgrlelgq |

Five level

GrEYad  NPC
inverter

PV panels connected in series for
increasing the voltage and in parallel for

increasing the current, and a DC/DC
boost converter which transmits the

produced power P,, to the DC bus. The
voltage V), at the terminals of the bank of
panels, and the current /,,, passing through
them, follow a 1,/(V,,) characteristic
which depends on the exogenous inputs
which are the solar irradiation, and the
atmospheric temperature. The electrical
behavior of a PV cell can be described
with good precision by a model called

«single diode» [22].

Fig. 1. Schematic diagram of grid-connected PV system with AC load

The Perturb & Observe method is used for extracting
the maximum power of PV panels. It is an iterative method,

allowing acquiring the maximum power point. It depends
on measuring the characteristics /,,(V,,) of the PV modules,
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then induces a slight disturbance of the voltage (or the
current) to analyze the resulting power change [23].

2.2 Configuration of the HESS and energy
management. Figure 1,b presents the HESS, which
includes batteries and SCs. Each bank of SCs and
batteries is connected to a DC/DC buck-boost converter,
which connects it to the DC bus. There must be a
complementarity between these hybrid storage systems.
The batteries providing the «energy» function are sized in
terms of average power, while the SCs having the
«power» function are sized in transient power. The
implementation of SCs is to improve battery life.

The energy management is presented in Fig. 1,c. To
determine the total power P, it is necessary to calculate the
power of the PV generation P,,, the power of the load Pjyuq
and the power dissipated in the grid filter P, Then a low-
pass filter is used to split the total power into two
components: the transient power component P;,, and the
average power component P,,. Consequently, the part
containing the high frequencies (transient power) is supplied
to the SCs and those of the low frequencies to the batteries
[24]. The power balance equation is stated as follows:

Frot = Pioad + Ploss _va :Pavg + B - (1

Since the components P,,, and P,, are based on a
reference current on the DC bus side, two gains are used
to estimate the reference currents on the SC side ([screr)
and battery side (/4 s ). The measured values of the SC
and battery current (Isc and [,,) are taken in order to
compare them with their reference values. In addition, a
compensation factor is wused to increase system
performance by recovering uncompensated battery power
due to its slow dynamics [25]. This uncompensated power
is added to the transient power to be recovered by SC.
Finally, the PI controllers are concerned with the
generation of adequate control signals via the duty cycles
of the converters (Dgc and D,,), which allow the
measured currents to follow their references.

2.3 Control of grid connection. The grid connection
consists of a five-level NPC inverter, an R-L filter at each
phase, a load and a power grid as shown in Fig. 1.d. To
control the grid side, Voltage Oriented Control (VOC) is
proposed in this paper using the PI controller. The purpose of
the VOC is to keep the DC bus voltage constant regardless of
the amplitude and direction of the power. This control
technique needs to calculate the angle using a phase locked
loop for the Park transform. The control strategy comprises
an outer loop to control the DC bus voltage and two internal
loops to control the direct and quadrature components of the
current (d-axis and g-axis). The external loop is then
produced employing a regulation loop, making it possible to
maintain a constant DC bus voltage, with a PI regulator
generating the current reference I . Concerning the
internal loop, the direct and quadrature components are used
to regulate active and reactive power, respectively.
Furthermore, a decoupled control for direct and quadrature
components is implemented to tackle the problem of the
relationship between the d-axis and g-axis [26].

3. Open circuit fault analysis. This section presents
the analysis of the OC fault in a five-level NPC inverter,
which is shown in Fig. 2 by the arm of the 4 phase. The
five-level NPC inverter arm consists of four capacitors of
equal capacity dividing the input voltage V,. into four
identical voltage levels and eight switches (IGBTs)
mounted in antiparallel with diodes. In addition, six clamp

diodes are present to have five additional voltage levels,
as shown in Table 1 [9].

This analysis is only dedicated to the switches of the
upper half arm of phase 4 Sy, Sp, S3, Sua due to its
symmetrical shape. Therefore, the switches of the lower
half arm Sjs, S46, S47, S4g have the same analysis as those
of the upper half arm, except for the path and the sign of
the phase current.

3.1 Open circuit fault in S4;. When the OC fault
arises in the switch Sy, then the current path is Dy, Sy,
S43, S44 and the switching state P, is impossible as shown
in Fig. 3,a. Figure 4,a represents when an OC fault occurs
in Sy at the instant = 0.5 s, from this instant a part of the
positive phase current (/) flows. Furthermore, the diode
Dy is reverse biased due to the grid voltage, which is
greater than the DC bus voltage V,/4. The control
increases the amplitude of the currents of other phases
() and 1)) to balance the power.

3.2 Open circuit fault in S,. When the OC fault has
appeared at the switch S, the switching states P, and P, are
impossible. Therefore, the current path of the faulty phase
(Iy) is formed by D», S4; and Sy4 as shown in Fig. 3,b. Then
the diode D;, which blocks the majority of the positive phase
current, is reverse biased. Therefore, the positive phase
current is 0, as shown in Fig. 4,b.

Fig. 2. The A-phase arm of a five-level NPC inverter

Table 1
Switching states in phase X
State of IGBT’s states X € {4, B, C} Pole
leg X | Syi | Swo | Sxs | Sxa | Sxs | Sxs | Sx7 | Ss | voltage Vyo

P, 1 1 1 1[10]0]0]|O0 +V /2
P, 0|1 1 1 1[0]0]O0 +V4/4
0 001 1 1 1]10]0 0

N, 00|01 1 1 10 —Val4
N, 0O[0]0]0]1 1 1 1 V2

Fig. 3. Current paths in the case of an OC fault

Enexkmpomexnixa i Enexmpomexanixa, 2023, Ne 6

35



3.3 Open circuit fault in S ;. When S,3 is open-
circuited, the impossible switching states are P,, P, and 0.
Therefore, the current path is formed by D;, Sy4 as shown
in Fig. 3,c. However, because of the negative DC bus
voltage and the positive grid voltage, diode D; is always
reverse biased. So, the positive current corresponding to
the faulty phase cannot flow, as shown in Fig. 4,c.

3.4 Open circuit fault in S4. When S,4 is open-
circuited, the impossible switching states are P,, P;, 0 and
N. Therefore, the current path is formed by D5, D47, D4
and D,s as shown in Fig. 3,d. However, due to negative
DC bus voltage and positive mains voltage, diode D g,
Dy;, Dy and Dys are always reverse biased. So, the
positive phase current cannot flow as shown in Fig. 4,d.

o ¥ . - .
— ma
< 10 % /\ {\ 40 [\ 40 Imb
= o e 2ok INKINMNE 2ok PGAINN 20k P\ AN
S _1oMU ol sV ppepvipV gt B VOV Rt gV plipt I NNV RV R p Rt Imc
3 40 40 40
20 60 60 60

-30 -80 -80 -80

045 05 055 045 05 055 045 05 055 045 05 055
a b c d

Fig. 4. Current waveforms under OC fault in switches (a) Sy1, (b) S42, (¢) Su3, (d) Sua

From the previous analysis, the phase current is 0 in
both situations when the switch Sy; or Sy is faulty. The
phase current when the fault occurs in S5 or Sy is also
equal to each other. Therefore, if the load is not reactive,
it is difficult or impossible to distinguish the OC fault
from the switches mentioned above. Unless there are
additional algorithms added to the detection technique.
This will add a large computational capacity and slow
down the detection time.

4. Diagnostic technique. In this section, a technique
for detecting an OC fault of one of the switches of a five-
level NPC inverter is proposed. This method is based on the
comparison between the measured and expected line-to-line
pole voltages, denoted Vyy and ¥y, respectively (XYe {4B,
BC, CA}). The five-level NPC inverter is controlled by the
sine-triangle PWM control, which generates the control
commands Jy(i€{l, 2, ..., 8}) to control the DC-bus voltage
and the active and reactive power. Using these control
commands those of the upper half arm of each phase, it is
possible to estimate each pole voltage V' yo(Xe {4, B, C})
according to the following relation:

Vo =(0x1+0xs +8x3+ys -2) V;c :
The expected line-to-line pole voltages are:

Vxr =Vxo ~Vro- 3)

To precisely locate the OC fault in each phase and

each switch, the fault was analyzed using the deference

between the expected and measured line-to-line pole
voltages AVyy. The diagnostic errors are calculated by:

AVxy =Vxy —Vay . “
The diagnostic errors must be normalized so that the
diagnostic algorithm is independent of the DC bus voltage
using the following formula:
exy =AVxy [Vac - )
In healthy conditions, the diagnostic errors are 0,
which means the measured and expected line-to-line pole
are equal. On the other hand, if the OC fault has occurred
in any switch, two-line voltage errors are affected by the
OC fault, because each phase is linked to two line-to-line
pole voltages. The third error, which has nothing to do
with the faulty phase, remained 0.
Therefore, it is possible to accurately detect the
defective half arm. For example, if the fault appeared in
the upper half arm of phase X, the errors are as follows:

2

& yy = threshold;
eyz =0; (6)
&7y = —threshold.

The diagnostic errors linked to defective phase X
take symmetrical values. If the fault appeared in the lower
half arm of phase X, the errors are the same, but the
values of those linked to the defective phase are reversed.

After detecting the fault and determining the faulty
phase and half-arm, it is necessary to identify with
precision the faulty switch by determining the values of
the errors corresponding to each switch. To calculate the
maximum error value when Sy is in OC, the current
passes through Dy, Sy,, Sy; and Sy, instead as explained in
section (3), connecting the DC bus mid-point (O) to the
AC terminal and generating a pole voltage of value P;.
This results in a pole voltage error AVyy of V,/4. From
(5), the normalized diagnostic error applied to the
identification process (&yy) reaches a magnitude of 0.25
when the switching state is P,. Furthermore, the second
normalized diagnostic error (gzx) affected by the fault
obtains a symmetrical value of —0.25 when the switching
state is N,. The third error (&yz), which is completely
unrelated to the faulty phase, is 0. Using the analysis done
in section (3), a similar process is employed to compute
the normalized diagnostic error values for all switches,
and the results are listed in Table 2.

However, these errors are not fixed at those values
which vary at each cycle between 0 and the maximum
value for the high error and between 0 and the minimum
value for the low error. For this, it is only necessary to
capture the maximum and minimum error values using an
algorithm that calculates at any time the maximum and
minimum error values, resulting in six errors {max(&yy),
min(gyy), max(&yz), min(egyz), max(gy), min(gzy)}.
Therefore, the fault detection of each switch relies on the
behavior of these six errors and the threshold ranges in
which these errors may exist. Table 3 summarizes the
proposed OC fault detection method.

The diagnostic algorithm is recapitulated in the block
diagram in Fig. 5. In summary, the algorithm begins with a
step of calculating the expected pole voltages, and a line-to-
line pole voltage measurement from which the necessary
diagnostic errors are calculated. Then, as shown in Table 2,
the maximum and minimum values of each normalized
diagnostic error are extracted, since the errors don’t have a
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fixed value. An OC fault is recognized by checking (6),
which identifies the faulty phase. In the event of a fault, the
conditions in Table 3 immediately locate the faulty IGBT.

5. Simulation results and discussion. The simulation
results of a grid-connected PV system with a hybrid storage
system were performed via MATLAB. All the parameters of
the studied system are presented in the Appendix. Power is
injected via a balanced three-phase grid (220 V / 50 Hz).
Before the system is subjected to an OC type fault, it is
simulated in its healthy state to check the energy
management. The PV generation power and the load power
are shown in Fig. 6,a. From Fig. 6,b, it is evident that when
the PV generation is higher than the demand the battery and
the SC are charged by the deference of the two powers, and
when the generation is lower than the load demand the

battery and the SC discharge to provide the rest of the
required power. In the same figure, the SC supplies or
absorbs the transient component of the current, while the
battery supplies or absorbs the average component of the
current. Figure 6,c shows the DC bus voltage following its
reference (630 V). There are small fluctuations that are
corrected by the PI regulator when the generation power or
the load demand is changed. Figure 6,d illustrates the three-
phase currents coming out of the five-level NPC inverter.
The quality of the currents is very good thanks to this
inverter. From Fig. 6,e, it is clear that the active power
coming out of the inverter is the same as that of the load,
which means that the energy management is working well.
Since the load is purely active, the grid side controller
maintains the reactive power around 0, as shown in Fig. 6,f.

Vac +
Fault detection Faulty
Virwd e diagnostic S Eq (6) phase
Oxisp| errors [Eq (2)-(4)] AVX; \Zygxy
max(ey)
Max and min 2;(&2)) }.Tault?/‘swi.tch Faulty
Value.: min(e,) P| identification — GBT
extraction [ max(ez) Table (3)
min(ez)
Fig. 5. Proposed diagnostic algorithm block diagram
Table 2
Normalized diagnostic errors with OC fault in phase X
Faulty Exy Eyz Ezx
switch| P, P, 0 N, N, P, Py 0 N, N, P, Py 0 N, N,
Sy 10251 0 0 0 0 0 0 0 0 0 0 0 0 0 [-0.25
Sy | 05 ]025] 0 0 0 0 0 0 0 0 0 0 0 [-0.25] -0.5
Syp [075] 05 ]025] 0 0 0 0 0 0 0 0 0 |-0.25] -0.5 |-0.75
Sya 1 [075] 05 (025| 0 0 0 0 0 0 0 [-0.25|-0.5|-0.75] -1
Sys | -1 [-0.75] -0.5 |-0.25| 0 0 0 0 0 0 0 |025] 0.5 [0.75 1
Sys | -075]-0.5]-025] 0 0 0 0 0 0 0 0 0 |025] 0.5 ]0.75
Sy | 0.5 [-025] 0 0 0 0 0 0 0 0 0 0 0 |025] 05
Sy |-0.25] 0 0 0 0 0 0 0 0 0 0 0 0 0 |025
Table 3
Look-up table for detection of the faulty IGBT of phase X
Faulty switch max(&yy) min(&gyy) max(&yy) | min(gyy) max(&zy) min(&zy)
Sx1 [0.05 0.25] =0 =0 =0 ~0 [-0.25 —0.05]
S [0.250.5] ~0 ~0 ~0 ~0 [-0.5 -0.25]
Sy [0.50.75] ~0 ~0 ~0 ~0 [-0.75 -0.5]
Sxa [0.75 1] ~0 ~0 ~0 ~0 [-1-0.75]
Sxs =0 [-1-0.75] =0 =0 [0.75 1] ~0
Sxe =0 [-0.75 -0.5] =0 =0 [0.50.75] ~0
Sx7 =0 [-0.5 -0.25] ~0 ~0 [0.25 0.5] ~0
Sxs ~0 [-0.25 —0.05] ~0 ~0 [0.05 0.25] ~0

To verify the effectiveness of the proposed detection
technique, an OC type fault is imposed on the switches by
forcing the switching states to 0. For the same parameters
(irradiation and load) used previously, the OC type fault is
generated at 0.55 s in switches Sy3, Szq and S¢7, as shown in
Fig. 7-9. From Fig. 7, the three fault cases show significant
oscillations on the output currents of the faulty five-level
NPC inverter. Consequently, the active power supplied to
the load and the grid is no longer stable as well as the
reactive power supplied to the grid is no longer equal to 0
and is oscillating, as shown in Fig. 8. Figure 9 shows a
comparison between an ESS with and without SCs when
the OC type fault occurs on the same switches mentioned
previously. When the OC fault appeared, it turned out that

the SCs absorb the power peaks that are harmful to the
batteries. These show small ripples as if nothing had
happened. On the other hand, the system without hybrid
storage (without SCs) forces the batteries to absorb the
power peaks, which will reduce its lifespan.

The normalized diagnostic errors with which the fault
can be detected are shown in Fig. 10. After # = 0.55 s, the
behavior of these errors for the three fault cases is changed,
which means that there is a fault. From Fig. 10,q, the &;3 and
&cy errors vary at 0.75 and —0.75 respectively, and &gg¢ is
around 0. From Table 2, the fault is in the S,3 switch. The
fault can be easily detected using the same reasoning for
Fig. 10,b,c. Furthermore, when the load changes at 1 =0.75 s,
these errors remain stable at maximum and minimum values.
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Fig. 6. The overall system behavior without OC fault

75 7 75 7 75
<

=50 50 | s0
5

£25 25 | 25
3 !

ey Y“W 0 0
=

Q.25 ] -25 -25
[

Q

O.50 — -50 -50
s 58 \.’U «" [ IS
5-75_50 WV 78 W -7s
-100 o5 s ri00 100

Fig. 7. The output currents of the PWM converter:

a) OC faultin S3; b) OC fault in Szq;  ¢) OC fault in S¢;
x10* a 2><1o4 b x10% ¢
(0]
s 2 )
g o1
©
230 0
£ -1
5 ts 1 05 ts 1
o x104 a 4 x10% b x10* ¢
(0]
g 0 0 0
a
) =l -1 -1
s 2 2
S
x 3 05 ts 1 O 05 ts 1 ° 05 fs 1
Fig. 8. Effects of an OC fault on active and reactive power:
a)Su3; b)Spsy ) Scr
SC current
— Battery current
<20
=
o
=0
3
020 -20
0. 5 ts 4 05 bS 4
Battery current
—40
=20
e
S 0
-20 -20

ts 1" ts 1 05 ts 1

Fig. 9. Comparlson between a storage system with and without
SC under an OC fault: a) Sy3; b) Szs;  ¢) S¢7

1 a 1 1fc] EAB
o ‘ EBC
§ 0.75 0.75 0.75 ECA
5 05 0.5 BT
8025 0.25 0.25 ‘m H M
O
§ 0} 0 Sl
0025} -0.25 -0.25
% 05! 05 -
£075; -0.75 075

-1t -1 -

0 05 ts 1 0 05 ts 0 05 ts 1

Fig. 10. Normalized diagnostic errors: a) SA3; b) Sps;  ¢) Scr

However, these errors switch between 0 and their
maximum and minimum values. For this, Fig. 11 shows
after using an algorithm to calculate the maximum and
minimum point of each error. It is now easy to locate the
fault using Table 3. The fault detection signals are
presented in Fig. 12. Note that when the amplitude of the
faulty phase detection signal is equal to «1» the fault is in
phase A4, «2» the fault is in phase B, and «3» the fault is in
phase C. When the amplitude of the faulty switch
detection signal is equal to «1» the fault is in switch Sy,
«2» the fault is in switch Sy, and so on, and «8» the fault
is in switch Syg. After the occurrence of an OC fault at
0.55 s in a five-level NPC inverter, the proposed method
accurately detected it thanks to the six-normalized
diagnostic errors. In addition, the time to identify each
faulty switch is fast.
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1 min(EAB) max(ECA) 1
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Fig. 11. Maximum and minimum values of the normalized
diagnostic errors: a) Sy3;  b) Spas  ¢) Scr
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Fig. 12. Fault detection signals for phase and switch:
a) Sy b)Spas ©) Scr

To test the robustness under transient conditions, the
fault is shifted to # = 0.5 s which is the same time as the
load variation. The OC fault is now applied to the
switches Sys, Sgy, Sc3- From Fig. 13,a—c, the maximum
and minimum errors are the same values of Table 3 to
detect the fault in switches Sys, Sz, Scs. Therefore, the
detection results are shown in Fig. 14,a—c. Moreover, for
an active load fixed at a value of 2 kW with a reactive
power of 2 kVAr, it is obvious that the OC fault is well
detected, according to Fig. 15, 16.
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6. Conclusions. A method for detecting an open
circuit fault in a five-level neutral point clamped inverter
has been proposed. This inverter has been used in a grid-
connected photovoltaic system with a Hybrid Energy
Storage System. The combination of the battery and
supercapacitor improves the overall battery performance in
terms of lifetime. Even when the open circuit fault occurs,
the supercapacitor absorbs the ripples that are harmful to
the battery. The detection method is mainly based on the
calculation of the maximum and minimum point of each
normalized diagnostic error, which results in six. These six

errors are determined by comparing the three measured
line-to-line pole voltages with their expected values. The
fault in each switch is related to the behavior of all six
faults at once. Therefore, it is possible to discriminate the
fault in each insulated-gate bipolar transistor through the
lookup table. Furthermore, this method can identify the
open circuit fault no matter what type of load. It is also
robust to transient regimes imposed by solar irradiation and
load variations, ensuring system reliability.

Appendix.

PV array parameters: MPPT power P, = 165 W;
inductor filter L,, = 10 mH; cells in series N, = §; cells in
parallel N, = 4.

Battery parameters: terminal voltage V,,, = 12 V;
inductor filter L,,; = 8 mH; A-h capacity 100 A-h; internal
resistance 1.2 mQ2; batteries in series — 25.

SC parameters: maximum voltage Vg = 2.5 V;
inductor filter Lgc = 8 mH; internal resistance 3.2 mQ;
nominal capacity 350 F; SC in series — 120.

Utility grid parameters: DC bus capacitance
C = 900 pF; coupling inductance L, = 6.8 mH; grid
voltage V, =380 V; grid frequency f= 50 Hz.
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O.1. Xpucro

BoabT-amnepHi XapaKTepUCTHKHI OTHOCTYIICHEeBUX MArHITHO-HANIIBIIPOBITHUKOBHUX Ir'eHepaTopiB
iMIyJIbCIB 3 BIIMITHOIO CTPYKTYPOIO NI€PETBOPIOBAJILHOI JIAHKH Y BXITHOMY KOHTYPI

Y pobomi nposedeno excnepumenmanbie 00CiONHCEHHA OOHOCYNEHEBUX MACHIMHO-HANIBNPOGIOHUKOBUX 2EHEPAMOPIE IMNYIbCi6 3
BIOMIMHOIO CMPYKMYPOIO 3aPAOHO-PO3PAOHO20 NEPemeoplosaya y 6xionomy koumypi. Haeeoeno enekmpuuni napamempu KO*CHOI
cxemu, GiOMiueHo Qi3uuni il KOHCMPYKMUBHI 0COONUBOCMI KOMYMYIOU020 OPOCEisl 8UXIOHOT TAHKU KOMIPECIi iIMnYIbCis, ma onucano
mexniuni 3acobu npogedenns excnepumenmy. Ompumano 3aMKHYmMi 801bM-AMNEPHI XAPAKMEPUCTNUKU KOMYMYI04020 Opocels,
8I0N0GIOHO 00 AKUX NPOBEOEHO HUCIO08I PO3PAXYHKU THINESPANbHUX MACHIMHUX MA eHePeeMUYHUX XAPAKMEPUCMUK 3aNPONOHOBAHUX
MmoOeneil. Busedeno ananimuuui eupasu 01 Onucy OUHAMIiKu macHimuol iHOYKYii @ ocepoi opocens 3a uacom. Ha ocnosi kpueoi
eicmepesucy ocepos po3 sCHeHO 0OMIHHI npoyecu nepedayi eHepeii Midic 0dHcepenoM JHCUSIeHHs ma Komymytouum opocenem. Posens-
HYMO eHepeemuyti Xapakmepucmuky MazHimuo-HanienpoGiOHUKOGUX 2eHepamopis IMRYIbCI8 8 3ANeHCHOCMI 8i0 cmpymy niOMacHi-
yysanns. Ilosacneno ocobaueocmi 3apady no3008X4CHbOI EMHOCMIE Y CXeMi 3 NapanenbHOI NePemeopio8ailbHOI0 IAHKOW, Wo 8i00y6a-
€MbCSL 0OHOUACHO Y 080X CyMidicHux konax. Ompumano 3anedcHoCmi CRoJICUBAHOI NOMYIICHOCI i0 Hanpyau 0dicepena MHCUGIEHH
Mma 6UKOHAHO AHANI3 YUX XAPAKMEPUCMUK 34 DIZHUM CNIGEIOHOUIEHHAM MIXHC NOB3008HCHLOIO MA NONEPEYHOIO EMHICINIO CYMIMCHUX
JIGHOK Kommpecii imnyavcig. Pe3yromamu 00CHiONCeHb MONCYmMb OYymu 3acmoco8aHi npu po3podyi HU3LKOBOALMHUX MASHIMHO-
HAanienpoBIiOHUKOBUX 2eHEPAMOPIE IMIYIbCIE 3 NOAINUEHUMU eHepeoOuHamiyHumuy napamempamu. bion. 15, puc. 8.

Kniouoei crosa: MarHiTHO-HaIiBIIPOBiTHUKOBHI IeHepaTop iMIIY/bCiB, KOMYTYIO4HIi Jpoce/b, IepPeTBOPIOBAJIbHA JIAHKA,

eJIeKTPUYHI Ta eHepreTUYHi XapaKTepUCTHKH, 3CYBHUIi CTPYM, THHAMiKA BTPAT eHeprii.

IMocranoBka npodsemu. [Ipencrapiexe 1ociiaKeH-
HS € TPOJOBKEHHSAM IOIIEPETHBOT0 MUKy POOIT aBTOpa 3
naHoi TeMaTtuky [ 1, 2], 0 BUCBIT/IIOE TPHHITUIA TO0Y10-
BH, (i3MUHE Ta MaTeMaTHYHE MOMCTIOBAaHHS MAarHiTHO-
HaIlBIIPOBIJHUKOBUX reHeparopiB immysbciB (MHIT), sk
BHCOKOI TaK i HHU3BKOI HANPYTH 3 METOI 3HAXOKCHHS
OLIBII PaliOHATBHUX CXEMHHUX PIllleHb, OCOOJIMBUX PEXKH-
MiB iX poOoTu Ta crocodiB edeKTHBHOI mepenadi eHeprii
BiJI reHepaTopa /10 HaBaHTaKECHHSI.

AHaJ3 ocTaHHIX JocTiKeHb Ta myosaikamiin. MHI'T
BITHOCSITBCS /IO KJIacy HPHUCTPOIB NEPETBOPIOBAILHOIO TEX-
HIKHM, SIKi CIy)KaTb Uil TOCHJICHHS IKOBOI MOTY>KHOCTI
IMITyJIbCY Ha HaBaHTaeHHI [3, 4]. Bonu 1mmpoko BHKOpHC-
TOBYIOTBCSL y HUBLI EJEKTPOPO3PSIHNX TEXHOJIOTIH, Ie
HOTPIOHO MaTH MOTYXKHI IMITYJILCH CTPYMY CyOMIKPOCEKYH-
JTHOIO TPHBATICTIO 3 TOCTPUM TepeaHiM (POHTOM, HaIpH-
knan, st okuBieHHs CBY-mpuctpoiB abo HakauyBaHHs
ra30BHX JIa3epiB Ha mapax meramB [5, 6]. B ocranHi poku
aKTyaJIbHICTh BUKOPHUCTaHHS IIMX IIPUCTPOIB CYTTEBO 3pOcia
3 HOTpeOOI0 OUMILICHHSI TIOBITPSI Bl iOKCH Y cipkH [7, 8] Ta
obe33apakeHHs cTigHuX Bof [9, 10]. CramionapHuii pexxum
esieKTpoMarHitHux konuBans y MHI'T B ocHOBHOMY nocsira-
€TBCSA 32 YMOBH aMIUIITy[JHOI acHMeTpii MK OCHOBHHM Ta
3BOPOTHHM IMITyJIbCaMH, IPH IIOMY IPOLECH Iepenadi
eHeprii MK JaHKaMH KOMIIpecii IMITyJIbCiB 3a3BHYail PO3-
TJBIIAI0TECS Y JIONYIICHHI iX OHOCHPSIMOBAHOCTI BiJl T'eHe-
paropa 1o HaBaHTakeHHs [11]. MaTemariyne MoeIFOBaH-
HS JIO3BOJISIE 32CTOCOBYBATH AIIPOKCHMAIIIF0 KPUBOIKO HAaMar-
HigyBaHHS KoMmyTyrodoro apocens (K/I), mpore BoHa Bce
TaKW 3IUINAETECS «CTaTHIHOO» [12, 13], T00TO Y HaOmM-
JKEHHI JI0 TTOBUIFHOTO IIPOLIECy HaMarHidyBaHHS HOTO ocep-
JsI, Ta JIO3BOJISIE OTPUMATH TUIBKH OIOCEPEAKOBAHE Cy-
JOKEHHS IO/I0 XapaKTEePUCTHUK 1HAYKIIl Ta TUHAMIKKA BTpaT
eHeprii Ha mepemarHiuyBaHHs y ocepui KJI. Sk Bimomo 3
[14], mepeTBOprOBasIbHA JIAHKA 3apSAHOTO KOHTYpPY Ta Iep-
11a JIaHKa KOMIIPECIi iMITyJIbCIiB BU3HAYAIOTh PEXUM POOOTH
reHepaTopa, y TOH Yac sK poJib HACTYITHUX MArHiTHHX €le-
MEHTIB CTHUCHEHHS TOJISIra€ y JOBEACHHI IMITYJIbCY JIO BH-
3HaueHOi TpuBaNocTi. ToMy y MOTOYHIH poOOTI aKIEHTYETh-
Csl yBara Ha EKCIIEpUMEHTAJIbHOMY JOCIIJDKEHHI OHOCTY-
mereBrnx MHIT, mo Bigpi3HAIOTECS IIEPETBOPIOBATHEHOIO
JIAHKOIO Y BXIJJHOMY KOHTypi. Ilpuuomy, Ha BigMiHY Bix
TIOTICPEHIX MAaTeMAaTHYHMX MOJENCH pI3HUX BapiaHTiB

MHI'], ui 1oCHTipKeHHS BU3HAYCH] SKCTICPUMEHTATBHUMU, SIK
MEPEeBaKHNMH OO 1X JIOCTYIHOCTI Ta PE3yIbTaTUBHOCTI.

BinoxkpemiieHHs1 paHinle HeBHPIlIEHOI YacTHHU
3aBAaHb. He3Bakaloun Ha YMCIEHHY KUTBKICTh IMyOJIiKa-
Ii¥f 3 JTaHOT TEeMaTHKH, BCE JK TAKH OCTOPOHB 3AJTHIIHIINCS
mporiecn OOMiHYy eHeprii MK DKepeloM >KHUBJICHHS Ta
K/, sxi OMITHO MOCHIIIOIOTBCS 31 3POCTaHHSM 3CYBHHX
CTPYMIB BUKJIHMKAHUX aCUMETPUYHUM PEKHUMOM EIEKTPO-
MarHiTHUX KOJMBaHb y pi3Hux cxemax MHI'T.

Meta po6oTH — IOCHI/DKEHHS €IEKTPUYHUX Ta CHe-
PreTUUHUX XapakTepucTHK ofHocTyneHesux MHIT 3
BIZIMITHOIO TT€PETBOPIOBAIBHOIO JIAHKOIO (TI0CTiI0BHA 200
mapajenbHa) eNeKTPOSHEPTii y BXiTHOMY KOHTYP.

Meroau pocaimkenns. DiznyHe MOIEITIOBAHHSI
€JIEKTPOMATHITHHUX TIPOIECIB 3 BUKOPUCTAHHSIM BiIOBif-
HMX TEXHIYHHX 3ac00iB; YMCIIOBE Ta aHAJIITUYHE MOJE-
JOBaHH:; 00poOKka naHux 3acodamu Excel.

OcHoBHuUIT MaTepian. Y po0oTi mpoBeneHO aHawi3
HU3bKOBOJBTHUX (10 1 kKB BuxigHOIO Hanpyrow) MHIT 3
TIOCITIZIOBHOIO JIAHKOIO KOMIpecii iMIy/bCiB Ha HaBaHTa-
KEHHI, SKI BIIPI3HAIOTBCS CTPYKTYPOIO  3apsHO-
PO3PSITHOTO TIepEeTBOpIOBaYa y BXiJHOMY KOHTYpI Ta
crocoboM BifHOBIEHHS 1HAYKLII B ocepai K/ no mouat-
KoBoro crany. Cnuparoyuchk Ha TeOpeTI/I‘{Hi MOJIeTIi BUCO-
koBonmbTHUX MHI'L, 110 po3risHyTi y TOmIepeHii p060T1
aBTopa [15], 3a OCHOBY JIaHOTO JIOCHIPKEHHST OyJIH B3SITI
caMme pI3HOMaHITHI BapiaHTH MOOYAOBH BXIJHOTO mepe-
TBOPIOBaYa €JIEKTPOEHEPTii, BIIOKPEMITIOIOUN Ty YaCTHHY
MPUCTPOIO, IO MICTUTh JIAHKY IiJBUIICHHSA Hanpyru
(BucokoBoJbTHHI TpaHcdopmarop). Lli meperBoproBaui
YMOBHO MOXXHa PO3JUIMTH Ha OJHO- Ta JBOKJIIOYOBI, IO
MICTATh TOCHIZOBHY, NapajeibHy, a0 IOCIiI0BHO-
napaienpHy J1aHky y BxizmHomy koHTypi MHIT. OchoB-
HOIO TIepeBarolo NapajeibHOI JJAHKH MEPETBOPEHHS SHEep-
Til HaJl MOCIJJOBHOIO € Te, IO JUIS JIOCATHEHHS Iepemar-
HigyBanHs K]l He moTpiOHO 3acTOCOBYBAaTH JOAATKOBE
JOKEpPENo eHeprii, 10 TeHepy€e CTPyM ITiAMarHiayBaHHS B
HOT0 OCHOBHIN OOMOTIII, a HABMAKH IpoIec GOpMyBaHHS
3BOPOTHOTO IMIYJIBCY BiOYBA€THCS, 32 PaXYHOK €HEPTii
OCHOBHOTO JIXKEPEya eNCKTPOKHUBICHHS.

Cxema mepmioro Bapianta MHI'T, mo micTuts mo-
crioBHy meperBopioBanbHy JaHKY Co-VTp-VDy-Ly y
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3apsiTHOMY KOHTYpI Ta JIOJAaTKOBE [DKEPENI0 3CYBHOTO
cTpyMy E), HaBeneHa Ha puc. 1.
Ey Lb

Puc. 1. MarnitHHiA TeHepaTop 3 MOCIiIOBHOIO JTaHKOIO
Y 3apsiIHOMY KOHTYpi

Ha Bxomi mpUCTPOIO TaKOX MICTUTHCS JIOAHHUIA BH-
npsvista Uy ta Oatapess xoHzaeHcatopiB C, 3arajibHOIO
emuicTio | M®. MepexeBa Hampyra 10 JIOZHOTO BHIIPS-
MJISTYa MOJAETHCS Yepe3 3HIDKYBAJIbHHIA aBTOTPaHC(OP-
MaTop, IO JIa€ 3MOTY IUIABHO PETYJIOBATH BXIAHY IIO-
CTiIHY Harpyry. 3apsHui Apoceib L, HOBHHEH 3a0e3me-
YyBaTH NOCTIMHY iHAYKTHUBHICTB, TOMy HOTO CKOHCTpY-
HOBAaHO HA KUIBIIEBOMY MAarHiTONMPOBOJI 3 PO3MOPOIICHO-
ro 3amiza. CxeMa po3paxoByBaJlaCh BUXOISYH 3 MAaKCH-
MaJIbHOT HAKOMWYEHOI eHeprii, 1o 3amacaerbes y Ci,
TPHUBAJIOCTI BXiTHOTO IMITyJIECY Ta KOE]Ii€eHTY KOMIpe-
cii K. JIna napamerpis 3apsiaHoro koHtypy 32 Mx['H Ta
1 Mx® TpuBaicTh CTPyMY y Wit maHmi ckiaaxae 10 mxc. Y
skocti ocepust K/l SR BHKOpHCTOBYBaBCS CTPIYKOBHIA
MAarHITOIPOBIJ 3 KOOAIBTOBOTO CIDIaBy (rabapuTHi po3-
Mipu 50x34x30 MM), IKUi Ma€ BUCOKUI KOeQIlieHT mps-
MOKYTHOCTI T€TJIi MarHiTHOTO riCTepe3Hcy 3 ypaxyBan-
HSM 00’ €My MarHiTonposoxy — V,, = 3.2:10° M°, po3maxy
iaykuii — AB = 0,8 Tn, Ta BiIHOCHOIO MarHiTHOIO TPO-
HUKHICTIO Y HOTO HACHYIEHOMY CTaHi — (s = 5, Koe]imieHT
KOMIpecil BUXiTHOI JaHKH ckiaB x; = 3.4 ['eneparop
HaBaHTAXXyBaBCs Ha JiHIWHUEK omip R, = 12 Owm, ckiane-
HUM 3 JBOX MapaJiesIbHO 3’€THAHUX MAJIOIHAYKTHBHHUX
pe3ucTopiB, 3aranpHO0 HOTyXkHicTI0O 120 BT. [[)epeno
CJICKTPOXKMBJICHHS 3ala€ 3CYBHHH CTPYM Yy JOAATKOBiH
oomormi KJI, sike mpuemHyeThcs depe3 po3B’SI3YIOUHA
apocens L, MO TNpHU3HAUYeHWH Il YCyHEHHS 3MIiHHOI
ckiaamoBoi BTOpuHHOI oOMoTkm KJI. IHmykTHBHICTH
po3B’s3yrouoro apocens cknagae 10 M[H. CtpyMm 3CcyBYy
1. 3amaBaBcs mocTiHHUM Ha piBHI 1,5 A mis 3a6e3nedeH-
HS1 JIOCTaTHBO MIBHUIKOTO nepeMarHivyBanus KJI.

