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Electrical Machines and Apparatus
UDC 621.313

A. Aib, D.E. Khodja, S. Chakroune, H. Rahali
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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}
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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.
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"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— : - -
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Fig. 6. Sampled u*(7)

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

Electrical Engineering & Electromechanics, 2023, no. 6
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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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d — Random signal
Fig. 11. RMS function for different types of input signals

B t
¢ — Sawtooth signal

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 (-

400

0

Fuzzy MCSA diagnostic block ______
X
1
. P '
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« «— [ |1 2
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) ‘}' Two I
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<
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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.

Ve, V

400

0

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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B. Larbi, M. Hatti, K. Kouzi, A. Ghadbane

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
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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)

Electrical Engineering & Electromechanics, 2023, no. 6
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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:
Ik=A~7r~Ki-ﬂ-L, (5)
L 2 21N
ml "tV ph
where m; is the number of phases in stator; 4 is the
electrical load of machine.

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
average radius

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
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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
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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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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. Calculations 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 confirmed the principle workability of the adopted design and design
solutions in its development. Practical value. Tests of the converter 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.

Hagedeno pesynomamu MoO0eno8anuss ma npakmuyHoi peanizayii MacHimoereKmpuuHo2o nepemeoprsaua ois 2iopo- ma
NHEeBMONPuUBooie aepoxkocmiunol eanysi. Ha ocnosi cepii npoekmHuux po3paxyHKie npu pi3HOMAHIMHIU KOH@I2ypayii MacHimHOT
cucmemu nepemeopiosaya 0Opano apianm 3 Yomupma 3yoysmMu Ha NOAOCE CMAmopy i OMpUMaHi 11020 OCHOGHI XAPAKMEPUCTNUKU.
Pesynomamu  po3paxyukie 3icmaeneni 3 pe3yrbmamamu  eKCnepumeHmy Had MAKemHOMY 3pA3Ky MAzHIMOeieKmpuiHo2o
nepemsoprosaua. bioin. 9, tabn. 3, puc. 14.

Knrouoei cnosa: MarHiroeneKTpu4HMii MepeTBOPIOBAY, TPUBUMipHe MArHiTHe MoJie, MeXaHi4YHA XapaKTePUCTHKA, MAKeTHHIA

3pa3ok.

Introduction. In modern aircraft control systems,
guidance and tracking systems, hydraulic and pneumatic
drives are widely used, the component of which is a
contactless magneto-electric converter (MEC) [1-3]. The
MEC is designed to convert the input electrical signal
(current) supplied to the control winding into a
proportional angular displacement of the output shaft.

The first and currently the only theoretical work
devoted to the development of MEC in Ukraine is the
work [4]. Regarding the development of similar devices
abroad, any information is missing or unavailable in open
sources.

Currently, MECs for aviation and space technology
are not produced in Ukraine. In this regard, the
development and introduction into production of domestic
MEC:s is urgent. This goal is solved within the framework
of scientific and technical cooperation between State
Design Office «Pivdenne» (Dnipro) and Ltd. «Electrical
Engineering — New Technology» (Odesa).

According to the design of the magnetic system,
MECs can be performed with electromagnetic
excitation and excitation from permanent magnets. The
MECs type MP-220B with permanent magnets of the
UNDK brand became the most popular. The design of
this MEC is based on the principle of a double
polarized relay (Fig. 1) [5].
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Fig. 1. MEC type MP-220B: 1 — permanent magnet;
2 —pole tips; 3 — core; 4 — armature; 5 — control winding

The design of this type ensures a stable neutral
position, as well as the occurrence of a torque
proportional to the angular deviation from the neutral
position and directed in the direction opposite to this
deviation (magnetic spring effect).

At the same time, MECs in this design have a
number of disadvantages associated with the structural
and technological difficulty of their manufacture [4].

The influence of the above-mentioned shortcomings
can be eliminated by changing the topology of the MEC
magnetic circuit from a rectangular to a concentric one,
while preserving the principle of interaction of the
excitation and control magnetic fluxes [4].

To solve this problem, it is proposed to implement
the magnetic system of the MEC similar to the magnetic
system of the hybrid stepper motor [4, 6, 7]. This
implementation of the MEC magnetic system, in
comparison with the MP-220B magnetic system, is
characterized by a much better use of the volume of the
active space, specific mass-dimensional indicators and
adaptability to the use of rare earth magnets [4]. For the
first time, the study of the MEC with such a topological
structure of the magnetic system was carried out in [4]
on the basis of magnetic substitute circuits, followed by
the determination of magnetic conductivities by the
modified method of probable paths of the magnetic flux.
Without questioning the results obtained in [4], it should
be noted that the method of probable magnetic flux
paths has low accuracy and limitations in use [8].
Considering the fact that in the design of the MEC,
which is built similarly to the magnetic system of a
hybrid stepper motor, the complex path of closing the
magnetic flux in the volume of the active part, in this
case it is necessary to solve the problem of calculating
the magnetic field in a 3D formulation using one of the
modern numerical methods.

The goal of the article is to develop 3D
mathematical models and analyze the characteristics of a
magnetoelectric converter, the magnetic system of which
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is made similar to the magnetic system of a hybrid stepper
motor.

Basic  technical requirements for  the
electromechanical parameters of the MEC.

1. The MEC must ensure the linearity and necessary
rigidity of the mechanical characteristics at different
currents in the control winding. The mechanical
characteristic is the dependence of the torque M created
by the MEC on the angle of rotation of its shaft & i.e.
M=£0).

2. The MEC must ensure the linearity and
necessary rigidity of the mechanical characteristic
M = f(6) when the control current in its windings is
equal to zero (characteristic of the magnetic spring).
The slope of this mechanical characteristic determines
the stiffness of the magnetic spring, which must be at
least 0.0106 Nm/degree.

3. With the nominal control current / = 50 mA and
the zero position of the shaft, the torque on the MEC shaft
should be at least 0.0624 Nm, and when loaded by an
external spring with stiffness of 0.0236 Nm/degree and
shaft rotation angle of 1.5°, the torque should be not less
than 0.0354 Nm.

Description and principle of operation of the
selected MEC design. By analogy with the hybrid
stepper motor, the magnetic system of the developed
MEC consists of toothed stator and rotor (Fig. 2). Stator 1
is made in the form of a salient pole structure with coils 4
on toothed poles. Rotor 2 is divided into two parts,
between which there is a cylindrical permanent magnet
magnetized in the axial direction. The upper and lower
parts of the rotor 2 are offset relative to each other by 90°
and have tooth zones with gaps, which distinguishes them
from the tooth zones of a stepper motor, which are
performed without gaps. To eliminate magnetic
hysteresis, the MEC magnetic core is made of permalloy
grade 50N.

Fig. 2. Active part of the MEC: 1 — stator; 2 — rotor;
3 — permanent magnet; 4 — winding

The principle of operation of the MEC under
consideration is as follows. In the absence of current in
the excitation winding, the magnetized rotor occupies the

zero position, in which half of the upper and lower rotor
teeth are symmetrically located opposite the stator teeth.

When the rotor deviates from the zero position, the
overlapping area between the stator teeth and the teeth of
the upper and lower parts of the rotor changes (for
example, it decreases from above, increases from below
depending on the direction of rotation of the rotor) and the
magnetic flux in the corresponding air gaps changes. At
the same time, magnetic attraction forces tend to return
the rotor to a stable zero position. Thus, the MEC
magnetic system has the properties of a mechanical
spring.

When the current flows in the control winding, a
magnetomotive force is created, which leads to a change
in the distribution of the magnetic flux in the air gap
between the stator and the rotor halves. As a result,
electromagnetic forces and torque arise which tend to
deviate the rotor from the central position.

The design of the MEC of this type can be
completed with a different number of teeth and poles on
the stator and rotor. For example, a design with two teeth
on the stator pole is shown in Fig. 2, and with three and
four teeth — respectively in Fig. 3, 4.

Fig. 4. Active part of the MEC with four teeth on the stator pole

To choose a constructive implementation of the
active part of the MEC, presented in Fig. 24, and to
calculate the characteristics of the selected design, it is
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necessary to conduct simulation of the magnetic field for
each of the variants of the active part of the MEC.

Field models of MEC and results of design
calculations. Calculations of the 3D magnetic field were
carried out using the Finite Element Method for four
variants of the four-pole active part of the MEC with two,
three, four and five teeth on the stator pole. In all
calculation variants, the number of elements of the finite
element mesh of the 3D model was on average 240,000.
With such a number of mesh elements, a sufficiently
detailed approximation of the geometry of the MEC is
achieved.

As an example, Fig. 5 shows the 3D field
mathematical model of the MEC with three teeth on the
pole, which was developed in the license program JMAG-
Designer [9], and in Fig. 6 — the results of calculating the
magnetic field in the form of magnetic lines of force.
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Fig. 5. 3D finite element model of the active part of the MEC
with three teeth on the stator pole

Fig. 6. Lines of force of the magnetic field in the active part of
the MEC with three teeth on the stator pole

Based on the results of a series of calculations of the
magnetic field of the considered four-pole variants, a
family of characteristics of magnetic springs and
mechanical characteristics of the MEC was obtained. The
analysis of the obtained characteristics showed the
following:

e with an increase in the number of teeth, the stiffness
of the magnetic spring increases;

e the torque at the nominal current and the zero
position of the rotor practically does not depend on the
number of teeth on the stator pole;

o the slope of the mechanical characteristics increases
as the number of teeth on the stator pole increases.