Jln1st BUMIpIOBaHHS BOJIBT-aMIIEPHUX XapaKTEPHCTHK
K/l 6yno Bukopucrano OidinapHu MIyHT cTpyMy Rg, 3
oropoM 0,16 Om Ta noxineHuUK Harpyrd 1:10 3MimmaHoro
Uy (PEe3UCTUBHO-EMHICHHMIA). YCi BUMIPIOBaHHS IIPOBO-
IUINCh BITHOCHO MiHYCOBOI HIMHHA NPUCTPOIO, TOMY
IIYHT CTpyMy OyJI0 po3TamoBaHO y po3pi3 Mixk C; Ta R;.
Sk 3a3Ha4eHo Ha puc. | 3a TAKUM BapiaHTOM PO3MIIICHHSI
KJI nyis BUMiproBaHHS HalpyTy HAa HHOMY TOTPiOHO MaTH
pizaumio Hanpyr Mk C; Ta R;, ame X me YCKIaTHIOE
npoIec OOYUCITIOBAHHS Yepe3 HEOOXIAHICTh TOYHOI CHH-
XpoHi3aii oapazy Tpbox curHaiiB (ctpymy KJI, Hanpyru
Ha R;, Hanpyru Ha C)). ko po3mintyBaru KJI mociino-
BHO TIOpsi/1 3 HIYHTOM Ha MIiHYCOBiH IIWHI, TO HaNpyra Ha
foro obdmotui Oyne BH3HAYaTHCS 3a BUPaXyBaHHSIM Ila-
JHHS HAalpyTW Ha CaMOMY LIyHTI, IO JO3BOJIUTH IOJIET-
[INTH TOAAJBINI YUCIOBI po3paxyHKH. CHTHANH CTPyMy
Ha myHTI Uy, Ta Hanpyru Ha KJ| Usz HaOXxomsTh depes
KOakcialnbHi JHII Ha BXOAW JBOKAHAIBHOTO 3a-
nam’siToBytodoro ocrmiorpadgy SDS1022, mo mae criib-

Hy MIHYCOBY KJIeMy MK Horo kaHamamu. Oum¢poani
JlaHi 30epiranucst y TeKCTOBOMY (opMari Ta IepeHOCHIIH-
ca y Excel mma marematnaHnx po3paxyHkKiB. KigbkicTh
TOYOK IUCKpETH3alii, Mo Ja€e ocumiorpad 1mo KoXKHOMY
KaHaTy cTaHOBHTH 10° 3 iHTepBamoM 40 HC Ta aMILTITY-
HUM 3HAQ4YEeHHAM Yy MiliBoJibTax. Tak SIK CHTHAalM MaroTh
aCHMETPHIHY ¢dbopMy, To a1 IX KOPEKTHOTO BUBEICHHS
Ha eKpaHi ocunnorpadoa MoTpiOHO 3a0e3meuuTH BiAXHU-
JICHHS TO3MLIi NPOMIHIB LIMX CHTHAIIB BiJ] HYJHOBOTO
TMIOJIOKEHHSI, TOMY Pe3yJIbTaTH olM(PyBaHHS IIEPETBOPIO-
BAJINCh 3 YPaxyBaHHSIM BEPTHUKAIBHOTO 3CYBY MO KOXHO-
My KaHaldy ocuwiorpada ta koedillieHTy nepeaadi mo
KO>KHOMY CHT'HAITy 32 BLANIOBITHUMH (POPMYJIaMH:
U.=(U;-U,)/100, (1)
1, =(1;~1,)/160, ©)
ne U, I; — MUCKpeTH30BaHi 3HAYEHHS CUTHAIIIB HAIIPYTH Ta
ctpymy K, Uy, I, — 3cyBuU A71si KOMIIEHCAMIi BITXWICHHS y
MB, U,, I. — HOpMOBaHi 3Ha4eHHs Hanpyru ta crpymy K/I.
Jani HaBeieHO OCHOBHI (OpPMyYJIH po3paxyHKy (aHa-
ni3y) oxnocryneneBoro MHI'I, siki 3actocoBani y mpo-
rpami Excel.
@opmynu Uit po3paxyHky K] 3 TopoigambHUM
ocepIsiM:
[Momepeunnii nepepi3 ocepas:

S.=h-(D-d)/2, 3)
ne D, d, h — BinnmoBinHO 30BHIIMIHIM, BHYTpimHIN giamer-
PH Ta BUCOTA OCEPSL.

JloBxKHHA cepeHbOT JiHIT:

(,=rn-(D+d)2. (4)
HanpysxeHicTh MarHiTHOTO TTOJIA:
H=(w-1.)¢t,, Q)

ne Ic — cTpyM depe3 OOMOTKY Jpocelisi, w — KUTbKICTh 11
BUTKIB.
[HIyKTUBHICTS ApOCeNst 3 PIBHOMIPHO pO3Mojiye-
HOIO 0OMOTKOIO TI0 OCEP/IIO:
2

w-S
Lgg = pppg——5. (©)
ZC

[HAyKITisS MarHiTHOTO TOJIS TPOTIOPIIiiiHA 1HTETpary
HATpyTH Ha 10T0 OOMOTII Ta BU3HAYAETHCS SK:

B=By+ [ve.at, 7
ne U, — manpyra Ha obmoTmi apocens, By —
IHAYKLisA MarHiTHOTO oA y ocepai K/I.
EHepris 30BHINTHBOTO JHKepena XUBJICHHS, 10 BH-
TpavyaeTbcsl HA MEepeMarHiuyBaHHS Ocep/sl, MOXKE BHU3HA-
HaTHuCs 3a HaCTyHHI/lMl/I piBHOSHa‘-IHI/lMI/I Bl/lpaSaMI/l:

Imo4yaTKoOBa

IU qI.-dt=V,, +deBH 8)
0 -B

JIe T — 4Yac 3a sSKUM BiJIOYBA€ThCs MOBHHUMN LUK MPOXOIY

KpuBoi ricrepesucy B(H); V,, — 06’em marnitonposoxy K/I.
Jns iHTErpaiiB y 3a3HaueHUX BHUpa3ax MO)KHa HaOJu-

3UTHCS 32 JJOTIOMOTOI0 AIIPpOKCHMALli] 32 METOJJOM TparleLiii:

E, - Vin Z(Hm Hk) (Bk+1 +Bk) ©)
k=0
ne H*, BY — nuckperni 3nauenHs HanpyKeHOCT] Ta {HIyK-
1ii MarHiTHOTO OIS B ocepi K/I.
Ha ocHOBI mepeTBOpeHNX CHTHAJIB CTPYyMY 1 HamIpy-
ru KJ[ Oynu moGyaoBaHi 3aMKHYTI BOJBT-aMIIepHi Xapak-
TEPUCTHKU JUIA TpPhOX 3HAYCHb BXIAHOI HAIPyrH
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(U;,=120, 150, 180 B), mo HaBeneni Ha puc. 2,a. Ciib-
HOIO PUCOI0 OTPHMAaHMX KPHUBHUX € IX JOJAaTHUH 3CYB Bif-
HOCHO OCi CTpyMy Ta OZHAKOBHI KOHTYp Bil’€MHOI TETi
3-ro KBaJgpaHTy, IIO BIATBOPIOE TMporec (GopMyBaHHS
IMIyJIbCY 3BOPOTHOI MONAPHOCTI. BimMiTHOIO pHcoro €
3pOCTaroYMii KOHTYP IeTeNb IicTepe3sncy pPO3TAIOBaHUX
y 1-my xBazgpanTi. IHTerpambHMI PO3pPaXyHOK IHUX KpH-
BHUX BiZOyBa€ThCS 3a YaCOBOKO CTPINKOIO TOYMHAIOYU 3
HYJIbOBOTO TMOJIOKEHHSI CHUCTeMH KoopauHat. [lioma
KO’KHOT KPWBOI HpOIOpLiHHA €Heprii, U0 BUTPAaYaeThCs

Ue, V
280

230

180

130

80

Ie, A
5 25 30
70
a
280 28
uv I A
230 3
180 18
Uc
130 13
I
80 4 8

w

30 _J—"JL__;_—‘*“'——\,——.—.._.
B e %5

-70
0.12 0.145 0.17 0.195 0.22 0.245

8

JOKEPEIIOM KHBIICHHSI, TOMY, MOXKHAa CTBEPUKYBAaTH, IO
PI3HUIA MiX IDIONIMHAMH 1-TO Ta 3-r0 KBaJpaHTiB OyJe
MpsIMO TIPOTIOpIIiiiHa eHeprii, mo po3scitoeTbcss Ha K.
3anexxHICTh IHAYKIII BiJl HAIPY>KEHOCTI OIS Ta AMHAMI-
Ka eHeprii BTpat B ocepai KJI po3zpaxoByBamace 3a ¢op-
MYJIaMH 3a3HauY€HHMH BUILE Ta PE3yJbTaTH BiIOOpaxKeHO
Ha puc. 2,0. BimnoBigHo 10 oTpuMaHux rpadikiB, MOKHA
BIJIMITUTH, TEHJIEHIIIIO TOCTYIIOBOTO PO3LIMPEHHS ILIOLII
ricrepesucy ocepast KJI 3i 3pocTaHHsSIM BXiTHOT HalpyTH,
IO TI0B’SI3aHO 31 3POCTAHHAM IMBUAKOCTI 3apsany Ci.

0.42
BT 150V
120V

180V
0.41 £

0.40
0.39
0.38

0.37

0.36
H A/m
2000

0.35

1000 1500

0,001 £, ms
0.12 0.145 0.17 0.195 0.22 0.245
2

Puc. 2. EnexrpomarHiTai Xapakrepuctuku K/I: @) BoibT-aMIepHi 3a1eKHOCTI; 0) IHAYKIIS B OCEpi;
6) OCLIUIIOTPAaMH HAIPYTH Ta CTPYMY; 2) IUHAMiKa eHeprii nepeMaraidyBaHHS

MakcumanbHa aminiityna 3apsity emHocti Cp Bij
€MHOCTI JpKepena )KuBjieHHs Cy BU3HAYA€ThCsI BiIIOBITHO
JI0 BUBEJICHOTO BUPA3Yy:

U.-U
Upax(t) =Ugy +— L) — P exp(ay 1) | (10)
Ly-an-C | af +af

Jie OUKJIIYHA YacTOTa KOJMBaHb 3apsiJHOTO KOHTYDPY @,
TPHUBATICTh HOTO MIBXBIJII f; Ta JAEKPEMEHT 3racaHHSI «
BU3HAYAIOTHCS BIAIOBIIHO SIK

Jm-ci-ci-aryco-ciGrc)
o= ;
2-Ly-Cy-C

t1:7r/a); O!Z—Ro/z'Lo.

Skmio npuitHATH, 0 cTpyM uepe3 K/l Ha ocHOBHii
KpHBiii HaMarHidyBaHHS Ma€ JOCTaTHHO Majie 3Ha4YeHHS B
TIOPIBHSIHHI 31 CTpyMOM y HOro HacW4YeHHi, TOMY 3aKOH
3MiHM IHAYKLIi y fioro ocepui Oyze BU3HAUaTHCA 32 HAIPY-
roro Ha KoHaeHcaTopi C; Ta Moxe OyTH 3aIuCcaHmi SK:

(11

Uco-t+
2
1 . +_l]cl__l]00 . @y

B(t)=-B, +
§ Sm'Wl L0~a)1-C1 (0!2+(012)2

x| (12)
1
xexp(ag -t)- sin(a)l 1)
INpouec moBepHEHHs IHAYKIi IO MOYaTKOBOIO CTaHY
BiIOYBAETHCA 32 PAXYHOK i1 CTpyMY IiIMAarHIIyBaHHS [, Bill

Jokepena Ej, y Woro JonatkoBiii 0OMOTIII Wy, 110 BITOBITHO
TpaHc(hOpMy€e B OCHOBHY OOMOTKY W; CTPYM 3CYBY PiBHHIA:
ip =—Ip-wi[wy . (13)
Left ctpyM CTBOPHTH IIHIHHO 3pOCTAa0dy HANPYyTy
Ha C| 3BOPOTHOI MOJIIPHOCTI IO TOSBH pOOOYOTO IMITyITh-
CY, L0 OMHCY€ETHCS JITHIHHUM 3aKOHOM:

I
_Zbe™M (14)

Ua =
Cl Wy

[HTerpyroun e piBHSHHS 32 YacoM BIATMOBITHO 1O
(7), oTpumaemo BHpa3 iHIYKIi Ha IHTEpBali 3BOPOTHOTO
nepeMarHiqyBaHHs;:

Tpe -y 12
— 1,
2'SC'W1‘C1'W2
ne B, — inpykiis Hacuaenns ocepast KJI.

ToOTo Ha 3BOPOTHOMY MpOIIECi THAYKINS Oyae 3mi-
HIOBATHUCS 3a MapabOIIYHUM 3aKOHOM, a 1 TIOBHA JHHAMI-
Ka 300pakeHa Ha puc. 3,0.

Sk BigMiueHO Ha puC. 3,a, METNIA TiCTEPE3UCy Mae
ONATHAN 3CYB TI0 OCI HANPYKXEHOCTi IO 338 PaxyHOK
CTpYMY TiJMarHidyBaHHs, IO BIUIMBAE HA CHEPTETHUHY
B3a€EMOJIII0 MK JDKEpesoM JKWBJIEHHS Ta ocepmsim K1,
IO 3aracae eHeprilo MarHiTHOro moJjs. BigmoBimzHO 10
oTpUMaHoTo rpadiky BTpar eHeprii Ha epeMartidyBaHHs
ocepast (puc. 2,2), KpUBY TIiCTEpPE3UCY MOXKHA pO30UTH Ha
JISHKH, ¢ po0oTa 30BHIIIHBOTO JDKEpea >KUBICHHS
Mae, K JoJaTHe Tak i1 Bim eMHe 3HaueHHs. Ha mimsaii

B(t) = By — (15)
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OISl BiJ 3aJMIIKOBOI IHAYKIII MO IONATHOI IHIYKIil
HacudeHHs (kpuBa 1-2 Ha puc. 3,a), pod0Ta 30BHIIITHBOTO
JoKepena JkuBieHHs (eHepris koHgeHcaropa C|) BUKOHY-
€ThCA 32 paxXyHOK HaMarHi4yBaHHS OCepIs, IPH LLOMY
dB>0 ta H>0, TOMy pe3ynbTyrOuMii NPUPICT eHeprii 3a
dbopmynoro (9) dE,>0. Y moment Hacudenns KJ| Ta BBe-
JICHHS €Heprii y HaBaHTaXeHHs R; Ha rpadiky AMHAMIKH
BTpaT eHeprii (puc. 2,2) crocrepiraeTbcsi He3HAYHUH 1l
npupicT. Ane BXe Ha eramni (opMyBaHHS 3BOPOTHOI Ha-
MpPYTH, 3HAYHA YaCTHHA SHeprii HakomuueHa B ocepai KJI
Oyne ToBepTaTucs 10 JpKepesa KUBJICHHs (KpuBa 2—3 Ha
puc. 3,a), Tomy 1o Ha mii ginsgHm noias dB<0 ta >0, a
Pe3yIBTYIOUHA IPUPICT Heprii BTpaT BiANOBITHO CTAHO-
BuTh dE,<0. Y MOMEHT NOCSTHEHHS IHAYKIIi IPOTHIEK-
HOTO 3HaueHHs1 —B; podoTa jmKepena KUBIICHHS Oye Tex
noxatHoto (dB<0, H<0), TomMy L0 Hampy>KeHIiCTh OIS
CTa€ BiJ’€MHOI0, 110 BIJIMIYa€ThCS Ha KpHBIiH (puc. 2,2)
HEe3Ha4YHUM 11 pupocToM (kpuBa 3—4), ane ueil mpupicr
OyJie KOMITEHCOBaHO Ha eTari (opMyBaHHSI HOBOTO po0O-
4oro iMIynecy (kpusa 4-3).
0,4
0,3 BT 2
02
0,1 dEﬂ1<0
0
-0,1
-0,2
4 0,3
-0,4

dEwn>=0

Hp H, A/m
100 200 300 400 500

o HI .DJ

-100

0,48
0,38
0,28
0,18
0,08

-0,02

0,12

-0,22

-0,32 t, ms

-0,42
0.06 0.11 0.16 0.21
o
Puc. 3. a — meTst MarHiTHOToO TicTepe3ucy 3i 3cyBoM 3a H;

6 — nuHamika iHayKUii B Big yacy

0.26

MpuHomn po6oru cxemn MHIT npu BimcyTHOCTi
CTPYMYy MiIMarHidyBaHHS BiJIPi3HSETHCS THUM, IO 3MEH-
LIYETHCSI aMIUTITYAa BHUXIJHOTO IMITyJIbCy, aje BOJHOYAC
3pOCTa€ CIIOKMBAaHA MOTYXKHICTD B 3aJIS)KHOCTI BiJl BXif-
HOI BUIIPSIMIICHOI HaNpyTH Ha KoHIeHcaropi Cy, Mo Bigo-
OpakeHo Ha puc. 4. Y takomy pexumi K] mpamroe mo
YaCTKOBIH KpWBiI HaMarHIYyBaHHSA, TOMY CKOPOUY€ETHCS
pobounii nepenaj iHIYKIIT MArHITHOTO TIOJISL Y OCEpP/l Ta
BIJIMOBIIHO 3aTpUMKa HOTO HACHYEHHS, IO MOCTYIIOBO
MOBHICTIO 3HUKA€, a XapaKTEPUCTHKa MIKOBOI Hampyru
IMITyJIbCY JIOCSITa€ CBOTO HacH4eHHs. Tak sSK 3aTpuMKa
Yacy MDK 3aKpUTTAM TpaH3ucropa V7, Ta HacHYeHHAM
K/I BincyTHs, TO po3psaHuii cTpyM Oyze 3aMUKaTHCS HE
TinbKkH, o Koty C1—SR—R; ane # no kony Co—VT—SR-R;,
0 JOJAaTKOBO IiJHIME EHEeprio IMIyJIbCy NpH HOTo
aAMILTITY/l HaBiTh HIDKYE 32 BXiTHY.

Hacrymaa cxema MHI'T Bxxe 6a3yeThCs Ha mapaieb-
HOMY ITIEPETBOPIOBAILHOMY €JIEMEHTI Ta 3apsgHOMY Ipo-
cerni y BXigHOMY KOHTYypi. Lleii BapiaHT IpHCTPOIO T03BO-
JIsI€ YHUKHYTH BHKOPUCTAaHHS JOJATKOBOTO IKepesa 3CyB-

HOTO CTpyMy, aJie 3a TOIO BiJ3HAKOI BiJl TONEPEIHHOTO
Bapianta MHI'], mo renepye Ha HaBaHTaKEHHI IMITYJIbCH
iHBepcHOI mosisipHOCTI. Ha cxemi (puc. 5) MepexeBa 3MiHHA
Hampyra 3 aBTOTpaHcOpMAaTopy, MIOMHUH BUMPIMILY Ta
SNMEKTPONIITHYHUH KOHICHCATOP MOEJHAHO B OJIHH €JIEMEHT

Ta 300payKeHO JDKEPESIOM MOCTiHOT HanpyTu E,.
400

UnV
o M
300
b=1,5A
250
200
150 I=0A
100 //———
50 .
Uin V
o ,
90 120 150 180 220 240
a
180
160
140
120
100
80
60
40
20 .
UV
0
90 120 150 180 200 220 240 260
0

Puc. 4. XapakTepuCTHKN aMILTITy JHOTO 3Ha4eHHs Hanpyru U,
IMITyJIbCy Ha HaBaHTa)KeHHI (a) Ta CII0KMBAHOI MOTY>KHOCTI
npuctporo Pg (6) B 3aJIeKHOCTI BiJ] OCTIHHOT BXiJJHOT HANIPYTH

lLﬁ Ha,(b
SRQ

Lo L C

Puc. 5. Cxema MHI'] 3 mapanensHOIO EpeTBOPIOBATIBHOIO
JIAHKOIO Y BXiTHOMY KOHTYDIi

BigmitHoto ocobnuBictio KJI cxemu 3 napaseiabHO0
MEPETBOPIOBAILHOIO JIAHKOIO € Te, 0 HOro 3aMKHYTI
BOJIbT-aMITepHI XapaKTEepUCTUKU (pUC. 6) CTAIOTh MPSIMO
NPOTUIICKHUMHU JI0 XapakTEpPUCTHK MEpIIOro BapiaHTa
MHIT, a came pobounii Ta 3BOPOTHIN IMITYJIECH OITHUCAHO
y 3-My KBaJpaHTi Ta 1-My KBaJpaHTi CHCTEMU KOOpAWHAT
BiIMOBiTHO. XapaKTepUCTUKHA MAIOTh Bill’€MHHUH 3CYB IO
CTpyMy, ajie Ha BiAMiHy Binm momepeanboi moxermi MHI'L
e 3CyB BUSIBIISIETHCS 3JICKHUM Bill BXIIHOI Hampyru
JUKEpena )XUBIEHHS K.

VY nabmmkenHi 1o ineansHoi Mozgeri KJI 3apsimHo-
PO3PSLIHI TTPOLIECH Y CXeMi MOXHA PO3IIISIHYTH OKPEMO Ta
pPO30HTH Ha JEKiJIbKa iHTEPBaTIB IO OKPEMHM KOHTYpaM.
Ipu Bigmupanni VT, y xoutypi C,—L—VTy—C, nouuHa-
eThesl po3psanuid nporec C; Ha C, 3 YaCTKOBOIO Tepeaa-
Yero eHeprii, y 3B 53Ky 3 IPUCYTHICTIO 3apsAHOTO CTPYMY
BiJl [DKEpeIIa KUBJICHHS, TOMY Ticis 3anupanss V7T Ha C)
Oyzme mpucyTHs 3anuiikoBa Hampyra. Llei mporec Bimo-
OpaxeHO Ha puc. 7,a, e Hampyry Ha KoHaeHcatopi Ci,
OTPUMAHO y Pe3yNbTaTi PO3pPaxyHKY, SK PI3HHIO MiX
YUCIIOBUMH JaHUMH HanpyT Ha VT Ta C;.
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Puc. 6. Enexrpnuni xapakrepuctuku K/1: @ — 3aMKHYTi BOJIBT-

aMITepHi 3aJIe)KHOCTI, 6 — OCIIMIOrPaMU HAIIPYTH Ta CTPyMy
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t, ms
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o

Puc. 7. a — xapakTepucTUKU HANpyT HAa KOHAEHCATOPax;
6 — XapaKTepHcTHKa cTpyMy depe3 K/|

IMicns zamupanus V7, moumHaeThes Gasza 3apsmy
nocinoBHo 3 enHanux C; ta C, y koHTYpi Eg—Lo—L1—C—
C,. Yepe3 MOpiBHAHO HHU3BKY BIIACHY YacCTOTY KOJHMBaHB
bOTO KOHTYpY, Hampyra Ha C, 3pOCTa€ MpPaKTHYHO 3a
TMHIHHAM 3aKOHOM. Y TOW e 9ac iHmykmis B ocepai K
3MIHIOE CBOE 3HAYEHHS Ha MPOTUIICKHE 1 P TOCATHEHHI
IHAYKIii HAaCHYCHHS BimOyBaeTbcs ckumaHHs eHeprii C,
Ha HaBaHTaXeHHs. Ha npoMy erari 3apsiaHuii ctpym Oyze
3aMHKATUCS Ha HABAaHTAXKCHHA Yepe3 iHOYKTUBHICTH 00-
MoTku HacuueHoro KJI y mexax xoHtypy Ey—Lo—L—C\—
SR—R;. IIpn upomy emHicTh C| IPOAOBKYE 3apsKATHCS
32 KOJMBAJIbHUM 3aKOHOM JO CBOTO MAaKCHMaJbHOTO
3Ha4eHHs, a Hampyra Ha C, Oyne 3ainumatics Ha piBHI
3QJIMIIKOBOI uepe3 11 LIYHTYBaHHS Ha HABaHTAKEHHS
oomotkoro SR. Ctpym y oomormi K/I, mo HaBemeHo Ha
puc. 7,6, TakoX BigOOpaka€ YACTUHY CTPYMY 3apsiity
emuocti Cy. [Ipu nocsraenHi Hanpyru Ha C; MakCUMaib-
HOTO 3HaueHHs cTpyM depe3 KJI 3miHro€e cBiif HanpsMoK i
(opMy€eThCS TIOPIBHSHO HEBEJMKHN 3a 3HAYCHHSIM 3CYB-
HUH CTpYM MigMarHidyBaHHs [,, SKUH, SK BUSBISETHCS,
3aJIeXHUTh BiJl HAIPyrd JoKepena >kuBieHHA. Ha mpomy
etari ocepns K/l BUXOmuTh 31 cTaHy 3BOPOTHOTO HACH-

4YeHHA Ta y Tporieci 3apsny C, HaMarHIi9yeTbCs IO OCHO-
BHIll KpHBIH 10 MpoTWiexHoi rpaHuni HacudeHHs. Ocki-
mpku mpouec 3apany C; BimOyBaeTbcs OTHOYACHO II0
JIBOM KOJIaM, TO JUIsl aHAJIITUYHOTO BU3HAUEHHS 3CYBHOTO
ctpymy depe3 ooMotky KJI moTpiOHO BHpIimUTH XapakTe-
pHUCTHYHE pIBHSIHHS 4-rO MOPSAKY Ta 3HANTH HEBiIOMIi
KOeQIIlieHTH TapMOHIYHMX pIiBHSAHB, IO JOCTaTHBO
YCKIIaJIHIOE TIpoliec o0unciieHHs. BpaxoBytoun ol axr,
IO IHAYKTHBHICTH 30BHIIIHBOTO KOJIA CKIIagaeThes 3 L
Ta inaykTuBHOCTI K] y #ioro HeHacH4eHOMY CTaHi, KOJIH
BIZITHOCHA NPOHMKHICTH HOTO OCeplisl € JOCTaTHHO BEIH-
ko010 (1 = 10°), To wacToTa HOro KOIMBAHb GyJle HHKUO
32 4acTOTy BHYTPIIIHBOTO Kojia. KpiM Toro pi3HHUI mo-
yarkoBux Hanpyr mix Cy ta C; Oyzie BUILOI ISl BHYT-
pIIHBOTO KOJIa, TOMY 3CyBHHH cTpyM depe3 K]l Oynme
CKJIaIaTH MEHIIy YacTHHY 3apsinHoro ctpymy C;. Otxe,
MOXXHa HPHUITYCTUTH, IO 3CYBHUH CTPyM 30BHILIHBOTO
Kona OyJzie MOy IfoBaTH 3apagHuii ctpyM C; 10 MOMEHTY
HacwueHHs KJI Binx miHiHO 3pocTtarodoi Hampyru Ha C,.
TakuM YMHOM, KOJNUBAJIbHI MPOLECH Y PO3IIITHYTHX KOH-
Typax MOXYTh OYTH OIMCaHi 3a MOAIOHMMH aHAJITHYHU-
MH BHpa3aM{ 3a3Ha4€HHMH BHILE 3 ypaxyBaHHIM Iapa-
METpiB KOXKHOTO KOHTYpy. Hampukian, s Buiie 3a3Ha-
YEHOTO 3apsiIHOTO KOHTYPY 3 Eg—Lo—L—C|—SR—R;, #oro
IUKJIIYHA YaCcTOTa @, Ta JEKPEMEHT 3racaHHs 0, MOXYTh
OyTH 3HaICHUMH 32 POPMyIIaMHU:

R} -C3-CE-C3—4-(Ly+ Ly + Lgg) ¥
XCO'C] 'C2 ~(C0-C1 "rC] 'C2 +C0'C2)
2-(Lo+ L +Lgg)-Co-Cp - Cy > (16)
Ry
2-(Ly+ L+ Lgg)

MakcuMmanpHa Hampyra Ha KOKHOMY KOHAEHCATopi
Bu3HaueHo 3a (10), ane 3 ypaxyBaHHSIM anreOpaivHoOi cymu
MOYAaTKOBUX 3HAYCHb HANPYT Ha TPHOX €MHOCTAX Uco—
Uci—Uc, Ta cymu ingykTuBHOCTEH Lo+L+Lsp IHOTO KOH-

Typy. 3Ha4eHHs 3CcyBHOro ctpymy uepe3 KJI opieHTOBHO
BU3HAYAETHCS SK:

- n-_Yco=Uci
() =—————— a7
(Lo +Lsg) - @
Je iHIYKTUBHICTh Lgp BH3HAYAETHCS 3a (HOPMYIOH0, SK
IUTS TOpoimainbHOTO oceps (6). BusHadeHo, o moyaTKo-
Ba Hanpyra U Ha eMHOCTiI C| € MaKCUMaJIbHOIO HaIlpy-
TOI0 TIPY HaMarHi9yBaHHi ocepas Lx.

BcranoneHo, 110 uepes Te, 110 3apsia C; BiOyBaeTbes
3a KOJIMBAIBHMM 3aKOHOM, TO CIIOCTEpIraeThCs 3aJICKHICTD
BUXIZHOT aMIUTITY/IM IMITYJIBCIB Bijl YACTOTH KOMYTAIlil TpaH-
3ucTopa. Y 4acToTHOMY miama3oHi Bif 1,2 mo 1,8 k['11 amri-
TyZla OCHOBHOTO IMITYJIbCY 3HAYHO IOCITAOMIOETHCS, IO CY-
TIPOBOJIKYETHCS 3HIDKCHHSIM CIIOXKHMBAHOI MOTYXHOCTI. [0
MOMEHTY HOBOI koMmyTauii V7, 3a paxyHOK KOJMBAIBHOTO
sapsiny C; emHicTs C, BCTUra€e 3aHOBO Tepe3apsiauThcs 1
TOMY (DOpMYEThCs 1Iie Mapa IMITyJIbCIB OCHOBHOI Ta 3BOPOT-
HOI mossipHOCTi. BusBneHo, sikmo obmacte xomyrtarii V7
Oyne criBmajgaTi 3 MOMEHTOM (DOpPMYBaHHsI IMITYJIbCY pPO3-
MarHidyBaHHs, TO 3apsaHuil ctpym C, Oyne IIyHTyBaTHCS
IHOYyKTHBHICTIO HacudeHoro KJI, mio it cnpuumHse 3HavHe
3HIDKEHHSI POO0YOTO IMITyNbCy. Y IHIIOMY BHIAJKY, KOJIH
MOMEHT KoMyTamii criBrmamae abo BimOyBaeThCs paHile
MoMeHTy nepe3apsny C,, aMIUTTyZIa IMITyJbCy Ha HbOMY
TUTBKH TTABUIIYETHCS. 3TiMHO 3 JaHUM JOCTIPKEHHSIM BCTa-
HOBJIEHO, IIIO /Uil KOPEKTHOI pOOOTH TPHUCTPOIO YacToTa
TeHepallii moBnHHa OyTH He MeHIe 3a 2-2,5 k[ 1.

wy =

Oy =

sin(coz . t)- exp(ay -t),
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3aneKHOCTI XapaKTePUCTHK CTIOKUBAHOI ITOTYKHOC-
Ti Ta BUXIHOT aMILTITYIH IMITYJILCIB Bil BXIJHOT HAPYTH
JUKepeTia JKABJICHHS Ha 4acToTi reHepamii 2,5 k' s 3-x
3HaveHb nonepeynoi eMHocti C; Ta QikcoBaHOI EMHOCTI
C; = 1 Mx®, moka3zaHo Ha puc. 8.

Otpumasi rpadiky, MOXKHA aHATi3yBaTH HACTYITHUM
YHHOM, a came: 3pocTanHsa eMHocTi C; Bix 0,5 mo 1,5 Mx®
NPU3BOJUTE 10 OUIBII TITMOOKOTO PO3PSIKEHHS KOHJIEH-
caropa C;, TOMy Iepenaj 3apsaHOi Halpyrd Ha HbOMY
CTa€ OLIbII CYTTEBHA, 110 CIIPUYMHSIE 301IBIICHHS 3apsi-
HOTO CTpyMy U cmoxkuBaHOi moTyxHocTi MHI'T. Tlpu
criBBigHomeHHi C;<C, iMIyJIbCH Ha HAaBaHTaXXEHHI CTa-
I0Th OLTBII 3aTSHKHUMH Ta XapaKTEePHU3YIOTHCS 3MEHIIICH-
HAM X amrutityau (puc. 8,6). HaBnaku muist criBBigHO-
menHss C>C,, emHicTh C| BXXe HE MOBHICTIO PO3PsKa-
€TBCSI TOMY Ha Hei OpMyeTbCsl CyTTe€Ba 3aIMIIKOBA Ha-
TIpyra, 10 3MEHIIYE CTPHOOK 3apsTHOTO CTpyMy. MoxHa
BiJJ3HAYNTH, IO XapaKTEPUCTUKA MOTY>KHOCTI 3pOCTaE 3a
KBaJIpaTHYHUM 3aKOHAM Ta BiJIOBiJa€e €HEprii, 10 HAKO-
nuuyetbess y C; Ha MoMeHT KomyTaiii V7. Po3paxyHku
TaKOX ITOKA3aJIH, IO 3aJISKHOCTI BTpAT €Heprii B ocepai
BiJl BXIIHOi HANPYTH >KUBJICHHS BiJ3HAYAIOThCS HasBHIC-
TIO IX TIOPOTOBOTO 3HAYCHHS, 3a SKUM EHepris BTpaT Iie-
pecTae 3pocTaTtH, 10 MOXKe BiTOYBATHCS y BHITAIKY TOCS-
THEHHs neTdii ricrepesucy ocepas KJI i MakcumaibHOTO
po3mmpenHs. MakcumanesHi BTpaT eHeprii B ocepai KJ|
3a OJJMH IIMKJI HaMarHivyBanHs juis wiei cxemu MHI'T pu
BXimHiK Hampy3i 280 B me mepeBumryrots 1,5 m/x. Pos-
DJIAHYTI CXEMHI pIIICHHS HU3bKOBOJILTHUX MAarHiTHO-
HaTIBOPOBITHUKOBUX TEHEPATOPIB IMITYJIBCIB IOIIEHO
3aCTOCOBYBaTH y CyYacHHX INEPEHAOBHX EJIEKTPOIMITYJIbC-
HUX TEXHOJIOTisIX 00pOoOKH MaTepiais.
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Puc. 8. XapakTepucTHKH: ¢ —CIIOKUBAHOI OTYKHOCTI;
6 — BUXITHOT aMILTITY AN IMIyJIbCY JUIs 3-X 3Ha4YeHb eMHOCTi C,
Bucnoskn.

1. 3rigHO 3 BUKOHAaHMM YHCJIOBUM aHANi30M Haj eKc-
MIEPUMEHTATFHIMH BOJBT-aMIIEPHAMH XapaKTePHCTHKA-
MH oxHoctyneneBoi cxemu MHI'T 3 mocnizoBHOIO Tiepe-
TBOPIOBAJBHHOIO JIAHKOIO Y BXiTHOMY KOHTYPi, BU3HAYCHO,
0 3HaYHA YaCTHHA €Hepril Ha eTari Ipolecy Nepemar-
HigyBaHHA ocepas KJI moBepraeTbes 3HOBY HO DKepena
KUBJIeHHs. Ha BinMiHY BiJ CUMETPUYHOI MeTii ricrepe-
3WCy, SKa XapaKTepHa ISl JBOTAKTHUX CXEM MAarHITHHX
TeHepaTopiB IMITYJILCIB O€3 30BHIIIHBOTO MiMAarHigyyBaH-

HSl, IPUCYTHICTh 3HAYHOI /10JIi Bil’€MHOI eHeprii y Xapak-
TepucTuIll HamarHidyBanHs KJ| crnpudnHeHa HasBHICTIO
MOCTIHHOTO 3CYBHOTO CTpPyMy 4epe3 Horo oOMOTKY, IO
30UIBIIYE OUISTHKY MarHiTHOTO TOJIs, Jie HOro HIYKILs Ta
HAaIPy>KEHICTh MalOTh IPOTHJICKHI 3HAYCHHS.

2. Ha ocHOBI eKCrIepHMEeHTAIbHO OTPUMaHHX 3aMKHYTHX
BOJIBT-aMITEPHUX XapaKTEPHUCTHK KOMYTYIOUOTO JIPOCEIIs
g cxemu MHIT 3 mapanensHOIO NEpPETBOPIHOBATIBHOIO
JIaHKOIO Y BXIIHOMY KOHTYpI, BIEpIIIe BCTAHOBJICHO MPHCY-
THICTh 3CYBHOTO CTPYMY, 3HAUCHHsS SKOTO 3aJISKHUTH Bif
BXI/IHOT HaIpyTH *UBJIeHHs. Ha OCHOBI pO3IIISIHYTHX KOJH-
BATBHUX TIPOIIECIB Y CYMDKHUX 3apsIHIX KOHTYpax, 3aIpo-
TOHOBAaHO AHAINTUYHE PIBHSHHSA JUI1 OLIHKA 3CYBHOTO
CTpyMy, IO Biflirpa€ BayKIIMBY POJb HA €TaIll TOBEPHCHHS
€Hepril BiJl KOMyTYIOUOTO JAPOCENS Y IPKEPEIIO KUBIICHHSI.

3. BcraHoBeHo, mio crioxwuBana motyxHicte MHI'T 3 ma-
paENBbHOI0 TIEPETBOPIOBATIFHOIO JIAHKOKO Y BXIJIHOMY KOH-
Typi 3aJICKUTh BiJ CITIBBIIHOIICHHS €MHOCTEH Y CYMDKHHIX
JIaHKaX KOMIIpECii IMITyJIbCIB. 3MEHILECHHS 3aJIMIIKOBOI Ha-
TIPYTH Ha TOB3IOBXHIN €MHOCTI TIPH3BOJUTH IO 3POCTaHHS
3apsITHOTO CTPYMY Ta CHOXKMBAHOI MOTYXHOCTI. [Ipy BHKO-
HaHHI ymoBH C>C, TeHeparop (hopMye Ha HaBaHTKEHHI
IMITYJIBCH 3 OLITBIIO aMILTITY/IOK0 Ta MEHIIIOK TPHBAJICTIO.
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Current-voltage characteristics of single-stage semiconductor
magnetic pulse generators with a distinctive structure of the
conversion link in the input circuit.