The results of the calculations are summarized in
Table 1.

Table 1
Results of MEC calculations
Number of teeth Stiffness of the Torque at zero
on the stator pole magnetic spring, position of the
Nm/degree rotor, Nm
2 0,00059 0,055
3 0,0063 0,0617
4 0,0117 0,067
5 0,0183 0,0676

From the data in the Table 1, it can be seen that the
version of the active part of the MEC with four teeth on
the stator pole and a high coercive permanent magnet of
the NdFeB brand fully meets the basic technical
requirements for the electromechanical parameters of the
MEC, and its manufacture is more technological than the
manufacture of the active part of the MEC with five teeth
on the stator pole.

The construction of the proposed MEC is shown in
Fig. 7. The main geometric dimensions and materials of
the active part of the selected version of the MEC are
given in Table 2.

1

a

Fig. 7. Structural elements of the active part of the MEC:
a — general view (1 — magnetic core of the stator,

2, 3 — magnetic cores of parts of the rotor, 4 — permanent
magnet, 5 — coils of the control winding) and section of the
magnetic core of the stator;

b, ¢ — cross-section of parts of the magnetic core of the rotor;
d — cross-section of the permanent magnet
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Table 2
Geometric dimensions and materials of the active part

of the MEC
Name Value
Overall dimensions of the active part, mm 46x46x14
Internal diameter of the stator, mm 24
Length of the active part, mm 14
Air gap, mm 0,1
Magnet thickness, mm 2
Material of the magnetic core of the stator and Permalloy
rotor 50N
Permanent magnet material N38EH
Magnetomotive force of the coil, A 20
Operating range of rotor rotation angles, mech. )
degrees
Number of coil turns 200
Taking into account the symmetry of the

constructive implementation of the active part of the MEC
when solving the 3D field problem, the boundary
conditions of the periodicity of the change of the
magnetic vector potential were adopted, which made it
possible to limit the calculation area to half of the 3D
model of the MEC and reduce the time of magnetic field
analysis.

Figure 8 shows a 3D finite element model of the
MEC with four teeth on the stator pole, and Fig. 9 —
distribution of the magnetic field in its active part.
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Fig. 8. 3D finite element model of the active part of the MEC
with four teeth on the stator pole

Wi 20013

Fig. 9. Distribution of magnetic flux density in the active part of
the MEC with four teeth on the stator pole

As a result of a series of calculations of the magnetic
field, a family of mechanical characteristics of the MEC
was obtained (Fig. 10).
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Fig. 10. Mechanical characteristics of the MEC with four teeth
on the stator pole

The mechanical characteristics were calculated
when the MMF of the coils of the control winding was
changed from 0 to 20 A. Here, the MMF of the coil of
20 A corresponds to the nominal MEC control current
of 50 mA.

Figure 10 shows that the mechanical characteristics
of the MEC are linear. With nominal control current of
50 mA and a shaft braked in the zero position, the torque
developed by the MEC is 0.067 Nm, which meets the
requirements (not less than 0.0624 Nm). When rotating
the rotor by 1.5°, the MEC torque is 0.0476 Nm, which
also meets the requirements (not less than 0.0354 Nm).
The stiffness of the magnetic spring is 0.0117 Nm/degree.
(0.668 Nm/rad) and meets the specified requirements
(at least 0.0106 Nm/degree).

The calculation of the characteristics of the selected
design of the active part of the MEC with four teeth on
the stator was also performed, using instead of the
permanent magnet of the NdFeB brand, a permanent
magnet of the SmCo brand, which has a higher
temperature limit of operation, but somewhat worse
magnetic and energy characteristics. Figure 11 shows the
mechanical characteristics of the compared MEC variants.
From the given data, it can be seen that the MEC with a
permanent magnet of the SmCo brand has a lower
stiffness of the magnetic spring and a lower torque at the
zero position of the rotor and nominal control current of
50 mA.

A comparison of the calculated characteristics of the
proposed MEC with the characteristics of the MP-220B
prototype was also carried out (Fig. 12).

It can be seen that the compared characteristics are
close to each other. However, if total magnetomotive
force of 300 A is required to control the MP-220B in the
nominal mode, then for the MEC proposed in this article
only 80 A, that is, the power consumption of the MEC
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under development is significantly less than in the
prototype.

Inom

-0,08

-0,1

— —5mCo

Fig. 11. Mechanical characteristics of the MEC with four teeth
on the stator pole with SmCo and NdFeB magnets

Fig. 12. Comparison of the calculated mechanical characteristics
of the proposed MEC ( ) with four teeth on the stator pole
and MEC MP-220B (- - —- — )

Thus, based on the analysis of the results of the
obtained calculations, the construction of the active
part of the MEC was adopted in the form of a four-pole
magnetic system with four teeth on the stator pole, the
main geometric dimensions and materials given in
Table 2.

MEC layout. In order to confirm the functionality
and the possibility of implementing the main technical
characteristics, a mock-up sample of the MEC was made,
the external view of which is shown in Fig. 13.

Fig. 13. External view of the MEC mock-up sample

The following were evaluated when prototyping the
MEC Indicators:

1. Stiffness of the magnetic spring.

2. Torque at the zero position of the rotor.

3. The rotation angle of the rotor at a load torque of
0.0354 Nm.

A test stand was developed to evaluate the above-
mentioned MEC indicators (Fig. 14).

Magnetoelectric

Encoder
transducer

Load spring

Fig. 14. MEC test stand

The stand consists of two units mechanically
connected to the MEC shaft: a loading spring and an
encoder. The loading spring is designed to create a load
on the MEC shaft as a function of its angle of rotation.
The magnetic encoder implemented on the AEAT-6600
sensor is designed to measure the MEC shaft rotation
angle. The resolution of the encoder is 16 bits, which
allows to determine the position of the shaft with an
accuracy of 1 arc minute.

The results of tests of the MEC mock-up sample are
shown in Table 3.

Table 3
Results of MEC tests
. Torque at | Angle of rotation
Stiffness O.f the theqzero of t%e rotor at the
magnetic .
spring, position of moment of
Nm/degree the rotor, loading 0,0354
Nm Nm, degree
MEC layout 0,0115 0,064 1,7
Technical not less than | not less than 15
requirements 0,0106 0,0624 i
Conclusions.

1. The possibility of creating an MEC with the
necessary technical characteristics and parameters is
shown. On the basis of design calculations carried out on
the basis of magnetic field modeling in a 3D formulation,
the construction of the active part of the MEC in the form
of a four-pole magnetic system with four teeth on the
stator pole is substantiated.

2. The mechanical characteristics of the developed
MEC are linear in the given range of the rotor rotation
angle change. With nominal control current of 50 mA
and the shaft braked in the zero position, the calculated
torque developed by the designed MEC is 0.064 Nm,
which satisfies the technical requirements (not less than
0.0624 Nm). The stiffness of the magnetic spring is
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0.0115 Nm/degree and corresponds to the value
specified in the technical requirements (not less than
0.0106 Nm/degree).

3. Tests of the mock-up sample of the MEC
confirmed the basic efficiency of the adopted design and
construction decisions.
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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

From the analysis of Fig. 7, 8, we can notice the
influence of the proposed method on the waveform of the
current. The use of a fuzzy estimator also makes it
possible to reduce the effect of harmonics of orders 3, 5,
and 7. Figure 9 shows that the two components of flux
obtained by a fuzzy estimator have a perfectly sinusoidal
shape as desired. Table 3 presents a comparative study
between the classic DTC and the proposed strategy.
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Fig. 7. The current spectral analysis of the conventional DTC control
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Table 3
Comparative study between the CDTC and the proposed one
Dynamic Parameter Current
response sensitivity R, THD
Conventional fast sensitive important
DTC distortion
DTC with fuzzy slow insensitive less
observatory distortion
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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.
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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
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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
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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

36

Electrical Engineering & Electromechanics, 2023, no. 6



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.

Electrical Engineering & Electromechanics, 2023, no. 6

37



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
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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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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 electromagnetic 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, commutating choke, conversion link, electrical and energy
characteristics, displacement current, energy losses dynamics.