Introduction. The main feature of the semiconductor magnetic
pulse generators (SMPGs) is a slow accumulation of energy in the
primary capacitor and its rapid introduction into the load by using
a series of sequentially connected magnetic compression stages.
Initially, these devices were mainly used for pumping gas lasers, but
over the last decade SMPGs have been increasingly used in electric
discharge technologies for water purification and air ionization to
remove toxic impurities. At the same time, along with the practice of
using these devices, development has also been achieved in the
principles of their design and methods of mathematical modeling.
Problem. The main drawback of the existing theory of SMPG's
stationary oscillations mode is an adoption of the saturable reactor
(SR) model in approximation of the static magnetization curve of its
core, as well as unidirectional nature of the energy transfer from the
generator to the load. In most publication the exchange processes
between the power source and SR are still not covered. Goal. Study
of electrical and energy characteristics of low-voltage single-stage
SMPG devices with series and parallel conversion stages in the
charging circuit. Methodology. To achieve the set goal, this work
uses comprehensive approach relayed on technical tools of setting
up the experiment, numerical methods for processing measurement
results, as well as an analytical method for describing electromag-
netic processes in single-stage SMPG circuits. Results. The closed
current-voltage characteristics of the SR are obtained, according to
which the numerical calculations of the integral magnetic and
energy characteristics of the proposed models are carried out. The
features of the longitudinal capacitance charging process in a
SMPG'’s circuit with a parallel conversion stage, which occurs
simultaneously in two adjacent circuits, are explained. Analytical
expressions to describe the dynamics of magnetic flux density in the
SR’s core as a time-depended function are derived. Based on the
obtained hysteresis curve of the core, the exchange processes of
energy transfer between the power source and the SR are explained.
Practical value. The results of the research can be applied in the
development of low-voltage SMPG circuits with improved energy-
dynamic parameters. Reference 15, figures 8.

Key words: semiconductor magnetic pulse generator, com-
mutating choke, conversion link, electrical and energy char-
acteristics, displacement current, energy losses dynamics.
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AKTHBHUH BHIIPSAMJISY 3 (PIKCOBAHOI0 YACTOTOI MOAYJIANII TA BEKTOPHOIO CHCTEMOI0
YIPABJIiHHSA B PeKUMi IBOHANPABJIEHOI0 MOTOKY €Heprii

B cmammi posenanymo pobomy akmusHo20 unpamasua-odicepena Hanpyau, wo npayioe 3 Pikco8aHoo 4acmomoro Mooyiayii 6 pexcumi
060HANPABIEHO20 NOMOKY eHepeii, 3anPONOHOBAHO HOBY CIPYKIYPY 6eKMOPHOT cucmemu YRPAsiHHa, ma OMpUMAaHo XapaKkmepucmuxy
pobomu cxemu 6 wWUpPOKoMy OlanazoHi 3MIHU GeTUNUHY MA 3HAKY GUXIOHOL nomyocnocmi. Pozensnymi ¢hizuuni nepedymoeu gpynkyiomy-
6anms cunogoi cxemu ABJIH, 3anpononosanol asmopamu 6eKmopHoi cucmemu ynpasiiHHs ma nPuHyunu Gpopmysanns Oirouux ycepeou-
Hi Hel cueHanieé 8 cKiadi YacmomHo20 nepemeopiosaia cepedivoi nomyosicnocmi. Ilokasarno nepesacu Ho80i cucmemu YnpagninHa HAO
icHyIOUUMU MA OMPUMAHO 3ANENHCHOCMI, WO OeMOHCMPYIOMb KOPEKMHICMb 3aACMOCY6aHHA 3aNnpONOHOSAHUX Y CIMAMMI MEeXHIYHUX
piwens. Pesynomamu mamemamuuno2o modenioganis noxazanu, wo AB/JH, axuii npayioe 3 ikcoeanoro wacmomoro mooyiayii ma
3anpONOHO8AHOI) CUCEMOIO YIPAGIIHHA, 00380AE NIOMPUMYEAMU 3a0aHe 3HAYEHHs UXIOHOI Hanpyeu ma 6nu3bKuii 00 CUHYCOiOU
CMpYM MepediCi HCUBTEHHSA NPU HYTTbOBOMY CHOICUBAHHT PEaKMUBHOT NOMYICHOCI 8 YCMANEHOMY PeACUMI 8 WUPOKOMY OlanasoHi 3Minu
napamempie cxemu ma @eutUHY i 3HAKy nomyajcrnocmi Haganmaicenns. bion. 17, tadmn. 1, puc. 9.

Kniouosi cnosa: akTUBHUI BUNPAMJIAY, (PIKCOBAaHA 4acTOTAa MOAY.JIANil, BEKTOPHA CHCTEMAa YNPABJIHHSA, JBOHANPABJICHUN

NOTIK eHeprii, BeKTOPHa Aiarpama, nepeTBOPeHHs KOOPAMHAT, IIHPOTHO-iMILY/IbCHA MOAY IS,

Beryn. YacToTHHi mepeTBOproBad € HEBiJ €MHOIO
YaCTHHOIO IPOMHCIIOBHUX YCTAHOBOK, IO BHKOPHCTOBY-
IOThb Y CBOEMY CKJani acHHXpoHHmA aBuryH (AJl). 3wmi-
HIOIOYH Jifode 3Ha4YeHHA 1 4acTtory TpudasHOI 3MiHHOL
HaIpyTH, IO MiIBOAUTHCS IO CTaTOPHUX OOMOTOK, BiH
JI03BOJISIE pealli3yBaTH Pi3HI cTpaTeril ynpaBiiHHS LIBH/-
KICTIO 1| MOMEHTOM Ha BaJly [AHOTO THUIY EJIEKTPUYHOI
MaIlMHU. Y Jiana3oHi MajuX i CepelHiX MOTYXKHOCTEH
IpH KUBJIEHHI Bix npoMucioBoi mepexi 380-400 V Haii-
OlIbllIe MMOIIMPEHHS! OTpUMalia CTPYKTypa IepeTBOPIOBa-
4a Ha 0a3i aBTOHOMHOTO iHBepTopa Hanpyru (AIH). Bona
MICTHTb JIBI OCHOBHI CKJIaJIOBi: IIepeTBOproBay TpHudazHOi
3MIHHOI Hampyrd B IMOCTiiiHY — BHIPSMIISY 1 1HBEpTOD,
0 XKUBHUTHCS BiJl WOTO BUXiAHOI HANPYTH, BUKOHAHWH,
HalgacTimre, 3a TpruQa3zHOI MOCTOBOIO CXEMOIO Ha KITIO-
4ax 3HAaKO3MIHHOTO CTPyMY.

BukopucTtanHS pi3HMX aNrOpUTMIB MOAYJIILII JO3BO-
JIsIE TAKOMY 1HBEpTOpY (JOpMyBaTH Ha HABAHTAXKEHHI HAIPY-
Iy 3 HEOOXIIHUMH TapaMeTpaMy i PerysioBarH iX y IIUpo-
kux Mexax. Cepes MOXKIIMBHX BapiaHTIB BUAUISIOTH IIUPO-
THO-IMITYJIbCHY, YaCTOTHO-IMITYJIbCHY, 4YacO-IMITyJIbCHY 1
BEKTOPHO-IMITYJIbCHY MonyJsiuii [1-3], KokHa 3 sIKMX Mae
CBOI ITepeBart i HeIOJIKH.

Just ATH, 1mo npamtoroTs y Jiana3oHi MaJux i cepe-
JHIX TOTYXHOCTEH, NepeBakHE NOIIMUPEHHS OTpHMaa
mpoTHO-iMIyibeHa Moxyinis (LM, PWM). Maroun
BITHOCHY TPOCTOTY peaii3amii, BoHa 3abe3meuye (ikco-
BaHy 4acTOTy NEPEMHKaHHS BEHTHIIB Y CXeMi, IO 1CTOT-
HO CIpOILY€E IX TEIUIOBUH PO3PAaXyHOK, a TAKOXK IOJIEr-
1Iye po3paxyHok (iabTpiB Ha Buxoji cxemd [4, 5].

BunpsimiisiueM B po3MISHYTIH CTPYKTYpl MOXeE BU-
crynati TpudasHa MocToBa JiofaHa cxema. [Ipocra i
HaJiifHa, TYT BOHAa Ma€ psiji ICTOTHUX HEIOJIIKIB: CIIOTBO-
proe GopMy CTpyMy Mepexi >KUBIICHHS; He (opmye mo-
CTaTHi{ piBeHb Hanpyru Ha Bxoxai AIH npwu ioro pobori B
pexxnMi curycoinanproi 1IIIM; He 3abe3neuye MoBepHEH-
HS CHEpTii 3 HAaBaHTA)XEHHS B MEPEXKy KUBIEHHSA [ 1, 6].

CydJacHi BUMOTH IO SIKOCTi €Heprii, mo CIOXKHBa-
€TbCA 3 TPOMHUCIIOBOI MeEpexi, 3MYIIyIOTb PO3IIISLIATH
IHIIN TOTMOJIOTII BHIIPSIMJISYIB, [MO30aBJICHHUX 3a3HAYCHHX
HepomikiB. Cepesl HUX MOKHA BHIUTMTH JIOJAHUN BHIIPS-
MJISTY 3 PI3HUMH CXE€MaMHU MOJIyJiB KOpeKLii koedimieHra
HOTYKHOCTI, BUIIPSAMIISTY 332 CXeMOI0 BieHHa 1 cxeMy ak-
TUBHOTO BHUIpsIMIIAda-mkepena Hanpyru (AB/IH), Buko-

HaHy, aHanoriuHo AIH, 3a TpudasHoro MocroBoro cxe-
MO0 Ha KJIF0YaX 3HAKO3MIiHHOTO cTpymy [1, 7, §].

Bapro 3a3nauuty, wo e cxema ABJIH no3Bosnsie
OJTHOYACHO YCYHYTH BCi HEIONIKH, IPUTAMaHHI Ti0THOMY
BUIIPAMJIYEB] B CTPYKTYpi YacTOTHOTO II€PETBOPIOBaYa
Ha ocHosi AIH. Ii edexTuBHicTs Gyne Takok 3aekaTu
BiJl aJIrOpUTMY MOJAYJISIIi, 10 BHUKOPHCTOBYETHCS, Ta
CTPYKTYPH CHCTEMH YNpaBIliHHS, 110 Horo peamizye. s
onnakoBux cuioux cxeM ABJIH i AIH B equnOMy mniepe-
TBOPIOBaYl JOIIJILHO BUKOPHCTOBYBAaTH OIHAKOBI alro-
PUTMH MOXYJIALIl Ta CTPYKTypH CHCTEM YIPaBJiHHS,
moOy/T0BaHi Ha MOIOHUX MPHHITUIIAX.

VY cyu4acHiil npakTHLi HalOUIBITy ePEeKTUBHICTD TO-
Ka3aJiil CTpaTerii YIpaBIiHHS IIBUAKICTIO i MOMEHTOM Ha
BaJly aCHHXPOHHOTO JABUTYHA, NOOYIOBaHI Ha MPUHIHMIIAX
NPE/CTABICHHS] CTPYMIB 1 Hampyr craropa y BHIIISI
y3arajlbHeHUX BEKTOPIB y PI3HHUX CHUCTEMax KOOPIUHAT.
Ix peanizyroTh Tak 3BaHi «BEKTOPHi» CHCTEMH yHpPaBJIiH-
HSl aBTOHOMHHUMH iHBepTOpami [7, 9].

3a aHAJIOTIYHMM MPHUHIMIIOM MOXYTh OyTH 10OYI0-
BaHi i cuctemu ynpasniaas AB/IH [10-13].

Merta podoTH — CTBOPEHHS BEKTOPHOI CHCTEMH
VIOPaBISHHSA 3 TOKPALICHUMH XapaKTEPUCTHKAMH TS
AKTHBHOT'O BUIIPSIMIITYA-/PKepesia HAMPyTH, IO MPaLoE B
pPEeXHMi TBOHAIIPABIEHOTO TIOTOKY €HEprii 3 (pikCOBaHOIO
YaCTOTOI0 MOYJISIIIH.

CuioBa cxema neperBopioBaua. Ha puc. 1 300paxe-
HO y3araJbHeHy (YHKLIOHAIBHY CXeMy YacTOTHOTO Iepe-
TBOproBaua 3 AB/IH y BximHoMy komi. BoHa cknanmaersces 3
HACTYITHUX KOMIOHEHTIB: AC — TpudazHa Mepexa CUHYCOi-
JIaJIbHOT 3MIHHOT HAaIPYTH Ug; IHAYKTHBHICTB (ha3u L, BKIO-
YalouM JI0JaTKOBI BXIiJHI PEaKTOPH; aKTHBHHI BHIPSIMIITY
AR, 110 BUKOHaHHMI 3a TpU(]A3HOIO MOCTOBOIO CXEMOIO Ha
KIII0YaX 3HAKO3MIHHOTO CTPYyMY; JUISHKA MOCTIHHOTO CTpY-
My nieperBoproBada DC 3 EMHICHMM HaKOIMYyBa4eM eHeprii
C, 110 3TIIADKY€ TyIIbCallii HalPyTH Ta CTBOPIOE IS HAaBaH-
TaXEHHS PeXUM PoOOTH, ONM3BKUI 32 XapaKTePUCTHKAMU
JI0 JpKepera Hampyrw; HaBaHTaeHHs Load, skum € AIH 3
[IIIM, 1110 >KMBUTH ACHHXPOHHUI JBUTYH.

®i3uyHi mporiecd y KOXHIM (a3l BXiJHOTO KoJja
ABJIH ananoriuni ABoM iHmmM 3i 3cyBoM Ha 120 enexT-
pUYHMX rpanyciB. Po3risiHeMo iX Ha HpHUKIIaal eKBiBajie-
HTHOI CX€MHU, HaBeJIeHO1 Ha pHC. 2.

© .C. Kpunos, O.1. Xonox
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Puc. 1. ®ynkuionanbHa cxema neperBoproBada 3 ABJJH

L i~

Puc. 2. ExBiBanentHa cxema asu Bxiguoro kona ABJIH

Bona wMicTuTh: mKepeno cHHycoimaibHOI 3MiHHOL
Hanpyry $asy 3 MUTTEBUM 3HAUYEHHSM Us; MUTTEBY (azHy
Hanpyry Ha Bxoai AB/IH uy, o dopmyerscest, ipu podoTi
HaliBIPOBITHUKOBOTO KOMYTaTropa CXeMH B PEXHUMI
IIM, nepioguYHAM TMIiAKIIOYCHHSAM 10 (ha3u Mepexi
JKMBJICHHSI HAIlpyTrd Ha KOH/IEHCATOPI JIAHKH IMOCTIiHOTO
CTPYMY Uc = Uy 3 PI3HOIO MOJSIPHICTIO. Y pe3yNbTari Ha
Tepioi MOIYJISMIT 3MIHIOETBCS 3HAK MAIHHS HALIPYTH )
Ha BXiJHHMH IHAYKTHBHOCTI a3y L 1 quHaMiKa CTpyMmy if,
mo mportikae gepe3 Hel. Lle mo3Bomsie GopmyBatu HEoO-
ximHYy hopMy Ta dasy cTpyMy mKeperna KUBICHHS.

3rigao i3 3akoHOM Kipxroda B Oyap-sKmii MOMEHT
yacy MHUTTEBI Hampyrd KOHTYpy (puc. 2) OyayTs
OB’ s13aHi Mi’K COOOI0 BUPa30M

ug =uy +uy . (1)

Y3arampHeHa BEKTOpHA Jiarpama Jjisl BXiTHOTO Kojia
¢asu AB/IH npu miaTpumili OOMHWYIHOTO KoedilieHTa
MIOTY>KHOCTI IOKa3aHa Ha pUC. 3,a JUI1 PEXKHUMY CIIOXKH-
BaHHs eHeprii, i puc. 3,b — s pexuMmy pekynepauii
SHeprii 3 HaBaHTAKEHHS B MEPEXY JKUBJICHHSL.
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Puc. 3. V3aranpHeHa BeKTOpHa Aiarpama BxigHoro koina AB/TH
TIPY OMHUYHOMY KOe(DII[i€HTI ITOTYKHOCTI AJISI: @ — CIIOKHUBaH-
HS1 €Hepril HaBaHTa)XXeHHM; b — peKynepalii eHeprii 3 HaBaH-
Ta)KCHHSI B MEPEXKY KUBJICHHSL.

HasBHicTh iHOyKTHBHOCTI L Hajgae BXiTHOMY KOIY
AB/IH BrnacTuBOCTI IKepera CTpyMy, IO JO3BOJISIE CXeMi
MpamoBaTé B pexkuMi miasunryBaitpHOTo M 1 migTpu-
MyBaTH HAIPyTy Ha KOHAEHCATOPI Uc = U, JTAHKU MOCTIH-
HOT'O CTPYMY BUILIE HATIPYTH MEPEKI.

Kepytoun ammiiTynoro Ta ¢a3oBHM KyTOM 3CYBY &
HaNpyru Uy, MOXHa KEpyBaTH aMILITYJIOI0 Ta (a30io
CTPyMYy JDKEpea ig 32 TOTIOMOI0I0 3MiHHU MAIiHHS HAIPY-
T HAa BXIJTHIA IHAYKTHBHOCTI u;. IIpu mpoMmy cepemHe
3HAYeHHs Ta 3HaK cTpyMy Ha Buxoni ABJ/IH OyayTts mpo-
MOPIIiiTHI aKTUBHIN MOTYXKHOCTI Ha BXOJi cxemu. Peaktu-
BHOIO TIOTY)KHICTIO MOXKHAa KEepyBaTH HE3aJIEKHO, 3CYBOM
CTPYyMY OCHOBHOI TApMOHIKH ig IIIOJI0 HATIPYTH Us.

Cucrema ynpapiiHHs. SIKIII0 TOBOPUTH TIPO CTpaTte-
riro mobynosu cuctemu ynpasiiaast ABJIH, To wacto Buxo-

JIITh 13 AyaibHOI IMEHTHYHOCTI ii CHMJIOBMX KiJ 31 CXEMOIO
AIH y cxmami 3arajJbHOTO YacTOTHOTO MEPETBOPIOBAYA.
CripaBi, CHIOBI cXeMu 000X TIEPETBOPIOBAUIB € a0COIFOTHO
onHakoBuMu. OOMIBI MalOTh 3arajibHy JIaHKy IOCTIHHOTO
CTpyMy, L0 Ma€ BJIACTHBOCTI JpPKepena Halpyryd 1 BIacHi
KoJ1a TprdazHoi 3MiHHOT HaNpyTH, $IKi, 32 PaXyHOK ITOCIIJIO-
BHOTO BKJIIOUEHHS B iX (pa3u iHIYKTHBHOCTEH, MaloTh BIlac-
THBOCTI JDKepen cTpyMy. OOuzBi 3a0e3MedyIoTh JIBOHAIPa-
BJICHHH TOTIK €Heprii, TOMY IO TPAIOIOTh K 3HIKYBAaJIb-
wuid 1T npu 1i mepexadi 3 JaHKH MOCTIHHOTO CTPyMY B
JAHKY 3MIHHOTO 1 SIK MiIBHUIIYBaJbHUHA, TpU Tepenadi 3
JIAHKU 3MIHHOTO CTPyMY B JIAaHKY IOCTiiHOT0. OTKE MOXHA
BHUKOPHCTOBYBATH KOHIIETIIIii MOOYIOBU CHCTEM YIIPABIiHHSI
AIH a5 perystoBaHHsI aCHHXPOHHOTO €JIEKTPOIBUIYHA TTijl
yac CTBOpeHHs1 cucteM ynpasiinas AB/IH.

OCHOBHUMH KOHIICTI[ISIMUA YNPABJIiHHSI ACHHXPOH-
HUM JBHTYHOM € TIpsMe yNpaBiiHHA MoMmeHToM (Direct
Torque Control — DTC) 1 BeKTOpHE YNpaBIiHHS 3 Opi€H-
taniero o nonto (Field Oriented Control — FOC) [10, 11,
14]. Im craBaaTh y BiAmOBimHICTH CTpaTeriio MpAMOro
ynpasiiHHA nOTyXkHIcTIO (Direct Power Control — DPC) i
YHOpaBiIiHHA, OpieHTOBaHe Ha Hampyry (Voltage Oriented
Control — VOC), mo BukopuctoBytothest B ABJIH [10,
11, 14, 15]. KoxxHa 3 HUX Ma€ 6araTo BapiaHTiB BUKOHAH-
Hs, SIKi BOJIOJIIOTH BJIACHUMH TI€peBaraMu i HeI0JTiKaMHu.

3a3Ha4nMo, 110 3 (PIKCOBAHOK YaCTOTOK MOAYJISLIT
NPALOIOTh JIMILE BEKTOPHI cucteMu yrpasiinHa ABJ/IH,
noOyoBani Ha 6a3i VOC xonueniiii. Bonu 3acHoBaHi Ha
NPUHLOUII TPEICTAaBICHHS y3arajJbHEHUX BEKTODIB CTpY-
My 1 Halpyrd Mepexi B 00epToBHUX (Harpukian d-q) Ko-
Op/MHAaTaX, B SIKUX PETYJIbOBaHI BEJIMUMHM € MOCTIHHUMHA
CHTHAJIAMH, [IO JO3BOJIAE YCYHYTH CTaTH4YHI HOMMUIKA
yrpaBiiHesA. [Ipy 1bOMy BHKOPHUCTOBYETHCS CTPYKTypa
PO3ILIBHOTO YIIPABIiHHS «aKTUBHOIOY iy 1 «PEAKTUBHOIOY»
I, CKITaJIOBUMHU CTPYMY MEPEXi 3 BUKOPHUCTAHHAM BIIac-
HUX, 3a3BUYail mponopuiiHo-inTerpansaux (I11) perymns-
TOPIB 11 KOXKHOTO 3 KaHamiB. Perymrooroun d-cKiagoBy
CTpYMYy MOXHa KepyBaTH IOTOKOM €Heprii Mix mkepe-
JIOM 1 HABAHTAXXCHHSM, a TaKOX MiATPUMYBaTH HEOOXi-
HHUH pIBEHb HANPYT'W HA KOHJIEHCATOPI JIAHKU MOCTIHHOTO
cTpyMy. Ha perynsatop g-ckinagoBoi NOKJIaJaeTbes JIMIIE
(yHKIIS MATPUMKH HYJIBOBOTO, a0 IHIIOTO 3aaHOro
KyTa 3CYyBY MK CTPYMOM 1 HAaIpyror MepexKi KUBICHHS.
Ile TOBHICTIO BIATIOBiZAa€ OMHWCAHOMY BHWIIE MPUHIIUAITY
pobotu cunoBux kin AB/IH.

Bexkropsi cucremn ynpasninas AB/TH, mo Buxopuc-
TOBYIOTh CTPYKTYpH PO3IUIBHOTO VIIPABIIHHA, MIHPOKO
npezcTasieHi B [9-14]. Ix icToTHuM HemoniKoM € HEOOXi-
HICTH IIPSIMOTrO 1 3BOPOTHOIO IEPETBOPCHHS KOOPIHHAT
y3araJbHEHUX BEKTOPIB CTPYMY 1 HAIPYTrH 3 OOYHUCIICHHIM
TpuroHomerpuuHoi QyHkiii iXHOro Kyra nosopory. lle
YCKIIAAHIOE (Bi3MUHY peaizallifo TAKMX CHCTEM 1 BHCYBa€
IiIBUIIIEH] BUMOIH /10 ii eJIEMEHTHOI 0a3u.

MoKHa CIIPOCTUTH BEKTOPHY CHUCTEMY YIPaBIIiHHS
ABJIH, mio mpariroe 3 GikCOBaHOK YaCTOTOK MOIYJIAIIII,
SKIIO BUKOPHCTATH OIMCAaHWH BUILE NPHHIMI POOOTH
IIepeTBOPIOBaYa.

Hdus popmyBanHS HeoOximHOI Popmu Ta (azoBoro
3CYBY CTPYMy Mepexi is = i, HeoOXiTHO KepyBaTH MajiH-
HSM Hamlpyrd Ha BXiOHINA IHAYKTUBHOCTI CXEMH U 3a
JOIIOMOTOI0 PETYIIOBaHHS BENNYUHHU Ta (pa30BOTO 3CYBY
BXiZHOT HANpPYTH uy. 1i Mepiua rapMoHika, y CBOIO Uepry,
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MTOBTOPIOE HANPYTY VIPaBIiHHA Ha BXOII TeHepaTopa
PWM 3 nesikum 3aaHuM KOeilieHTOM Tiepenadi.

[MpencraBuBim (1) y BITHOCHUX OIUHHMIIX, MOXKHA
OTpUMATH BUpA3 Ul BU3HAUYCHHS HANPYTH YIPABIiHHS
PWM reneparopa, mo ¢opmye 3amany ¢opmy ctpymy
Mepexi y BUIIISAL

wy =ug —up =ug -L=Et, 2)

ne us, uy, u; ii, — BiZHOCHI Hampyru Ta cTpyM dasu
BxigHOro koia ABJIH 3rigHo 3 puc. 2, s SKuX, sK Oa-
30B1 BeJIMYMHU, TPUHHSATI aMILTITy 11 HOMiHaJIbHOT (ha3HOT
HaIlIpYTH Ta CTPyMY JDKEpPEIIa )KUBJICHHS BiIMOBIIHO.

TakuMm YWHOM, TIpH HE3MIHHIN Hampy3i mKepena
KUBJICHHS, 3aJjada CHUCTEMH YINPABIIHHSA 3BOJUTHCS [0
(GopMyBaHHS CHTHANLy 3aBIaHHS CTpyMy (a3d BXiZHOTO
kxona ABJ/IH 3 HeoOxigHuMmu mapameTpaMu. Bupimmry ii
MOJKHA, BHUKOPHCTOBYIOUHM OIMCAHMHA BHWIINE NPHHIMII
PO3ALIBHOTO PEryJIFOBaHHS.

Ha puc. 4 nokazaHa CTpyKTypHa cxema 3arporoHo-
BaHOI aBTOpaMHU BEKTOpHOI cuctemu yrpasiinHi ABJIH,
o npamoe 3 (hiKCOBaHOIO ‘laCTOTOIO MOTYJISILII.

i

dC

dg-abc

Puc. 4. CtpykrypHa cxema cuctemu ynpasiiaas AB/IH

MHUTTeBi 3HaueHHS TPhOX (DA3HUX CTPYMIB is i Ha-
IPYT U5 Mepexki KMBICHHS, NMPUBEICHI 10 BiTHOCHHX
OJIHUIIb, TIOAAIOTHCS HAa OJIOK NEPETBOPEHHS! KOOPAWHAT
abc-dq. Y HbpOMy 3 BHUKOpHCTaHHAM Matpuili Kiapka
BiIOYBA€THCS MIEPETBOPEHHS CTPYMIB 1 HAmpyr 3 KOOPIH-
HaT abc B KOOpIWHATH 0-f 3a BUpa3aMu

J* 1 —l —l l.SaW
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[ToTimM BiTHOCHI MHTTEBI CTPyMH MEpEXi NEepeTBO-
PIOIOTBCS 3 KOOPOUHAT o-f Y KOOpAWHATH d-g. SIKIIo ams
LbOTO BUKOPUCTOBYBATH Oe3mocepeiHpo MaTpuio [Tapka
[16], BuHUKHE HEOOXiMHICTH BHPAXOBYBATH TPUTOHOMET-
puuHi (QYHKIIT KyTa MOBOPOTY y3arajbHEHOTr0 BEKTOpa
HaNpyrH JKepena jkusjieHHs. Lle minBuirye BuMoru Io
arnapaTHOI YaCTHHH CUCTEMH ynpasiiHHA. ToMy HOLUIBHO
OTPUMYBaTH MPOEKII] y3aralbHEHOTO BEKTOpa CTPyMY
Mepexi Ha ocl d-g 4epe3 KOOpIHMHATU Yy3arajlbHEHOTO
BEKTOpa HaNpPYyTH MEPEXKi B CUCTEMI a-f5 3a Bipa3oM [16]
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VY pexumi MOBHOT KOMIEHCallii PeaKTHBHOI MOTYXK-
HOCTI BENMYMHA ¢-TPOEKLIl y3arajJbHEHOro BEKTOpa
CTpyMy Mepexi NOBHHHA IparHyTd 10 Hyis. s ymosa
CrpaBe[uIMBa SIK JJISl PEKUMY CHOXXHBAHHSI €HEprii HaBa-
HTOXCHHIM, TaK 1 JUIA PeXHMY peKyreparii eHeprii 3
HaBaHTAXXECHHS B MEpEXy O>KHMBJICHHS. Tomy BII[HOCHC
MHTTEBE 3HAYCHHS ¢-CKIIa/IOBOT CTPYMY Mepexi zq nopi-
BHIOETHCA 13 3aBIaHHIM zq ror = 0. CHI'HAl HEY3rOKEHOC-
Ti Azq nojaeTbess Ha BXim [ll-perymsaropa crpymy R,
KA (OpPMy€e ¢-CKJIQJIOBY CHTHATY 3aBIaHHSA CTPyMY
Ipocens BxigHoro xona AB/TH iqL*.

[MoTik eHeprii, MO CHOXHUBAETHCSI a00 TEHEPYETHCS
HABAHTAXCHHSM, 3aJICKUTh Bl PEKUMIB POOOTH CaMoOro
HABaHTAXKEHHS 1 B CTPYKTYDI, 10 po3risiaaeThes (puc. 1),
KOHTPOITIOETHCS cucteMolo yrpasiinas AIH. Tomy Hemae
HEOOXITHOCTI BBOAMTH SIKUI-HEOY/b JOJATKOBUH pery-
naTop d-cknanoBoi crpymy mMepexi ABJIH i, B HaBeneHy
Ha puc. 4 CTPYKTYpy CHUCTEeMH ynpasiiHHA. Llum 3ampo-
MIOHOBaHa CTPYKTypa BiIPi3HAETHCS BiJl OUIBIIOCTI CTPYK-
Typ, HoOytoBaHUX Ha 0cHOBI koHuenuii VOC [9-15].

Perynsitop HeoOXimHWN OIS MATPUMKH TTOCTIHHOL
BEJIMYMHM HAIPYTH Ha KOHIEHCATOPi JaHKH IMOCTIHHOTO
CTpyMy Ha piBHI BHIIE aMIUNTYyId JiHIHHO] HaIpyr1
JoKepena. I/IOMy oTpiOHO (I)opMyBaTI/I CKJIAZIOBY igc , AKa
JIOTIOBHIOE i; B 3alIEKHOCTI Bi 3HAYCHHS i Hanpsmy
€Heprii, 10 mepenaeTbes y nepersoprosadi. [lpu npomy i
caM KOHJIEHCAaTOp € HaKONMH4yBaueM EHeprii, BEJINYNHY
SIKOI MOKHA BU3HAUUTHU SIK

Ec=Cug[2, (©)
ne C — eMHICTh KOHJIGHCATOPA; Uc — HAIpyra Ha KOHJIEH-
caropi y Ko IOCTIHHOTO cTpyMy cxemH (puc. 1).

MuTTeBa MOTYKHICTH Y HBOMY, IO BH3HAYA€THCS
CYNEpIO3UII€I0 MHUTTEBUX aKTHUBHUX IIOTYXHOCTEH Yy
JUKepelli Ta HaBaHTaKEHHI, MOke OyTH OTpUMaHa SK
moxisiHa Bif (6) 3a yacom

dEC C duc

2 dr

Bupas (7) € HeniHIItHUM BIHOCHO ¢, LIO YCKJIa[-

HIOE POOOTY perysaTopa. Ii MOKHA MOJErIIUTH JliHeapH-

3ali€ero 3Bop0THoro 3B’513KY, BBIBIIH JUIS 1IOTO B (7) HOBY

3MiHHYy W = uc Toni oTpumaeMo JiHilHY, BiTHOCHO W,
3aJICXKHICTD

=Ps ~ Pload - @)

cdaw

=27 - 8
2 dr Ps — Pload - ()

Tenep MOXHa BHKOPHCTOBYBATH JIHIHHHN peryJs-
TOp, BUOMPAIOUN BENUYMHY €HEprii B SKOCTi 3MIHHOI JUIs
pEryJIlOBaHHs HaNpyrd JIaHKH IOCTIHHOTO cTpymy. Y
HBOMY, 3TiHO 3 puc. 4, MUTTEBA HANpyTa JIAHKH MOCTIH-
HOTO CTPYMY Uc , TIPUBEIEHA 10 BiJHOCHMX OJMHHIIb
HOMIHAJIBHUM aMIUTITYZIHUM 3HAa4€HHSM JIiHIHHOI Hanpy-
TH JDKepena, 3BOAWTHCS B KBAIpaT 1 IMOPIBHIOETHCA 31
3BEIICHOI0 B KBaJpaT BiJHOCHOIO 3aJaHOI0 HAMPYTOI0
KOHIeHcaTopa. CHrHan HeysromkeHocTi AW monaeThes
na Bxin IT-perymnstopa Ry, skuit OpMye CHIHAT iy , IO
JIOTIOBHIOE MTOTOYHY BETHUHHY d—cma;[osm CTpyMy Me-
pexxi ABIITH iy 110 HEOOXimHOTO piBHS i
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O"FpI/IMaI-ii 3HAYCHHA ig i iqL* pa3oM 3 po3paxoBaHHU-
MU paHillle u, 1 Uz HAIXOIATH Y HEPETBOPIOBAY KOOPIU-
Har dq-abc. Y HbOMY BiIOyBa€ThCsl 3BOPOTHE MEPETBOPEH-
HSl d-¢ CKJIaJIOBUX CTPYMY B KOOPAHHATH ¢i-ff 32 BUPA30M
* * %

‘ol LY 7| 9)

oL ug- tug [Mp Ya | 'L

a MMOTIM 3 KOOPJUHAT 0-ff B KOOPJMHATH abc 3a BUPa3oM

i oo |
p 21 1 B | iy
i ==l - 2. (10)
K 3 2 2 lﬂL
lef, 1 ,\/g

L 2 2]

MmuTtTeBe BiTHOCHE NHaiiHHA HAanpyrd Ha BXiJHOMY
JIPOCEITi CXeMH 1, OTPUMYIOTH SIK TIOXiHY Bil CTPyMY i ,
NIOMHOXXEHY Ha IOTOYHE 3HA4YeHHS lH):[yKTI/IBHOCTl tbazu
jokepena. i, 3rigHo (2), BigHiMaeMo u; " 3 uS 1 oTpuma-
HA TAKHM YMHOM BiTHOCHA BXiJHA HAIPYTA /) HAIXOIUTH
Ha BXin PWM renepatopa sIK Halpyra YIpaBITiHHsL.

TakuM YMHOM, 3aIIpOIIOHOBAaHA ABTOPAMH CHCTEMa
VIOpaBITiHHS Ma€, TOPIBHIHO 3 BiIOMUMH, HACTYIIHI TIepe-
Baru: 3HWKYE YUCIIO PETyJISITOPIB Y CUCTEMI JI0 JBOX; HE
BUMAarae OOYMCIICHHS d-g CKJIAJOBUX HANpPYTH; HE BUMa-
rae OOYUCIICHHS TPUTOHOMETPUYHUX (YHKIIH y mporeci
HepETBOPEHHS KOOPJIUHAT.

MartemaTuune MmojaearoBanHs. Ha puc. 5 HaBeseHO
BipTyallbHy MOJIeNIb NepeTBopioBaya Ha 6a3i ABJIH, mio
BiJIOBiae cTpykTypi Ha puc. 1. Bona BukoHaHa B mpo-
rpamHOoMy cepenosuii MATLAB/Simulink.

Puc. 5. MATLAB wmopens cunoBux kin ABJIH

Mopenb Mae Taki  MapameTpH, 1o OyJiu MpUHHATI
aBTOpPaMH B IOMEPEIHIX AOCTIPKeHHsIX [4], a came: mKe-
peno TpudazHoi 3MiHHOT HATIPYTH 3 TOTYXKHICTIO KOPOTKO-
ro 3amukanHHs 150 MVA i JiHIfHOIO Hanpyroro Ha BXOJi
neperBoproBaua 400 V; BeTUUMHA BXiTHOI IHIYKTUBHOCTI
(ha3u npuiiasTa pisHoto 400 PWH; eMHICTB JTaHKYU MOCTIIHO-
ro ctpymy 28 mF; AB/IH mpaitioe B pexxumi CHHYCOiaIIb-
sHoi IIIIM 3 ¢ikcoBanoro gacrororo moxymii 4 kHz ta
BEKTOPHOIO CHCTEMOIO YIIPABIIiHHS, BUKOHAHOIO 32 CTPYK-
Typoto (puc. 4). g mepeBipki MOKIMBOCTI poOOTH cXe-
MH 3 JIBOHAIIPABICHUM MOTOKOM EHEprii, B SKOCTI HaBaH-
TaXEHHS NPUHHATA JIaHKa 3 IOCIIIOBHUM 3’ €IHAHHIM
pesucTopa, Mo 0OMeXye MaKCUMaJIbHHUI CTPYM, Ta IKepe-
na perynsoBaHoi EPC. CuctemMa aBTOMAaTHYHOTO YIIpaB-
JIHHS HAaBaHTAKEHHSIM JI03BOJISIE TATPUMYBATH Ha HHOMY
piBEeHb CIOXXMBaHOI MOTYXHOCTI B aiama3zoni +315 kW,
TOOTO 10 HOMIHAJBHOT B 000X HaIpsIMKaXx.

Ha puc. 6 npencraBieno MATLAB monens BekTo-
pHoi cuctemu ynpasininas ABJIH, mo BukoHaHa BifmmoBi-
JTHO 10 CTPYKTypHu (puc. 4) Ta MOBHICTIO BiIIOBiiae 3a-
MIPOIIOHOBAHOMY JITOPUTMY POOOTH.

[epesipka podotu Mozemi (puc. 5) 3 BEKTOPHOIO CH-
CTEeMOIO YIpaBIiHHA (pUC. 6) TOKa3aja 3IaTHICTH Tepe-

TBOpIOBaua MiATPUMYBATH 3aJaHy Hampyry Ha BHXOMI i
(hopmyBaTh OIU3BKHIA 10 CHHYCOIM CTPYM JIKepena, 10
Mae HyJpoBHH 260 180 rpamycHuil KyT 3CyBYy Moo (as-
HOI Hanpyr# y BCbOMY Jiana3oHi 3MiHH IOTY>KHOCTI CXe-
MH, SIKY CTIO’KHBA€E UM FeHEPY€E HABAHTAXKCHHS.