V pobomi nposedeno excnepumenmanvhe 00CHiONCeHHST OOHOCMYNEHEGUX MACHIMHO-HANIGNPOGIOHUKOBUX 2eHepamopie IMNYIbCis 3
BIOMIMHOIO CMPYKMYPOIO 3aPAOHO-PO3PAOHO20 NepPemeoplosaya y 6xionomy koumypi. Haseoeno enekmpuuni napamempu KO*CHOI
cxemu, 6iOMiueno Qi3uuni ti KOHCMPYKMUBHI 0COONUBOCIT KOMYMYIOU020 OpOCels GUXIOHOT TAHKU KOMNPECTi iMNYIbCi8, Ma Onucamno
mexniuni 3acobu npogedenns excnepumenmy. Ompumano 3aMKHYmMi 801bM-AMNEPHI XAPAKMEPUCTNUKYU KOMYMYI04020 Opocers,
8i0N0GIOHO 00 AKUX NPOBEOEHO HUCNO08I PO3PAXYHKU THINESPANbHUX MACHIMHUX MA eHeP2eMUYHUX XAPAKMEPUCMUK 3aNPONOHOBAHUX
Mmooeneil. Busedeno ananimuuui eupasu 0as Onucy OUHAMiKu macHimuol iHOYKYii @ ocepoi opocens 3a wacom. Ha ocnosi kpueoi
eicmepesucy oceposi po3’sacHeHO OOMIHHI npoyecu nepedaui enepeii Midic 0XHCEPeioM JHCUBTIEHHS MA KOMYMYIOUUM OPOCETeM.
Posensinymo enepeemuuni xapaxmepucmuku MAacHIMHO-HANIGNPOGIOHUKOBUX 2eHepamopie IMRYIbCié 6 3aNeNHCHOCMI 8I0 cmpymy
niomaenivyeanns. Ilosicneno ocobnusocmi 3apsaoy no63006:4CHbOI EMHOCI Y CXeMi 3 NAPalelbHOI NePemBOPIOBANIbHOIO IAHKOIO, O
8i00Y8a€MbCsL OOHOUACHO Y 080X CYMIdCHUX Koaax. OmpumaHno 3aneicHOCmi CHONCUBAHOI NOMYNHCHOCMI 810 Hanpyau Oxcepend
JICUGNIEHHS. MA GUKOHAHO AHANI3 YUX XAPAKMEPUCUK 3a PIZHUM CNiGEIOHOULEHHAM MIiJIC NOB3008ICHLOI0 MA NONEPEYHOI0 EMHICMIO
CYMIJICHUX NIAHOK Komnpecii imnyavcig. Pe3yiomamu 00CniodceHb MOiCYms Oymu 3aCmoco8ani npu po3pooyi HU3bKOBOIbMHUX
MACHIMHO-HANIENPOBIOHUKOBUX 2eHEPAMOPIE IMNYIbCIE 3 NOMINUWEHUMU eHepeoounHamiyHumu napamempamu. bidmn. 15, puc. 8.
Kniouoei crnoea: MarHiTHO-HANiBIPOBIIHMKOBUI IeHepaTop iMIYJIbCiB, KOMYTYHO4Mil Apoceib, NEPETBOPIOBAJILHA JIAHKA,
eJIeKTPUYHIi Ta eHepreTUYHi XapaKTepUCTHKH, 3CYBHUII CTPYM, THHAMiKa BTPAT eHeprii.

Problem definition. The research presented is a
continuation of the author’s previous cycle of works on
this topic [1, 2], which highlights the principles of
construction, physical and mathematical modelling of
semiconductor magnetic pulse generators (SMPGs), both
high and low voltage, with the aim of finding more
rational circuit solutions, special modes of their operation
and methods of efficient energy transfer from the
generator to the load.

Analysis of recent research and publications.
SMPGs belong to the class of converting technology
devices that serve to amplify the peak power of the pulse
on the load [3, 4]. They are widely used in a number of
electric discharge technologies, where it is necessary to
have powerful current pulses of submicrosecond duration
with a sharp leading edge, for example, for powering
microwave devices or pumping gas lasers on metal vapors
[5, 6]. In recent years, the relevance of using these
devices has increased significantly with the need for air
purification from sulfur dioxide [7, 8] and wastewater
disinfection [9, 10]. The steady-state mode of

electromagnetic oscillations in SMPGs is mainly achieved
under the condition of amplitude asymmetry between the
main and return pulses, while the energy transfer
processes between pulse compression links are usually
considered assuming their unidirectionality from the
generator to the load [11]. Mathematical modelling allows
the application of approximation by the magnetization
curve of the commutating choke (saturable reactor, SR),
however, it still remains «staticy [12, 13], i.e. in
approximation to the slow process of magnetization of its
core, and allows to obtain only an indirect judgment about
the characteristics of the magnetic flux density and the
dynamics of losses energy for remagnetization in the SR
core. As is known from [14], the conversion link of the
charging circuit and the first link of pulse compression
determine the mode of operation of the generator, while
the role of the following magnetic compression elements
is to bring the pulse to a certain duration. Therefore, in the
current work, attention is focused on the experimental
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study of single-stage SMPGs, which differ in the
conversion link in the input circuit. Moreover, in contrast
to previous mathematical models of various variants of
SMPG, these studies are defined as experimental, as
superior in terms of their availability and effectiveness.

Separation of the previously unsolved part of the
tasks. Despite the large number of publications on this
topic, the processes of energy exchange between the
power source and the SR, which noticeably increase with
the increase of the displacement currents caused by the
asymmetric mode of electromagnetic oscillations in
various SMPG circuits, have remained aside.

The goal of the work is to study the electrical and
energy characteristics of single-stage SMPGs with a
distinctive converting link (serial or parallel) of electricity
in the input circuit.

Research  methods. Physical modelling of
electromagnetic processes using appropriate technical
means; numerical and analytical modelling; data
processing by means of Excel.

Main material. In the work, an analysis of low-
voltage (up to 1 kV output voltage) SMPGs with a series
pulse compression link on the load, which differ in the
structure of the charge-discharge converter in the input
circuit and the method of restoring the magnetic flux
density in the core of the SR to the initial state, is carried
out. Based on the theoretical models of high-voltage
SMPGs, considered in the previous work of the author
[15], the basis of this study was precisely various options
for the construction of the input converter of electricity,
separating the part of the device that contains the voltage
increase link (high-voltage transformer). These converters
can be conventionally divided into one- and two-key,
containing a series, parallel, or series-parallel link in the
input circuit of the SMPG. The main advantage of a
parallel energy conversion link over a serial one is that in
order to achieve remagnetization of the SR, it is not
necessary to use an additional source of energy that
generates a magnetizing current in its main winding, but
on the contrary, the process of forming a reverse pulse
occurs at the expense of the energy of the main power
supply.

The circuit of the first version of the SMPG, which
contains a series conversion link Cy-VTy-VDy-Ly in the
charging circuit and an additional source of displacement
current £, is shown in Fig. 1.

Fig. 1. Magnetic generator with series link
in the charging circuit

The input of the device also contains a diode
rectifier U, and a battery of capacitors C, with total
capacity of 1 mF. Mains voltage to the diode rectifier is

supplied through a step-down autotransformer, which
allows for smooth adjustment of the input DC voltage.
The charging choke L, must provide constant inductance,
so it is designed on a ring magnetic core made of sprayed
iron. The circuit was calculated based on the maximum
accumulated energy stored in Cj, the duration of the input
pulse and the compression ratio of the SR. For the
parameters of the charging circuit of 32 uH and 1 pF, the
duration of the current in this link is 10 ps. As the core of
the SR, a ribbon magnetic core made of cobalt alloy
(overall dimensions 50x34x30 mm) was used, which has
high coefficient of rectangularity of the magnetic
hysteresis loop. Taking into account the volume of the
magnetic core — V, = 3.2:107° m’, the range of the
magnetic flux density — AB = 0.8 T, and the relative
magnetic permeability in its saturated state — ug = 5, the
compression ratio of the output link was x;, = 3.4 The
generator was loaded with linear resistance R, = 12 Q,
consisting of two parallel-connected low-inductance
resistors, with total power of 120 W. The power supply
sets the displacement current in the additional winding of
the SR, which is connected through the decoupling choke
L, which is designed to eliminate the variable component
of the secondary winding of the SR. The inductance of the
decoupling choke is 10 mH. The displacement current /.
was set constant at the level of 1.5 A to ensure fast
enough remagnetization of the SR.

A bifilar Ry, current shunt with resistance of 0.16 Q
and a 1:10 voltage divider of a mixed type (resistive-
capacitive) were used to measure the current-voltage
characteristics of the SR. All measurements were made
relative to the negative bus of the device, so the current
shunt was located in the cut between C; and R;. As
indicated in Fig. 1, according to this variant of the SR
placement, to measure the voltage on it, it is necessary to
have a voltage difference between C; and R;, but this
complicates the calculation process due to the need for
exact synchronization of three signals at once (SR current,
voltage on R;, voltage on C)). If we place the SR in series
near the shunt on the negative bus, then the voltage on its
winding will be determined by subtracting the voltage
drop on the shunt itself, which will facilitate further
numerical calculations. Current signals on the shunt Ug,
and voltage on the SR Ug are supplied through coaxial
lines to the inputs of a two-channel memory oscilloscope
SDS1022, which has a common negative terminal
between its channels. Digitized data were stored in text
format and transferred to Excel for mathematical
calculations. The number of sampling points provided by
the oscilloscope on each channel is 10° with interval of
40 ns and amplitude value in millivolts. Since the signals
have an asymmetric shape, for their correct output on the
oscilloscope screen, it is necessary to ensure the deviation
of the position of the rays of these signals from the zero
position, so the digitization results were transformed
taking into account the vertical shift on each channel of
the oscilloscope and the transmission coefficient on each
signal according to the appropriate formulas:

U.=(U;-U,)/100, (1)
I.=(1;-1,)/160, ()
where U, I; are the discretized values of the voltage and
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current signals of the SR; U,, I, are shifts to compensate
for the deviation in mV; U,, I, are the normalized values
of the voltage and current of the SR.

Below are the main formulas for calculation
(analysis) of one-stage SMPG, which are applied in the
Excel program.

Formulas for calculating SR with toroidal core:

Cross section of the core:

S.=h-(D-d)/2, 3)
where D, d, h are, respectively, the outer and inner
diameters and height of the core.

The length of the middle line:

(,=rm-(D+d)/2. (4)
The magnetic field strength:
Hz(w'lc)/gc’ ®)

where /¢ is the current through the choke winding, w is
the number of its turns.

The inductance of the choke with a uniformly
distributed winding on the core:

2
w”-S,
. 6
J (6)

The magnetic flux density is proportional to the
integral of the voltage on its winding and is defined as:

. .ISC I U.dt,

Lgg =t 119

c

B= BO + (7)
where U. is the voltage on the choke winding, B, is the
initial magnetic flux density in the SR core.

The energy of the external power source spent on
remagnetization of the core can be determined by the
following equivalent expressions:

T +B
Ey=[Uc-le-dt=V,,- [dB-H, (8)
0 -B
where 7 is the time at which a complete cycle of the
Ue V
280
230
180
Ie, A
-5 25 30

-20

t, ms

-70
0.12 0.145 0.17 0.195 0.22 0.245

c

passage of the hysteresis curve B(H) occurs; V, is the
volume of the magnetic core of the SR.
For the integrals in the specified expressions, it is

possible to approximate using the trapezoidal
approximation method:
v k=n

E, =-" Z(H"“ +Hk)~ (Bk“ +Bk), 9)
2 k=0

where H*, B" are the discrete values of the magnetic field
strength and the magnetic flux density in the core of
the SR.

On the basis of the converted current and voltage
signals of the SR, closed current-voltage characteristics
were constructed for three values of the input voltage
(U;, =120, 150, 180 V), which are shown in Fig. 2,a. A
common feature of the obtained curves is their positive
shift relative to the current axis and the same contour of
the negative loop of the 3rd quadrant, which reproduces
the process of forming the reverse polarity pulse. A
distinctive feature is the growing contour of the hysteresis
loops located in the 1st quadrant. The integral calculation
of these curves takes place according to the time arrow
starting from the zero position of the coordinate system.
The area of each curve is proportional to the energy
consumed by the power source, therefore, it can be argued
that the difference between the areas of the 1st and 3rd
quadrants will be directly proportional to the energy
dissipated on the SR. The dependence of the magnetic
flux density on the magnetic field strength and the
dynamics of energy losses in the SR core was calculated
according to the formulas indicated above, and the results
are shown in Fig. 2,b. According to the obtained graphs, it
is possible to note the tendency of the gradual expansion
of the hysteresis area of the SR core with an increase in
the input voltage, which is associated with an increase in
the charge rate of C;.

0.42
BT 180V
041 150V g
120V
0.40
0.39
0.38
0.37
0.36
0.35 H A/m
0 500 1000 1500 2000
b
0,005
£
0,004
0,003
0,002
0,001
Q
0,001 £, ms
0.12 0.145 0.17 0.195 0.22 0.245
d

Fig. 2. Electromagnetic characteristics of the SR: a) current-voltage characteristics; b) magnetic flux density in the core;
¢) voltage and current oscillograms; d) dynamics of remagnetization energy
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The maximum amplitude of the charge of the
capacity C, from the capacity of the power source Cy is
determined according to the derived expression:

U, -U,
Unax () =Ugy +—2—=L. 2w1 5 exp(eq -4) |, (10)
Ly-o-C | of +oj

where the cyclic frequency of oscillations of the charging
circuit @,, the duration of its half-wave ¢, and the
attenuation decrement « are determined respectively as

Jr-ci-ci-ary-co-cce)

“= 2-Ly-Co-C ’

t1:7l'/0); a=—R0/2-L0.

If we assume that the current through the SR on the
main magnetization curve has a sufficiently small value
compared to the current in its saturation, then the law of
change of magnetic flux density in its core will be
determined by the voltage on the capacitor C1 and can be
written as:

(11

U, o t+
2
1 o+ Ucl _UCO . |
Ly-ay-C (a12+a)12)2
xexp(al~t)-sin(a)1~t)
The process of returning the magnetic flux density to
the initial state occurs due to the action of the
magnetization current [, from the source E, in its

additional winding w,, which accordingly transforms the
displacement current into the main winding w, equal to:
ip =—Ipc Wi/ . (13)
This current will create linearly increasing voltage
on C; of reverse polarity before the appearance of an
operating pulse, which is described by a linear law:

Ipewi (14)

B(t)=-B, + x| (12)

Sm'Wl

Ucp=-

Cl Cl )

Integrating this equation over time in accordance

with (7), we obtain the expression for the magnetic flux
density on the reverse remagnetization interval:

Tpe =W 2 (15)

B(¢t) =B, -
Z'SC'WI'CI'WZ

s
where B, is the magnetic flux density of the SR core
saturation.

That is, in the reverse process, the magnetic flux
density will change according to the parabolic law, and its
full dynamics is shown in Fig. 3,b.

As noted in Fig. 3,a, the hysteresis loop has a
positive shift along the axis of the magnetic field strength
due to the magnetization current, which affects the energy
interaction between the power source and the SR core,
which stores the energy of the magnetic field. According
to the obtained graph of energy losses due to
remagnetization of the core (Fig. 2,d), the hysteresis curve
can be divided into sections where the work of the
external power source has both positive and negative
values. In the field section from residual magnetic flux
density to positive saturation magnetic flux density (curve
1-2 in Fig. 3,a), the work of the external power source
(energy of capacitor C;) is performed due to

magnetization of the core, with dB>0 and H>0, so the
resulting energy gain according to (9) dE,>0. At the
moment of saturation of the SR and the introduction of
energy into the R, load, a slight its increase is observed in
the graph of the dynamics of energy loss (Fig. 2,d). But
already at the stage of formation of the reverse voltage, a
significant part of the energy accumulated in the core of
the SR will return to the power source (curve 2-3 in
Fig. 3,a), because in this section the fields dB<0 and A>0,
and the resulting increase in energy losses, respectively, is
dE,<0. At the moment of reaching the magnetic flux
density of the opposite value —B;, the work of the power
source will also be positive (dB<0, H<0), because the
magnetic field strength becomes negative, which is noted
on the curve (Fig. 2,d) by its slight increase (curve 3—4),
but this increase will be compensated at the stage of
formation of a new operating pulse (curve 4-3).

0,4
03 B T 5
dEm>0
041 Hp H, A/m
-100 0 100 200 300 400 500
a
0,48
0,38 BT
0,28
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0,08
-0,02
-0,12
0,22
-0,32 t, ms
-0,42
0.06 0.11 0.16 0.21 0.26
b

Fig. 3. @ — magnetic hysteresis loop with shift by H;
b — dynamics of magnetic flux density B over time

The principle of operation of the SMPG circuit in the
absence of magnetization current differs in that the
amplitude of the output pulse decreases, but at the same
time the power consumption increases depending on the
input rectified voltage on the C, capacitor, which is shown
in Fig. 4. In this mode, the SR operates by a partial
magnetization curve, therefore the working drop of the
magnetic flux density in the core is reduced and,
accordingly, the delay in its saturation, which gradually
disappears completely, and the characteristic of the peak
pulse voltage reaches its saturation. Since there is no time
delay between the closing of the transistor V7, and the
saturation of the SR, the discharge current will be closed not
only along the C;—SR—R; circuit but also along the Co—VT—
SR—R; circuit, which will additionally increase the energy of
the pulse at its amplitude even lower for the input one.

The following SMPG circuit is already based on a
parallel conversion element and a charging choke in the
input circuit. This version of the device allows to avoid
the use of an additional source of displacement current,
but with the difference from the previous version of the
SMPG that it generates pulses of inverse polarity on the
load. In the circuit (Fig. 5), the mains alternating voltage
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from the autotransformer, the diode rectifier and the
electrolytic capacitor are combined into one element and
represented by a constant voltage source Ej,.
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Fig. 4. Characteristics of the amplitude value of the pulse
voltage U, on the load (@) and the power consumption of the
device P; (b) depending on the constant input voltage
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VT,
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VD,

Fig. 5. SMPG circuit with parallel conversion link in the input
circuit

A distinctive feature of the SR circuit with parallel
conversion link is that its closed current-voltage
characteristics (Fig. 6) become directly opposite to the
characteristics of the first version of the SMPG, namely,
the working and return pulses are described in the 3rd
quadrant and the 1st quadrant of the system coordinates,
respectively. The characteristics have a negative current
shift, but unlike the previous SMPG model, this shift
turns out to be dependent on the input voltage of the
power supply Ej.