- Jul?

uS* idg* iLdg*

A

-K- P iS* uab* j iq ref* n r’ uab*

abc-dq UV oL dg-abc
1 ‘ 4 -~
Gat

= W | dfdt

PWM

Puc. 6. MATLAB mopens cuctemn ynpasninas AB/TH

Ha puc. 7,a-d HaBezieHO MaIIMHOTPaMH, IO 1JIFOCT-
PYIOTH poOOTY CXEMH Ta ii CUCTEeMH YIPABJIIHHS MPOTS-
TOM €JMHOTO IHTEpBATy Yacy y 5 ¢ Ipu 3MiHi MOTYXHOCTI
HaBaHTa)KeHHH B o6ox HaHpHMKaX

T T T =

08 pd &pd )ef * 7

" Pa L=400 pH 1

02 P, =315 kW |
0

0.2 * |

P d_ref.
0.4 & /
7023 - : : - ; : : : . a)
U &y
700+ kud ]
680

-0.5]
iy S R d)
0 0.5 1 1.5 2 2.5 3 3.5 4 45 s

Puc. 7. Mamunorpamu po6otu cxemu AB/TH

Ha puc. 7, moka3aHo MOTOYHE 3HAYECHHS BIJHOCHOI
MHTTEBOI MOTYKHOCTI HABAHTAKECHHSI 1 CUTHAIT 3aBJIaHHSI, 1110
3MIHIOETBCS CXITYAacTO 3 PI3HOI0 MOJSIPHICTIO. BHIHO, 110
PETyJISATOp IMOTYKHOCTI KOPEKTHO BiZTPallbOBY€E 3aB/IaHHSI.

Ha puc. 7,b moka3aHuii CUrHAJ 3aBIaHHS Ta MOTOY-
HE MUTTEBE 3HAYCHHS HANPYTW JIAHKU TOCTIHHOTO CTpy-
My. BugHo, mo B pexmuMi, m0 BCTAaHOBHBCS, PETYISATOP
HaINpyry MATPUMY€ HOTO piBEHb TOYHO Y BiAMOBITHOCTI 3
3aBJIAHHSM, a BIIXWICHHS PIBHSA MHUTTEBOi HANpyrd B
MEepexiTHUX pekuMax He mepeBumrye 8 % Bim 3amaHOTO
3Ha4YCeHHS. 3aBIaHHA 110 HANpy3i Ha KOHIEHcaTopi BUOpa-
HO Ha PIiBHI, IO TEPEBHUIIYE HOMIHAIbHY aMILTITYIy Ji-
HIHOT Hampyru [pkepena >kuBieHHS Ha 20 %, mo mpu
3aJaHiil niHiiHIA Harpy3i xwuieHHs 400 V craHOBUTH
678.8 V.
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Ha puc. 7,c nokazaHo MUTT€BE 3HAUYEHHS CTPyMYy Ha
Buxoai AB/IH. BungHo, 10 BOHO MOZYJIb0BaHO BHCOKOIO
YacTOTOIO 1 3MIHIOE CBOIO IOJISIPHICTH IIPU 3MiHI 3HaKa
MOTYKHOCTI HaBaHTa)KEHHSI.

Ha puc. 7,d noka3aHo BiTHOCHE MHUTTEBE 3HAUCHHS

. . . *
g-cxnanosoi crpymy mepexi ABJIH i, . Buano, mo B
pexxumMi poboTH, 10 BCTAHOBUBCH, i1 BETMYMHA IIparHe 10
HYJIsI, TOOTO piBHS, 3a/IJaHOTO PETyJSTOPOM, IO CBIAYUTH
PO BiJICYTHICTH CIIOKWBaHHS ab0 TEeHepalii peaKTHUBHOI
MOTY>KHOCTI CXEMOIO HE3aJIC)KHO BiJ] BEIMIMHU i 3HAKA
MTOTY>KHOCTI B HABAaHTa)KCHHI.

Ha puc. 8,a,h moka3aHi MUTTEBI 3HaYCHHSI CTPYMY Ta
Hanpyru ¢asu 4 B pexumi crnoxuBaHHs (puc. 8,a) Ta
pexynepauii (puc. 8,0) HOTY)XHOCTI HaBaHTa)XEHHsI Ha
piBHi £180 kW.

400 uSa& iSa
3001

200
1001
0
-100)
-200|

=300
-4001-
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L=400 uH
P~180kW

L=400 uH
P ~-180kW

-200
-300- ]
s R U 4
0 0.005 00! 0.015 0.02 0.025 0.03 0035 LS

Puc. 8. MammHorpamu ctpymy Ta Harpyru gazu A ABJIH

BunHo, mo dasuuit ctpyM Mae cuHycoinanbHy ¢ho-
pMy i 3HaxomuThcs y (asi abo B mpoTudasi 3 Hapyrow
JoKeperia B pekuMi poOOTH, 0 BCTAHOBHUBCS.

MammHorpamu, HaBeIeH] Ha pHc. 7, 8, CBiIUaTh mMpo
kopekTHy podoty AB/IH 3 ¢ikcoBaHOIO 4acTOTOIO MOAY-
TSIl 1 3ampOIOHOBAHOK0 CHCTEMOIO YIPABIIiHHS y BCIX
JOIYCTHMUX PEeXHUMax PoOOTH.

3a nonomMoror mMoeni (puc. 5) OTpUMaHi 3aJIeKHOCTI
CyMapHOro Koe(illieHTa TapMOHIHHNX CIIOTBOPEHb CTPYMY
(THD) Ta nanpyru (THDy) da3u Ha BX0/i TepeTBOproBaya
BiJI BITHOCHOTO 3HAYEHHS MOTYXKHOCTI CXEMH, SIKY CIIOXH-
Ba€ 4YM reHepye HaBaHTaKeHHs. JlOCHimKeHHsS NpoBeAeHI
JUIL TBOX 3HA4YeHb IHAYKTHBHOCTI BXIIHOTO peaxkTopa
ABJIH. Otpumani pe3yibpTaTd HaBeIeHO y Tab. 1.

TaGnur 1
ExcriepiMeHTanbHi JaHi JOCTiIHKSHHS

pr THD., % THDy, %

¢ | L=200puH | L=400 uH | L=200 yH | L=400 uH

1 4.2 2.46 10.24 5.46
0.8 5.3 3.1 10.25 5.47
0.6 7.1 4.1 10.25 5.48
0.4 10.1 5.7 10.23 5.49
0.2 20.5 11.2 10.22 5.5

0 — - 10.2 5.48
—0.2 21.8 12.2 10.16 5.46
—0.4 11.0 59 10.14 5.44
—0.6 7.2 3.9 10.12 5.42
—0.8 5.7 3.1 10.11 5.39
-1 4.5 2.5 10.07 5.35

3a Tabn. 1 moOymoBaHi rpadivni 3anexuocti THD; i
THDy y TO4Ii MiIKIIOYEHHS MepeTBOPIOBAYa Bill BiTHOC-
HOTO 3HAYEHHS MOTYXKHOCTI CXEMH, SIKY CIIOKHBA€E 4d

reHepye HaBaHTAKEHHs, skl MokaszaHi Ha puc. 9. Takox
Ha pUC. 9 MyHKTUPHOIO JIHIEIO MMOKa3aHi JOMYCTUMI HOP-
Mawmi [17] 3nauennss THD; Ta THD, mo cTaHOBIATE 5 %
Ta 8 % BIAMOBITHO.

2 11D, 2%

15 uL=200 uH

m L=400uH
10 “

*

1 08 06 04 02 0 -0.2-04-06-08 P,
Puc. 9. I'paciuni 3anexuocti THD; ta THDy

3 orpuManHux rpadiyHuX 3anexHocrei (puc. 9) Mo-
’KHa 3pOOUTH BUCHOBOK, IO MPW BXIAHIA 1HIYKTUBHOCTI
L, npuitasrii Ha pisai 400 uH, 3nauenns THD; ta THDy,
BIJIMOBIIAIOTh BCTAaHOBJICHUM HOPMAaTHBaM B YCbOMY
Jiarna3oHi 3MIiHHM TTOTY>KHOCTI CXEMH, Ky CIIOKHBA€ 4u
TeHepy€e HaBaHTaXeHHs. [Ipyu 3MEHIIeHHI BEJIMYMHH BXi-
JTHOi 1HIYKTHBHOCTI JJISI OTPUMAaHHS HEOOXiTHHX ITOKa3-
aukiB THD; ta THD; HE0OX1IHO BCTAHOBIIOBATH IOJAT-
KOBUI1 BXiTHUN QITBTP.

BucHosku.

1. B crarTi 3a1pOIIOHOBaHO HOBY BEKTOPHY CUCTEMY
YIOpaBIiHHA aKTUBHHUM BHIPAMILTYEM-DKEPETIOM HaIpy-
T'H, 10 MPALIOE B PEKUMI JBOHAIPABICHOTO NOTOKY €He-
prii 3 ¢ikcoBaHOIO YacTOTOI MoayJsuid. BoHa 3abe3me-
qye CTIMKy Ta KOPEKTHY POOOTY NepeTBOpIoBaya Ta Mae
ICTOTHI IepeBary B MOPIBHSAHHI 3 BIJIOMUMH BEKTOPHUMH
CHCTEeMaMH YIIPABIiHHS], a caMe: 3HIXKYE YUCIIO peTryJs-
TOpIB y cHUCTEMi JI0 ABOX; HE BHUMarae oO4MCIEHHS d-g
CKJIaZIOBUX HANpYyTH; HE BUMarae OOYHMCIEHHS TPUTOHO-
METPUYHUX (DYHKIIH IPH IepETBOPEHHI KOOPIUHAT.

2.V crarTi OOKIamHO PO3TIAHYTI (i3W4HI Tepemy-
MOBH (YHKIIIOHYBaHHS CHJIOBOI CXEMH Ta 3aIpOIIOHOBA-
HOi aBTOpaMu BeKTOpHOI cucremu ynpasninas AB/IH 3
(biKCOBaHOI YACTOTOI MOAYJIALIT, MPUHLIUIH (OPMY-
BaHHJ JIII0YHMX yCEPEANH] Hel CUTHAITIB.

3. MareMaTuuHe MOJIENIOBaHHSI TEPETBOPIOBaYa 3
3aMpONOHOBAHOI0 BEKTOPHOIO CHCTEMOIO YIPaBIiHHA B
nporpamiomy cepenosuii MATLAB/Simulink noxazano,
mo cxema ABJIH mo3Boisie miaTpuMyBaTéH ONMHM3BKUHN 1O
CHHYCOIIM CTPyM MepeXi >KUBJICHHS Ta 3aJaHe 3HaYCHHS
BUXIJJHOI HalpyTH NPH HYJIHOBOMY CIIO)KHBAHHI PEaKTHB-
HOi TIOTYXKHOCTI B YCTQJICHOMY PEXHMIi IS IITHPOKOTO
Jiarma3zoHy 3MiHM BEIWYHMHHU Ta 3HAKY MOTYXXHOCTI HaBaH-
TaxkeHHs . OTpUMaHI MAIIMHOTPAaMH JI03BOJIIOTH IIEPEKO-
HATHCS B KOPEKTHOCTI POOOTH CHIJIOBOI CXEMH Ta CHCTEMHU
YIpaBNiHH, MO 3a0e3redye MiHIMaNbHI BiJXHJICHHS Bij
3aJ[aHKUX [IApaMEeTPIB ITiJ1 Yac MepexiHUX MPOLIECiB.
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Kondutikr inTepeciB. ABTOpHM CTaTTi 3asBISIOTH
PO BiJICYTHICTh KOHQIIKTY iHTEpECIB.
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Active rectifier with a fixed modulation frequency and a vector
control system in the mode of bidirectional energy flow.

Goal. Creation of a vector control system with improved character-
istics for an active rectifier-voltage source operating in the bidirec-
tional energy flow mode with a with a fixed modulation frequency.
Methodology. The physical prerequisites for the active rectifier -
voltage source operation in the system of a medium-power fre-
quency electric drive are considered. A vector control system with a
fixed modulation frequency is constructed, the principles of forming
the signals acting in it and the influence on its operation of the
converter power circuit parameters and the power consumed by it
are considered. Mathematical modeling of the converter with the
developed control system in MATLAB/Simulink made it possible to
verify the correctness of the operation of the power circuit and the
control system. Results. A new structure of a vector control system
operating with a fixed modulation frequency is proposed, and the
performance characteristics of the circuit in a wide range of
changes in the magnitude and sign of the output power are ob-
tained. The advantages of the new control system over the existing
ones are shown. Originality. The physical prerequisites for the
functioning of the power scheme and the vector control system of
the ARVS proposed by the authors with a fixed frequency of modu-
lation, the principles of forming the signals operating within it are
considered in detail. Practical significance. New structure of the
vector control system operating with a fixed modulation frequency
is proposed and the advantages of the new control system over the
existing ones are shown. References 17, tables 1, figures 9.

Key words: active rectifier, fixed modulation frequency, vector
control system, bidirectional energy flow, vector diagram,
coordinate transformation, pulse width modulation.
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Integrated through-silicon-via-based inductor design in buck converter for improved efficiency

Introduction. Through-silicon-via (TSV) is one of the most important components of 3D integrated circuits. Similar to two-dimensional
circuits, the performance evaluation of 3D circuits depends on both the quality factor and inductance. Therefore, accurate TSV-inductor
modeling is required for the design and analysis of 3D integrated circuits. Aim. This work proposes the equivalent circuit model of the TSV-
inductor to derive the relations that determine both the quality factor and the inductance by Y-parameters. Methods. The model developed
was simulated using MATLAB software, and it was used to evaluate the effect of redistribution lines width, TSV radius, and the number of
turns on inductance and quality factor. Additionally, a comparative study was presented between TSV-based inductors and conventional
inductors (i.e., spiral and racetrack inductors). Results. These studies show that replacing conventional inductors with TSV-inductors
improved the quality factor by 64 % compared to a spiral inductor and 60 % compared to a racetrack inductor. Furthermore, the area of the
TSV-inductor was reduced up to 1.2 mm? Using a PSIM simulator, the application of an integrated TSV-inductor in a buck converter was
studied, and the simulation gave very good results in 3D integration compared to 2D integration. Moreover, the simulation results
demonstrated that using a TSV-inductor in a buck converter could increase its efficiency by up to 15 % and 6 % compared to spiral and
racetrack inductors, respectively. References 21, tables 3, figures 8.

Key words: through-silicon-via-based inductor, 3D integration, buck converter, efficiency.

Bcemyn. Hackpisne 3’eonanns kpemniio (TSV) € 00Hum 3 Haueaxscausiuiux KOMROHEHMIE mpusuMipHux inmezpanvhux cxem. I100ioHo 0o
080BUMIDHUX CXeM, OYIHKA NPOOYKMUBHOCH] MPUBUMIDHUX CXeM 3ANeXCUumy K 6i0 0obpomHocmi, max i 6i0 inoykmusHocmi. Tomy ona
NPOEKMYBAHHA MA AHANIZY MPUSUMIDHUX THMESPATbHUX CXeM HeoOXiOne moune mooentosants TSV-inoykmopa. Mema. Y yiii pobomi
npononyemucs exsisanenmua mooenv cxemu TSV-indykmopa 0ns ugedents cniggioHouieHsb, wo UHAAIOMb K 00OPOMHICMb, MAK i
inoykmusnicmo 3a Y-napamempamu. Memoou. Pospoorena modens 6yna 3moo0envosana 3 UKOPUCIAHHAM NPOSPAMHOZ0 3a0e3nedeHHs
MATLAB ma suxopucmana O1s OYiHKU 6NAUBY WUPUHU TN nepepo3nodiny, padivey TSV ma kinbkocmi aumkie Ha iHOYKmMueHicms ma
dobpomuicmy. Kpim moezo, 6y10 npedcmasneHo NOpieHANbHe OO0CTIONCEeHHS Mixc IHOYyKmopamu Ha ochosi TSV ma 3euuatinumu
inoykmopamu (mobmo cniparbhumu ma inoykmopamu muny 6icoéa oopidxcka). Pesynomamu. Lfi 0ocniodicenns nokazyome, wo 3amina
3eunatiHux iHOykmopie Ha TSV-indykmopu nokpawuna doopomuicmo Ha 64 % nopieHsano 3i cnipanbhum iHOYkmopom i Ha 60 % nopigHsmo 3
inoykmopom muny 6icosa oopigcka. Kpim moeo, niowa TSV-indykmopa 6yna smenwerna 0o 1,2 mm? 3a oonomoeoio cumynsmopa PSIM
oyno eusueHo 3acmocyéanns 60yodoeanozo opocens TSV 6 3HUdICYS8ATbHOMY NEpPemeoprosayi, i MOOe08aHHA Oano OYxHce XOpouli
pesynomamu npu 3D-inmeepayii nopiensano 3 2D-inmezpayicto. binbw moeo, pesynbmamu MOOeIO8aHHS NOKAAU, WO SUKOPUCTIAHHS
TSV-inoykmopa 6 nOHUICYBATLHOMY NEPemeopIosati 00380A€ NIOGUWUMU 11020 edpexmugHicmb 00 15% ma 6 % nopienano 3i cnipaneHumu
iHOyKmopamu ma inoykmopamu muny 6ieoea 0opivcka ¢ionosiono. bion. 21, tabn. 3, puc. 8.

Kniouosi cnosa: iHIyKTOp Ha 0CHOBi KpeMHit0, 3D-iHTerpauis, 3SHHKYHOUMIi IepeTBOPIOBaY, e()eKTHBHICTD.

Introduction. In recent years, technological
advancements have enabled several functions to be

presented, showing the influence of the geometric
parameters of the 3D inductor. Finally, this paper

combined into one chip by increasing passive components
while maintaining the same chip area [1-3]. However, the
scaling process in 2D technology has the effect of wasting
energy for the integrated passive components, resulting in
an inefficient system [4]. It is possible to resolve this latter
issue using 3D integration due to its superior performance
in comparison to 2D [5, 6]. 3D integration is a new
technical approach to scientific progress that distinguishes
itself from its 2D counterpart by its high efficiency, smaller
area, and lower cost [7]. Several technologies including 3D
integration exist, with the most important being integrated
circuits based on through-silicon-via (TSV). As a solution
to the aforementioned problems associated with planar
inductors, a TSV-inductor is suggested in a buck converter
[8]. The structure of TSV-based inductors is the most
compact in design with fewer parasites and is used in a
wide variety of applications [9].

To address the problems encountered with 2D
inductors, several studies have been conducted in the
literature to exploit TSVs. These studies include Zhang et
al. (2010) [10], Bontzios et al. (2011) [11], and Feng et al.
(2012) [12]. In 2013, Tida et al [13] attempted to employ
TSVs in vertical inductors for radio frequency applications.

The main contributions of this article are as follows:
we are the first to study the behavior of TSV-inductors at
high frequencies. Additionally, we compare the effects of
3D inductors with 2D inductors on the efficiency of the
buck micro-converter.

This work is organized as follows: first, a theoretical
study of the TSV-inductor is presented, highlighting its
equivalent electrical circuit. Second, simulation results are

concludes by demonstrating how the efficiency of the
buck converter can be improved using the proposed TSV-
inductor and comparing it with two other inductors.

Design and modeling TSV-inductor. There is a
strong relationship between the performance of the TSV-
inductor and its geometric parameters.

Figure 1 shows the typical structure of a TSV-based
3D inductor, which consists of three basic parts: the TSV,
which is cylindrical in shape, and the upper and lower
redistribution lines (RDLs) that’s have rectangular forms.

1 Tsv
B upper side RDL
I Lower side RDL

Fig. 1. Typical structure of TSV-inductor

The variables defining the geometry are the height £
and radius r of the TSV, the length /, the width w, and the
thickness ¢ of each conductor, and the spacing d and the
number of turns N. Copper is used as the metal material
for these elements, and SiO, is used as the insulating
material between the substrate and the copper lines.

Table 1 summarizes all geometric parameters that are
essential factors in the performance of the TSV-inductor.
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Table 1
Geometrical parameters of TSV-inductor

Parameter Value

TSV height 4, pm 80
TSV radius r, pum 12
Number of turns N 3

RDL length /, pm 150
RDL width w, um 20
RDL thickness ¢, pum 6

Spacing between RDLs d, um 15

The structure has two positive features: it greatly
reduces the inductor printing space (lowering costs), and
the design is greatly simplified. There are many
equivalent circuit models for on-chip spiral inductors, but
these models are rarely applied to inductors with TSVs.

As shown in Fig. 2,a, a 7-equivalent circuit model has
been developed for the higher frequency ranges [14]. The
parameters of this model are: the capacitance between the
redistribution lines adjacent C, the inductance series of the
redistribution lines L, the resistance series of the
redistribution lines Ry, the capacitance between the TSV
and the substrate C,,, the capacitance of the substrate Cj,,
and the resistance of the substrate Ry,;, which represent the
resistance, inductance, and capacitance characteristics of
RDL and TSV [15, 16]. As shown in Fig. 2,b, these
parameters of the circuit model can be derived from the
Y-parameters: elements of admittance series Y, and the
elements of admittance shunt Y, and Y. [17].

Ya

|
1
Rs © Ls
A

5 3 ve
Yb - Cox Cox —

Rsub Csub: Rsub Csub

L a 1

Port1

Port2
Ya=-Y12

Y11 + Y12

Yo =Y22 + Y12

Yb

— b =
Fig. 2. a — equivalent circuit model of TSV-inductor;
b — m-model of two-port network

The definition of TSV-inductors is mainly based on
two parameters; quality factor Q and inductance L. These
latter are given by the Y parameters through the following
equations [18, 19]:

I Im(1/Y;;)

, (D
@
where o = 2zf'and fis the frequency,
Re(l/Yy;)

Simulation and results. In this study, we simulated
the proposed design using MATLAB software. The
simulation results show a parametric study of conductor
width w, the radius » of the TSV, and the number of turns
N, to verify the extent to which structural parameters
affect the electrical response of solenoid inductors. For a
detailed examination of the effects of geometric
parameters, we chose the frequency range 1-10 GHz as it
includes the peak values of the electrical parameters (i.e.,
inductance and quality factor).

RDL width. As shown in Fig. 3, widening the width of
RDL increases the quality factor with decreasing the value of
the inductance due to the low resistance. At 6 GHz,
the RDL width of 25 pm gives a maximum quality factor
50 and a minimum inductance 8,4 nH. Compared to a RDL
width of 15 pm, it shows a 36 % variation in inductance
and the Q factor decreases by 18 %.

2 4 6 8 x10° 10

b
‘ ‘ ‘ ‘ f,Hz
2 4 6 8 x10° 10
Fig. 3. Inductance (a) and quality factor (b) of TSV-inductor for
different widths of RDL

Radius of TSV. Figure 4 shows the effect of
changing the radius of the TSV while holding all other
geometric parameters constant.

At 2 GHz, the smallest radius of 10 um shows an
inductance of 4.8 nH with a maximum difference of 31 %.
The highest O factor is observed in the largest diameter of
14 pm, which shows an improvement of 14 % compared
to the smallest diameter. Therefore, to achieve a high
inductance value with a high-quality factor, an optimum
radius should be chosen.

Number of turns. Figure 5 shows the effect of
changing N on inductance and quality factor while
keeping all geometric parameters constant.

The inductance at 3 GHz is about 3.5 nH when the
number of turns is 2 and increases to 5 nH when N = 4.
With increasing frequency, we notice that there is a
significant increase in inductance.

The quality factor peak at 49 when the number of
turns is 2 at 7 GHz, for N = 3 the peak is 45 at 6.5 GHz,
and for N =4, is 42 at 6 GHz, respectively.
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==r=12 ym
=2=r=14 pm

JA Hzi

8 x10° 10

50+

=O0=r=10 ym |

b

‘ ‘ ‘ ‘ f,Hz

2 4 6 8 x10° 10

Fig. 4. Effect of changing the radius of TSV on inductance (a)
and quality factor (b)

L,H . l-o— N=2
2/ x10° == N=3
——N=4

f,Hz
x10° 10

2 4 6 8
Fig. 5. Inductance (@) and quality factor (b)
for TSV-inductor against frequency from 2 to 4 turns

Comparison and application in buck converter.
The results obtained from the proposed TSV-inductor are
compared with the 2D inductors in Table 2.
Table 2
Comparison between spiral inductor, racetrack inductor
and TSV-inductor

obtained in [20], [21] by 64,4 % and 60 %, respectively.
The proposed inductor is considerably smaller than those
of the other two types by about 95 %.

In order to compare the performance of the TSV-
inductor with the other two types above, we applied each
of them to a buck converter design with the same design
specifications given in Table 3.

Table 3
Design specifications for the buck converter
Vi V Vs V 1, MHz Max load, A
1,5 0,8 500 0,5

Using a model of the TSV-inductor studied in the
first part of this work in a buck converter gives the results
obtained by the PSIM simulator. Figure 6 shows the
output current of the buck converter at the frequency 500
MHz, which is stable at the value of 0,5 A after an initial
period of about 2 ms. We also observe the same behavior
for the output voltage shown in Fig. 7. It is noticeable that
the input voltage decreased from 1.5 V to 0.8 V.

Louss A

0.5

04

03

02

0.1

0 4,8

0 0.002 0.004 0.006 0.008 0.01
Fig. 6. Current output of a buck converter using a TSV-inductor

, VoV

038

0.6

04

0.2

1, s
0 0.002 0.004 0.006 0.008 0.01
Fig. 7. Voltage output of a buck converter using a TSV-inductor

A study of the effects of load current on the efficiencies
of three designs was conducted. Figure 8 shows that all three
designs achieve approximately the same efficiency between
0 and 100 mA, but the difference between them increases
slightly after 150 mA and reaches 500 mA, which is the
maximum load. As expected, the TSV-inductor improves its
efficiency by up to 15 % and 6 % compared to the spiral

inductor and racetrack inductor, respectively.
100 ; ‘

Efﬁcienéy, %

80 —

== TSV inductor

Reference Type Size, mm?® | L, nH Ohnax
[20] Spiral inductor 26 13,84 | 16
[21] Racetrack inductor 22,7 8,89 | 18

This work TSV-inductor 1,2 4,2 45

60

401

=O=Racetrack inductor |
=& Spiral inductor

It is clear that the proposed TSV-inductor in our
work presents a higher quality factor compared to other
conventional inductors. The low Q of the 2D inductors is
caused by the large substrate loss. As shown in Table 2,
the achieved quality factor in this work is greater than that

20¢

0 L L L L 1’ mA
0 100 200 300 400 500
Fig. 8.Variation of buck converter efficiency as a function of

load current for three inductors’ different
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Conclusions. In this article, a simple model of the
through-silicon-via (TSV) inductor has been derived from
the physical layout. Then, the effect of various geometric
parameters such as the width of redistribution lines, the
radius of TSV, and the number of turns was analyzed in
detail using MATLAB simulations to determine the optimal
TSV-indicator geometry parameters. Furthermore, we
demonstrated the efficiency of the 3D TSV-inductor
structure compared to other conventional 2D inductors in
buck converter designs of the integrated circuit. According to
simulations, the use of a TSV-inductor in a buck converter
improves its efficiency by 15 % and 6 % compared to the
spiral inductor and racetrack inductor, respectively. The
results show that the TSV-inductor is a very promising
approach for the integration of DC-DC converters.

Conflict of interest. The authors of the article
declare that there is no conflict of interest.
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E. Parimalasundar, S. Muthukaruppasamy, R. Dharmaprakash, K. Suresh

Performance investigations of five-level reduced switches count H-bridge multilevel inverter

Introduction. This research paper describes a simple five-level single-phase pulse-width modulated inverter topology for photovoltaic
grid applications. Multilevel inverters, as opposed to conventional two-level inverters, include more than two levels of voltage while
using multiple power switches and lower-level DC voltage levels as input to produce high power, easier, and less modified oscillating
voltage. The H-bridge multilevel inverter seems to have a relatively simple circuit design, needs minimal power switching elements, and
provides higher efficiency among various types of topologies for multi-level inverters that are presently accessible. Nevertheless, using
more than one DC source for more than three voltage levels and switching and conduction losses, which primarily arise in major power
switches, continue to be a barrier. The novelty of the proposed work consists of compact modular inverter configuration to connect a
photovoltaic system to the grid with fewer switches. Purpose. The proposed system aims to decrease the number of switches, overall
harmonic distortions, and power loss. By producing distortion-free sinusoidal output voltage as the level count rises while lowering
power losses, the constituted optimizes power quality without the need for passive filters. Methods. The proposed topology is
implemented in MATLAB/Simulink with gating pulses and various pulse width modulation technique. Results. With conventional
topology, total harmonic distortion, power switches, output voltage, current, power losses, and the number of DC sources are
investigated. Practical value. The proposed topology has proven to be extremely useful for deploying photovoltaic-based stand-alone
multilevel inverters in grid applications. References 18, table 2, figures 15.

Key words: H-bridge multilevel inverter, pulse width modulation, switching losses, total harmonic distortion.

Bcemyn. 'V yiti docnionuybkitl cmammi onucyemscsi Bpocma monoJio2is n’smupieHe020 00HOMA3H020 THEePMopa i3 WUPOMHO-IMIYIbCHOI
Mmooynayiero ona gpomoenekmpuuHux mepesic. baeamopisnesi ineepmopu, Ha 6i0MiHy i0 36UYALIHUX OBOPIEHEBUX THBEPMOPIB, BKIIOUAIONb
Oinvue 080X piGHi6 Hanpyeu NPy BUKOPUCTNAHHI KITbKOX NePeMUKA4i6 NOMYHCHOCTE Ma PIGHIE NOCMIUHOI HANPY2U HUMCHO2O0 PiBHS HA 8X00I
05l cmeoperHs OLiblL NOMYIHCHOT, npocmiwiol’ | MeHu Mooughikosanoi konueanvHoi Hanpyeu. baecamopienesutl ineepmop 3 H-mocmonm,
Mabymb, Mae GIOHOCHO NPOCMY CXeMy, GUMASAE MIHIMATbHOL KIIbKOCMI elleMeHmis, wo nepemMuxkaiomv, i 3ade3neuye Oimbil SUCOKY
epexmusHicmy ceped Pi3HUX MUNie Monono2il 6asamopieHesux IHeepmopis, sIKi 0ocmynHi 6 oanuil yac. Tum He MeHul, UKOPUCIAHHSL
binviue 00H020 Odcepena NOCMitiHo2o Cmpymy OIA OLbUL HIdC MPbOX PIGHIE HANPY2U, A MAKONC 6Mpamiu Ha NEPeMUKAHHs ma NPoGioHicmb,
SKI 8 neputy yepzy GUHUKAIOMb 8 OCHOBHUX CUNOBUX NepeMuKayvax, K i pawiwe, 3anumaiomecs nepeuwkoooro. Hosusna sanpononosaroi
pobOmU NOA2AE Y KOMNAKMHIL MOOYIIbHIL KOHpicypayii ineepmopa 01 NIOKIHOYeHHS. (hOMOeIeKmMPUYHOL cucmemu 00 Mepedici 3 MEHUIOK
Kinvkicmio nepemuxauie. Mema. Ilpononosana cucmema cnpsmMo8aHa HA 3MEHUWIEHHS KIIbKOCMI NEePeMUKAYis, 3A2albHUX SaApMOHIYHUX
cnomeopens ma empam nomyscnocmi. Cmeopiolouu cuHycoioansiy uxiony manpyzy b6e3 cnomeopenb y Mipy 30inbuienHs pieHs ma
O0OHOYACHO 3HUIICYIOWU GMPAMU NOMYICHOCHI, Nepemeoplosay ONMUMI3ye AKiCMb elekmpoeHepeii 6e3 HeoOXioHocmi 8UKOPUCAHHS
nacugnux @inompis. Memoou. 3anpononosana mononoeisa peanizosana 6 MATLAB/Simulink 3 euxopucmanmsm cmpobyrouux imnynscie ma
PIBHUX MemO0i8 WUpomHo-imnynbcHoi mooynayii. Pesynemamu. 3a mpaouyiiinoi mononozii 0ocaiodncylomsvcsi 3a2anbHi 2apMOHIYHI
CHOMBOPEHHS, CUNOBI KIIOUL, GUXIOHA HANpYed, CIMPYyM, Mpamu NOMYJICHOCHI Ma KilbKicmb ddxcepen nocmiinozo cmpymy. Ipakmuuna
YiHHICINb. 3anpONOHOBAHA MONON02IA BUAGUNACA HAO3BUUATIHO KOPUCHOIO Ol PO320PMAHHS A6MOHOMHUX 6a2amopieHesux iHeepmopie Ha
ghomoenexmpuunitl ocrogi y mepesicHux dooamrkax. biomn. 18, Tadmn. 2, puc. 15.

Kniouoei cnoea: OGararopiBHeBuii inBeprop H-mocTy, IIMpOTHO-iMIIyJIbCHA MOAYJsLis, KOMYTaUiiiHi BTpaTH, 3arajbHi
TapMOHIYHi CHOTBOPEHHS.

1. Introduction. Multilevel inverters (MLIs) have
become widely used as power converters for DC-AC
power conversion in medium and high voltage/power
applications, including those involving renewable energy
sources, motor drives, and power systems like flexible AC
transmission system and high voltage DC transmission
systems. The MLI has gained acceptance as a result of its
many benefits. These benefits include wider effects
voltage, lower output voltage harmonic distortion, less
voltage stress on the switches, low voltage ratings for high
voltage applications, and smaller filters, to name a few.
Most residential or low-power applications with power
ranges under 10 kW use single-phase grid-connected
inverters [1]. Numerous single-phase grid-connected
inverter types have been the subject of studies [2].

Conventional MLI topologies include the cascaded
H-bridge (CHB), flying capacitor (FC), and diode-
clamped. However, these topologies have a greater
number of components and more levels of capacitor
voltage balancing. There have, however, been a number
of MLI topologies with fewer switches proposed [3, 4].
The majority of renewable energy sources have had low
output voltages. The boosting has traditionally been a
crucial component of topologies used in higher voltage
applications. The capacitor voltage disparity flaw affects

both neutral point clamped (NPC) and FC configurations.
As a result, balancing the voltages of capacitors requires
the use of an auxiliary stability circuit, a sophisticated
control algorithm, current/voltage sensors, and a
recognition circuit. When their output reaches the desired
level and a rapid increase in the number of power
switches, power diodes, and capacitors used, the cost and
regulate difficulty will be very high. In comparison to FC
and NPC topologies, the conventional CHB topology can
produce a significant output level with module cascading,
and the voltage balance of the capacitor can be avoided
because multiple symmetric/asymmetric DC sources are
synthesized and used in the multilevel output. Finding
enough unbiased sources is a major issue for the majority
of practical uses [35, 6].

Single-phase MLIs can play an important role in this
area, converting the photovoltaic (PV) system’s DC
voltage into a continuous AC signal accessible by loads as
well as the gird significantly fewer harmonic filters and
increased  performance. The seven-level power
conditioning unit inverter has been proposed for this
purpose, with appealing features such as low number of
switches and the ability to generate multiple voltage
ranges at the result [7, 8].
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Recently, it has been shown that five-level switched
capacitor-based inverters are capable of producing higher
voltage progress [9-12]. In [13] authors give an example
based on an extendable switched capacitor module.
Compared to inverters from [14, 15], all of which do not use
diodes, it induces low voltages on its switches. Use of the
diodes [16-18] can reduce the number of switches. The
previous discussions suggest that there is a trade-off with
switched capacitor-based boost MLIs. To put it another way,
using low-voltage switches typically requires using more
switches and the gate-driver circuits that go with them,
whereas having a high switch count requires the use of high-
voltage switches. These MLIs require a greater number of
switches, DC sources, diodes, and capacitors as the number
of output levels rises. Increased control complexity, system
size, and installation space are the results of this.
Consequently, the cost of the entire system rises.

The previous drawbacks are addressed by
implementing modified MLI designs based on fewer circuit
elements. The following noteworthy advantages of the
topology are not in any specified sequence: The output
voltage amplitude in the suggested topology can rise by as
much as 4 times the magnitude of the DC source voltage.
Designing switching patterns for power electronic switches
involves the widely used multicarrier pulse width modulation
(PWM) technique. Investigations have been made into the
effects of variable loads on the current and voltage total
harmonic distortion (THD) values. The five-level inverter
has a significantly lower component count when compared
to other inverters. Adding a suitable RL load have been assist
in reducing the circuit’s output voltage ripple.

Depending on the output voltage level, different
common MLI configurations require different amounts of
components. This suggests that the quantity of
components will increase along with the output voltage
levels. The main structural components of the multilevel
converters are switches and related gate drive circuits.
Size, cost, and control complexity of the inverter circuit
all increase as the number of components does. In Fig. 1 a
MLI with a PV application is illustrated. The proposed
topology of five-level inverters and five power
semiconductor switches is shown in Fig. 2.
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Fig. 1. PV fed proposed five-level MLI to AC grid integration
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Fig. 2. Proposed topology of five-level MLI

2. Proposed topology and modes of operation.
Power semiconductors are used in a MLI to create a
staircase waveform from various DC levels. The 8 IGBT
switches on the five-level output voltages of conventional
MLI have been designed. The newly proposed topology
with a reduced switch count of 5 IGBT switches is further
discussed in this article. Figure 3 depicts the switching
process of the proposed MLI, which results in a +2V,
output voltage. Similar to +V,, 0Vy, —Vy, and -2V,
output voltages, which are depicted in Fig. 4-7
respectively, switching patterns of MLI are used to
determine these voltages. Figure 8 illustrates the
sinusoidal PWM used to generate switching patterns
based on a signal with one reference wave and 4 carriers.
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Fig. 8. Sinusoidal PWM for generating switching patterns

3. Results and discussion. Figure 9 shows the output
voltage and current of the suggested MLI for a resistive
load, which provides a 220V staircase five-level output
voltage and current patterns which complement the output
voltage patterns of resistive load. The output voltage and
current of the proposed MLI for a resistive load are shown
in Figure 10, which produces a 220V staircase output
voltage but almost sinusoidal current patterns owing to the
inductive load. Figure 11 has shown a THD analysis of the
proposed MLI’s output voltage under a resistive load. The
output current of the proposed MLI under a resistive load is
shown in THD analysis in Fig. 12. Figure 13 has shown a
THD analysis of the proposed MLI’s output current under a
resistive and inductive load.
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Fig. 9. Output voltage and current of proposed MLI for resistive load
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Fig. 10. Output voltage and current of proposed MLI for RL load
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Fig. 11. THD analysis of output Voltage of proposed MLI during R load
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Fig. 12. THD analysis of output current of proposed MLI during R load
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Fig. 13. THD analysis of output current of proposed MLI during RL load

4. Power loss and comparative analysis. The
losses in the developed proposed structure are mostly
intense on 3 main power losses, specifically losses during
switching (Wsicning) and conduction (Weonducrion). Then
overall power loss (Wp,) of MLI is written as:

WLoss = WSwitching + WConduction : ()
Conduction loss of power semiconductor devices is

calculated as:
Ty/2 {lVCEO + rip sin(a)t)lx }

Wconduction = I

o 1 - ’
o [Xip Sm(“’”[? (1 + A, sin(wt + go)}dt

after simplification of above equation:

. 2
l 1
[VCE0'£+V'£]+
1 T 4
WConductionza ,(2)
iy 1
-{Am C0s@-Vpo g J-{g.rl’gj

where Vg is the zero-current collector to emitter voltage;
r is the collector to emitter on-state resistance; A4,, is the
modulation index; i, is the peak current of IGBT device.