When approaching the ideal model of the SR, the
charge-discharge processes in the circuit can be
considered separately and divided into several intervals
along separate circuits. When VT; is unlocked in the
circuit C\—L,—VTy—C,, the discharge process of C; to C,
begins with partial energy transfer, due to the presence of
charging current from the power source, therefore, after
locking VT, there will be residual voltage on C;. This
process is shown in Fig. 7,a, where the voltage on the
capacitor C; is obtained as a result of the calculation, as
the difference between the numerical data of the voltages
on VT, 0 and Cz.
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Fig. 6. Electrical characteristics of the SR: a — closed current-
voltage characteristics; b — oscillograms of voltage and current
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Fig. 7. a — voltage characteristics on capacitors;
b — characteristic of the current through the SR

After blocking VT, the charging phase of series-
connected C; and C, in the circuit Ey—Ly—L—C—C;
begins. Due to the relatively low natural frequency of
oscillations of this circuit, the voltage on C, increases
almost linearly. At the same time, the magnetic flux
density in the core of the SR changes its value to the
opposite, and when saturation magnetic flux density is
reached, C, energy is reset to the load. At this stage, the
charging current will be closed to the load through the
inductance of the saturated SR winding within the circuit
Ey—LyL,—C\—SR-R; . Here, the capacity C; continues to
charge according to the oscillating law to its maximum
value, and the voltage on C, will remain at the residual
level due to its shunting to the load by the SR winding.
The current in the SR winding as shown in Fig. 7,b, also
displays part of the charge current of capacitor C;. When
the voltage on C; reaches its maximum value, the current
through the SR changes its direction and relatively small
displacement biasing current [, is formed, which, as it
turns out, depends on the voltage of the power source.
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At this stage, the SR core leaves the state of reverse
saturation and, in the process of charging C,, is
magnetized along the main curve to the opposite
saturation limit. Since the C; charge process occurs
simultaneously in two circuits, for the analytical
determination of the displacement current through the SR
winding, it is necessary to solve the characteristic
equation of the 4th order and find the unknown
coefficients of the harmonic equations, which complicates
the calculation process enough. Considering the fact that
the inductance of the outer circuit consists of L, and the
inductance of the SR in its unsaturated state, when the
relative permeability of its core is sufficiently large
(u = 10°), its oscillation frequency will be lower than the
frequency of the inner circuit. In addition, the initial
voltage difference between C, and C; will be higher for
the inner circuit, so the displacement current through the
SR will be a smaller part of the charging current of C;.
Therefore, it can be assumed that the displacement current
of the external circuit will modulate the charging current
of C; until the moment of saturation of the SR from the
linearly increasing voltage on C,. Thus, the oscillatory
processes in the considered circuits can be described by
similar analytical expressions specified above, taking into
account the parameters of each circuit. For example, for
the above charging circuit with Eq—Ly—L—C—SR-Ry, its
cyclic frequency w, and attenuation decrement o, can be
found by the formulas:

R}-C§-CE-C3—4-(Lo+ Ly + Lgg)
><C0'C1 'C2'(C0’C1+C1'C2+C0’C2)
2-(Lo+ L1+ Lgg)-Co-C - Gy
_ Ry
2(L0 +L1 +LSR)'

The maximum voltage on each capacitor is
determined according to (10), but taking into account the
algebraic sum of the initial values of the voltages on the
three capacitors Uco—Uc—Uc, and the sum of the
inductances Ly+L;+Lgg of this circuit. The value of the

displacement current through the SR is approximately
determined as:

@2 = > (16)

oy =

i (1) = Uco-Uqi
(Lo +Lgg)- @)
where the inductance Lgy is determined by the formula, as
for the toroidal core (6). It was determined that the initial
voltage Uc, on the capacitor C; is the maximum voltage
when the core is magnetized Lgp.

It was established that due to the fact that the C,
charge occurs according to the oscillatory law, the
dependence of the output pulse amplitude on the
switching frequency of the transistor is observed. In the
frequency range from 1.2 to 1.8 kHz, the amplitude of the
main pulse is significantly weakened, which is
accompanied by a decrease in power consumption. By the
time of the new switching of VT due to the oscillating
charge of Cj, the capacity C, has time to recharge again
and therefore another pair of pulses of the main and
reverse polarity is formed. It was found that if the
switching region of V7T coincides with the moment of
formation of the demagnetization pulse, then the charging

sin(a)z . t)~ exp(ap 1), (17)

current of C, will be shunted by the inductance of the
saturated SR, which causes a significant decrease in the
working pulse. In another case, when the moment of
switching coincides or occurs before the moment of
recharging C,, the amplitude of the pulse on it only
increases. According to this study, it was established that
for the correct operation of the device, the generation
frequency should be at least 2-2.5 kHz.

The dependencies of the power consumption
characteristics and the output pulse amplitude on the input
voltage of the power source at the generation frequency of
2.5 kHz for 3 values of the transverse capacitance C, and
the fixed capacitance C; = 1 pF are shown in Fig. 8.

The obtained graphs can be analyzed as follows,
namely: an increase in the capacity C, from 0.5 to 1.5 uF
leads to a deeper discharge of the capacitor C;, therefore
the charging voltage drop on it becomes more significant,
which causes an increase in the charging current and
power consumption of the SMPG. When C,<C,, the
pulses on the load become longer and are characterized by
a decrease in their amplitude (Fig. 8,0). On the contrary,
for C;>C,, the capacity C; is no longer completely
discharged, therefore, a significant residual voltage is
formed on it, which reduces the jump in the charging
current. It can be noted that the power characteristic
grows according to quadratic laws and corresponds to the
energy accumulated in C; at the time of switching V7.
Calculations also showed that the dependencies of energy
losses in the core on the input supply voltage are
characterized by the presence of their threshold value,
after which the energy losses stop increasing, which can
occur in the case of the hysteresis loop of the SR core
reaching its maximum expansion. The maximum energy
losses in the SR core during one magnetization cycle for
this SMPG circuit at input voltage of 280 V do not exceed
1.5 mJ. The considered circuit solutions of low-voltage
semiconductor magnetic pulse generators are expedient to
be used in modern advanced electroimpulse material
processing technologies.
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Fig. 8. Characteristics of: @ — power consumption;
b — output pulse amplitude for 3 values of capacitance C,
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Conclusions.

1. According to the numerical analysis performed on
the experimental current-voltage characteristics of the
single-stage SMPG circuit with a series conversion link in
the input circuit, it was determined that a significant part
of the energy at the stage of the remagnetization process
of the SR core is returned to the power source. In contrast
to the symmetrical hysteresis loop, which is characteristic
of two-stroke circuits of magnetic pulse generators
without external biasing, the presence of a significant
fraction of negative energy in the magnetization
characteristic of the SR is caused by the presence of
constant displacement current through its winding, which
increases the area of the magnetic field where its flux
density and strength have opposite values.

2. On the basis of the experimentally obtained closed
current-voltage characteristics of the commutating choke
for the SMPG circuit with a parallel conversion link in the
input circuit, the presence of displacement current, the
value of which depends on the input supply voltage, was
established for the first time. Based on the considered
oscillatory processes in adjacent charging circuits, an
analytical equation is proposed for estimating the
displacement current, which plays an important role at the
stage of energy return from the commutating choke to the
power source.

3.1t is established that the power consumption of the
SMPG with a parallel conversion link in the input circuit
depends on the ratio of capacities in the adjacent pulse
compression links. A decrease in the residual voltage on
the longitudinal capacitance leads to an increase in the
charging current and power consumption. When the
condition C,>C, is met, the generator generates pulses
with larger amplitude and shorter duration on the load.
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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 characteristics for an active rectifier-voltage source operating in the
bidirectional 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 frequency 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 obtained. 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 modulation, 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.

B cmammi posensanymo pobomy akmusHo20 BURPAMIAYA-0ACEPENA HANPY2U, WO NPAYioe 3 PIKCOBAHOIO YaCMOmMoI MOOYyAAYil 6
pedcumi 080HANPABNIEHO20 NOMOKY eHepeii, 3anponoHO8aHO HO8Y CMPYKMYPY 6eKMOPHOI cucmemMu YRPAGLIHHA, Md OMPUMAHO
xapaxmepucmuxu pobomu cxemu 8 WUpoKoMy Olana3oni 3MiHU 6EIUYUHU MA 3HAKY 8UXiOHOT nomyoicnocmi. Posensnymi gizuuni
nepedymosu ynkyionysanns cunosoi cxemu AB/[H, 3anpononosanoi asmopamu 6eKmopHoi cucmemu ynpaguinis ma NPUHyunu
Gopmysanus Oitouux ycepeOuni Hei cuenanié 8 cKkiadi YACMOMHO20 nepemeopiosaya cepednvoi nomyoicnocmi. I[lokazano
nepegazu HOGOI cucmemu YNPAGNiHHA HAO ICHYIOUUMU MA OMPUMAHO 3ANEAICHOCMI, WO OeMOHCMPYIOMb KOPEeKMHICMb
3aCcmMocy8ants 3anponoHOBAHUX Yy cmammi MexHiyHux piuteHv. Pezynrbmamu mamemamuunoco MoOen08anHs NOKA3AAU, WO
ABJIH, sikuii npayioe 3 (hikco8anoo 4acmomorn Mooyaayii ma 3anponoHo8aH0I0 CUCIMEMOIO YAPABLIHHS, 00360JISE NIOMPUMYSAMU
3a0aHe 3HAYEeHHs GUXIOHOI Hanpyeu ma OAu3bKuti 00 CUHYCOIOU CMPYM Mepexci JICUGNEeHHS NPU HYIbOBOMY CHONCUBAHHI
PeaKmugHOl NOMYINCHOCMI 6 YCMALCHOMY PedCUMI 6 WUPOKOMY OIanazoHi 3MIHU napamempis cxemu ma GeiudyuHu I 3HAKY
nomyocnocmi naganmabdicents. bion. 17, taban. 1, puc. 9.

Kniouogi cnosa: akTHBHMIA BHNPSIMJIAY, QikcoBaHA 4acTOTa MOAYJsANIl, BEKTOPHA cHCTeMa yNpaBJiHHs, ABOHANPABJICHUMH

NOTiK eHeprii, BeKTOPHa Jiarpama, epeTBOPeHHs KOOPAMHAT, IIUPOTHO-IMIY/IbCHA MOAYJISALLIs.

Introduction. The frequency converter is an integral
part of industrial installations that use an induction motor
(IM) as part of their composition. By changing the effective
value and frequency of the three-phase alternating voltage
supplied to the stator windings, it allows to implement
various strategies for controlling the speed and torque on
the shaft of this type of electric machine. In the range of
small and medium powers when powered from an
industrial network of 380-400 V, the converter structure
based on an autonomous voltage inverter (AVI) has
become the most widespread. It contains two main
components: a converter of three-phase alternating voltage
into direct one — a rectifier and an inverter powered by its
output voltage, most often made according to a three-phase
bridge circuit on alternating current switches.

The use of various modulation algorithms allows
such an inverter to generate a voltage with the necessary
parameters on the load and to adjust them within wide
limits. Among the possible options, pulse-width,
frequency-pulse, time-pulse and vector-pulse modulation
[1-3] can be distinguished, each of which has its own
advantages and disadvantages.

For AVIs operating in the range of small and
medium powers, pulse width modulation (PWM) has
become the most common. Having a relative simplicity of
implementation, it provides a fixed switching frequency
of valves switching in the circuit, which significantly
simplifies their thermal calculation, and also facilitates the
calculation of filters at the output of the circuit [4, 5].

A three-phase bridge diode circuit can act as a
rectifier in the considered structure. Simple and reliable,
here it has a number of significant disadvantages: it
distorts the shape of the power network current; does not
form a sufficient level of voltage at the input of the AVI
when it operates in the sinusoidal PWM mode; does not
ensure the return of energy from the load to the power
network [1, 6].

Modern requirements for the quality of energy
consumed from the industrial network force us to consider
other topologies of rectifiers that are devoid of the
mentioned disadvantages. Among them, we can single out
a diode rectifier with various circuits of power factor
correction modules, a rectifier according to the Vienna
circuit and an active rectifier-voltage source (ARVS)
circuit made, similarly to AVI, according to a three-phase
bridge circuit on alternating current switches [1, 7, 8].

It is worth noting that only the ARVS circuit allows
to simultaneously eliminate all the shortcomings inherent
in the diode rectifier in the structure of the frequency
converter based on AVI. Its effectiveness will also depend
on the modulation algorithm used and the structure of the
control system that implements it. For the same power
circuits of ARVS and AVI in a single converter, it is
advisable to use the same modulation algorithms and
structures of control systems built on similar principles.

In modern practice, the strategies for controlling
speed and torque on the shaft of an induction motor, built
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on the principles of presenting stator currents and voltages
in the form of generalized vectors in different coordinate
systems, have shown the greatest efficiency. They are
implemented by the so-called «vector» control systems of
autonomous inverters [7, 9].

ARVS control systems can be built according to a
similar principle [10-13].

The goal of the work is to create a vector control
system with improved characteristics for an active
rectifier-voltage source operating in the mode of
bidirectional energy flow with a fixed modulation
frequency.

Power circuit of the converter. Figure 1 shows a
generalized functional diagram of a frequency converter
with an ARVS in the input circuit. It consists of the
following components: AC — three-phase network of
sinusoidal variable voltage ug, phase inductance L,
including additional input reactors; active rectifier AR,
made according to a three-phase bridge circuit on
alternating current switches; direct current section of the
converter DC with capacitive energy storage C, which
smoothes out voltage ripples and creates an operating
mode for the load that is close in characteristics to the
voltage source; load Load, which is an AVI with PWM,
which powers an induction motor.

The physical processes in each phase of the ARVS
input circuit are similar to the other two with a shift of
120 electrical degrees. Consider them on the example of
the equivalent circuit shown in Fig. 2.

DC
i

i
DA> [o@l’

|+

Is
U, = uc
Load

Fig. 1. Functional diagram of the converter with ARVS

L

=1

g

Fig. 2. Equivalent circuit of the ARVS input circuit phase

It contains: the source of sinusoidal alternating phase
voltage with instantaneous value ug; the instantaneous
phase voltage at the input of the ARVS uy, which is
formed during the operation of the semiconductor switch
of the circuit in PWM mode, by periodically connecting
to the phase of the power supply network the voltage on
the capacitor of the DC link uc = u; with different
polarity. As a result, during the modulation period, the
sign of the voltage drop u; on the input inductance of the
phase L and the dynamics of the current i; flowing
through it change. This allows to form the required shape
and phase of the current of the power source.

According to Kirchhoff law, at any moment in time,
the instantaneous circuit voltages (Fig. 2) will be related
to each other by the expression

Ug =uy +uy. (1)

The generalized vector diagram for the input circuit
of the ARVS phase while maintaining a unit power factor
is shown in Fig. 3,a for the energy consumption mode,
and in Fig. 3,b — for the energy recovery mode from the
load to the power supply network.
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Fig. 3. Generalized vector diagram of the ARVS input circuit at
a unit power factor for: a — energy consumption by the load;
b — energy recovery from the load to the power supply network

The presence of the inductance L gives the ARVS
input circuit the properties of a current source, which
allows the circuit to operates in the boost PWM mode and
maintain the voltage on the capacitor uc = u, of the DC
link above the mains voltage.

By controlling the amplitude and phase shift angle &
of the voltage uy, it is possible to control the amplitude
and phase of the source current ig by varying the voltage
drop across the input inductance u;. Here, the average
value and sign of the current at the output of the ARVS
will be proportional to the active power at the input of the
circuit. The reactive power can be controlled
independently by shifting the current of the fundamental
harmonic is with respect to the voltage us.

Control system. If we talk about the strategy of
building the ARVS control system, it is often based on the
dual identity of its power circuits with the AVI circuit as
part of the general frequency converter. Indeed, the power
circuits of both converters are exactly the same. Both have
a common DC link that has the properties of a voltage
source and their own circuits of three-phase alternating
voltage, which, due to the serial connection of inductances
in their phases, have the properties of current sources. Both
provide a bidirectional flow of energy, because they
operate as a step-down pulse width converter when
transferring it from a DC link to an AC link and as a step-
up one when transferring it from an AC link to a DC link.
Therefore, it is possible to use the concepts of building AVI
control systems to regulate an induction electric motor
during the creation of ARVS control systems.

The main concepts of induction motor control are
Direct Torque Control (DTC) and Field Oriented Control
(FOCQ) [10, 11, 14]. They are matched with the strategy of
Direct Power Control (DPC) and Voltage Oriented
Control (VOC), which are used in ARVS [10, 11, 14, 15].
Each of them has many implementation options that have
their own advantages and disadvantages.

Note that only ARVS vector control systems built on
the basis of the VOC concept operate with a fixed
modulation frequency. They are based on the principle of
presenting generalized network current and voltage
vectors in rotating (for example, d-g) coordinates, in
which the regulated values are constant signals, which
allows for the elimination of static control errors. Here,
the structure of separate control of the «active» i; and
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«reactive» i, components of the network current is used
using its own, usually proportional-integral (PI) regulators
for each of the channels. By adjusting the d-component of
the current, it is possible to control the flow of energy
between the source and the load, as well as to maintain
the required voltage level on the capacitor of the DC link.
The regulator of the g-component relies only on the
function of maintaining a zero or other specified shift
angle between the current and the voltage of the power
supply network. This fully corresponds to the principle of
operation of ARVS power circuits described above.

Vector control systems of ARVS using separate
control structures are widely presented in [9-14]. Their
essential drawback is the need for a direct and inverse
transformation of the coordinates of the generalized
current and voltage vectors with the calculation of the
trigonometric function of their angle of rotation. This
complicates the physical implementation of such systems
and places increased demands on its element base.

It is possible to simplify the ARVS vector control
system, which operates with a fixed modulation
frequency, if we use the above-described principle of the
converter operation.