Switching loss is expressed as the integration of all
the turn-on and turn-off switching energies at the
switching instants. In the equation, variable switching
time is considered and integrated as:
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Ty/2
1 .
WSwitching = fsz_ J(Eon + Eoff)' (t»lp )dt > 3)
0 9
where T is the switching time period; f;,, is the switching
frequency; E,, is the on-state voltage drop; E,;is the off-
state voltage drop.
The efficiency of MLI is calculation as:

P,
Efficiency = Quiput

-100% . 4)
Output + WLoss
Table 1 shows the results of various power loss and
efficiency calculations based on mathematical expressions.
Table 1
THD, power loss and conduction loss parameters
of proposed five-level MLI

Parameters Conventional Proposed
H-bridged topology|H-bridged topology

No. input DC

. 2 2
supply (symmetrical)
DC voltage
(magnitude), V 110 110
RMS output voltage, V 220 220
No. of IGBTs 8 5
No. gating circuits 8 5
Carrier
frequency, kHz 2 2
THD current
(RL load), % 18.99 12.21
| W swiching losss W 0.32 0.24
W conduction losss W 48.25 45.31
W Losss W 48.81 45.55
Efficiency, % 91.63 95.52

Table 2 depicts the fundamental parameters of
conventional and proposed MLI.

Table 2
Parameters of conventional and proposed MLI
Parameters DC FC | CHB | Proposed MLI
DC supply 1 1 2 2
Switches 8 8 8 5
Diodes 12 — — 1
DC bus capacitors 4 4 — -
Balancing capacitors 0 6 - —

Figure 14 has shown a THD analysis of the output
current of the proposed MLI under a resistive load, and
Figure 15 illustrates an efficiency comparison between
the proposed and conventional MLI.
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Fig. 14. THD analysis of output current of proposed MLI during
resistive load
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Fig. 15. Efficiency analysis of conventional and proposed MLI

5. Conclusions. It is observed that a five-level
converter that is able to reconfigure and makes use of fewer
power switches satisfies multilevel inverter requirements.
The used five-level inverter produced 5 levels of RMS
output staircase voltage when the power switches were
given the proper pulse width modulation signal in a logical
manner. Using the MATLAB/Simulink, total harmonic
distortion values between 12.21 % distances with various
loads were obtained and examined. The proposed converter
is 95.52 % efficient when input, output, and power losses
are taken into account. Comparisons show that the
suggested single-phase five-level inverter performs
significantly better than traditional converters.
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B.4. Pomamxo, JI.M. batpak, O.0. AGakymoBa

Oco6,1uBOCTi p000TH IMITYJILCHUX PEryJsiTOPiB B pesKUMi nepeJaBaHHS
MaKCHMAJIbHOI OTY’KHOCTI, 32 HAABHOCTI aKyMYJISITOPa Ha IX BUXO/i

s eqpexmusro2o GUKOPUCMAHHS HEMPAOUYILIHUX MA BIOHOGTIOBAHUX 0JCepel eNeKmMPUYHOL eHepeii HeoOXIOHo 3abe3neyysamu ix pobomy
6 MOUYi MAKCUMATLHOT NOMYAHCHOCIII, WO MOHCTUBO NPU PIGHOCHIE ONOPY HABAHMANCEHHS A BUXIOHO20 ONOPY OXcepend. [l y3200MceH s
ONOPY HABAHMANCEHHS 3 BUXIOHUM ONOPOM OHCEPENA MIXC 0XHCEPENoM MaA HABAHMANCEHHAM NIOKTIOUAIONb Y3200HCYBATbHULL IMIYALCHULL
pezaynamop. Jlocums uacmo KinbKicmo enepeii, wo ompumyoms 6i0 noOIOHUX 0xcepel, 3anexcums 6i0 306HiuHix ymos. [Llob 3abe3nevumu
Oinbiu piGHOMIPHE HAOXOONCEHHs! eNeKMPUUHOI eHepeii 00 HABAHMANCEHHSA, HA 8UXO0I IMIYILCHO20 PeyIAMOpa NiOKIIOUAIOMb aAKyMY -
mop, wo npayroe 8 Oyghepromy pesicumi. 3a maxkux yMo8 HaBAHMAICEHHAM IMIYIbCHO20 Pe2YIamopa € aKyMyIamop, a poib HAGAHMAICEH-
HA Ooicepena JicusneHHs GUKOHysamume 6xXionull onip pezynamopa. Lleii onip 3anescums 6i0 eenuuunu Hanpyau Ha akyMyIAmopi, muny im-
NYICHO20 pe2yiamopa ma pedcumy oo pobomu. Y maxux unaoxkax pexicum iobopy MakcuMantbHoi ROmyicHOCHIE 0xcepena modice Oymu
3a6e3nedenuti WIAXoM 6UOOPY 8ION0BIOHO20 pedcuMy pobomu imnyibchozo peeyiamopa. Memoio pobomu € ananiz ymo8 ma 6usHa4enHs
PEdACUMIB, 30 IKUX 3a0e3Netyembcsi nepedaya 6io 0xcepena 6 aKymyisimop MaKCUMAIbHO MONCTUBOT KLIbKOCII eeKmMpPUYHOL enepeli, a ma-
Koo#C 0cobnusocmelt pobomu iMnyIbCHO20 pe2yliamopa y 3a3HaveHoMy pexcumi. 3 yieio memoio Oy10 6USHAYEHO Ma NPOAHANI308AHO pecy-
JI0BANILHI XAPAKMEPUCMUKU IMNYTIbCHUX Pe2yNAMOopI6 NiOGUYEANIbHO20 MA NOHUICYEANLHO20 MUNIE 3 YPAXYBAHHAM HAAGHOCHI AKYMYIs-
mopa na ix euxooi. Bpaxogyiouu, wo y pesicumi nepedasanHa MaKCUMAanbHOI NOMYICHOCHI 8UXIOHULL ONip Odicepena ma Onip HABAHMAdiCeH-
HA € GeNUYUHAMU 00HO20 NOPSOKY, NPU BUSHAYEHHI Pe2yNo8albHUX XapaKmepucmux 6paxoeyeascs GHympiwHii onip Odicepena. B pe3yno-
mami aHanizy OMpUMAHUX pecynio8anbHUX XAPAKMEPUCUK OVII0 8U3HAYEHO YMOBU, 3a AKUX 3abe3newycmuvcs nepeoasanis emepeii 8io
odicepena 00 akyMyIAmopa, a MaKodic GUHAYEHO NAPAMEmpU PediCUMy POOOmMU iMNYIbCHO2O PeyIamopd, 3d AKUX 6i0 0icepend enleKmpuy-
Hoi enepeii 6yde 6I0OUpaAMUCA MAKCUMATLHA NOMYICHICb. OpuiHanbHIcMIo pobomu € 6paxy8ants 6HympiuiHb020 Onopy ddicepena ene-
KmpuuHoi enepeii npu GUsHA4eHHi pecyo8anbHUX XapaKmepucmux iMnynbchux pezyramopis. Ooepaicani pe3yismamu 0anu MOJ*CIUSICHIb
eKxasamu OOYLIbHUL OIANA30H HANpye aKyMyIsmopa OJis PI3HUX MURIE IMNYIbCHUX Pe2yNimopie, a MaKoxic 0amu nPaKmuyHi pekoMeHOayii
Wo0o 6uOOPY pedtcumy pobomu iMIYILCHO20 PeYIAMOPa Y 3aNeHCHOCH 6i0 11020 MUNY, a MAKOIC 6eNUYUHI HANPYeU HA AKYMYJISAMOpI.
bibmn. 17, tabn. 1, puc. 4.

Kniouogi cnosa: BUXiTHUi omip Azkepesa, y3roj:KyBaJbHHil iMIyJbCHHI pery/siTop, po6oTa Ha aKyMyJsITOp, MepeJaBaHHS

MAaKCHMAJILHOI IIOTY KHOCTI.

Beryn. Y 3B’3Ky 31 3HAaYHHUM TOIMIMPEHHSAM HETpa-
IUIIHHAX Ta BIOHOBIIOBAHMWX JDKEpeN IOCTae 3amada
OTPHMaHHS BiJ] HUX MaKCHMAalbHO MOXJIMBOI KiTBKOCTI
eNeKTpryHOi eHeprii. [y 1poro podoua Touka Kepena
JKUBJICHHSI Ma€ Tepe0yBaTy B TOYIl MAaKCHMAJBHOI MOTY-
skHocti (TMIT). Sk Bigomo [1-4], Takuii pesxum podoTH
JoKepena Oyje 3a0be3neueHuid 32 YMOBH, 1110 OIip HaBaH-
TaXEHHs R CHiBIaJae 3 BHUXIJIHUAM OIOPOM JDKeEpena 7.
Skmio x R # r, Ui 3a0e3meveHHs] MOXKIIMBOCTI BiOUpaH-
HS BiJl JUKepella MAKCHMAJIBHOI MOTY)KHOCTI, MIXK JKepe-
JIOM Ta HaBaHTAXXCHHSM BMHKAIOTH IMITYJIILCHHUH PEryIisi-
Top (IP), sikuii y3ro/uKye omip HaBaHTAKEHHS 3 BUX1THUM
ormopoMm kepena Ha chorogHi OCHOBHHM METOIOM Bif-
OMpaHHA MaKCHMAIIbHOI IOTYXXHOCTI BiJ HETpaguIiiHUX
Ta BIJHOBIIIOBAHUX JKEPENI € BUKOPUCTAHHS PI3HHUX aJlro-
purmiB nomyky TMIT mkepena [5-10]. Binburicts mux
ITOPUTMIB MOJIATAIOTh Y MEPIOJUYHINA 3MiHI TPUBAIOCTI
3aMKHEHOro craHy kiroua IP i, y 3ayexxHoCTI Bij Hacmiz-
KiB Takoi 3MiHH, KOPEKTYBaHHS 1li€] TPUBAJIOCTI B CTOPO-
Hy 3MeHLIeHHs a0o 30utbuieHHs. OCHOBHUM HENOJIIKOM
MOJIIOHUX METOJIB € Te, [0 Y MOMEHTH 3aIycKy abo pis-
KO1 3MiHM 30BHIIIHIX yMOB, Koy koopanHatu TMII He-
BiZioMi, 1i TIOIIYK MOXXE TPWUBAaTW NMEBHUH 4Yac, IMPOTIroM
SIKOTO Bif JpKeperna Oyae HeZOoOTpUMaHa IMeBHA KiTBKiCTh
e”eprii. bimein Toro, y mporeci momyky TMIT moxnusi
BHIIAJKHM, KOJNW 3MiHa TPHUBAJIOCTI 3aMKHEHOTO CTaHYy
KJIfo4a BiZI0yBaTUMEThCS Y MPOTHIICKHOMY BiJl HEOOXi[-
HOTO HAmMpsIMKy, L0 30UIbIIyBaTUME KUIbKICTh HEIOOT-
puMaHoi eHeprii. JIOMOBHEHHS ICHYIOYHMX aITOPUTMIB
aHAITAYHUMH MeTonaMu Bu3HaueHHs TMII mae Moxiu-
BICTb 3HAYHO NMPUIIBUANIMTH 1 MOUIYK 1 3MEHIIUTH KiJlb-
KICTh HEIOOTPUMAHOT BiJ] JKepelia eJIeKTpUYHOT eHeprii.

JlocuTh 9acTo KiIBKICTh €HEpPrii, 10 HAAXOIUTH Bif
HEeTpaJuLiiHUX Ta BIJHOBIIOBAHUX JUKEPEN, 3aJICKUThH

Bil 30BHIIHIX yMOB. ToMy, s 3a0e3rmedeHHs OB
PIBHOMIPHOTO HAJXOIDKEHHS €HEprii 0 HaBaHTaXKCHHS,
Ha Buxo#i [P miAKIIFoYaroTh akyMyIsTOop, SIKUH MPaIoe B
OydepHomy pexxumi [11-13]. ¥V Takux Bumaakax HaBaH-
TaxxeHHsAM [P Oynme came akymynsaTop, a poib HaBaHTa-
’KEHHS JDKepesa BUKOHYBAaTHME BXIIHHUH OIp peryisro-
pa. PexxuMm BimOupaHHs BiJ JpKepesia MakCHMaJIbHOI IO-
TYXKHOCTI MOke OyTu 3a0e3nedyeHuil LuIsIXoM BUOOPY
BIZINOBITHOTO pekuMy podotu IP.

MeTor0 po6OTH € aHAII3 YMOB, 3a SKHX MOXIIHUBE i
JIOLUIbHE TIepeaBaHHsl Bifl JpKepesia )KHUBJICHHS 10 aKy-
MYJISITOpa MakCUMaJIbHO MOXKJIMBOI KiJIBKOCTI €JIeKTpHY-
HOI eHeprii, a Takox ocobnuBocTel podotn IP B Takomy
PEKHMI.

Jis 11p0T0 HEOOX1THO BU3HAYUTH Ta MpOoaHali3yBa-
TH pEryIIOBalibHI XapaKTEPUCTUKH PETYIATOpa 3 ypaxy-
BaHHSM BHYTPIIIHBEOI'O ONOPY HOTO JKepena eNeKTPOXKH-
BJCHHS. PO3rstHEMO Il MHUTaHHS HA MpHKIami cxem IP
HOHIKYBAIBHOTO Ta IiABUIYBaJIBHOTO THUIIB, SKi Hai4a-
CTillle BUKOPHCTOBYIOTh AJIs y3TOMKEHHS BUX1IHOTO OIIO-
Py JKepesa )KUBJICHHS 3 OTIOPOM HaBaHTa)KEHHSI.

BusnayeHHsl Ta aHAJi3 peryJOBajJbHHX Xapak-
TepucTHK. OCKUIBKM HAC I[IKABUTh BiIOMpaHHS MaKCH-
MaJIbHOT TIOTY>KHOCTI BiJl JpKepena >KUBIICHHS, PO3TIIsTHE-
Mo Ti BapianTH cxeM IP, siKi 3a0e3meuyroTb TaKy MOXKIIH-
BicTh [14]. BigmoBinHi cXxeMu peryisTopiB MOHMKYBab-
HOTO Ta MiIBUIITYBAIGHOTO THIIIB PEACTABICHO Ha pHC. |
Ta puc. 2.

BBaxaTrmeMo, 10 BHYTPIIIHINA OIip pKepena 7 € Ji-
HIMHKAM, a BHYTPIILIHIH OMip aKyMyJITOpa € 3HAYHO MEHIITUM
y MOpIBHSIHHI 3 BHYTPILIHIM OMOPOM JpKepena. BuzHaunmo
Ta MNPOAHAI3YEMO PETYIIOBAIbHI XapaKTEPUCTHKH CXEM
PETYIIATOpIB, MIPEICTABIICHNX Ha puC. 1 Ta puc. 2.
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PI/IC. 2 CxeMa peryisiTopa IiJBHIYBAIEHOTO THITY

PeryasiTop noHMKyBaabHOI0 THIY. SIKIIIO HE Bpa-
XOBYBAaTH BTpATH B efleMeHTax cxeMu [P, nns perynsropa
(puc. 1) y pexxumi Ge3nepepBHOro CTPyMy 1HIYKTHBHOCTI
3aB¥KIY BUKOHYBAaTUMYThCsl yMOBH [15]

Uour = Uint*; Lows :Iin/t* > ©)
ne ¢ = t,/T — BiTHOCHHMIA YaC 3aMKHEHOTO CTaHy KJIi04a S.
BpaxoByrouw, 1110 BHYTpILIHIK OIip akyMyJsiTopa €
3HAYHO MEHIIMM 3a BHYTPIIIHII omip jKeperna, MOXeMO
BBA)KaTH, LI0 B INPOLECI PETY/IIOBaHHS BHXIJHA Harpyra
peryisTopa 3aJHMIIaeThesl Maike HE3MIHOIO 1 JOpIBHIOE
Uy = E,. OTxe, anst Toro, mo0d y mporeci peryoBaHHs
cucreMa repedyBaiia y CTaHi piBHOBaru, BXiJ{Ha Harpyra
peryisitopa Mae OyTu

Upp = out/t Ea/t*‘ 2)

B peanbHux mKepenax >KUBIEHHS, Yepe3 HasiBHICTb

B HUX BHYTPIIIHBOTO ONOPY, BXiJHAa HAIlpyra peryisTopa

3MIHIOBaTUMETHCSI, BHACTIJOK 3MiH CTPYMY, IO CIIOKH-

BA€THCS BIX pKepera. Y BUMAIKY JiHIITHOTO BHYTPIiIIHBO-

ro OIOpy JKepena, Horo BUXigHa Hampyra (BXigHA Ha-

mpyra IP U,,), BU3HaYaTHMEThCSI BUXITHOIO XapaKTEpHUC-
THKOIO JKepena

Uin =Upe =1j1 (3)

ac Uoc — Harpyra X0JIOCTOTO X0y JHKEpEia )KUBJICHHS.

OTxe, B CTaHI piBHOBAaru, MOBHHHI OJHOYACHO BH-
KOHYBaTHuCh (2) Ta (3)

*
Upe = Iiyr = Ea/t > )
a00 y BiTHOCHUX OAWHUILIX [15]
I_Iiana/t > )
ne Ly = in/lsc; U :U/Uoc; Ea:Ea/Uoc ;

I,. =U,./r — cIpyM KOPOTKOTO 3aMUKaHHsI JKepeJia.

BpaxoByroumn, 110 Hampyra X0JIOCTOTO XOIy JDKepe-
JIa, a TAKOXK HArpyra akymyJlsitopa € (ikCOBaHMMH BEI-
9MHAMH, BHACIIZOK 3MiH mapamerpa ¢ BiZIOyBaTHMETHCS

peryJroBaHHs BXiHOTO i, BIJIIOBIIHO, BUXIJHOTO CTPYMY

peryJsitopa
:[1—15;“/?] (6)

3 ypaxyBaHHsM (1)
* * * [ % 1
w=In/C =[1-E, /i L— ©

OTxe, perymoBanbHi xapakrepuctuku [P (puc. 1)
onucyoTthes (6) ta (7). [IpoananizyeMo oniepxaHi Xapak-
TEPUCTHKH.

BiagmosimHo mo (6), mist 3a0e3meueHHs mepeaaBaHHs
eHeprii BiH JpKepena XKHUBJIEHHS 10 akymyisatopa (I;, > 0),
Mae BI/IKOHyBaTl/ICl: yMOBa

* *
[1—Ea/t J>o, (8)
abo
* *
t >E,. 9)
. o . *

BpaxoByroun ¢i3uuHHil 3MICT apaMeTpa ¢ , Mpuxo-
MO JI0 BUCHOBKY, III0 BiH MOK€ 3MIHIOBAaTHCh B 0OMe-
KEHOMY JiaIa3oHi

121" >E,, (10)
a Hampyra aKkyMmyJsTopa He Moke OyTH OiNbIIoro 3a Ha-

*
Npyry XOJOCTOro XOJy JpKepena »upineHHs (E, <1).

*
Yum MeHoro Oyje Hampyra akymyJsaropa E, , TUM IIU-

pmmM Oyae IOMyCTHMHH Aialla30H PEeryiiOBaHHS Mapa-
*
MeTpat .

Sk Bimomo [16], y BUmaaKy JiHIHHOTO BHYTPIIIHBO-

ro omopy mxepena, ioro TMII wmae xkoopauHaTu

* * * *
=0,5; U =0,5. BpaxoBytoun, mo [/ =1;, peryis-
TOpa, YMOBa BiIOMpaHHSI MaKCHMaJIbHOI MOTY>KHOCTI Bif
JoKepena BiAmoBigHO 10 (6), mpuiiMae BUTIISA

[I—EZ/t*]: (11)

TakuM 94WHOM, MaKCHMallbHa TOTYXKHICTD Bi JDKe-

pena 10 aKyMyJATopa MepeaaBaTHMEThCs 33 YMOBH, IO
3

*
t = tMP , A€
* *
tup =2E, (12)
BpaxoByrouwn, 1o { =10...1], IPEXOIUMO [0 BHCHO-

BKY, 1[0 MakCHMaJlbHa MOTYXHICTh BiJl JDKEpea 10 aKy-
MyJIITOpa MOKe OyTHU Tepe/iaHa JIUIIE 3a YMOBH, 110

E, <0,5. (13)
PeryasTop minBumyBaasHoro tumy. i 1poro

perynsaropa (puc. 2), B pexumi Oe3nepepBHOTO CTPyMy
IHIYKTUBHOCTI L, € AiliCHUMH TaKi CITiBBiTHOIIEHHS

* *
Uour = Uin/t s Loy = Ligt s (14)
ae t = topen | T topen — TPUBAIICTE PO3IMKHEHOTO CTaHY

kimoua S Ha mepiozi 7. OTxe, B yCTaJCHOMY PEXHMi, BXi-
JIHA HAIpyTa peryJsropa Mae 0yTa

U, =U, b =Et . (15)
Cucrema nepebyBaTiMe y CTaHi piBHOBAry 3a yMOBH
Ej =Ug —1I,,r . (16)
VY BiTHOCHMX OJMHUIISIX LISl YMOBA MaTHMeE BHIJISIL
El =1-1, (17)
OTxe perymoBaibHI XapakrepucTuku [P migsumry-
BaJBHOTO TUIY (pHC. 2) OyIyTh TAKUMH

I, =|:1—E:-t*J; (18)
*,z[l—E;= t*Jt*. (19)

Binmosinzo 1o (18), ymoBa nepegaBaHHs €HEpril Big

outt

Jokepena 10 akymyssitopa (1 ; > 0) MaTume BUTIISL
I, :[I—EZ z*} >0,

* . . .
TOOTO MapamMeTp { MOXKE 3MIHIOBATUCH Y Jliana3oHi

(20)
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0<{ <1/E] . 1)

OTXe, Ui BOTO PEryjsiTopa HAIpyra aKkyMyJsTo-
pa, TECOPETUIHO, MOXKE OYTH SK OUIBIIOI, TaK 1 MEHIIIOK
3a HAMPYTy XO0JOCTOTrO X0Ay /ukepena. OmHaK, y BUIAIKY

* L.

E, >1, nomycTuMuil miama3oH perymnroBaHHS MapameTpa

* .

t Oyne oOmexxeHHMM. UMM CHIIBHIIIE BUKOHYBATUMEThCS

. . * o .

HepiBHICT E, >1, THM ByxunM Oyzne JOIycTHMHil mia-
*

Ma30H PEryJIFOBaHHS MapaMerpa f .

YMoBa BigOupaHHs Bijg JKepeina MaKCHMAaIbHOI 1Mo-
Ty>KHOCTi Oyzie Takoio

[1 —EZt*J -0,5. 22)
Orxe
typ =1/2E; . (23)

3 ypaxyBaHHsAM (23), MakCHMaJlbHa TOTYXHICThH
Moxe OyTH BiniOpaHa BiJl JKepera JIMILe 32 YMOBU

E, >0,5, (24)

TOOTO Hampyra akymyJssiTopa Moxke OyTH sk OiibIIoro,
TaK 1 MEHILOIO 3a HANpyTy XOJIOCTOro Xoay jkepena. Ha
puc. 3 Ta puc. 4 npexacrasieHo rpadiku ciMecTBa pery-
JIOBATBHUX XapaKTEPUCTHK PO3IIITHYTUX PeryisTopiB
JUTA Pi3HUX 3HAYEHBb BiTHOCHOI HAIPYTH HA aKyMYISATOPi

E: . Li rpacikn miaTBepKYIOTh Pe3yJIbTaTH IIPOBEICHO-

TO aHawi3y.
2,50 ;
Ea=0,1
1
1,5
Ea=025 0
0; ! ///’—;L__‘-h_*::::::

0 0,2 0,4 0,6 0,8 1

Puc. 3. PerynroBaibHi XapakTePHCTHKH PETYISITOPa OHIKYBAIb-
HOTO THITY JIsl Pi3HHUX 3HAUCHb BiJHOCHOI HALIPYTH HA aKyMYJISITOPI

1 1
0,75 Ea*= 0,25
0.5 Ea=0,5
[ L ——]
/ v
0,25 Eg=1
Ol Ea=5_=— I
%\E‘a‘=295 t *
0 0,2 0,4 0,6 0,8 1

Puc. 4. PerymoBanbHi XapaKTepHCTHKH PETYIBITOpPA ITiABHIIYI0UO-
TO THUITY JUTs Pi3HUX 3HAYCHb BITHOCHOI HAIPyTH HA aKyMYJISITOP1

B 1ab6in. 1 HaBeneHO yMOBH, 3a SIKHX MOXKJIMBE TIepe-
JIaBaHHsI €Heprii BiJ| JuKepesa XXUBJICHHS 10 aKyMyJIsTopa
y BUnajaky pobotu IP B pexumi besnepepsnoco crpymy
IHAYKTHBHOCTI.

*

Bkazano mapametp ?),p, 3a AKOTO 3a0€3METy€eTHCS
BiJJOMpaHHs MaKCUMAJIbHOT MOTYXKHOCTI Bifl JKepena »Ku-
BJICHHS, a TAaKOX 3alpPOIOHOBAHO MOLIIBHUN iala3oH

. £
3MIHM napameTpa £, .

Tabmus 1
YMoBa YMoBa ,Z[OHifH)HHi;I
IMmynbcHuid | BiIOMpanHs | BiIOUPaHHSA | riamasoH 3MiHM
perynsTop | eHeprii Bill | MaKCHMAIbHOL oy
JoKepena HOTY>KHOCTI a
IlonmxyBaib-
* * * £ *
HOI'O TUITY t >F, typ =2E, 0,1<E,<0,5
(puc. 1)
[TinBuuryBamb-
* * * * *
worotuny | £ <I/E, | typ=1/2E, | 0.5<E,<5
(puc. 2)

VY BuUNajgKy nepexoay peryystopa B PEeXUM nepepu-
64acmoz2o0 CTPYMY IHIYKTUBHOCTI, 3’SIBISIETBCS MOXKIIH-
BiCTB perylIIOBaHHs HapaMeTpa { y MOBHOMY Jiana3oHi
[0 ... 1]. Onnak y npoMy pexuMi CTPYM 3apsiKaHHs aKy-
MyJSITOpa Ma€ He3HauHy BenuuuHy [17]. Tomy wneit pe-
JKMM JIOLUTBHO BHKOPHUCTOBYBaTW HE VIS 3apsUKaHHA
aKyMyJsITopa. a Jisl KOMIIeHCAIii Horo camopospsay y
3apsHKCHOMY CTaHi.

BucHoBkmn.

1. 3a HasiBHOCTI aKyMmyJisiTopa Ha Buxo/i, [P mpaioBa-
TUME y PEXHUMI PEeryisropa BXIIHOTO i, BiAIOBIJHO, BU-
X1THOTO CTpYMY (CTpyMYy 3apsiJDKaHHS aKyMyJIaTopa).

2. PerynoBajibHa XapakTepHCTHKa CTpyMy Oyne 3aie-
JKaTu BiJl CHIBBIJHOIIEHHS YHCEIbHUX 3HAYCHb HANpyru

*
aKyMyJIITOpa Ta HalIpYTU X0JIOCTOro XoAy Jpkepena E, .

3. Y pexumi Ge3nepepBHOrO CTPYMY I1HIYKTHBHOCTI
JIOIyCTUMUI Jlialia30H PEryiioBaHHA mapamerpa t* € 00-
MEXEHHM 1 3aJIe)KUTh BiJ THITy PEryJisiTopa, a TAaKOXK YH-

*
CeIbHOTO 3HAa4YeHHS mapamerpa E, .

4. Buxinnuii ctpyMm perynaropa (BUXiJHA HOTYXHICTh
JDKepena) JOCATae MaKCHMAILHOTO 3HAYCHHS 33 TIEBHOTO

* * .
3HA4CHHS IapaMerpa { =fyp, SKe € QYHKIII€I0 IapamMe-

Tpa EZ , a Takox tumy IP.

Konduikr inTepeciB. ABTOpM crarTi 3asBISIOTH
PO BiJICYTHICTb KOH(IIIKTY iHTEpECiB.
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Features of the work of pulse regulators in the maximum

power transmission mode, with the presence of an accumulator
at their output.

Introduction. For the efficient use of non-traditional and renew-
able sources of electrical energy, it is necessary to ensure their
operation at the maximum power point, which is possible if the
load resistance is equal to the output resistance of the source. To
match the load resistance with the output impedance of the source,
a matching switching regulator is connected between the source
and the load. Very often, the amount of energy received from such
sources depends on external conditions. To ensure a uniform sup-
ply of electrical energy to the load, a battery operating in buffer
mode is connected at the output of the switching regulator. Prob-
lem. In this case, the load of the switching regulator is the battery,
and the input impedance of the regulator will perform the role of
the load of the power source. This resistance depends on the volt-
age of the battery, the type of switching regulator and its mode of
operation. In such cases, the maximum power extraction mode
from the source can be provided by selecting the appropriate oper-
ating mode of the switching regulator. The aim of the work is to
analyze the conditions and determine the modes under which the
transfer of the maximum possible amount of electrical energy from
the source to the battery is ensured, as well as the features of the
switching regulator in these modes. Methods. For this purpose, the
regulating characteristics of step-up and step-down switching reg-
ulators were determined and analyzed, taking into account the
presence of an accumulator at their output. Taking into account
that in the maximum power transmission mode, the output resis-
tance of the source and the load resistance are of the same order of
magnitude, when determining the regulating characteristics, the
internal resistance of the source was taken into account. Results.
As a result of the analysis of the obtained regulating characteris-
tics, the conditions were determined under which the transfer of
energy from the source to the battery is ensured, and the parame-
ters of the operating mode of the switching regulator were deter-
mined, under which the maximum power will be taken from the
source of electrical energy. Novelty. The originality of the work is
the consideration of the internal resistance of the source of electri-
cal energy in determining the regulating characteristics of pulse
regulators. Practical value. The obtained results made it possible
to indicate the appropriate range of battery voltages for different
types of pulse regulators, as well as to give practical recommenda-
tions for choosing the mode of operation of the pulse regulator
depending on its type, as well as the amount of voltage on the bat-
tery. References 17, tables 1, figures 4.

Key words: source output impedance, matching switching
regulator, battery operation, maximum power transmission.
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In)xeHepHa entekmpodgbizuka. TexHika cunbHUX eJIeKmpPUYHUX ma Ma2HimHux rnoiJiie
VK 621.318 https://doi.org/10.20998/2074-272X.2023.6.12
10.B. barurin, O.®. €promina, C.O. lunnepyk, €.0. Yarumrin

B3aemuuii BIVIMB 30y1KYOUYHMX TA iHAYKOBAHUX CTPYMIB y CHCTEMi «KKPYrOBMil COJICHOIT —
MAaCHBHH NIPOBITHUK)

B pobomi odeporcarno ananimuuni eupasu 015 KilbKiCHO2O0 AHANIZY pPe3yIbmMamis 63AEMHO20 6NAUGY 30VONUCYIOUUX MA IHOYKOBAHUX
CMPYMI [ YUCN06] OYIHKU IX CNIBBIOHOWIEHHS 8 3ANEIHCHOCI 610 2eOMEMPUUHUX XAPAKMEPUCMUK THOYKMOPHOI cucmemu. AHnaniz
Pe3yIbmamis 63aEMHO20 6NAUBY NPOBEOCHO HA NPUKAAOT UWUPOKO NOWUPEHOi IHOYKMOPHOI cucmemu, 0e NAOCKUL Kpy208ull CONeHoio
€ pO3MAUOBAHUM HAO NOBEPXHEIO 10edNi306aH020 MACUBHO20 NPOGIOHUKA, WO NOOAEMbC MOOELTIO 3 HECKIHUEHOIO eeKMPOnpO8io-
nicmro. Ilokazano, wo éniue iHOYKOBAHO2O CMPYMY HA CIPYM V CONeHOIOT 3pOCmAe npu 3MeHUIeHHT 8IOCMAHI Midc colenoioom ma
NOBEPXHEID MACUBHO20 NPOGIOHUKA | 30ITbUIEHH] WUPUHU 0OMOMKU CONEHOI0A, WO 8UMA2AE NIOBULEHHS AMIIIMYOU 30Y0JICYI0U020

cmpymy 07 36epedcents 3a0aHOT 8eIUYUHU MASHIMHO20 NomoKy 6 cucmemi. biomn. 20, puc. 3.
Knrouoei cnosa: KpyroBmii coj1eHoi1, MACUBHMIA MPOBITHUK, iIHTYKTOPHA cUCTeMa, BUXPOBi CTPYMHU, iHTYKTUBHICTb.

Beryn. 3aransHuM a7t BCIX BiIOMHX €JI€KTPOTEXHi-
YHUX CHCTEM, HE3aJIeKHO BiJ iX KOHCTPYKTHBHOTO BHKO-
HaHHS], € HAsABHICTh TMPOBIMTHUX EJIEMEHTIB, MPOTIKAHHS
CTPYMIB y SIKUX CYIIPOBODKYETHCS 30YIKESHHIM BiIIOBiI-
HUX €JIeKTPOMAarHiTHUX moiiB. OcTaHHi, 3 (i3UIHOT TOUKH
30py, € MaTepiaJbHOK CYOCTAHIN€I0, 32 JOMOMOTOI0 SKOT
BiZIOYBa€eThCsl €HEProoOMiH MK MPOBIAHMMH €JIeMEHTaMH,
Jie IpoTiKatoTh cTpyMu. Clliji HATOJIOCUTH, 1110 3a3HaYeHUN
npolec — L€ MpoLec B3aEMHOTO BIUIMBY, 3YMOBJICHHI
BIZIOMMM 3aKOHOM €JIEKTpOMarHiTHol iHmykuii M. ®apa-
Jes. TpakTyBaHHS [[bOTO 3aKOHY 1010 NPOLIECY B3aEMHOTO
BIUIMBY CBIJYHTb, IO MOJIS iHAYKOBAaHUX CTPYMIB IIPU3BO-
IITH 10 3MIiHM TapaMeTpiB BIIACHE 30YIKYIOUHUX CTPYMIB.
3 iHmoro 0oKy, (i3MYHO, B3AEMHHUIA BIUTHB 1 ITOB’S3aHi 3
HUM BIJIIOBITHI 3MIiHH €JICKTPOAWHAMIYHUX XapaKTepHC-
THK IIPOLECIB, MIO MPOTIKAIOTh, TAKOX MOXHA IOSCHUTH
NPUHIMIIAMH 3aKOHY 30epexeHHs eneprii [1-3].

IocTanoBka npodemn. CyyacHi BUMOTH CHEPro3-
OepexeHHs MOTPeOyI0Th 000B’I3KOBUX UHCIIOBUX OIIIHOK
rapameTpiB IMpOIECiB, SKi MPOTIKAIOTh, 3 ypaxyBaHHIM
B3a€MHOTO BIUIMBY 30YMKYyIOUHMX Ta IHAYKOBAaHHX CTpY-
MiB, 1110 HEOOX1THO IS IPOEKTYBAaHHS EIEKTPOTEXHITHIX
TIPUCTPOIB Oy Ib-IKOTO IPU3HAYCHHS.

Orasp Jgirepatypu. SIKk 00’€KT TOCIIKEHHS MOX-
Ha PO3TISIHYTH IHCTPYMEHTH €JIEKTPOMArHiTHUX TEXHO-
JIOTifi 0OPOOKHM METaJIiB, HA3BaHUX Y CICIIaNbHIN JTiTepa-
Typl «IHAYKTOpHUMH cuctemMamm» [4, 5]. OcraHHi — 1e
KOHCTPYKIIii 3 KPYrOBHUX COJICHOIMIB, PO3MIIIEHUX Hal
npoBigHuMHU 006’ exTamu [6, 7].

Taxk, 0araTOBUTKOBI iHIYKTOPHI CHCTEMH B KIacHY-
Hilf MarHITHO-IMITYyJIECHIH 00poOIi MeTatiB, M0 HAOYIH
[IMPOKOTO TOIIUPEHHS B JPYTid IIOJIOBHHI MUHYJIOTO
CTOJIITTS, 3/ilicHIOBaNM edeKkTHBHE NeopMyBaHHS MacH-
BHUX METAJEBUX 3aroTOBOK. Y pa3i pi3KOro MoBEpXHEBO-
ro eeKkTy (BHCOKI 4aCTOTH JIFOUMX IIOJIiB) YCIIIIHO pea-
JIi30BaHi BUPOOHUYI Omepariii THILY «00XKHM», «po3maadar
1 «mwrocke mramiyBaHHs» [8-10]. Ciig HaroJoCUTH, IO
MIPUHIONI Aii MPENCTaBICHUX EIEKTPOMArHITHUX TEXHO-
Joriit 6a3yeThes Ha MPUPOTHOMY BiIIITOBXYBaHHI MPOBi-
JTHVKIB BiJ JDKEpeN 30BHINIHHOTO MArHITHOTO IIOJIA, IO
MIPOSIBIIETHCS SIK TaK 3BaHUH «MarHITHHNA THCK» [4, 11].

[HCTpyMeHTaMH MarHiTHO-IMITYJIbCHOTO TPHUTSTAHHS
CTaM OJHOBHUTKOBI IHAYKTOPHI CHCTEMH, MPUHIWN Jii
SIKMX 3aCHOBaHMH Ha TPHIYUIEHHI CHJI JIOPEHIIBCHKOTO
BIZIITOBXYBaHHS B HU3bKOYACTOTHHX PEXKHMax IIOJIIB,
0 30Y/KYIOThCSl, BAKOPUCTAHHI MarHiTHUX BJIaCTHBOC-
Teit 00pOOTIOBaHNX METANIB 1 3aKOHY AMIepa Mmpo CHIIo-
BY B3aEMOJiI0 MapaneidbHuX cTpymiB [5, 12, 13]. ABTo-
pamu [14] mpencraBieHi pi3HOMaHITHI KOHCTPYKIIi iH-
CTPYMEHTIB, JUKEped IOTY)KHOCTI Ta TEXHOJIOTIYHOTO
OCHAII[CHHS] CUCTEM MarHiTHO-IMITyJIbCHOTO NPHUTSTaHH,
3axMIIeH] MaTeHTaMu Y KpaiHH.

[HIyKTOpHIM cHcTeMaM I IHOYKIIHHOTO HATpiBaHHS
METaJICBHX 3pa3KiB MPUCBAYCHO poboty [5]. Tyt mpoBeneHo
aHai3 mpolieciB 30yHKEHHS eJIeKTPOMArHiTHAX MOJIB IFJTi-
HJIPUYHUM COJICHOIZIOM, Y BHYTPILIHIA MOPOXHHUHI SKOTO
PO3MIIIEHII MACHBHHIA TIPOBITHINA 00’ €KT.

BinoxkpemuieHHsi 3agay, 10 NMOTPiOHO BUPIIMTH.
3arajbHUM HEIOTIKOM IMTOBAHMX POOIT, a TAKOX OCTaHHIX
myOunikaiiif 3a MeTofaMu po3paxyHKy Hampukiaz, [11, 15-
17], ciin BBaXKaTH pillICHHS ITOCTABJICHUX 3aBIaHb Y HAOJH-
JKEHHI «3aIaHOTO CTPYMY», KOJIH 30YDKCHI CICKTPOMArHiT-
Hi TIOJSI HE BIUIMBAIOTh HA XapaKTEPUCTHKH JDKEpeN, sKi
BBKAIOThCA NOCTiHUMU. Lle 7103BoJIslE BUALIUTH 3HAYHY
YacTUHY 3aj1a4, SIKi MOTPeOyIOTh CBOTO DIIIeHHS 1 TPUCBS-
YeHi JIOCIIPKeHHsIM (hOpMyBaHHS 30YIDKYIOUMX CTPYMIB Ta
HanpyT 3 ypaxyBaHHAM Jii 30ymkeHnx momis [3, 7, 18].

MeTo10 po00OTH € OJICpIKaHHS aHAJITUYHUX BHPA3iB
JUIsl KUTBKICHOTO aHaJli3y pe3yJbTaTiB B3a€EMHOT'O BILUIUBY
30y/DKYIOUMX Ta IHJYKOBAaHHMX CTPYMIB 1 OOYMCIIEHHS X
CHIBBITHOIIEHHS B 3aJIS)KHOCTI BiJl TEOMETPUYHUX Xapak-
TEPUCTHUK IHIYKTOPHUX CHCTEM.

OCHOBHI CHiBBiIHOIIIEHHSI, AHAJIITHYHI 3aJI€KHO-
cti. Po3paxyHkoBa Momenb iHIYKTOpHOI CHCTEMH HaBe-
JileHa Ha puc. 1.

2R,
1Il

=
2R,

h

Puc. 1. Mozens iHIyKTOPHOI CHCTEMH 3 INIOCKAM KPyTOBUM
COJICHOI/IOM, PO3MIIIEHHM IapajieNbHO ITIOBEPXHI MAaCHBHOTO
MIPOBiJHUKA

[MocranoBKa 3amadi Ta IOMYIIEHHS AO BHPIIICHHS

ITOCTaBJICHOI'O 3aBAAHHS:

1. IIpuiHATHOIO € IMIIHIPUYHA CUCTEMa KOOPHMHAT.

2. MacuBHUIA TIPOBIIHUK BBAYKAEMO TaKUM, IO 1/1€aIbHO
MPOBOJIUTH, IO MPAKTHYHO JOIYCTUMO MPHU JIOCHUTH BHCO-
KHX YacTOTax MiI0YMX TIOJMIB, 1 AKi MOKHA PETHHO OI[IHUTH
aHaJIOTIYHO IIUPOKO 3BiCHUM poboTam [1, 4, 16, 17].

3. T'eomerpuyHi po3Mipu MacHBHOTO MPOBITHHKA Y
BuMipax r € [0, 00) iz € (—o0, 0] € HeCKIHUCHUMHU.

4. ConeHoin TMOKIAa€ThCsl aKCiaTbHO-CUMETPHYHUM,
T00TO O/0p = 0, € ¢ — A3UMYTAIBHUH KYT.

© 10.B. Barurin, O.®. €ppomina, C.O. [lHunnepyk, €.0. Yaruurin
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5. B oOmorIi coneHoina mpoTikae a3uMyTaJIbHUI rap-
MOHIYHHUH cTpyM J(f) = J,sin(wf) 3 TUKIIYHOIO YaCTOTOIO
, MO HE TOPYIIy€e TMPUIHATY iAeati3amifo MpOoBiIHHUKA,
Ta TOBUIFHOKO aMILTITY 00 J,,,.

Mpumitka. OCKiIBKY 3TiTHO 1.2 MPUHHATA ieali3o-
BaHa MOJIENIb, BCi XapaKTEPUCTHUKH EJIEKTPOMarHiTHUX
npoteciB OyayTh rapMOHIYHUMH Y Haci [16, 17].

6. 3rigHo NpUIHATIH reoMeTpuyHid GopMi 30yIKyIO-
YOro CTPyMy B CHCTeMi 30yKYIOThCSl a3UMyTallbHA KOM-
MOHEHTA HANPYKEHOCTI ENEKTPUIHOro nous Ey(t,r,z) # 0,
a TaKoX pajiajbHa F Ta HOPMAllbHA z CKIIAIOBI BEKTOPY
HaTpy>KeHOCTi Mar"iTHoro ot H,(t,r,z) # 0, H(t,r,z) # 0
BiamosigHo [1, 2, 16, 17].

7. OLiHKY XapakTepUCTHK B3a€MHOTO BIUIMBY iHIyKOBa-
HHX Ta 30yDKYIOUMX CTPYMIB MOYKHA ITPOBECTH, BBAXKAIOUH,
IO MpH Bapiamii BiJCTaHI MK COJICHOIZIOM Ta HOBEPXHEIO
TIPOBITHUKA CepelHi 3HA4YeHHS HOPMAILHHX KOMIIOHEHTIB
IHIYKIi{ Mar"iTHOTO TOJIS, MO 30YKYIOTBCS Y BHYTPIII-
HBOMY BIKHI COJICHOIa, 3aJTUIIAFOTHCST HE3MiHHIMIL

CriouaTKy CITiBBITHOIICHHS 3aralbHOTO XapaKkTepy.

CepenHsl BEeTMYMHA HOPMAJIBbHOI CKIIaZIOBOi BEKTOPY
IHAyKOii y BHYTPIIIHBOMY BiKHI COJIEHOiNa, pO3TaIloBa-
HOT'O Ha BiJICTaHi /i BiJ] IOBEPXHI MAaCHBHOTO IPOBITHUKA,
OIUCYETHCS BIIIOMOIO 3ayiexHicTiO [18]:

By =@, /S=(J,-L,)/S (1)
ne @), — Mar”iTHUHN MOTIK, S — TUIOITa BHYTPIIIHEOTO BIKHA,
Jj — cTpyM B 00MOTII, L), — IHIYKTUBHICTH OOMOTKH COJIEHO-
ima, o BpaxoBYy€ HasIBHICTH MACHBHOTO TIPOBITHUKA.

BimnoBimHO 10 TpPWAHATOI TMOCTAHOBKH 3ajadi,
BIUIMB 1HJYKOBAaHOTO CTPyMy Ha Ipolecu 30y/KeHHS
€JIEKTPOMArHiTHOTO TOJISI MOXKHA BU3HAYUTH 33 BEIHYH-
HOIO cepeHboi iHayKii 13 criBBigHOMEHHS (1). OueBua-
HHUM € TBEPIKSHHSI, 3T1THO 3 SKMM 1HIYKOBaHUI CTPYM He
Mae OJHOTO BIUIMBY, SIKIIIO MAaCUBHHUN MPOBITHUK «yMO-
BHO BHJAJIETHCS B HECKIHYEHHICTHY. Y LLOMY BHIIAJKY
cepemHs IHAYKLiA Y BHYTPIIIHOMY BiKHi BJIaCHE COJIECHO-
ina 3amexwuts Bixg (1) mpu A—oo

By= @[S = Ls)/S, )
ne @, i L,, — MarHiTHAN TOTIK Ta iHIYKTUBHICTH OOMOTKH
coJieHoiza 6e3 MacHBHOTO MPOBIHUKA, .J,, — CTPYM B OOMOTIII.

Tenep piBHiCTL YCEpEIHEHUX BEIUYMH iH[LyKuiﬁ y
q)opMynax (1) i (2) mo3Bossie 3HAWTH CHIBBIAHOIICHHS
MIDX CTpyMamy B OOMOTIII COJIEHOT/Ia 3a HasiBHOCTI NPOBi-
IHOTO 00’€KTa Ta 3a BincyTHOCTI Takoro. dakTuyHo, 1€
CHIBBIZHOIIECHHS BU3HAYA€ BIUIMB iHIYKOBAaHOTO CTPyMY
Ha CTPYM B OOMOTIIi COJICHOI/IA.

Orxe,

By =By JyfJw=Lo/Ly: Jo=(Lao/Ly)-1 ()
ne Jo = AJlJ, 1 AJ = J,—~ J, — BigHOCHA Ta aOCOJIIOTHA
Bapiamii CTpymy B obMoTLI coyieHoina, 00yMOBIEHI
BILIMBOM iHJ[yKOBaHOIO CTPYMY.

Pesynbratu y cniBBigHOIIEHHSX (3) Y3TOJLKYIOThCA 3 Bi-
JOMUMH 3aIeKHOCTAMH. JIilicCHO, amIuliTyqu CIpyMmiB B
00MOTKax 0OepHEHO MpomopuiiiHi iX iHgyKTHBHOCTSIM [ 16].

BinmoinHO 10 mOcTaBIEHOI METH 3BEPHEMOCS IO PO-
3paxyHKOBOI MOJeNi Ha puc.l, I SKOI 3aImHiIIeMo CHC-
TeMy piBHSHb MakcBeula y INpocTopi 300pakeHb IO
Jlanacy [1, 2, 16, 17]:

OE ,\p,r,z
M=ﬂopHr(p,r,Z),
Oz
1 0
L Eplpr) = ot (przk @
oH,(p.r.z) oH, (p.r.z) _ .
aZ a}" —](pO(par:Z),

ne Eyp.r2) = LIE (12} Hypir?) = LI A6r2)};
jq,()(p r,z) = {j,o(t,1,2)}, jpo(t,r,2) — TyCTHHA CTPYMY B colle-
HOI, Joo(t7,2) = ]m g(t)-fr): 6(z—h) g(f) — dgacoBa 3anex-
HiCTB, f(r) — pajianbHa 3aJIEXKHICTh, d(z—h) — QyHKUIsA
Hipaka [19].

Mpumitka. Cuctema piBHsHb MakcBemia (4) € dy-
H/IaMEHTAIIBHOIO K 0a30Ba OCHOBA 3a/1a4 3 MPHUKIAIHOT
CJIEKTPOJIMHAMIKH, ajie y CYKYITHOCTI 3 TeX J00pe 3Bic-
HUMH criBBigHOmEeHHIMHU (1 — 3) BOHA Jae MOXKIUBICTB
JIOCHIZIUTH B3a€MHHUN BIUIMB 30YyJ/DKYIOUHMX Ta iHIYKOBa-
HUX CTPYMIB B €JIEMEHTAX IHAYKTOPHHUX CHUCTEM, IO €
HEOOXIHMM JJIsl TPOEKTYBaHHs e(eKTUBHUX IHCTPYMEH-
TiB y MIOM.

[opanpie pilieHHs MOCTABICHOIO 3aBAaHHS IPO-
BE/IEMO 3TiHO 3 NMPHUHHSTOI0 PO3PAXYHKOBOIO MOJIEILIIO.
I'eomeTpist 1HIYKTOPHOI CHCTEMH Ta MPUUHSATI MPHITY-
IIEHHs JI03BOJISIIOTH 3aCTOCYBAaTH IHTETrpajbHE NEPETBO-
peras ®yp’e-beccens [19, 20]. s L-300pakeHHs Ha-
NPYKEHOCTI 30y/KYBAHOIO €1EeKTPUYHOrO Nous Ey(p,r,z)
3aIUCy€EMO, 110

— 38

E¢(p,r,z)= E¢(p,/l,z)- A-Jy (xlr)d/i;

(5)
Eyp2a2)-

E,(p,A,z) — 300pakeHHs €NEKTPHYHOI HAIPyXKEHOCTI Y
npocropi dyp’e-beccens, 4 — mapamerp iHTerpagbHOTO
TepeTBOpeHHs, J1(Ar) — @yHKLu;I Beccemst TEPILIOro MOPS/IKY.

OHyCKaIOllI/I NPOMIXKHI MaTeMaTH4YHI NIEPETBOPEHHS,
i3 cucremu (4), 13 BUKOPHUCTaHHSAM iHTETPAIFHOTO ITO/IaH-
Hi (5), 3anmumemo audepeHLialbHe PIBHSIHHS AUl a3UMY-
TaJIbHOI KOMIIOHEHTH HAIPYKEHOCTI eJIEKTPUYHOTO ITOJIS,
1o 30ymKyerbes [19, 20]:

E(D(p,r,z)-r-./l(/lr)dr;

o—8 @

0’E p,A,z
“;(—2)—12 E,(p.2,z)=K(p,2)-8(z—h), (6)
z
ne K(p,A) = wopjm&p):AA); jm = Jn / (R2 — Ry) — rycTHHA
30yIKyI04OTO CTPYMY;
glp)=Ligl0)} f flr)-r-ay(arkdr.

3aranbHe pillleHHs 3BUYaiiHOro udepeHwiaabHoro pi-
BHSHHS (6) MOXKHA TIPEACTaBUTH BUpa3oM Buxy [19, 20]:

E(p(p,/i,z): G e* +C, ey

M~n(2—h>~sh(l~(2—h)), @

ne Ci, — NOBUIbHI NOCTINHI iHTErpyBaHHA, #(z—h) — CTy-
miHJacTa QyHKIisS XeBicaimy.

3a10BONBHAIOYN TPAaHUYHUM yMoBaM mpu z = 0
(E,pA, z=0) = 0) i z—o (Ey(p, A, z—0) = 0), 3HAXO1H-
MO 4YacTKoBe pimeHHs piBHsHHA (6). [TincraBnstoun B oTpu-
MaHUH BHpPa3 KOOPIOMHATY z = /i, OTPUMY€EMO 300paskeHHS
HaIpy)XEHOCTI €JIEKTPUYHOIO TI0Js, L0 30YIKYEThCS Y
BHYTPIITHEOMY BiKHI TUTOCKOTO KPYTOBOTO COJICHOINA:

K(p,2) ( 72/1-11)
E, (p,A,z=h)=—""""-ll-¢ . (®)
qo(p ) Y
Iarerpanbhe ysBieHHs (5) 3 ypaxyBaHHsM (8) HaOy-

Ba€ BUTTIAOY:

E¢(p, rz)= —T@ (1 —eHh ) Jy(Ar)da .

+
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38’130k L-300paskeHHS] HOPMAIBHOI KOMIOHEHTH
HAIPY’>KEHOCTI MAarHITHOTO TOJS, IO 30YIKYEThCI, Y
BHYTpILIHLOMY BIKHI COJICHOI/a 32 HasIBHOCTI MACHBHOT'O
NPOBITHMKA 3 HANpPyKeHiCTIo E,(p,A,z) 3HaXOmUThCA 3a
JOTIOMOTOIO IPYTOTO PiBHSHHSA 13 CUCTEMH (4):

H.(prz=h)=—— = 2. E (p,rz=1h)). (10
p.rz=h) op T o o(p.riz=h)). (10)

InrerpyBannsaM Bupaszy (10) Bu3HawaeMo 3amex-
HICTB U1 L-00pa3y MarHiTHOro MOTOKY:
Ry

@h(p): 27y - IHZ(p,r,z = hydr =

0

2 . (an

=__ﬂ..(r.E(ﬂ(p’r’Z:h)1
p 0

HincraBmsroun (9) B (11) i poskpuBaroun K(p,A) 3
(6), orprmyeMo, 10

R
04lp)= gy

g(p)x
o (12)
x j f(/l)-(l—e_u'h)- J1(AR) )dA.

OCKIJIbKH YacoBa 3aJIeKHICTh MarHiTHOTO IIOTOKY,
sk ue BumimBae 3 (12), Bu3HauyaeTbcs (BYHKIIEO
gp)=L{g(t)=sin(w?)}, T0 DK(t) ~ sin(wf). I, omxe, Bupa3
(12) MoXkHa TpaKTyBaTH SIK 3B’SI30K MDK aMILIITyIHHUMH
BEJIMUMHAMU 30y/KYIOYOTO CTPYMY 1 MarHiTHOTO ITOTOKY,
110 30ymKyeThest. TooTo,

@ :Jmﬂw =2 )5 (AR A . (13
h (Rz_Rl)Z[f()( e )jl( l)d (13)

[HAYKTHBHICTH aHATI30BAHOI CHCTEMH BU3HAYAETHCS
SIK BIJHONICHHS MArHITHOIO IOTOKY 10 30Y/DKYHOUOTro
cTpyMmy [16].

[Ticns BBeeHHsI HOBOI 3MIHHOI iHTErpyBaHHS y=AR|
Ta HEOOX1THUX TOTOXXHUX MEPETBOPEHb OTpUMYy€eEMO (op-
MyJly I IHOYKTUBHOCTI NpPH JOBUIBHIA BifCTaHi Bif
IHAYKTOpa IO MACHBHOTO MPOBiTHAKA:

2h
uoRE 7 l—ey{R'j > (14)
Ly =Lff(%R1,2)72J1(y)dy

(R, ~Ry) y

R

y'??
ne f(y,Rl,z): jx'Jl(x)dx
y

I'pannunmii nepexin (14) npu h—oo nae Bupas s
IHIyKTUBHOCTI BJIaCHE OOMOTKH iHIyKTOpa 0€3 MacHBHO-
TO MPOBiIHUKA:

(15)

)

(& —R)
0

[ToBepHEMOCS 10 BIAHOCHOI BENWYMHU 3MiHU CTPY-
My B OOMOTIII COJIEHOIia i/l BIUIMBOM IHAYKIIHHUX ede-
KTIB y MAacCMBHOMY MPOBIIHUKY. Y BIANOBIAHY (OpMYIy
i3 CyKYITHOCTI CITiBBiIHOLIEHB (3) MiICTABUMO 3aJIeXKHOC-
Ti (14) Ta (15). OTpumMaemo Bupas, 10 KUIbKICHO BHU3Ha-
Ya€ BIUIMB 1HJYKOBAHOTO CTPyMY Ha 30YKYIOUUil CTPyM
B 0OMOTII CoJIeHOINa:

Al (L,
== o2 1
Jo 7 [Lh ] (16)
o0
,R
)
_ 0
ﬂeL_OZ_ 2h
_y.2h
l-e R

J‘f(yaRl,Z)iz'Jl(y)dy
0 y

AHaJi3 BIJIMBY iHAYKOBAHOr0 CTpPyMy Ha 30y-
TKYIOUHH CTPYM y costeHoini. UnciioBi oLiHKM 3a 3HaM-
JICHUMH aHAJTITUYHUMHU BHpa3aMu Oyld OTpHMaHi 3a
JIOTIOMOT'0I0 CTaHJIApTHHX ITporpam (3okpema, NIntegrate)
3 makety « Wolfram Mathematics — 7,10».

I'padixm, mo UTIOCTPYIOTh (QYHKIIOHATIBHY 3alek-
HicTh (16), HaBeIEeHO Ha pHC. 2.

20 I T

aJ
Jn=_

\° I B s0
15 T
10

R
>2=11
1
5
\_\\

0 .3
0.1 0.2 03 0.4 ERS!
Puc. 2. 3anexHicTh 301IbIICHHS CTPYMY B COJICHOIMI
BiJl BIICTaHi MiJK HUM i MOBEPXHEI0 MACHBHOTO IIPOBiHUKA

PesymibTaTti 064HCIIeHs MOKa3aiy, IO BIUIMB iHIYKO-
BAHOTO CTPYMY Ha BEIMYHMHY CTPYMY B OOMOTIII COJICHOI/Ia B
OCHOBHOMY BH3HAUYA€ThCSI HACTYITHUMH (DakTOpamu:

e BIUIMB Ha 30y/DKYIOUMHA CTPYM 3pOCTae NMpU 3MEH-
IIEHHI BIACTaHI MIX COJICHOIZIOM 1 MaCHBHHUM IIPOBIIHH-
KOM 1 majae mpu 30UIBIICHHI OCTAaHHBOTO, IIO IIUTKOM
Y3TOKY€ETHCS 3 AKICHUM (Di3UIHHUM YSABJICHHSM IIPO elie-
KTPOMArHiTHI MPOLIECH, 110 NPOTIKAIOTh;

e BIUIUB 30y/KYIOUOTO CTPyMy 3HAYHOIO MIpOIO 3a-
JISKUTH Bl TEOMETpii coyieHoina, TOOTO BiJ CIHIBBiIHO-
LIEHHsI MK H0r0 30BHILIHIM 1 BHYTPILIIHIM pO3MipamH;

e Uil JOCUTH TOHKOro cosieHoina (RyR=1,1) npu
h/R>0,3 BIUIMB iHIyKOBAHOTO CTPYMY Iy>e He3HAYHU, ajie
npu 4/R1<0,05 BIUIMB iHIYKOBAHOTO CTPYMY MPU3BOIUTH 0
MaibKe JBOPa30BOTO 301IBIIIEHHS CTPYMY B COJICHOI;

e 30UIbLICHHS IMPUHU OOMOTKH COJIEHOINa TPH3BO-
OUTh 10 3HAYHOTO 3POCTaHHA BIUIMBY iHIYKOBAHOTO
CTpYMY Ha 30YKYIOUUH CTPYM;

® TIOPIBHSHHS PE3yJbTATIB OOYHCICHB ISl «TOHKOTOY»
1 «IIMPOKOTO» COJICHOIAa MOKa3ye, 10 30UIbIICHHS -
pHHH OOMOTKHM NPH3BOJHUTH A0 3HAYHOTO CIIOTBOPEHHS
30y/DKYIOYOTO CTPYMYy AJISl JIOCUTh MadX 1 NMPAaKTUYHO
HaMOUIBII IIKaBUX CITIBBIIHOIIEHD BIJICTaHI MIX COJIEHO-
inoM 1 Horo BHYTPILIHIM PO3MipOM.

Ha 3akiHueHHS HaBeIeMO pe3yNbTaTH YUCEIBHUX OIli-
HOK IHIYKTUBHOCTI CHCTEMH «KPYT'OBHIA COJICHOIl — MacHB-
HHI1 IPOBIHUK» 3 HOPMYBAHHSM Ha BETMUYHHY 1HAYKTUBHO-
CTi OIMHOYHOTO 130JIbOBAHOIO COJICHOIAA. [laHi OIIHKY, 5K 1
pe3ynbTaTy Oe3MmocepeIHiX 00UNCICHb IS CTPYMIB, TAKOK
€ KUIbKICHUMH TTOKa3HUKaMH BIUIMBY 1HIYKIIHHUX e(eKTiB
Ha eJIEeKTPOMAarHiTHI IPOLECH, 10 NPOTIKAIOTh.
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Pesynerati po3paxyHKiB iH,HYKTI/IBHOCTi CHCTEMH «KPY-
TOBHUI COJ'IeHOl,Zl MaCHBHHI HDOBID,HI/IK)) II0JaHO Ha pl/IC 3.
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Puc. 3. [HZyKTHBHICTb CHCTEMH «KPYTOBHI COJICHOI — MACHBHUI
MPOBITHUK»

3 o0umCIeHh BUIUIMBAE, IO 1HIYKTHBHICTD, K KOC-
¢irieHt nponopuiﬁHOCTi MDK MAarHiTHHM ITOTOKOM, IO
36y,u>1<yeTLCﬂ i 36yzp1<ylquM #oro cTpymoM, majae npH
3MEHIIIEHH] BiZICTaHI M) COJICHOIZOM i MaCUBHUM IIPOBi-
JIHUKOM. [T HAOLIbIIA BETMYMHA Ma€E MicIe pu i/R—0
(omuHOUYHME coneHoinm). TakoX CimiJl 3a3HAYUTH 3POCTAH-
HS IHIYKTHBHOCTI 31 30LTBIICHHSM HOTO ITUPHUHU.

Sk Hacmigok, mi (akTH O3HAYAIOTh HEOOXIIHICTH
30UIBIIEHHS aMIUTITYAU CTPYMY, IIO JKHUBHTH OOMOTKY
COJICHOINA, /ISl 30E€PEIKCHHS HE3MIHHOT BEJIMYMHU MarHi-
THOTO TIOTOKY TIPY 3MEHIIICHHI BiJICTaHI M)XK COJICHOIIOM 1
MaCHUBHUM HPOBIAHHKOM.

3 ¢iznuHOi TOUKM 30py OTpI/IMaHi pe3yabTaTU MOXK-
Ha TOACHUTH CYTEPHO3HIIEI0 OB NPOTHIEKHO CIIPs-
MOBaHHMX CTpPyMy JDKepella i CTpyMy, IHAYKOBaHOTO B
izleanbHOMY NPOBiOHUKY. [IpHUOMYy BENMYMHA IIPOTUCT-
pyMy» B OOMOTII COJIEHOIa B MOPIBHSHHI 3i CTpyMOM
JUKepena MPUPOJHO Najae, Mo O0YMOBICHO HASBHICTIO
BiZICTaHi MK COJICHOIOM 1 MeTasioM /. OueBHIIHO, KOJIN
h—0, cyneprosuiis CTpyMy JpKepena i «IpOTHCTpYMY»
Jae HyﬂI)OBI/II/I pe3yabTart 1 lH[lyKTl/IBHICTb IlOCJ'llI[)KyBaHOl
cucreMu L,_0—0. OcraHHe o3Hauae HEOOXIAHICTH 3Ha-
YHOrO 30UIBLICHHS CTPyMy JDKepenia JUisi MiATPHUMKH
MTOCTIHHOI BETMYNHH 30YI)KyBaHOTO MarHiTHOTO TIOTOKY.

BucHoBkn. [IpoBeneHO TEOpETHUHHI aHAJI3 MPO-
meciB 30y/KeHHS BUXPOBHX CTPYMIB Y MacHBHOMY IIpoO-
BIZIHUKY I10JIEM TJIOCKOTO KPYTOBOI'O COJIEHOi/la, BUKOHA-
HO YHCIIOBiI OIIHKHM BIUIMBY iHIYKOBaHMX CTPYMIiB Ha
30y/KYI04i CTPYMH B COJICHOII.

I[Nokazano, 1110 BIUIMB iHIYKOBAHOTO CTPYMY Ha CTPYM
y COJIEHOINI Iy’Ke ICTOTHHI IPH MajMX BEMMYMHAX BifcTa-
Hel MK COJICHOI/IOM 1 TOBEPXHEI0 MACUBHOT'O TIPOBITHHKA.

OTtpumaHo, 110 301IBIICHHS IIMPHHA OOMOTKHU COJIe-
HOila MPU3BOAUTH JI0 3HAYHOTO 3POCTaHHS BIUIMBY iHAY-
KOBaHOTO CTPyMY Ha 30yKYIOUHI CTPYM B COJICHOII.

INokazano, 1o iH,HYKTI/IBHiCTL CHCTEMH «KPYT'OBHH CO-
JICHOIZ — MACHBHMWii NPOBIIHMK» 3HWKYETHCA TPH 3MEH-
ILIEHHI BIJICTaHI MiXK COJIEHOITOM 1 MAaCHBHUM TIPOBITHUKOM 1
30UIBLICHH] paJialIbHUX PO3MIpIB COJICHOINA, IO BHUMArae
30UIBIICHHS aMILTITYIH 30y/DKYIOHOro CTpyMmy Uit 30epe-
YKCHHS 33/IaHO1 BEIMYMHN MarHiTHOTO TIOTOKY B CHCTEMI.

[NepcrieKTHBHUM HampsIMOM TOJAIBIINX JIOCIIPKCHb
0aunTHCS TIPOBEACHHS SKCIIEPUMEHTIB 3 BUMipaMy KiTbKic-
HHUX XapaKTepHCTUK B3a€EMHOTO BIUIMBY 30Yy/DKYIOUHMX Ta
IHTyKOBaHHUX CTPYMIB y PI3HUX KOHCTPYKISIX €JICKTPOTEX-
HIYHUX CUCTCM.

®@inancyBannsa. PoboTy BuUKOHaHO Ta mpodiHaHCO-
BaHO B MEKaxX HAayKOBO-IOCTIMHOI poOOTH 3a Jep:KOro-
JoKeTHOIO Temoro, Ne gmepskpeecrpanii 0121U109610,

KIIKBK 2201040: «Po3pobka eHeproeeKTHBHOTO Ma-
IIMHHOTO KOMIUIEKCY JUIsSl TPaHCIOPTHOTO 3a0e3reueHHs
30pOIHHX CHJI Ta HAIlIOHATBHOI rBapil YKpaiHm».

Kon¢uiikT inTepeciB. ABTOpH 3asBISIOTH PO Bif-
CYTHICTh KOH(]JIIKTY 1HTEpECiB.
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The mutual influence of exciting and induced currents in the
circular solenoid — massive conductor system.

Problem. The flow of currents in the conductive elements of electri-
cal systems is accompanied by the excitation of electromagnetic
fields and the occurrence of induced currents. The excitation of the
induced signals, in turn, leads to a change in the parameters of the
actual exciting currents. The purpose of the work is to obtain ana-
Iytical expressions for the quantitative analysis of the results of the
mutual influence of the exciting and induced currents and to calcu-
late their ratio depending on the geometric characteristics of the
inductor systems. Methodology. The analysis of the processes of
mutual influence is carried out on the example of a widespread
inductor system, where a flat circular solenoid is placed above the
surface of a massive conductor. Analytical expressions for eddy
currents excited in a massive conductor and numerical estimates of
the effect of induced currents on exciting currents in a solenoid are
obtained. Results. It is shown that the influence of the induced
current on the current in the solenoid is very significant at small
distances between the solenoid and the surface of the massive sole-
noid. It has been found that an increase in the width of the solenoid
winding leads to a significant increase in the influence of the in-
duced current on the excitation current in the solenoid. It is shown
that the inductance of the "circular solenoid - massive conductor”
system drops with a decrease in the distance between the solenoid
and the massive conductor and an increase in the radial dimensions
of the solenoid, which requires an increase in the amplitude of the
exciting current to maintain a given value of the magnetic flux in the
system. Originality. The scientific novelty of this work lies in the
proposal of an analytical approach and obtaining numerical esti-
mates of the mutual influence of conductors with exciting and in-
duced currents. Practical value. Estimates of the mutual influence
of conductors with currents are of interest for the practice of design-
ing structures of electrical systems for various purposes. Very
promising in the direction further research is seen as carrying out
experiments with measurements of the quantitative characteristics
of the mutual influence of exciting and induced currents in various
designs of electrical systems. References 20, figures 3.

Key words: circular solenoid, massive conductor, inductor
system, eddy currents, inductance.
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S. Gans, J. Molnar, D. Kovag

Estimation of electrical resistivity of conductive materials of random shapes

Introduction. Electrical resistivity is an important material characteristic in the field of electrical engineering and material science.
There are several methods that can be used to measure resistance, like the 4-wire method which relates the resistance to a voltage drop
at a given current flow, but to define the resistivity from the resistance value requires an analytical expression for the given system which
requires a sufficient mathematical apparatus for describing complicated shapes. Therefore we use finite element method computations to
compute the resistivity of a metal material. This approach has been already used for different materials like concrete and aluminum in
the past. We then compare this method with an analytical expression that due to intuition could approximate the solution sufficiently.
Afier that, the same material is used again to test the electrical isotropy of the sample. Novelty. A method is developed by combining the
results of experimental studies and the results of mathematical modelling of the process of determining the electrical conductivity of
metals. The goal is to describe and employ a method of measuring the electrical resistivity of metal objects of random shapes. Using this
method, it is possible to measure the resistivity of materials without the need to manufacture them into wires or ribbons. Methods. The
solution to the problem was carried out by the finite element method via the COMSOL Multiphysics 5.6 simulation program in a
cartesian coordinate system and the resistance between two points of the metal sample was measured by the 4-wire method. Results. A
similar resistance value was obtained when the measuring terminals were placed in different places. The difference between them was
within 1,5 % and the obtained values were close to the values given by the literature for the electrical resistivity of electrical steels.
Terminal size influences the measured conductivity and a max error of 5,2 % was estimated. Practical value. A method of estimating the
resistivity of materials without the need to manufacture them into specific shapes, like wires or ribbons, for which analytical expressions
between resistivity and resistance are easily derived. References 18, tables 7, figures 12.

Key words: electrical resistivity, finite element method, electrical resistivity measurements, numerical simulation.

Bemyn. Tumomuil enexmpuunuti onip € 8axicaugoi0 Xapakmepucmuko Mamepiany 8 2any3i eleKmpomextiku ma MamepianosHagcmad.
Icnye Kinbka Memoois, sIKi MONCHA BUKOPUCIOBYBAMU OISl BUMIPIOBAHHS ONOPY, HANPUKAAO, 4-NposiOHUL Memoo, AKULL NO8 s3ye Onip 3
naodinHAM Hanpy2u npu 3a0AHOMY CIpYMi, ae Ol GU3HAYEHHS NUMOMO20 ONOPY 3d 3HAYEHHAM ONOpy NOMpideH aHanimu4Hull 6upas onsl
oanoi cucmemu, AKUL GUMA2Ac OOCMAMHLO20 MAMEMAMUYHO20 anapamy Ons Onucy ckiaouux gopm. Tomy mu UKOpUCOBYEMO
PO3PAXYHKU  MeMOOOM CKIHYeHHUX eneMenmié 00 PO3PAXYHKY NUMOMO20 Onopy memaneeozo mamepiany. Llei nioxio eoice
BUKOPUCIOBYBABCS. 6 MUHYIOMY OJsL Di3HUX Mamepianie, maxux sk 6Gemon ma amominiu. I[lomiv mu nopignioemo yeii memoo 3
BUKOpUCMOGYEMbCA Ol Nepegipku enekmpuynoi izomponii spaska. Hoeusna. Po3pobneno memoo wiiaxom noconanus pe3ynomamie
eKcnepuMeHmanbHux 00CIiOdNCeHs Ma pe3ynbmamis MamemMamuiHo20 MOOeI08AHHs NPOYeCy BUIHAYEHHS eNeKMPONPOGIOHOCHI Memaris.
Mema — onucamu ma 3acmocyéamu mMemoo GUMIPIOBAHHS NUMOMO20 eNEeKMUYHO20 ONOpY Memanesux npeomemis 008inbHOI gopmu.
Bukopucmosyrouu yeti mMemoo, MOJCHa SUMIPIO8AMYU NUMOMULL ONIp Mamepianié 6e3 HeoOXiOHOCMI U2OMOGIeHHs OpOmi6 ab0 CIMPIYOK.
Memoou. Po3é’azannsa 3a0aui 30iliCHI08AN0CA MEMOOOM CKIHYEHHUX eleMenmis 3a 0onomozoro npozpamu mooemosanus COMSOL
Multiphysics 5.6 y dexapmosoi cucmemi KOOpOuHam, a Onip Mixc 080Ma MOUKAMU MEMALe8020 3PA3KA BUMIPIO8ABC 4-NPOGIOHUM
memoodom. Pesynemamu. Ompumarno ananoeiyne 3Ha4eHHs ONOPY Ni0 4ac po3miujenHs GUMIPIOBATLHUX KieM Y pisHux micysax. Pisnuys
MidiC HUMU 3HAX00URACs 6 mexcax 1,5% i ompumani 3uauenns 6ynu 6ausbKUMU 00 HA8eOeHUX Y Aimepamypi 3Ha4eHb eNeKMPUUHO20 ONopy
enekmpomexiunux cmanetl. Po3mip Kiemu 6naueac Ha NpOGiOHICHb, WO GUMIPIOEMbCA, MAKCUMANbHA Noxubka cmanoeums 5,2 %.
Ilpakmuuna yinnicms. Memoo oyinku numomozo onopy mamepianie 6e3 HeoOXioHocmi Ha0aHHs M nesHoi hopmu, Hanpukiad, oponty
abo cmpiyoK, 07 AKO20 1e2KO OMPUMAmMU AHATTMUYHI GUPA3U MIdC RUMOMUM onopom ma onopom. bion. 18, tadm. 7, puc. 12.

Knrouoei crosa: eleKTpUYHUI OMip, METO/ CKIHYEHHHUX eJIEMEHTIB, BAMIPIOBAHHS IHTOMOIO €JICKTPHYHOIr0 OIOPY, YHCeIbHe
MO/IeJTIOBAHHS.

Introduction. Electrical resistivity is an important
material characteristic. The theory of its measurement is well
established and commonly used measurement techniques
like the 2-wire or 4-wire method are used in praxis [1].
Because metals are usually very good conductors the
measurement of their resistivities can be difficult [2, 3]. A
similar problem of measuring the material resistivity of
samples with different shapes was worked on in the study [4].