To form the required shape and phase shift of the
network current is = iy, it is necessary to control the
voltage drop on the input inductance of the circuit u; by
adjusting the value and phase shift of the input voltage uy.
Its first harmonic, in turn, repeats the control voltage at
the input of the PWM generator with some given
transmission ratio.

Representing (1) in relative units, it is possible to
obtain an expression for determining the PWM control
voltage of the generator, which forms a given shape of the
network current in the form

uV:ug—uz:uS—L—, 2)

where ug*, uV*, uL* and iL* are the relative phase voltages
and current of the input circuit of the ARVS according to
Fig. 2, for which the amplitudes of the nominal phase
voltage and current of the power source are taken as the
basic values, respectively.

Thus, with unchanged voltage of the power source,
the task of the control system is reduced to the generation
of the task signal of the phase current of the ARVS input
circuit with the necessary parameters. It can be solved
using the principle of separate regulation described above.

Figure 4 shows the structural diagram of the ARVS
vector control system proposed by the authors, which
operates with fixed modulation frequency.

Instantaneous values of three phase currents is' and
voltages us of the power supply network, reduced to
relative units, are supplied to the abc-dg coordinate
conversion unit. In it, using the Clark matrix, currents and
voltages are converted from coordinates abc to
coordinates a-f according to the expressions

1 *
. 1 —— —— | |isa
la|_ |2 2 2 000, 3)
AIGlL B B
0o Y2 _N°
2 2

iSc

“

dg-abc

Fig. 4. Structural diagram of the ARVS control system

Then the relative instantaneous network currents are
transformed from a-f coordinates to d-g coordinates. If
the Park matrix [16] is used directly for this, it will be
necessary to calculate the trigonometric functions of the
rotation angle of the generalized voltage vector of the
power source. This increases the requirements for the
hardware part of the control system. Therefore, it is
advisable to obtain projections of the generalized network
current vector on the d-g axis through the coordinates of
the generalized network voltage vector in the a-f system
according to the expression [16]

* * * *
Iy 1 Ug Ug | |ig
RN s % * * 7] L% (5)
lq Uy, +uﬁ —Mﬂ Uy lﬂ

In the mode of full reactive power compensation, the
value of the g-projection of the generalized network
current vector should tend to zero. This condition is valid
both for the mode of energy consumption by the load and
for the mode of energy recovery from the load to the
power network. Therefore, the relative instantaneous
value of the g-component of the network current iq* is
compared with the task i, ,,; = 0. The mismatch signal
Aiq* is fed to the input of the PI current regulator Ry
which forms the g-component of the task current signal of
the choke of the ARV'S input circuit 7, .

The flow of energy consumed or generated by the
load depends on the operating modes of the load itself and
in the structure under consideration (Fig. 1), controlled by
the AVI control system. Therefore, there is no need to
introduce any additional regulator of the d-component
current of the ARVS network i, into the shown in Fig. 4
structure of the control system. In this way, the proposed
structure differs from most structures built on the basis of
the concept of VOC [9-15].

The regulator is necessary to maintain the constant
value of the voltage on the capacitor of the DC link at the
level higher than the amplitude of the line voltage of the
source. It needs to form the component i,c, which
complements i, depending on the value and direction of
the energy transmitted in the converter. At the same time,
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the capacitor itself is a store of energy, the value of which
can be determined as

E.=C-ul/2, (6)
where C is the capacitor capacity; uc is the voltage on the
capacitor in the DC link of the circuit (Fig. 1).

The instantaneous power in it, determined by the
superposition of the instantaneous active powers in the
source and the load, can be obtained as the derivative of
(6) in time

dEc  C du
d_tc = Ed_tc = PS ~ Pload - (7

Expression (7) is non-linear with respect to uc,
which complicates the operation of the regulator. It can be
facilitated by linearization of the feedback by introducing
a new variable W = uc* in (7). Then we will get a linear
dependence relative to W

cdw
S PS T~ Pload - (8)

Now we can use a linear regulator, taking the
amount of energy as a variable to adjust the voltage of the
DC link. In it, according to Fig. 4, the instantaneous DC
link voltage u¢, reduced to relative units by the nominal
amplitude value of the line voltage of the source, is
squared and compared with the squared relative reference
voltage of the capacitor. The mismatch signal AW is fed
to the input of the PI regulator Ry, which forms the signal
iuc, which supplements the current value of the d-
component of the current of the ARVS network i, to the
required level idL*.

The obtained idL* and iqL* values, together with the
previously calculated u, and up*, enter the dg-abc
coordinate converter. In it, the reverse transformation of
d-g current components into a-f coordinates takes place

according to the expression
Kl
i
1 N ©)
qu

x * *
laL 1 ua —u Ig
N i e B *
LpL Uy, +u 5 u g Uy
and then from o-f coordinates to abc coordinates
according to the expression

iZL 1 0 .
i = 2|1 ﬁ | et (10
bL | = P )
* 3 2 2 lﬁL
leL 1 B

L 2 2

The instantaneous relative voltage drop at the input
choke of the circuit ;" is obtained as the derivative of the
current i, multiplied by the current value of the
inductance of the source phase. Next, according to (2), we
subtract uL* from uS* and the thus obtained relative input
voltage u, is supplied to the PWM input of the generator
as a control voltage.

Thus, the control system proposed by the authors
has, compared to the known, the following advantages: it
reduces the number of regulators in the system to two;
does not require calculation of d-g voltage components;
does not require the calculation of trigonometric functions
in the process of coordinate transformation.

Mathematical modelling. Figure shows a virtual
model of the converter based on ARVS, which
corresponds to the structure in Fig. 1. It is performed in
the MATLAB/Simulink software environment.

Fig. 5. MATLAB model of ARVS power circuits

The model has the same parameters that were
adopted by the authors in previous studies [4], namely:
the three-phase AC voltage source with short-circuit
power of 150 MV A and the linear voltage at the converter
input of 400 V; the value of the input inductance of the
phase is taken equal to 400 pH; the DC link capacity
28 mF; the ARVS operates in sinusoidal PWM mode with
fixed modulation frequency of 4 kHz and the vector
control system made according to the structure (Fig. 4).
To test the possibility of operation of the circuit with
bidirectional flow of energy, the link with the series
connection of the resistor limiting the maximum current
and the source of adjustable EMF is accepted as the load.
The automatic load control system allows to maintain
the level of power consumption on it in the range of
1315 kW, i.e. up to the nominal in both directions.

Figure 6 presents the MATLAB model of the ARVS
vector control system, which is made in accordance with
the structure (Fig. 4) and fully corresponds to the
proposed operation algorithm.

Verification of the operation of the model (Fig. 5)
with the vector control system (Fig. 6) showed the ability
of the converter to maintain the specified voltage at the
output and to form the source current close to a sinusoid,
which has a zero or 180 degree shift angle with respect to
the phase voltage in the entire range of the change in the
circuit power, which is consumed or generated by the load.

uc*
el u?

sv ey

uS* idg* iLdg*
is* iLr
-K- »iS* uab* j iq ref* rb uab*
abc-dq v ul* dg-abc
_— Q 4 i
Gate L it

PWM us*
Fig. 6. MATLAB model of the ARVS control system

Figures 7, a-d are machine diagrams illustrating the
operation of the circuit and its control system during a
single time interval of 5 s when the load power changes in
both directions.
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Fig. 7. Machine diagrams of the operation of the ARVS circuit

Figure 7,a shows the current value of the relative
instantaneous power of the load and the step-changing
task signal with different polarities. It can be seen that the
power regulator performs the task correctly.

Figure 7, shows the task signal and the current
instantaneous value of the voltage of the DC link. It can
be seen that in the steady state, the voltage regulator
maintains its level exactly in accordance with the task,
and the deviation of the instantaneous voltage level in
transient modes does not exceed 8 % of the set value. The
voltage task on the capacitor is selected at a level that
exceeds the nominal amplitude of the line voltage of the
power source by 20 %, which at given line voltage of
400 Vis 678.8 V.

Figure 7,c shows the instantaneous value of the
current at the ARVS output. It can be seen that it is
modulated by high frequency and changes its polarity
when the sign of the load power changes.

Figure 7,d shows the relative instantaneous value of
the g-component of the ARVS network current iq*. It can
be seen that in the steady state, its value tends to zero, that
is, the level set by the regulator, which indicates the
absence of consumption or generation of reactive power
by the circuit, regardless of the value and sign of the
power in the load.

Figures 8,a,b show the instantaneous values of the
current and voltage of phase 4 in the mode of
consumption (Fig. 8,a) and recovery (Fig. 8,b) of the load
power at the level 2180 kW.

It can be seen that the phase current has a sinusoidal
shape and is in phase or in antiphase with the source
voltage in the steady state.

Machine diagrams shown in Fig. 7, 8, testify to the
correct operation of the ARVS with fixed modulation
frequency and the proposed control system in all
permissible operating modes.