Resistivity defines the power losses of electrical
conductors and in addition to parasitic capacitances and
inductances, it can determine the transient behavior of
circuits. It determines the skin depth of the magnetic and
electric skin effect [5, 6]. The measurement of conductivity
is also important in sensing the progress of concrete curing
[7, 8] and also important in estimating its durability [9]. Not
all metal materials can be measured this way and different
techniques are used for porous materials [10]. Resistance
measurements also yield structural information [11]. Most
magnetic metals have a grain structure that experiences
specific effects on resistivity [12]. Measuring the electrical
resistance is done relative to two arbitrary points. In this
work, it consists of connecting the points (terminals) to a

power supply and measuring the current flowing from the
power supply and the voltage difference between the two
points. The resistance is then given by Ohm’s law. However,
calculating the resistivity based on resistance can be
challenging especially when dealing with irregularly shaped
objects. Then numerical methods can be employed to
compute the electrical field distribution throughout the
object. The current then flows in the direction of the electric
field vectors (if we assume electric isotropy). The
measurement of anisotropic materials has been done in the
past, but in this work, the material is considered to be
isotropic which will be tested [13].

After the resistance of the material is measured, the
resistivity is computed from numerical analysis of the
system by fitting the resistivity to fit the simulated voltage
drop to the measured one.

The goal of the paper is to describe and test a
method of electrical resistivity measurement of metal
objects of non-standard shapes. Using it, it is possible to
measure the resistivity of materials without the need to
manufacture them into wires or ribbons.
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The subject of investigations. This paper defines
the used equations for the systems. The mathematics used
is well-known in the field of electrical engineering.

After defining the problem and choosing a shape of
interest, the numerical computation is done with the aid of
the finite element method, which computes the discretized
approximation of the system. After doing one simulation
with a random resistivity value, the real value is computed
which fits the simulation to the experiment. Because the
chosen shape resembles a bus bar, the difference between
an analytic expression and the simulation result of the
conductivity is calculated. The terminal size influence is
analyzed.

Theory and basic formulas. The equations
governing electrostatics describe the electric field in a
medium that arises due to static electrical charges. Via the
material equations the relationship between the electric
field E and current density J is established (1), which is
the Ohm’s law in differential form [14]. Throughout the
paper we assume electrical isototropy of the medium so
only scalar material characteristics are considered [15]:

J=coE, @)
where ¢ is the conductivity of the material, which we
want to estimate.

Electrical voltage is the potential difference between
two points marked T1 and T2 in Fig. 1. The flowing
current and voltage difference is expressed by (2) where the
integration surface S is marked on the picture as well [16].

T2

Fig. 1. A suitable integration surface for determining the current
flowing through the body of the object. The integration surface
S contains one terminal (T1) of the connected power supply

The current flowing through a medium is the flux of the
current density vectors through a given surface. This surface
should be suitably chosen like an enclosing sphere around one
terminal of the object as it is shown in Fig. 2 [17].

> T2 I

Im :

Fig. 2. A wire of uniform cross-section as a special case of the
system

Equation (2) defines the resistance and so the
relationship between the electric field and a corresponding
current flow. The proportionality constant is the
conductivity. By changing the conductivity at a given current
we can fit the voltage drop from experiments and so the best-
fit value will represent the conductivity of the material:

T2
jEdz
r=Yon )
1 O'J‘EdS.
S

Special case. One frequently used shape for which
electrical resistance is computed is a long thin cylinder
like it is in the case of an electrical wire.

The integrals from (2), because the wire is assumed
to be uniform throughout its length becomes (3). Using
Ohm’s law we can obtain an analytic solution of (2) for
simple wire-like objects (their length is the only
significant dimension) [15]:

R U_EL_ 11 )
I IS oS

Material sample. A transformer steel strip was
selected for the measurement (Fig. 3). The sheet’s
dimensions are 96 x 16,5 x 0,3 mm and two holes with a
diameter of 5 mm are located near its ends. The holes were
sanded, and two copper wires were soldered to their inner
halves, which represent the two terminals of the object.

Fig. 3. The transformer sheet whose conductivity is the subject
of determination

Based on this a 2D model was created in the Fusion
360 software that was extruded to 3D by giving the 2D

plane a thickness of 0,3 mm (Fig. 4).
o

‘ 96.00 ‘

@
=
/0060

0591
8o

Fig. 4. Fusion 360 model of the steel strip

The model was imported into COMSOL Multiphysics
modeling software as a .dxf file and an external domain
representing an infinite air domain was added (Fig. 5). The
air domain and the material were given a relative permittivity
g of 1. Air was given a conductivity ¢ of 10"° S:m
(because 0 makes the model not converge) and the metal
conductivity was set to 2:10° S-m™".

Air

@ T1 Material T2 ©

Fig. 5. COMSOL Multiphysics model of the system

Measurement. The measurement setup is shown in
Fig. 6. It consisted of a constant current source (R&S
HMP4040) and a voltmeter (RIGOL DM 3068), which
measured the voltage difference between the terminals of
the object.

TaTemT

@

Fig. 6. Left — the measurement setup;
right — placement of the voltage meter probes
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The voltage measurement was done at currents in the
range of 1 to 5 A with a step of 1 A. The obtained values
are shown in Table 1. The measurement method used is the
4-wire resistance measurement method [1].

Table 1
Measured values of voltage at a given current

Current, A | Voltage, mV Resistance of strip, mQ
1 7,0798 7,0798
2 14,1352 7,0676
3 21,135 7,045
4 28,2366 7,05915
5 35,3046 7,06092

The average value of the resistance was taken using
an arithmetic mean (4). So a resistance of 7,0625 mQ was
computed:

5
R:%-ZR,- =7,0625 mQ . 4)
i=1

Simulation. The simulated system’s terminals were
connected to a 1 A constant current source and the output of
the simulation was the voltage difference between the
terminals that the current creates (Fig. 7, 8). The original
guess of material conductivity ¢ = 2:10° Sm' was not
correct, because the computed voltage drop was 9,5032 mV.
The resistance of an object is inversely dependent on its
conductivity, therefore linearly dependent on its
resistivity pg (p was used for volumetric charge density
earlier). Two points in the resistivity/voltage drop graph
define the linear relationship. At zero resistivity the
voltage drop will be always zero so only one point is

needed. The point coordinates are shown in Table 2.

Table 2
Two points from the resistivity/voltage drop space

Resistivity, Q-m Voltage, V
0 0
5107 0,016107

From them, we can define the voltage drop U as a
function of resistivity. The expression is:

U=16107-pg. 5)

The desired voltage drop at 1 A is 7,0625 mV, so the
material resistivity is fit as the value 4,38-107 Q-m.
When this value is set as the material resistivity in the
simulation program, the computed voltage drop has the
same value as the experimental one.

Comparison with the special case equation. The
current density (Fig. 7-9) seems to be uniformly
distributed through the middle part of the sheet. This may
suggest that the analytical approach from the chapter
«Special case» could be used with enough precision
because the sheet has a long uniform middle section. The
sheet cross-section in the middle is a rectangle that has
dimensions of 0,3x16,5 mm. For the «wire length» we
take the shortest path between the terminals, which is the
strip axis between the holes (75 mm). Inserting these
values into (3) returns a conductivity of 2,145-10°S-m .

When computing the relative error between these
two approaches formula (6) yields a relative error of
approx. 6 % which is to be decided by the application if it
is tolerable:

Oeq = Osim

5, = -100% = 5,932 % . (6)
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Fig. 7. The mesh generated for the given system

vod(1)=2.28066 S/m Surface: Electric potential (V)

v

Fig. 8. The electrical potential at points of the system

vod(1)=2.2806E6 Sim 5 Current density nerm (am?)

x10%

60 40 20 o 20 40 60 mm

Fig. 9. The current density norm at points of the system

Measurement and simulation of resistivity at
different terminals. The measurement and simulation
were executed again at different points of the same sheet
to test the obtained results. The tested terminal
placements are shown in Fig. 10, 11. The lengths of the
terminals were 5 mm in case a) and 2 mm in case b).

Air a)
T1 .

, @) Material O HTZ
Air T1 b)
|
O Material O
L]

T2

Fig. 10. Simulated samples of sheets

terminals as it was shown in Fig. 10
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After the same process of measurement was repeated
for sheets @) and b), the obtained results are shown below.
After the resistance values were averaged from 5 current
values (Table 3), the relative errors between the voltage
drops if the same resistance value is used as the estimated
one are shown in Table 4. The relative error was
computed in the same way as in (6), but the eq index was
replaced by measurement.

The resistances that would be obtained from such
measurements are shown in Table 5. The error is again
computed similarly as in (6) and relative to the original
estimated sheet conductivity. The sheet seems to be
electrically isotropic as it was expected.

Table 3
Measured values of sheet resistance
Sheet Resistance of strip, mQ
a) 10,5784
b) 2,7606
Table 4
Measured and simulated values of voltage drop at the given current
Sheet| Voltage drop at 1 A — | Voltage drop at 1 A | Relative
measurement, mV — simulation, mV | error, %
a) 10,5784 10,525 0,51
b) 2,7606 2,7857 0,9

Table 5
Measured and simulated values of voltage drop
at the given current

Sheet Resistivity, Q-m Error compared to the
original sheet, %
Original 4,385-107 0
a) 4,452.1077 1,52
b) 4,429-1077 1,01

The effect of contact properties of probes to the
surface of the sheet. The contacts that the probes make with
the sheet affect the measured voltage drop. The transformer
sheet was covered in an electrically isolating warnish that
was removed in the places of probe connection and the
sanded length was measured to correspond with the
simulations. A simple ruler was used for the measurement
with a resolution of 1 mm. To estimate how this affects the
computed values of conductivity due to terminal size
uncertainty the simulation was recomputed. Multiple
terminal lengths from the interval of +1 mm centered around
the desired value were used. It is evident (Fig. 12) that the
voltage drop monotonically decreases with terminal size.
When computing the resistivity it can be seen that it
increases monotonically with terminal size.

The main reason behind such large differences
between the error values (Table 6) is the proximity of the
measuring terminals, which was substantially lower in the
case of b). The closer they are, the larger measuring
uncertainty of resistivity can be expected, because at
small distances it affects the electric field distribution the
most. Also the solder connection resistance was not
controlled and therefore also affects the measurement to
some extent, since the solder conductivitiy is comparable
to the sheet’s conducitivity. The best method to suppress
the effect of the connections’ resistances is to place the
terminals as far apart as possible in order to make the
electric field lines between terminals as long as possible.
This will render the resistance of the terminal connections

as small as possible compared to the resistance of the
sheet between the terminals and so the measured voltage
drop will be mostly due to the sheet’s resistance between
the two terminals.

oW W W

)

NN MNNN
h N

]

Ters b)
Fig. 12. Voltage drop dependence on terminal length when
a conductivity of 2.25-10° S/m was used for the simulation on
sheets (a) and (b) — blue graph [ and the corresponding
computed resistivity value to match experiments — orange graph 2
Table 6
Calculated conducitivty interval due to a 1 mm terminal
measuring error
Largest p, Q'm

Max error compared
to Table 5, %
3,47
17,85

Sheet | Lowest p, Q-m

4,582-107
5,022-1077

a) 4,298-107
b) 3,638:107

Uncertainty of the resistance measurement. The
uncertainty values of measurements were calculated from
the datasheet values of the used devices. The voltage drop
was measured by the RIGOL DM 3068 multimeter which
on the smallest 200 mV range has a 0,002 % error of
reading and a 0,002 % error of range. The R&S
HMP4040 current source has a regulation error consisting
of a 0,01 % error of regulation and a 250 pA offset error.
When setting a DC current value of 1 A, the current
accuracy is 1 £ 0,00035 A. The voltage accuracies can be
seen in Table 7.

Because the current and voltage were measured by
two separate instruments, they are uncorrelated and
because resistance is computed by division of these
values, the resistance uncertainty is given as [18]:

U, U
Up (U + 7 ) R . (7)
where uy is the resistance uncertainty, u, and u; are the
voltage and current uncertainties, U and / are the measured
voltage and current values and R is the computed resistance.
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The resistance is then estimated as R + uy and is shown in
Table 7. The relative resistance measurement uncertainty is
0,075 % for sheet a) and 0,182 % for sheet ) [18].

Table 7
Absolute uncertainty of the resistance measurement

Sheet| Absolute current | Absolute voltage |Absolute resistance
uncertainty, A uncertainty, V uncertainty, Q
a) 3,5-107" 4,212:10°° 7,914-107°
b) 3,510 4,055-10°° 5,021-10°°

When computing the resistance error due to terminal
size uncertainty from Fig. 12 we obtain a relative
uncertainty for sheet a) of 3,33 % and for sheet ) of
21,74 %. So the uncertainty in the connection parameters
of the probes to the sheet strongly dominate the
uncertainty of resistance measurement. The further apart
the two terminals are, the smaller the error becomes.

Conclusions. The paper described a method of
estimating the resistance of highly conductive materials of
non-standard shapes. The method can estimate the
conductivity of metals even when placed in different
places of the object with a relative difference of
approximately 1,5 %. However, because there is
uncertainty in the terminal connection sizes and
resistances, putting them too close together can yield very
large uncertainty values. Terminals should be placed on
opposite ends of the object to make these infuences as
small as possible. Because there is no bounds of what
object shapes could be used for the measurement the
uncertainties of the given terminal placements should be
computed for each case and decided if it is appropriate for
the given application. The obtained results are similar to
the resistivities of other metals of the same category.
Because the measurement yielded a similar value of
resistivity when the terminals were placed on the sheet
axis (original measurement and sheet marked «)) and
perpendicular to it (the sheet marked b)) we can assume
that the electrical steel is electrically isotropic.
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EnekmpuyHi cmaHuii, Mepexi i cucmemu
YK 621.316.9

https://doi.org/10.20998/2074-272X.2023.6.14

A.B. KpacHoxoHn, A.O. Kpunuucekuii, P.O. byitauii, I.B. Jixtsapyk, O.B. Kpacuoxon

JocainxeHHs1 BIVIMBY MapaMeTPiB Cy4aCHUX IPO303aXUCHUX TPOCIB HA BeJIMYUHY BTPAT
NMOTYKHOCTI B HUX /ISl MOBITPSIHUX JIiHii eqekTponepenasanus 330-750 kB

Hocnioxceno empamu enexmpoenepeii 6 2po303axXuchux cucmemax NOSIMpSAHUX NiHill enekmponepedasants nanpyeoio 330-750 kV 3
2PO303AXUCHUMU MPOCAMU, WO MICHAMb 60Y0068aHUIl ONMOBONOKOHHUI Kabeny. TIokazano, wjo yi empamu € SHAaUHUMY, 3a1eXHCAMb 8i0
63AE€MHO20 POSMAWLYBAHHA PA3 MA MPOCY, HABAHMAICEHHS NIMIT 30 CMPYMOM Ma Napamempie camozo mpocy (ChiegioHowen s 11020
AKMUGHO20 MA PeaKmueHo20 Onopig) i Moxcyms cmanosumu 6io 1,6 kW/km ons niniti 750 kV 0o comenv W/km ons niniti 330 kV. Bu-
BHAYEHO, WO 2PO303AXUCHT MPOCU 3 NOSOHHUM AKMUSHUM Onopom 6 dianazoni 6i0 0,32 Ykm oo 1,5 Vkm 6yoyme mamu empamu, onu-
3bKi 00 MAKCUMAnbHUX. Bnepuie pexomenoosano sukopucmogyeamu po303axuchi mpocu, SKi Micmams 66y008aHuUll ONMOGONIOKOHHUI
Kabenb, 3 NO2OHHUM aKmueHum onopom ne oinvue 0,25 Ykm, wo 003601ums 3MeHWUMU 6MPAMY NOMYHCHOCHE MA NIOBUUMU eHep-
2oeghekmueHicms nosimpsinux Jiniu enekmponepeoasannsi 330-750 kV. Bi6n. 27, Tabmn. 1, puc. 5.

Kniouosi cnosa: noBiTpsiHa JIiHisl eJieKTpoNepeaBaHHs, IPO303aXHCHA CHCTeMa, IPO303aXHCHUI Tpoc, BTPAaTH eleKTpoeHep-

rii, MOroHHMI1 aKTUBHUI omip.

Beryn. B cyuacHOoMy cBiTi HOBITpsIHI JIiHIT €1eKTpo-
nepenaBanHs (I1JI) Bce uwacrime o0IanHyOTHCS TPO303a-
xucHuMHU Tpocamu (I'3T) 3 BOymOBaHMM ONTOBOJIOKOH-
HuM kabenem (tpocu tuiry OKI'T). Taxi Tpocu He TinbKu
3axumaoTh Gazu [1J] Big npsmux yaapiB GnuckaBkH, ane
1 OIHOYACHO MAaroTh BOYIOBaHI KaHANM A Tepenadi
inpopmamii. [Iponec ocnamenns I1JI Takumu Tpocammu
TpuBae i B YKpaiHi, B mepiry depry me maricrpansHi [1J1
kiacy Hanpyru 220-400 kV. Cuix 3a3Ha4uTH, IO TPO30-
3axucHa cucrteMa I1J] Bume3a3HadeHHWX KIIAaciB HAIpyTH
Haiuacrime ckinagaerbes 3 1Box ['3T.

3rigno 3 Bumoramu I1YE [1], I'3T Tumy OKI'T ma-
I0Th OyTH NpuegHaH] 10 KoxkHO1 onopu [1J1, siki, B cBOIO
yepry, 3a3emsieHi. [Ipy npoMy B Ipo303axuCHIN cucTeMi
[1JI y HOpManbHOMY pekiMi poOOTH OyayTh MaTH Micue
JIOZIATKOBI BTpaTh €JEeKTpH4HOi eHeprii. MarniTHe mose
¢azaux mposoxis I1J] yTBOproe 3MiHHMIA MarHITHUH IO-
TiK, 39eIUIeHui 3 Tpo3o3axucHOol cuctemoro [1JI. Ileit
MOTIiK TPHU3BOAWTE 10 TosiBu y ['3T HaBeneHUWX CTPyMiB
Ta, sIK HACJIIIOK, BTPAT eHeprii Ha HarpiBaHHs camux [ 3T,
SIKi MarOTh TIEBHUM aKTHBHHUH OIIIp.

Orasn my6aikamiii. Y poGori [2] po3rnsiHyTrit mia-
X1l 1010 pO3paxyHKy BTpAT MOTYXKHOCTI y Ip0303aXuc-
uiit cucremi I1JI 330 £V, sika mae omun I'3T Ta BuKOHaHA
Ha omopax Mapku I1C330-2 3 BepTHUKalIbHUM pO3TaIlly-
BaHHAM (a3. ABTOPH IOKa3yloTh, 110 Y pa3i 3acTOCYBaH-
Hs ['3T tuny OKI'T naBenenuii crpym y I'3T moxe npu-
3BOAIMTH 10 3HAYHUX BTpar HoTyxHOcTi. Ilpore, OuIb-
mricte [1JT 330-750 &V MaroTh TOpHU30HTAIBHE PO3MIIICH-
Hs npoBoxiB Ta aa ['3T. Cuix 3a3HaUMTH, M0 HAWYACTI-
me B XoAi MoaepHizanii 3a3HadeHux [1JI B YkpaiHi 3ami-
HIOKOTH Jiviie oguH 3 aBoX I'3T Ha OKI'T: i”mwmil 3anu-
LIA€THCSA MOJUICHHM Ha CEIMEHTH CTalleBUM KaHATOM,
NPUYOMY KOXKEH 3 CerMeHTiB, Bianosiano no I1YE, 3aze-
MJICHHH B OJIHIH TOYIl 3 METOI0 YHEMOKJIMBIICHHS ITPOTi-
kaHHd B TakoMy ['3T HaBeZeHOro CTpyMmy.

JociimkeHHs peXXuMiB poOOTH Ipo303aXUCHHUX CHC-
tem [1JI BHCOKOI i HaJBHCOKOi Halpyrn MarOTh JaBHIO
icropito [3, 4]. Ilpore, Hecrapiloumii iHTEpec OO LUX
MUTaHb 00YMOBJICHUH SIK BUKOPUCTAHHSIM HOBUX MaTepi-
amiB, Tak i po3poOkoro HoBHX TumiB omop I1JI, 3miHOIO
mapameTpiB camux ['3T, 3miHoro HaBanTaxkeHHs [1J1 TO-
wo. [IuTaHHs ynamTyBaHHS 1 PeXUMIB PoOOTH Tpo303a-

XMCHUX CHCTEM PpO3MJSAOThC y IyoOuikamisx [5-7].
OpHak B HUX yBara npuauiserbcs O6ararokosnosum I1J1 3
onHUM abo JBOMa TPO303aXMCHUMH Tpocamu [S] Ta Bep-
THUKaJIbHAM po3TanryBaHHsIM (a3. [Ipu npomy oOupaeThes
ONTHMaJbHE B3a€EMHE pO3TallyBaHHsA (a3 pI3HUX Kil
takoi I1JI 3 MeToro 3MeHIIEHHS BTpAT MOTYXXHOCTiI B Il
TPO303aXUCHIA CUCTEMI.

IJT xnaciB manpyru 330-750 £V, mo 3ycTpidaroThes
Ha TEPUTOPIl HAIIOI KpaiHH, MalOTh FOPH30HTAILHE PO3-
TalryBaHHs (a3 Ta € 34e0UIBIIOro 0HOKOJIOBUMH. Xapa-
KTEpHOI0 ocobmuBicTiO ykpaiHcbkux [1J] € 3HauHi po3mi-
pu onop Ta Bincranei mix dazamu ta I'3T, Tomy HaBene-
Hi y poboTax [5-7] MeTon 3MEHIIEHHS BTPAT MOTYKHOC-
Ti B TPO303axXHCHIN CUCTEMI HE MOXYTh OyTH 3aCTOCOBaHI
JUISl HUX.

3MEHILCHHIO BTPAT MOTYXHOCTI B €IEKTPUYHUX Me-
pexax mpucBsiaeHo OaraTo poobit, 30kpema [8-13]. Tlpore,
OumpmricTs IMX pOOIT HampaBlieHa Ha BUPIMICHHS MPO-
OeMH 3MEHIICHHS TEXHOJIOTIYHMX BTpPAT EIEKTPHUYHOT
eHeprii y (asHuX NPOBIJIHUKAX €JIEKTPUYHOI Mepexi Ta
CHJIOBHX TpaHchopMaTopax.

[MuTaHHS 3MEHIIEHHS BTPAT € TAKOX aKTYaJIbHUMHU
I KaOeaLHMX JiHIH, 1€ 32 CXOKHUM MEXaHi3MOM BILIH-
By BiIOyBa€ThCs HaBEJEHHS CTPYMIB B €KpaHaX OJHO-
KHUJIBHUX KaOeniB (3a HassBHOCTI YMOB JUIs X HPOTiKaH-
Ha) [1, 14-17].

AHaii3 HOpPMAaTUBHHUX JOKYMEHTIB IIO/0 YJAIITY-
BaHHS BOJIOKOHHO-ONTHYHUX JiHIH 3B’sa3ky (BOJI3) Ha
ITJI mokazas, mo mix gac Bubopy OKI'T BpaxoBYIOTH iX
MeXaHIYHY MIIHICTh Ta CTIHKICTh O CTPYMIB ONHCKaBKH
Ta KOPOTKOTO 3aMHKaHHS 1 He OepyTh IO yBarm BTPaTH
MOTYXHOCTI, SIKI BUHHKAIOTh B HUX B HOPMAaJIbHOMY pe-
xuMi pobortu TJI [1]. OueBuaHO, 1110 BapTO 3aMpPOINOHY-
BaTH J0AaTKoBI kpurepii Budbopy I'3T 3 MeToro 3MeHIeH-
HS IUX BTpar.

Mertor0 cTaTTi € NOUIYK Ta OOIPYHTYBaHHS KpUTe-
pito Bubopy OKI'T mns I1JI manpyroro 330, 400, 500 Ta
750 kV, sixuit 3a0e31e4nTh 3MEHIIEHHS BTPAT MOTY>KHOCTI
B I'PO303aXUCHUX cucTeMax Takux I1JI.

OcHoBHi MaTepiaim qociigxenns. Hiokde HaBeeHo
METO/IMKY PO3PAXyHKY Ta YHCIOBI 3HAYEHHS BTPAT MOTYX-
HOCTI B Tpo3o3axucHiit cucremi [1JT 330-750 £V ma mpuxrmami
omop mapok I1I1-750, TITT-500 ta I1330-9 (puc. 1).
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Puc. 1. 30BHIIIHIN BUIIISL Ta TEOMETPHYHI po3MipH onop BucokoBonbTHUX 11 ) ITI1-750; 6) ITI1-500; 6) I1330-9

Hust TIJT 750 kV, axi 30ynoBaHi Ha oropax THILY
MI1-750 (puc. 1,a) [18] Oyayrs mMatm wmicue HaiOLIbIII
Bizictani Mix ¢azamu Ta ['3T, 110 yTBOPIOIOTH IPO303axH-
cay cucremy I1JI. Taki I1JT po3paxoBaHi Ha TpaHCHOPTY-
BaHHA 10 2,25 GW notyxHOcTi (cTpyM y (ha3i mpuOIM3HO
nopisaioe 1,7 kA), a naBantraxenus I1JI npotsrom no6wu,
SIK TIPaBHJIO, 3MIHIOETHCS HECYTTeBO. B YkpaiHi BKazaHi
IJI HatigacTime MaroTh HaBaHTaXeHHS 10 1 GW (ctpym y
¢asi mpubimsuo nopisaioe 770 A). Bee me o3Hauae, mo
came B Takux [1JI MOXyTp MaTH Micue 3Ha4Hi BTpPAaTH B
rpo303axucHii cucremi. Tak, HampuKiIang, MaKCUMAaJbHI
piuni Brpatu B ogHomy ['3T I1JI 750 kV 3a MmakcumaibHO-
ro HaBaHtaxeHHs 2000 MW i KiIbKOCTI TOJMH BUKOPHUC-
TaHHS MaKCUMyMy HaBaHTaxeHHs y 6000 hours/year
MOXyTh csarata 50 000 kW-h/km [4].

3’scyemo, st akux ['3T OynyTs mMatn micue Haioi-
JIBI BTPATH B TpOo303axucHii cucremi I1J1.

Ctpymu, HaBeJIeHI B CYMDKHHAX KOHTYypax i3 3a3eM-
neroro Ha KoxHii omopi OKI'T, Tima omop Ta 3emi,
cTikatoTh yepe3 onopu I1J] y mpoTunexxHuX HampsiMKax i
KOMIEHCYIOTh OAWH OTHOTO y pa3i PIBHOCTI JOBXHUH
nporoHiB. Takox il 3a3HAYUTH, IO OMip OJHOTO IIPO-
TOHY TPOCa € 3HAYHO MEHIIMM 32 OIIIp 3a3eMJICHHS OJHIET
omopu IIJI. 3a Takux ymoB ctpymu 3 OKI'T y 3emiro
CTIKaIOTh JiMIIIe 3 KiHieBux omop I1JI, omip sIKUX yHOpMO-
BaHO Tabm. 2.5.29 TIVE [1]. Kontyp nns mporikaHHs
LIBOTO CTPYMY Ma€ MEBHUI aKTUBHUH OMip Rsy Ta 1HIYK-
TUBHUH ormtip Xgp, siki o0ymoBieHi mapamerpamu OKI'T
(3a yMOBH, SKIIO OMOpH 3a3eMileHH: KiHmeBux omop 1] e
MaJTUMU BiTHOCHO Ry Ta Xg OKI'T Ha momxwuni TLT).

3Hatoun HaBeneHy Hanpyry Ugy, MOXKEMO BH3HAUH-
TH HaBelleHUuH cTpyM /gy 3a hopMyIior:

UGW (l)

IGW _——.
2 2
VRGw + XGw

BrpaTtu akTMBHOT HOTY>KHOCTI B TPO303axXHCHIH cuc-

TeMi MOKHA BU3HAYUTH 33 (HOPMYJIOIO:
2 2 Rew
Fow =1gw Rew =Ugw —5———>5—- ()
RGw +XaGw

YMOBa MakCUMaJIbHUX aKTUBHHX BTPAT MOXe OyTH
3HAWJICHA IIJISIXOM BU3HAYEHHS eKCTpeMyMy Bupasy (2):
2 2 2
dFew (RGW + XGw )— 2-Rew _,, 3)
dR 2 2 )2 '
o (RGW +XGw

2
=UGw -

3 (3) BumIMBae, 110 YMOBAa MAaKCUMaIbHUX aKTUBHUX
BTpat B ['3T mae Burmsia:

Row =Xaw - “
OueBHHO, II0 MaKCHMallbHI BTpPaTh IOTY>KHOCTI
OyayTb TOpIBHIOBATH:

2
Uew - Xew 2 1
PGWmax ) 2 UGW ’ . Q)
Xow +XGw 2-Xow
Bu3HauuMoO BeJMUMHY NPUBEICHUX BTPAT y BUIIISI
BigHOWIEHHS Pgy 10 PGpmax:
Fow  _2-Row - Xow ©6)
Fow max RéW +X2;W

Po3inuBiim 4nceNbHUK 1 3HAMEHHUK BUpasy (6) Ha
KBaJ[paT PEakTUBHOI'O OTOPY MOYKHA OTPUMATH BEJIMUNHY
NIPUBENICHUX BTPAT B I'PO303aXUCHIN cucTeMi K QyHKIi0
BIZIHOIIEHHS 11 aKTUBHOT'O Ta PEaKTHBHOT'O OIIOPIB:

5. Rew
P R X,
GW :f( GWJZ GW > (7)
Fow max Xew | (RGW)
+ JE—
Xew

[ToGynoBany 3a Bupazom (7) 3aJeKHICTh HABEJCHO
Ha puc. 2.

OueBHIHO, 110 3 METOI0 YHUKHEHHS MaKCUMaJbHUX
BTpaT B IP0O303axHCHiii cucremi citig oouparu taki OKI'T,
JUTSL SIKUX CIIBBITHOMICHHS Rgy/Xgy Oyne abo menme 1,
abo >x Oinpmie oguHuIi. Tak Ha pUC. 2 BUAHO, 10 332 yMO-
Bu Bubopy OKI'T, mns skux Rey/Xow = 0,5 abo 2 p.u.,
MaeMO Benn4yuHy mutomMux BTpaT 0,8 p.u., mo o3Hayae
3HIDKCHHS BTpaT BITHOCHO MAaKCHMaJbHUX BCHOTO Ha
20 %. 3a ymoBH, KO Rep/Xow < 0,4 a60 x Rew/Xow > 2,5,
MAEMO 3HIDKCHHsI BTPAT B IPO303axXUCHIM CHCTEMI Oiib-
e, Hx Ha 30% y Oynb-sikomy pexxumi podotu I1J1. Oge-
BUIHO, III0 CaMe€ TaKUM KpPUTEPIEM CIIIBBIIHOIICHHS
Rew/Xow 1 BapTo kepyBaruch rpu Buoopi OKI'T must ITJ1.
ITpu umpomy Takox ciig OpaTH 10 yBard 1 €KOHOMiYHI
MIpKyBaHHS, @K€ TPOCH 3 MaJUM CIiBBIIHOIICHHSM
AKTHBHOT'O Ta PEAKTUBHOTO OIOPY MAlOTh OLIBLIMH Iia-
METp Ta Macy Ha KUIOMETp JOBXWHHM, a TaKoX 1 Oiinpury
[iHy, aje TpH IbOMY OyAyTh 3a0e3medyBaTH Kpallii
piBEHB TPO303aXHCTy Ta MAaTH OLIBIITY CTIHKICTH O CTPY-
MiB OJTUCKaBKH 1 KopoTkoro 3amukaHHs (K3).

Ciip 3a3HauMTH, 10 BUILE3a3HAYECHI MIiPKyBaHHs
crnpaBeuIuBI 1l BUNaaky, koiau onip OKI'T Ha noBxkuHi
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Beiei I1JI 3HA4yHO OiMbIIMI, HIDK OMOPH 3a3eMJIFOBAYIB
kingeBux onop I, mo ¢dakTuyno Bukonyetrbes aist [1J1
3Ha4HOI J0BXHHU (y BUMaaky koporkux I1J] Buiiesasna-

YCHI OIOPH 3a3€MITIOBAYIB CJIijI BPaXOBYBaTH).
Py/Pymae D-U-

A
e
|

0.2

R/ Xy, pout.
0 2 4 6 8 10
Puc. 2. 3anexHicTh MPUBEACHUX BTPAT AKTUBHOI IOTY KHOCTI
y rpo3o3axucHoMy Tpoci [1J] Bix criBBiZHOMEHHS HOTO
AKTHBHOT'O Ta PEaKTUBHOTO OIOPIB

0

Po3paxyemo BTpaTé akTHBHOI IOTYXHOCTi B TPO30-
3axucHiii cucremi I1JI 3a yMOBM BHKOPUCTaHHS PI3HHX
mapok OKI'T. B3aemne posranryBaHHs (a3HUX HPOBiJ-
HukiB [1J] Ta rpo3o3axucHUX TPOCIB 3 yciMa HEOOXITHUMU
BIJICTaHsAMH [MOKa3aHO Ha puc. 3.

Ha puc. 3 mokasaHo BifcTaHp 7y MiX (aszon Ta
I'3T1, a takox iHIIi BifcTaHi, HEOOXIHI Ul PO3paxyHKY.
VY Bumagkax, komu [1J1 moOymoBaHi Ha OIIOpax THUITY:

e IIM-750 (puc. l,a) — x, = 18 m, x, = 16,75 m,
hy=159m, H= 27,75 m;

e III1-500 (puc. 1,6) —x,= 11,7 m, x,= 7,5 m, hy=17 m,
H=26,5m,

e 11330-9 (puc. 1,6): x,= 8,5 m, x,= 5,5 m, hy=13,8 m,
H=20,25m[18].

)7
A X
3
T 13T2
Ty
A ¢ B e C
1
H
hy ™~ X

X
hy— BUCOTa PO3TAIIyBaHHs (pa3HUX MPOBiTHHKIB;

H — Bucora posramysanss ['3T;
Xy— BiJICTaHb BiJl BEPTHKAIBHOI OCi CUMETpii onopu 110 has;
X, — BignosigHa Bigcranb 10 ['3T
Puc. 3. 'eomerpuuna mogens I1JI ais po3paxyHKy

Bynemo BBaxkaTu, mo Ha puc. 3 I'3T1 Tumy OKI'T, B
SIKOMY CIIiJi BU3HAQUUTH BTPATH IIOTY>KHOCTi. Y SKOCTI

I'3T2 mependavaeThCst CTAACBHI KaHAT, SIKAH IOILICHO
Ha OHOCTOPOHHBO 3a3€MJICHI CETMEHTH.

BapTo Takox 3a3HaYMTH, 110 IPOTIKaHHA CTPpyMy [ y
(azi I1JI Oyne npu3BOIUTH IO YTBOPEHHS €JIEKTPOMarHi-
THOTO TIOJISI HABKOJIO MPOBIJHHUKA T4, Y BHIAAKY MPOXO-
JoxeHHst [1J1 B3IOBX KHUTIOBOI 3a0yZOBH, CTBOPIOBATH
IIKIITUBY JiF0 HA OpraHi3M moauau [19-23].

Ha puc. 3 BugHo, mo Binctanb Mik (aszoro I1JI Ta
OKI'T moxHa po3paxyBaTy 3a GOPMYIIOO:

rp =g =x P+l = P ®)

I'mubuHy mpoTikaHHS CTpyMy B 3€MJIi Ta TIOTOHHY Ha-

npyry, y V/km, naeneny sa ['3T1 tumy OKI'T Bin ctpymy

ozHiel ¢azu I1J1, MoKHA BU3HAYUTH 3rimHO 3 [4, 24] sK:
2,1

D,, = ————; ®
¥ VS oy107
Ugwip = 0.1447-1-1g(Dg, /rr), (10)

Jie f— 4acToTa CTpyMy; ¥ — MUTOMA eJISKTPHUYHA NPOBiJ-
HiCcTb IpyHTY (npuiimaerbes piBHoto 0,01 S/m); I — nitoue
3HaueHHs cTpyMy oaHiel dazu [1J1.
Hasenena na OKI'T noronna Hamnpyra Bix Bcix ¢a3
IJI 6yne Bu3HAYATHCS SIK:
2z
. 0 5 S
Ugm =Ugmia e +Ugwp-e 3 +Ugpc-e 3 (11)
AKTHBHU# Ta PEaKTUBHUI OMOPH OJHOTO KIJIOMETPY
OKI'T 3 ypaxyBaHHSIM CTpyMy B 3eMJIi IOPiBHIOIOTH [4]:

,_2-7[

Ry =R, +0,05; (12)
D
Xow =0,1447 -lg( d/g; J (13)

ne R, — noronnuit aktusnuit onip OKI'T neHoi Mapku;
d — iioro miamerp.

HaBenenuit y rpo303axucHiil cHCTEMi CTPYM pPO3-
paxoBytoTh 32 (1). 3a BiZoMHUM [il0OYMM 3HAYEHHSM LIbO-
ro CTpyMy MOXKHa 3HAHTH BTpaTH B IPO303aXUCHiil cuc-
temi [1J1 3a (2).

Macnoptai mapamerpu OKI'T pi3HMX Mapok, a Ta-
KO)X pO3paxOBaHi TOTOHHI AaKTHBHHH Ta pPEeaKTUBHHUMA
onopu rpozo3axucaux cuctem I1JI 330, 500 ta 750 kV ta
iX cmiBBimHOIIEHHS HaBeaeHi B Taba. 1 [25]. Sk BumHO B
Tabn. 1, akTUBHUI OIIp TPO303aXHMCHOI CHCTEMH IyXKe
CHIIBHO 3aJIexuTh BiJ oOpanoi mapku OKI'T, npu npomy
PEaKTUBHMH OIip 3MIHIOETHCS 3HAUYHO MeHIue. Tomy mpu
BubOopi Mapku ['3T moTpiOHO Opi€eHTyBaTHCh, B MEpLLy
4epry, Ha HOro OrOHHUM aKTMBHUM OITIp.

Tabmuus 1
[Mapamerpu OKI'T ans I1J1 330-750 £V
[ToroHHuUl akTHBHUI Ta PEAKTUBHUN OTIOpH Rew ! Xow, p.u.
Mapka ['3T Hapanerpu OKT'T OKI'T I HaprroII)O 30750 47 s TUT szpl;rom
d, mm R,, Ykm Row, km Xow, Ykm 330-750 kV
OPGW 426-AL1/56-A20SA 28,8 0,065 0,115 0,697 0,165
OPGW 264-A1.3/29-A20SA 22,5 0,12 0,17 0,712 0,239
OPGW 34-A1.3/34-A20SA 11,4 0,681 0,731 0,755 0,969
OPGW 11-AL3/15-A20SA 7,3 1,856 1,906 0,783 2,435
OPGW 27-A20SA 7,3 3,022 3,072 0,783 3,925

3a (1), (2), (8) — (13) mis BCix TPOCiB, 3a3HAYCHUX Y
Tabn. 1, moOyn0BaHO 3aJIS)KHOCTI MUTOMUX BTPAT aKTHB-
HOI MOTYXHOCTI B I'PO303aXUCHIH CHUCTEMI Bill CTpyMy Y
¢asi I1J], HaBesneHi Ha puc. 4.

Jlerko Gauwmty, mo Tpoc Ty OPGW 34-Al1.3/34-
A20SA (kpuBa 3 Ha puc. 4) 3a0e3redye 3HaYHO OUTBIIUI
piBens BTpar, HiK OKI'T iHmmx Mapok. 3a yMOBH Jit040-
ro 3HaueHHs cTpymy ¢aszu I1J1 750 kV'y 770 A npu Buko-
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pucranHi Tpocy OPGW 34-AL3/34-A20SA Brparu mo-
TYXHOCTI y Tpo3o3axucHiii cuctemi I1JI 750 kB craHoBu-
tuMyTh Oinst 1,472 kW/km (nuB. puc. 4,a). Ilpu mosxuHi
[T 500 km BTpaTH aKkTHBHOI IOTYXXHOCTI Ha BCiH JOB-
xuHi [3T cranoButumyts 0,736 MW. BapricTe Takux
BTpaT 3a pik 3a ymoBu pobotu [1J] 3 He3MiHHUM HaBaH-
TaXXEHHSIM TIPH iCHYI04YOMY Tapudi Ha nepenady eieKkTpo-
eHeprii marictpanbHumMu Mepexamu (397,85 UAH 3a
MW-h. cranom Ha rpynens 2022 poky) Oyae CTaHOBHTH
2,565 millions UAH/year. O4eBUIHO, 1110 BUKOPUCTAHHS
P, kW/km P, kW/km

135

0.5

TPOCIB IHIIMX MapoK JI03BOJIUTH CYTTEBO EKOHOMHUTH
€JIEKTPOEHEPTil0, 0COOJINBO, SIKIIO NPUHHATH IO yBaru
HOpMATHUBHUH TepMiH ekcruryararii [1J], skuit 3a anHHAM
3aKOHOJABCTBOM ckiamae 40 pokiB, a TaKOXK i TOH QaxT,
0 [iHU Ha eJIEKTPOCHEPTi0 MOCTiHHO 3pocTaioTh. Tak,
Hanpukian, aust Tpocy mapku OPGW  426-AL1/56-
A20SA mipu Tiii )Ke BEJIMUMHI CTPYMY BTPATH MOTYXKHOCTI
cknagaots 0,513 kW/km, npu 1poMy BapTicTh Takux
BTpaT MNpoTsroM poky cranoButume 0,893 millions
UAH/year.
P, kW/km

0.3

0.4

3
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Puc. 4. 3anexHoCTi BTpat NOTYXHOCTI B rpo3o3axucHiii cucremi [1J1 330-750 kB Big ctpymy dasu s pisanx mapok ['3T:
1 — OPGW 426-AL1/56-A20SA; 2 — OPGW 264-AL3/29-A20SA; 3 — OPGW 34-AL3/34-A20SA;
4 - OPGW 11-AL3/15-A20SA; 5 — OPGW 27-A20SA

Ha puc. 4,6 BuiHO, 1110 BTPATH MOTY>KHOCTI B IPO30-
3axucHii cucremi I1JI 500 £V MOXyTh CTAaHOBHTH COTHI
Bt Ha 1 xM 11 gomkmHu. Taki BTpaTH TeX € 3HAYHUMH,
0COONMBO 3 OMISAMy Ha cymapHy mnpoTspkHicTh [1J1 (3a
ctpymy y 500 A Brpatu y rpo3o3axucHiii cucremi 11 3
tpocom mMapku OPGW 34-AL3/34-A20SA mMoxyTh csira-
™ 0,285 kW/km). IlpaBunsauii BuOip mapku I'3T no3Bo-
Jsi€ 3MEHIIUTH BEJIWYUHY, a, 3HAYUTh, I BapTICTh TaKHX
BTpaT B JEKiJbKa pasiB.

[HTEpEec moa0 BeTMYUHA BTPAT B TPO303aXUCHIM CH-
cTeMi Takox ctaHoBIATh [1J] knacy Hanpyru 330 kV. Taki
[JI Takox MpaIroroTh TPUBAIUI Yac 31 3HAYHUM HaBaH-
TaXEHHAM 3a cTpyMoM. Ha puc. 4,B BUHO, 1110 BUKOPHUC-
tanHs neBHUX Mapok OKI'T mo3Bossie 3HU3UTH BTpATH 10
BeIMUYMHM AecATKIB BT Ha kM momxwuuu I1JT 330 £V (3a
ctpymy y 300 A Brpatu y rpo3o3axucHiii cucremi 11 3
tpocom mapku OPGW 34-AL3/34-A20SA MoxyTh csira-
™ 116 W/km, a 3 Tpocom OPGW 426-AL1/56-A20SA —
Bcboro 40,5 W/km).

Caiz Takox 3a3Ha4MTH, O 1pu 3MiHi Mapku OKI'T
PEaKTHBHHN OIip TPO303aXHCHOI CHUCTEMH 3MIHIOETHCS
3HAYHO MEHIIE, H)K aKTHBHHUU omip (auB. Tabm. 1), Tomy
caMme Belnm4ynHA oroHHOro aktuBHOro omopy OKI'T mae
OyTH KpuTepieM BUOOpY 33/l MiHIMI3aIil BTpAT HOTYX-
HOCTI Ta €JIEKTPUYHOT EHEpPrii.

AHaJti3 KpUBUX Ha PHUC. 4 CBITYMTH MPO TE, 10 TPO-
CH 4K 3 MaJIuM, TakK i 3 BCJIMKUM IIOI'OHHUM aKTHBHUM
oropom Ha I1JI 330-750 kV 103BONISIIOTH OTPUMATH CYT-
TEBE 3MEHIICHHS BTPAaT IOTY)XXHOCTI B TIPO303aXHUCHIN
cucremi, asie npu npoMy OKI'T 3i 3HAaUHUM NOTOHHMM
aKTMBHUM OIIOPOM MAalOTh MEHIIMH JiaMeTp, MEHILy
MIIHICTh Ta TEPMIYHY CTIMKICTh O CTpyMiB OJIMCKaBKH
ta K3 [26, 27].

3a nganumu Tabu. 1 moOynOBaHO 3aJIeKHOCTI CHIB-
BITHOIIICHHSI aKTHBHOTO Ta PEaKTHBHOT'O OIOPIB IP0O303a-
XHCHOI CHCTeEMH Rgy/Xgw BiJi IOTOHHOIO aKTHBHOIO
omnopy I'3T R, (puc. 5).
R/ Xgp 1.
4 3

3.51

3
4 / 0.6
2.5 /
2
1.51 /

3
1 ) P

03 /

0.2 /

0.57

0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

% o5 1 15 2 25 R, Y/km
1 — OPGW 426-AL1/56-A20SA, 2 — OPGW 264-AL3/29-
A20SA, 3 - OPGW 34-AL3/34-A20SA,

4 - OPGW 11-AL3/15-A20SA, 5 - OPGW 27-A20SA
Puc. 5. 3anexxHocTi criBBiAHOMICHHS R gy / XGy Bif IOTOHHOTO
axtuHoro onopy OKI'T Rp nnsa rpo3osaxucHux cuctem I1JI
330-750 kV

Ha puc. 5 Bugno, mo npu Buxopuctadai OKI'T 3
MMOTOHHUM aKTUBHUM omnopoM 0,25 (Vkm maeMo BeIH4H-
HY Rgw / Xy npubnuzno piBaowo 0,4 p.u., 10 3rigHo 3
KPHUBOIO Ha pHc. 2 3abe3nedye 3HMKeHHs BTpar Ha 30 %
BiJ iX MaKCHMMaJbHO MOJKJIMBOTO 3HadeHHs. [Ipu BHOOPI
I'3T 3 MeHIUMU 3HAYEHHSAMHU MOTOHHOTO aKTUBHOTO
oropy BTpaTH B rpo3o3axucHiii cucremi [1J1 330-750 kV
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OyyTh e MeHmMu. Takum yrHOM, nipu BiOopi ['3T Tumy
OKI'T g posrisiHyTrx I1J] BapTo o6upatu Tpocu 3 OTOH-
HUM aKTHBHHMM OIIOpOM He Ouibie, HibK 0,25 (Vkm. 3MeH-
IIEHHsS] BTPAaT MOXKHA TaKOX JOCSITH, OOMpalo4d TPOCH 3
[TOTOHHUM AKTHBHHUM OIOpOM, OutbimM 3a 1,85 (km, 1o
BifnoBifae Ry / Xgw HE MeHIle, HiX 2,45 p.u., 10 TaKOX
3abesmnedye 3HwKeHHS BTpaT Ha 30 % 1 Ounbme. OqHaK,
Takl TPOCH MalOTh MEHIIWI nepepi3, MEHIIy MeXaHIuHy
MIIHICTb 1 TEPMI4HY CTIHKICTb 10 CTPYMIB OJIMICKaBKU Ta
K3, Tomy ix oOupaT He peKOMEH/TIy€EThCH.

Takox cmif 3a3HaunTH, o 3T 3 MOrOHHUM aKTHB-
HHUM oropoM B Mexax Bif 0,32 km no 1,5 (Vkm xpaiue He
obmpatu B3araii, 00 came I HUX BimHOmeHHS Rgy / Xow
3MIHFOETBCS B Mexkax Bin 0,5 1o 2 p.u., Mo y BiANOBiTHOCTI
no puc. 3 Oyme 3a0esredyBaTd BTpaTH B TPO303AXHCHIN
cucreMi B Mexax 80-100 % Bijg MaKCHMaJIGHO MOK/IMBHX.

BucHoBku. IlokazaHo, IO BeIWYMHA TTUTOMHUX
BTpAT MOTYXHOCTiI B rpo3o3axucHux cucremax I1JI 330-
750 kV B HOpMaIbHUX peXHMax ix poOOTH MOXKE CTaHO-
ButH Bix 1,6 kW/km nns T1J1 750 kV no cotens W/km nns
I1JI 330 £V 1 cyTTeBO 3aNIKUTD Bil B3a€EMHOTO PO3TallLy-
BaHHA npoBofiB ¢a3 i OKI'T, crpymy naBanTaxkenns [1J1
ta xapakrepuctuk OKI'T.

BusHaueHo, 1110 rpo303axHCHi TPOCH 3 TOTOHHUM aK-
THUBHUM OTNOpOM B miana3oHi Bin 0,32 (km mo 1,5 (Vkm
OyIyTh MaTH BTpaTH, ONMHM3BKI IO MaKCUMAIBHHX, TOMY iX
crix yaukatd. MeHni BTpaté OyayTh Y pasi 3aCTOCYBaHHS
OKI'T 3 MOroHHMM aKTHBHWUM OmHOpoM, MmeHmmM 3a 0,25
km (K TpaBWIO — 3HAYHOI BapTOCTi), a00 OLTHIIMM 3a
1,85 km (3a3Buuaii — HEIOCTATHHOI MEXAHIYHOI MIIJHOCTI
Ta TEPMIYHOI CTIHKOCTI 10 cTpyMiB OmmckaBku Ta K3).

Briepmie pexomengoBano BukopucropyBata OKI'T 3
ITIOTOHHUM aKTHBHHAM OTIOpoM He Oimbmre 0,25 (Ykm, mo
JIO3BOJIUTh MIHIMI3yBaTh BTPaTH IMOTYXKHOCTI Ta IIiJBH-
ut eHeproedexrusHicTs I1JI 330-750 AV Ha erami ix
NPOEKTYBaHHS.

Konduaikr inTepeciB. ABTopH 3asBIsIIOTH IPO Bif-
CYTHICTh KOH(JIIKTY iHTEpeCiB.
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Study of the influence of the parameters of modern grounding
wires on the value of power losses in them for overhead power
lines of 330-750 kV.

Introduction. The problem of estimating power losses in grounding
wires with built-in fiber optic cable for overhead power lines of
voltage class 330-750 kV is relevant, while it is obvious that the
amount of losses depends on the chosen brand of wire. Problem. In

How to cite this article:

the article, an analysis of the influence of the parameters of ground-

ing wires on the amount of losses that occur in them in the normal
mode of operation of the overhead power lines is carried out. Goal.

The purpose of the work is to determine the criterion for the selec-
tion of grounding wires with a built-in optical fiber cable under the
condition of increasing the energy efficiency of electricity transmis-
sion. Methodology. To calculate power losses in grounding wires,

the methods of electromagnetic field theory were used, while taking
into account the location of phase conductors on various types of
towers of operating 330-750 kV overhead power lines and the
possible current load of such lines. Results. The paper analyzed the
dependence of losses in the grounding wires of the overhead power
lines on the ratio of its active and reactive resistances, determined
in which range of this ratio the losses will be close to the maximum.

1t is shown that the amount of specific power losses in the grounding
wires of 330-750 kV overhead power lines in its normal operating
modes can range from 1.6 kW/km for the 750 kV lines to hundreds
of W/km for the 330 kV power lines. Originality. For the first time, it
is recommended to use grounding wires with built-in fiber optic
cable with running active resistance in the range of no more than

0.25 Ohm/km, which will minimize power losses and increase the
energy efficiency of the 330-750 kV overhead power lines. Practical
value. The obtained results can be applied at the stage of designing
new or modernizing existing overhead power lines in order to
reduce losses and increase the energy efficiency of lines. References
27, tables 1, figures 5.

Key words: overhead power line, lightning protection system,

grounding wire, electricity losses, running active resistance.
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Optimal hybrid photovoltaic distributed generation and distribution static synchronous
compensators planning to minimize active power losses using adaptive acceleration
coefficients particle swarm optimization algorithms

The paper aims to identify the optimum size and location of photovoltaic distributed generation systems and distribution static synchronous
compensators (DSTATCOMs) systems to minimize active power losses in the distribution network and enhance the voltage profile. The
methodology employed in this article begins by thoroughly discussing various acceleration algorithms used in Particle Swarm Optimization
(PSO) and their variations with each iteration. Subsequently, a range of PSO algorithms, each incorporating different variations of
acceleration coefficients was verified to solve the problem of active power losses and voltage improvement. Simulation results attained on
Standard IEEE-33 bus radial distribution network prove the efficiency of acceleration coefficients of PSO; it was evaluated and compared
with other methods in the literature for improving the voltage profile and reducing active power. Originality. Consists in determining the most
effective method among the various acceleration coefficients of PSO in terms of minimizing active power losses and enhancing the voltage
profile, within the power system. Furthermore, demonstrates the superiority of the selected method over others for achieving significant
improvements in power system efficiency. Practical value of this study lies on its ability to provide practical solutions for the optimal
placement and sizing of distributed generation and DSTATCOMs. The proposed optimization method offers tangible benefits for power system
operation and control. These findings have practical implications for power system planners, operators, and policymakers, enabling them to
make informed decisions on the effective integration of distributed generation and DSTATCOM technologies. References 30, table 3, figures 7.

Key words: photovoltaic distributed generation, distribution static synchronous compensators, power losses, voltage profile,
acceleration coefficients particle swarm optimization algorithms.

Memoio cmammi € Gu3HAYEHHA ONMUMANBLHO20 PO3MIPY Ma PO3MAULYBAHHS QOMOENEKMPUUHUX CUCmeM PO3noodineHoi 2enepayii ma
cucmem POo3NOOLTbHUX CINAMUYHUX CUHXpOHHUX Komnencamopie (DSTATCOM) ona minimizayii empam axKmMueHOi NOmMysiCHOCmi y
PO3n00INbHIL Mepedici ma nokpawjenns npogino nanpyeu. Memooonozia, wo uKOpUcmosyemvcs 8 yill cmammi, NOYUHAEMbCS 3
0emanbHO20 0620B0PEHHSL PI3HUX ANCOPUMMIE NPUCKOPEHHS, W0 BUKOPUCO8YIombCsl 8 onmumizayii poto yacmunox (PSO), ma ix eapiayiit
Ha KodcHill imepayii. 32000m 6yno nepegipeno nusky aneopummie PSO, Kodicen 3 SKUX 6KIIOYAE Pi3Hi 6apiaHmu Koe@iyicHmie npucKopenns,
O0nsl GupiwenHs npobiemu empam aKmueHoOi NOMYICHOCMI ma noxkpawjenns Hanpyeu. Pesynsmamu modenioganus, oodepocai Ha
padianshiti po3nodinvhiil mepedci wunu cmanoapmy IEEE-33, niomeepoaicyioms egpexmusnicme xoeghiyicnmie npuckopennss PSO; 6in 6ys
OYiHeHUll Ma NOPIGHAHUL 3 THUWUMU ONUCAHUMU 6 JIMepamypi Memooamu NOKPAWeHHs. npoQiio HAnpyeu ma 3HUMCEHHS. AKMUGHOT
nomyscnocmi. Opuzinansuicme. Ilonsizac y eusnauenni Haubinbw epekmusHo2o memoody cepeo pizHux Koeghiyicnmie npuckopennsi PSO 3
noenady MIHIMI3ayii empam akmueHoi NOMYIHCHOCMI Ma NOKpaweHHs npogino Hanpyeu 6 enepeocucmemi. Kpim moeo, demoncmpye
nepesazy o0pano2co Memooy Hao HWUMU 0151 OOCASHEHHs 3HAUHO20 NidguueHHs eghekmuerocmi enepeocucmemu. Ilpakmuyuna yinnicmo
Yb020 OCHIONCEHHS NOMARAE Y U020 30AMHOCIE HA0AMU NPAKMUYHI PilUeHHs O ONMUMATBHO20 POSMIWEHH. MA 6USHAYEHHSL PO3MIDIE
posnodinenoi eenepayii ma DSTATCOM. 3anpononosanuii memoo onmumizayii oae giouymHi nepeeazu OJisi eKCHAyamayii ma KepyeanHs.
enepeocucmemoro. Li pesyiomamu maioms npakmuyne 3HauenHs Ol axieyis i3 NIAHYBAHHS eHEP2OCUCEM, ONepamopie ma po3POOHUKIE
NORIMUKY Kepy8amHs, 003601a104Y iM nputimamu 0OTPYHMOBAHI pileHHs w000 eqheKmueHoOT inmezpayii mexnonoeii posnooineHoi eeHepayii
ma mexronoziti DSTATCOM. bi6x. 30, tabn. 3, puc. 7.

Knouosi cnosa: ¢oroejiekTpuuHa po3MoOJiJieHa TreHepauis, PO3NOAUIbHI CTATHYHI CHHXPOHHI KOMIIEHCATOPH, BTPATH
NOTYKHOCTI, Npodine HANPYrU, KoedilieHTH NPUCKOPEHHs, AJITOPUTMH ONITHMI3aLil POI0 YACTHHOK.

1. Introduction. With the increasing demand for
electricity and the share of distributed generation,
including based on renewable energy sources, there is a
need to solve a number of problems [1], power losses
have become a significant concern for power system
operators. In recent years, the deployment of distributed
energy resources such as photovoltaic distributed
generation (PVDG) systems and distribution static
synchronous compensators (DSTATCOMSs) has gained
attention as a means to minimize power losses. PVDG
systems generate electricity from solar energy and supply
it to the distribution network, while DSTATCOMs
provide reactive power compensation to increase the
power quality of the network.

The incorporation of sustainable energy sources into
the electrical grid has become increasingly important in
latest years, due to the rising demand for clean energy and
the need to reduce greenhouse gas emissions. Previously
generation and transmission power systems were
responsible for the power quality transmitted to customers
[2], but currently, there is a significant focus on distribution
networks, as they are prone to electrical breakdowns and
considered a vulnerable point in the power grid. Among the
Renewable Energy Sources (RES), PVDG systems have

gained popularity due to their ease of installation and
maintenance, low operating costs, and environmental
benefits. However, the fitful nature of solar energy and the
variability of the generated power can cause issues such as
voltage fluctuations, power quality problems, and power
losses in the distribution network.

In order to overcome these issues, DSTATCOMs
can offer reactive power compensation and improve the
quality of network. The effective integration of PVDG
and DSTATCOM systems can enhance the dependability
and stability of the power system while effectively
harnessing RES. Therefore, the planning and optimization
of PVDG and DSTATCOM systems have become crucial
for the successful integrating of RES into the network.

It has been proven in the literature beyond any doubt
that metaheuristic optimization algorithms perform well
by optimally handling several versatile real-world
optimization tasks [3].

Particle Swarm Optimization (PSO) is a powerful
metaheuristic method for optimization derived from the
demeanor of bird flocking or fish schooling. This
approach involves a group of particles working to find the
most optimal solution in a given problem space by
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iteratively adjusting their positions and velocities guided
by their individual experience and the finest experiences
of their neighbors. PSO has been widely applied in
assorted domains, including engineering, finance, and
science, due to its simplicity, flexibility, and ability to
successfully tackle intricate optimization problems.

Different algorithms have been employed to investigate
the suitable capacity and placement of Distributed
Generation (DG) and DSTATCOM units are mentioned as
follows: the Bacterial Foraging Optimization Algorithm
(BFOA) [4], Multi-Verse Optimization Algorithm (MVOA)
[5], Differential Evolution Optimization Algorithm (DEOA)
[6], Slime Mould Algorithm [7], Multi-Objective
Grasshopper Optimization Algorithm [8], Teaching Learning
Based Optimization-Particle Swarm Optimization [9],
Genetic Salp Swarm Algorithm [10], Northern Goshawk
Optimization algorithm [11], Dwarf Mongoose Optimization
Algorithm [12], Elitist Harris Hawks Optimization
Algorithm [13], African Vultures Optimization Algorithm
[14], Flower Pollination Algorithm [15], Butterfly-based
PSO algorithm [16], hybrid Firefly PSO algorithms [17],
Bald Eagle Search Algorithm [18], Modified Shuffled Frog
Leaping Algorithm [19].

The goal of the paper is to identify the optimum
placement and size of photovoltaic distributed generation
and distribution static synchronous compensators on a
radial distribution network according to the best-obtained
result from the different particle swarm optimization
applied algorithms and compare it to the other algorithms
existing in the literature. The study was conducted using a
standard IEEE-33 bus as the testing system by lessening
active power dissipation and voltage profile enhancement.

2. Problem formulation.

2.1. Objective function. The primary aim of this
paper has been to minimize the total active power losses,
where the objective function is focused on achieving the
least possible value of active power losses:

Ny
Ob=min B . (1)
iJ
where N, is the number of busses; Py, is the active power
losses.

The following equation represents the branch power

loss (Pyss) 1s:

P} +0?,
F}ossi,j = 1,1—2Ql,1 Pi,jﬁ (2)
Vi
where R;;, P;;, O;; are the resistance, active and reactive
powers respectively from bus i to bus j; V; is the voltage
in the bus.
2.2. Constraints.
2.2.1. Distribution line constraints. The power
conversation constraints [20-24]:
P+ Ppg = Pp + Py (3)
Oc *+ Opsrarcom = Op + Ouoss, “)
where (Ppg, Opsrarcom), (Pe, Qc), (Pp, Op) are the active
and reactive powers of PVDG and DSTATCOM, the
generator and load respectively.
Bus voltage limits are:

Vmin < |V1| < Vmax > (5)

where Vi, Vmax are the predetermined minimum and
maximum voltage values for the bus; V; is the voltage
magnitude at /" bus in p.u.
Voltage drop limit is:
[1=Vi| < AV » (6)

where AV, is the maximum permitted voltage drop at
each branch.
Line capacity limit is:

‘Sij‘ = |Smax| > (7)

where S, Smax are the apparent and maximum apparent
power in the line distribution between i and j bus.

2.2.2. DG constraints. The limitations of the DG
unit are expressed through inequality constraints:

P8 < Ppg < P& ®)
NDG Nbus
D Pogli)< Y Pogli): ©)
i=1 j=1
2< DGposition < Nbus ; (10)
NDGSNDGmax; (11)
(nDG’i/Location)S 1; (12)

max

where PS" and PJ2* are the allowable range for power

generation by the PVDG, encompassing both upper and
lower limits; Npg and Npgmax are the number and maximum
number of PVDG, that are limited for one unit and location.

2.2.3. DSTATCOM constraints. The DSTATCOM
unit’s limits can be represented by inequality constraints
formulated as follows:

min max .
Opsrarcom < Opsrarcom < Opstarcom s (13)

NDST Nbus

D Opsrarcom (i)< Y 0pli); (14)
i-1 [
2 S DSTA TCOMpOSiliO}’l S Nbus , (15)
Npsrarcom < NpSTaTrcOM max 5 (16)
(nDSTATCOM’Z-/Location)S 1, (17)

where OB rcon and OB oy are the allowable

range for power generation by the DSTATCOM,
encompassing both upper and lower limits; Npsrarcon and
Npsrarcommax are the number and maximum number of
DSTATCOM, that are limited for one unit for one location.

3. Adaptive acceleration coefficients PSO
algorithms. PSO algorithm was first introduced in 1995,
which can be seen as a global search technique. In this
algorithm, each particle, denoted by i, has a velocity
vector (V;) and a position vector (X;) [20]. It can be
modeled by the following equations:

Vi = arf e[ Bl — X [ eanlGle —xF |5 19)

DD G s (19)

where @, r are the inertia weight and random values

between 0 and 1 respectively; C;, C, are the acceleration

coefficients; Gy, is the global best position; & is the
iterations number.

This paper proposes novel PSO strategies that utilize

time-varying acceleration coefficients (C; and C,) to
improve the global search performance. The primary
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concept behind employing PSO with time-varying
acceleration coefficients is to increase the global search
during the initial phase of the optimization process.

This is accomplished by altering C; and C, over time
in such a way that the cognitive component decreases
while the social component increases [25].

In this work, it should be noted that the names assigned
to the various PSO methods are not mere abbreviations.
Instead, they represent unique and distinct algorithms, each
with its own set of characteristics and features. These names
serve as identifiers for specific approaches in the field of
PSO. The following equations show the acceleration
formulas and their corresponding constants.

The Adaptive Accelerated Coefficients for the PSO
algorithm (AAC PSO) and constants [26] are:

2
kmax .

€1 =Cmin (Cmax ~ Cmin )e

(20)
2
. 4k
(kmax j
€2 =Cmax — (Cmax ~ Cmin )e > (21)
with
Cmin = Cmax = 0.5, (22)

where Cpin, Cmax are the constants of the AAC PSO
method; k, kn.x represent the iteration number and the
maximum number of iterations, respectively.

The Autonomous Particles Groups for PSO (APG
PSO) acceleration coefficient formula and constants [27] are:

a
01:1.95—[2k J; (23)

kglax

a
¢y = 0.05—( 2k J , (24)

kranax

with

a=1/3, (25)

where a is the constant of APG PSO method.

The Nonlinear Dynamic Acceleration Coefficients
for PSO (NDAC PSO) acceleration coefficient formula
and constants [28] are:

2
clz—(cf—c,-)-[ k ] +eps (26)
kmax

Y k

czzci-[l— ] +cf-[ j, 27
kmax kmax

where the constants of this method c;, ¢ are:
¢;=0.5, (28)
cr=2.5, (29)

The acceleration coefficient formula and constants
for Sine Cosine Acceleration Coefficients for PSO (SCAC

PSO) [29]:
¢y =0-sin (1— i J-E +0; (30)
kmax 2’
c2:a~cosH1— k jﬁ}ua‘, G1)
kmax 2
with the constants 0, &:
o0=2, (32)
5=0.5. (33)

Finally, Time Varying Acceleration for PSO (TVA
PSO) acceleration coefficient formula and constants [30] are:

C ~ —c .
o =cy +[MJ~1¢ ; (34)
kmax
C —CnH;
¢y =y + [—” 2 J ), (35)
max
with
Cli=Cif=Co = Cp = 05, (36)

where £ is the iterations number; cy;, ¢y, €15 Cof are the
constants of the method.

Figure 1 displays diverse updating strategies for the
C, and C, acceleration coefficients across the various
PSO algorithms.

3 Coefficients Basic PSO

a0

25

150 200 250 300
Iteration Number

248

pekel
0

24

Coefficients TVAPSO

100 150 200 250 300
lteration Nurnber

Fig. 1. Time-varying acceleration coefficients
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In Fig. 1 the acceleration coefficients exhibit a
varying trend with iterations, typically ranging from 0 to
2.5. The wvalues of C; generally decrease over the
iterations, whereas the values of C, tend to increase.
These changes are dependent on the update function of C;
and C,, which can be linear, polynomial, or exponential.
When C, is bigger than C,, the particles conduct local
search, whereas when C, is bigger than C, the particles
conduct global search. The succeeding section will
discuss the outcomes of these algorithms in achieving the
efficient allocation of DG and DSTATCOM.

4. Test system, results and comparison. This
section describes the test systems used for evaluation,
results and comparison of various PSO algorithms applied
to the IEEE 33 bus system for optimal planning of PVDG
and DSTATCOM size and location.

The work’s objective has been to enhance the
voltage profile and reduce the active power losses of the
system through the identification of the optimal locations
and sizes of PVDG and DSTATCOM units. The
presented Fig. 2 depicts the IEEE 33 bus radial
distribution system, which serves as a widely adopted
benchmark system for power system analysis that allows
for fair comparison of different optimization algorithms.
A range of PSO algorithms with different variations of the
acceleration coefficients was applied and performance
comparison of speed convergence, solution quality, and
computational efficiency. The results are presented in
terms of the total active power loss reduction, voltage
profile improvement, and optimal locations and sizes of
PVDG and DSTATCOM.

19 20 21 22

9 16 11 12 12 14 15 16 17 18

bus 28 20 30 31 32 33

Fig. 2. IEEE 33 bus model

Finally, strengths and weaknesses of each PSO
algorithm were analyzed and discussed as well as the
comparison of the best method obtained from the different
PSO coefficients with other algorithms existing in the
literature. The comparison is performed in terms of the total
active power loss reduction, voltage profile improvement,
and computational efficiency. The results demonstrate the
superiority of the suggested PSO algorithm and providing
valuable insights into the optimal placement of PVDG and
DSTATCOM units for power systems.

The results were obtained after 20 runs with 300
iterations each, using different PSO coefficients. It should
be reminded that in the initial case, the active power
losses were 210.987 kW and the initial Vi, and Vi, were
0.9038 p.u. and 1.000 p.u, respectively.

The results presented in Table 1, 2 suggest that the
AAC PSO method outperforms the other PSO methods in
terms of both active power losses reduction, with a

reduction of 72.23 %, and voltage profile improvement,
with a value of 0.95 for minimal voltage and 1.02 for
maximal voltage.

Table 1
Test results in term of power losses
p AP PVDG D-STATCOM
Method | ~ 2o Lo [ Bus Bus 0,
kw & location P, kW location | kVar
Basic
PSO 59.00 | 72.03 6 2666.4 30 1358.7
AAC
PSO 58.58 | 72.23 6 2437.2 30 1281.3
APG
PSO 58.69 | 72.18 6 2502.3 30 1168.4
NDAC
PSO 58.80 | 72.12 6 2370.1 30 1240.0
SCAC
PSO 59.12 | 71.97 6 2390.2 30 1141.5
TVA
PSO 59.45 | 71.82 6 2773.9 30 1173.4
Table 2
Test results in term of voltage profile improvement
- v PVDG D-STATCOM
Method ml‘l"’ m&"’ Bus PKW Bus 0,
P-u PU o cation |1 location | kVa
Basic
PSO 098 | 1.03 6 2666.4 30 1358.7
AAC
PSO 095 | 1.02 6 2437.2 30 1281.3
APG
PSO 095 | 1.02 6 2502.3 30 1168.4
NDAC
PSO 0.95 | 1.00 6 2370.1 30 1240.0
SCAC
PSO 0.95 | 1.01 6 2390.2 30 1141.5
TVA
PSO 0.95 | 1.00 6 2773.9 30 1173.4

These results are attributed to the integration of a
2.43 kW DG unit at bus 6 and a 1.28 kW DSTATCOM at
bus 30. The APG PSO and NDAC PSO methods also
demonstrated good results regarding the reduction of
active power losses.

It should be noted that, even with the same
allocation of DG units and DSTATCOM, the AAC PSO
method produced the best results. Therefore, it may be the
most suitable choice for the simultaneous installation of
PVDG and DSTATCOM in the IEEE 33-bus radial
distribution system. However, further analysis is needed
to confirm the robustness of the method under different
conditions and constraints.

In order to gain a deeper insight into the behavior of
the different PSO methods, the curves of active power
losses versus the number of executions for each method
were plotted.

Figure 3 shows clearly the obtained results, after 20
trials for each method, it is clear that the range of
variation for the basic PSO, NDAC PSO, and TVA PSO
is approximately between 59 kW and 64 kW, while the
range of variation for AAC PSO and APG PSO is
between 59 kW and 69 kW.

These results highlight the importance of selecting the
appropriate PSO parameters and coefficients, as some
methods converge faster and reach lower losses than others.

Enexkmpomexnixa i Enexmpomexanixa, 2023, Ne 6

87



Basic PSO

66 T T T
. R R——— .
% - - - ‘ | ]
~ . N AR S, VDS Y R i [
# 62 u [ | | B - u :
- ] n
a =] 0 ST L LTTTEEEEEEREEN S = SEREE SR
L "
i i i
580 5 10 15 20
Execution number
AAC PSO
70

55 i 1
0 5 10 15 20
Execution number
APG PSO
70 . .
S 65 ’
= :
2 i
o 80 :
55 : ‘ i
0 5 10 15 20
Execution number
NDAC PSO
66 T T T
=
=
2
-
o
1 Il i
580 5 10 15 20
Execution number
SCAC PSO
66 T " m [ ]
— BAf
=
=
» 621 E
S
[ &
a 60_. .i..
-a
SB 1 Il i
0 5 10 15 20
Execution number

TVA PSO
T

PLoss (kW)

58 i 1
0 5 10 15 20
Execution number

Fig. 3. Curves of active power losses versus the number executions

Figure 4 depicts the convergence curves of various
algorithms applied to the simultaneous installation of DG
and DSTATCOM, after 20 executions.

The results for the 33-bus system reveal that all
algorithms converge at a total power loss reduction of 85 kW.
Notably, the AAC PSO method shows superior convergence

compared to the other PSO algorithms. It reaches a lower
objective function value in less iteration, demonstrating its
superior performance in optimizing the implementation of
PVDG and DSTATCOM.

The AAC PSO method also achieves faster
convergence and enhances the voltage profile, resulting in
minimized active power losses.

Reration Number

Fig. 4. Convergence curve of different PSO method

As seen in Fig. 5, the integrating of DG and
DSTATCOM in simultaneous operation results in a
significant improvement of the voltage profile compared
to the base case. The implementation of DG and
DSTATCOM together leads to a greater enhancement of
the voltage profile, with the minimum voltage improving
from 0.9038 to 0.9894 p.u.

[ 5:fore PVDG & DSTATCOM
I /er PYDG & DSTATCOM

Voltage p.u

0.85

08

25 30 35

Bus number

Fig. 5. Improved voltage profile with PVDG and DSTATCOM

The results from Table 3 manifest the efficiency and
superiority of the AAC PSO algorithm over other
algorithms in the literature for the simultaneous
installation of DG and DSTATCOM for an IEEE 33 bus
system, achieving the minimum active power losses and
improving the optimum deployment of PVDG and
DSTATCOM units.

Table 3
Comparison between our best method and others existing in the literature
PVDG D-STATCOM
Pross, | APpos
Method | * Fo5 o [ Bus Bus 0,
kW & location P, kW location | kVar
AAC
PSO 58.58 | 72.23 6 2437.2 30 1281.3
BIE3O]A 70.87 65 10 1239.8 30 1094.6
MEQC])A 59.94 | 71.59 6 2848.8 30 1334.4
D}[ES?A 80.48 | 61.85 7 2327.5 26 1446.4
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Figure 6 clearly shows that the proposed method
resulted in a lower value of active power losses, with a
value of 58.58 kW, which is superior to MVOA’s value of

59.94 kW.
70
GO
50
40
30
20
10
AAC PSO

BFOA
Algorithms  MYOA  peoa

Fig. 6. Comparison between proposed method and others
existing in the literature in term of active power losses

[o2]
o

Active power losses kW

(]

Figure 7 provides a visual representation of the
percentage reduction in active power losses between the
proposed method and the other method. The proposed
method resulted in the highest reduction of active power,
with a 27 % reduction compared to the other method.

Reducing active power losses, %
Fig. 7. Minimization rate of the active power losses for each method

Conclusions. The study aim has been to optimize
the simultaneous implementation of photovoltaic
distributed generation and distribution static synchronous
compensator units in a standard IEEE 33-bus radial
distribution system with the objective of reducing active
power losses and enhancing the voltage profile.

Assorted particle swarm optimization methods with
variable acceleration coefficients were applied, and the
findings were evaluated against each other existing
algorithms in the literature. The tables exhibited that the
adaptive accelerated coefficients for particle swarm
optimization method provided the best results in terms of
active power loss reduction and voltage profile
improvement, and the optimum size and location of the
photovoltaic distributed generation and distribution static
synchronous compensator. The figures demonstrated that
the adaptive accelerated coefficients for particle swarm
optimization method had the best convergence among the
different particle swarm optimization algorithms and the
losses curve according to the number of executions for
each method.

Overall, the study demonstrated that the optimization
of photovoltaic distributed generation and distribution static

synchronous compensator installation using the adaptive
accelerated coefficients for particle swarm optimization
algorithm could significantly reduce active power losses and
enhancement of voltage profile in the distribution system.
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