L=400 uH
P =-180kW

b)

0. b05 O.bl 0.015 0.02 0. 0‘25 0. b3 0.035 LS

-4001~

Fig. 8. Machine diagrams of current and voltage of phase 4
of ARVS

With the help of the model (Fig. 5), the
dependencies of the total harmonic distortion coefficient
of the current (THD;) and voltage (THDy) of the phase at
the input of the converter on the relative value of the
power of the circuit, which is consumed or generated by
the load, are obtained. The studies were carried out for
two values of the inductance of the ARVS input reactor.
The obtained results are shown in the Table 1.

Table 1
Experimental research data
P, THD,, % THDy, %
L=200pyH | L=400 yH | L=200 pH | L=400 pH

1 4.2 2.46 10.24 5.46
0.8 53 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

According to the Table 1 graphical dependencies of
THD,; and THDy, at the connection point of the converter
on the relative value of the power of the circuit, which is
consumed or generated by the load, which are shown in
Fig. 9 are built. Also in Fig. 9, the dashed line shows the
acceptable values of THD; and THD, which are 5 % and
8 %, respectively, according to the norms [17].

From the obtained graphical dependencies (Fig. 9),
it can be concluded that with the input inductance L
taken at the level of 400 pH, the values of THD, and
THDy correspond to the established standards in the
entire range of changes in the power of the circuit,
which is consumed or generated by the load. When
reducing the value of the input inductance, to obtain the
required THD; and THDy indicators it is necessary to
install an additional input filter.
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Conclusions.

1. The article proposes a new vector control system for
an active rectifier-voltage source operating in the mode of
bidirectional energy flow with fixed modulation frequency. It
ensures stable and correct operation of the converter and has
significant advantages compared to known vector control
systems, namely: it reduces the number of regulators in the
system to two; does not require calculation of d-g voltage
components; does not require the calculation of
trigonometric functions when transforming coordinates.

2. The article examines in detail the physical
prerequisites for the operation of the power circuit and the
ARVS vector control system with fixed modulation
frequency proposed by the authors, as well as the
principles of forming signals operating within it.

3. Mathematical modelling of the converter with the
proposed vector control system in the MATLAB/Simulink
software environment showed that the ARVS circuit allows
maintaining a close to sinusoidal current of the power
supply network and a set value of the output voltage with
zero reactive power consumption in the steady state for a
wide range of changes in the value and sign of the load
power. The obtained machine diagrams allow to verify the
correctness of the operation of the power circuit and the
control system, which ensures minimal deviations from the
specified parameters during transient processes.
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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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Fig. 4. Effect of changing the radius of TSV on inductance (a)
and quality factor (b)
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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.

Five Level G
odular Inverter

PV Panel

Fig. 1. PV fed proposed five-level MLI to AC grid integration

__Vl Sz.-l S, e
T
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Z&D * 1 Load |=
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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.

---Voltage  Current
200 2
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0 2
100 2
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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

(50Hz) = 15.13 , THD= 12.21%
T T T T

Mag (% of Fundamental)
w .

il AHHHHHHHUUUDDDDD.

Harmonic order

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
1 ]
[VCEO.£+F.£]+
1 V4 4
A :(2)

2 .
Ip 1 2
-{Am C0s@-Vpo g J-{g.rll,j

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:

Wconduction=
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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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V.Y. Romashko, L.M. Batrak, O.0. Abakumova

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 renewable 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
supply of electrical energy to the load, a battery operating in buffer mode is connected at the output of the switching regulator.
Problem. 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 voltage 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
operating 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
regulators 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 resistance 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 characteristics, the conditions were determined under which the transfer of energy
from the source to the battery is ensured, and the parameters of the operating mode of the switching regulator were determined,
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 electrical 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 recommendations for choosing the mode of operation of the pulse regulator
depending on its type, as well as the amount of voltage on the battery. References 17, tables 1, figures 4.

Key words: source output impedance, matching switching regulator, battery operation, maximum power transmission.

Jlna egpexmuero2o 8UKOPUCTAHHA HeMPAOUYTIIHUX MA 8IOHOBNIOBAHUX O0Jicepell eleKMPUYHOi eHepzii HeoOXiOHo 3abe3neyysamu ix
pobomy 6 mouyi MAKCUMATLHOL NOMYNHCHOCII, WO MOACIUBO NPU PIGHOCHI ONOPY HABAHMAIICEHHS MA GUXIOHO20 ONOPY Odcepeld.
s y32000icenns onopy HAGAHMAICEHH 3 GUXIOHUM ONOPOM Odcepena Midc 0XCepesiom ma HABAHMANCEHHAM NIOKIYAMb
V320021CYBANbHULL IMIYIbCHUL pe2ynsmop. [Jocums wacmo KilbKicms enepeii, o ompumyroms 6i0 NoOIOHUX 0Xcepe, 3aNedlCums 6i0
306HIWHIX ymos. LlJo6 3abesneuumu Oinbwt PIBHOMIDHE HAOXOONCEHHS €NeKMPUYHOT eHepeli 00 HABAHMAJICeHHS, HA BUX00i
IMAYIbCHO2O pe2yNamopa RIOKMIOYAIOMb AKYMYISIMOpP, Wo npayoe 6 Oygeprnomy peosicumi. 3a maxkux ymo8 HABAHMANCEHHAM
IMIYTILCHO20 pezynAmopa € aKymyasamop, a poib HABAHMANCEHHA 0XHCepend JHCUBNeHHS BUKOHY8AMUMe 6XIOHULL ONnip pezynamopa.
Letl onip 3anexcums 8i0 6enudUHU HANPY2U HA AKYMYJIAMOPI, MUNY IMIYIbCHOZO Pe2yiamopa ma pexcumy 1ozo pooomu. Y maxux
BUNAOKAX pedtcum 8i000PY MAKCUMATLHOI NOMYACHOCI 0dicepena Modice Oymu 3a6e3nedeHutl Wasxom eubopy 8iOn08IOHO20 PeXCUMY
pobomu imMnyibcHo2o pezynamopa. Memorw pobomu € anHaniz yMo8 ma GU3HAYEHHs PEXNCUMIB, 3a AKUX 3abe3neuyemvcs nepedaia 6io
doicepena 6 aKymynamop MAKCUMAIbHO MONCIUBOL KITbKOCI eleKMPUyHOi eHepeli, a makoc ocobaugocmeti podomu iMnyIbCHO20
pezyasmopa y 3asHaueHomy peosicumi. 3 yiclo memoio 6yn0 6U3HAYeHO ma NPOAHANi308AHO Pe2yNio8ANbHI XApAKMepUCmuKy
IMRYIbCHUX pe2yNIImOopI8 NIOSUWYBATIbHO20 MA NOHUNCYSATLHO20 MUNIE 3 YPAXYEAHHAM HASAGHOCI AKYMYJIAMOPA HA iX 6UX00i.
Bpaxosyrouu, wo y peowcumi nepedasanus MaKcumManibHOi NOMYMHCHOCMI GUXIOHUU Onip Odcepena ma Onip HABAHMANCEHHA €
8eUYUHAMU OOHO20 NOPAOKY, NPU BUSHAYEHHI Pecynio8albHUX Xapakxmepucmuk 8paxoeyeascs eHympiwHili onip oOocepena. B
pe3yIbmami aHANizy OMPUMAHUX Pe2YTI08ATbHUX XAPAKMEPUCTIUK OY10 8USHAYEHO YMOBU, 3d AKUX 3a0e3neuyemuvcsa nepedasanHs
eHepeii 6i0 Ooicepena 00 aKyMyaamopda, a maKolc SUSHAYEHO NAPAMEempu pexicumy poodomu iMnYIbCHO20 pe2yaamopa, 3a AKUX 8io
Ooicepena  enekmpuunoi  enepeii Oyoe @iobupamucs maxcumanbha nomydcricmo. Opucinansuicmio pobomu ¢ 6paxy8ans
GHYMPIUIHLO20 ONOPY 0dHCepena eNeKMPUYHOI eHepeli Npu GUIHAYEHHI Pe2yMo8albHUX XAPAKMEPUCTUK IMIYIbCHUX pe2yNamopis.
Ooeporcani pezynbmamu Oanu MONCIUGICMb 6KA3AMU OOYLIbHUL 0IANA30H HANpye aKyMyismopa OAs PI3HUX Munie iMRYyIbCHUX
pe2yiamopis, a makodic 0amu RPaKmudti peKoMeHOayii wo0o subopy pescumy pobomu iMRYIbCHO20 Pe2yIsmopa y 3a1eHCHOCME 6i0
1i020 muny, a makodlc eeluyUuHU Hanpyeu na akymyasmopi. bion. 17, tabn. 1, puc. 4.

Kniouosi cnosa: BuxinHmii omip aiKepesia, y3roJ:KyBaabHUH iMIyJbCHUI peryJsiTop, podoTa Ha aKyMyJISITOp, NepeAaBaHHs
MAaKCHMAJILHOI IOTYKHOCTI.

Introduction. In connection with the significant
spread of non-traditional and renewable sources, the task
of obtaining the maximum possible amount of electrical
energy from them arises. For this, the operating point of
the power source must be at the maximum power point
(MPP). As is known [1-4], such a mode of operation of
the source will be provided under the condition that the
resistance of the load R coincides with the output
resistance of the source r. If R # r, in order to ensure the
possibility of taking maximum power from the source, a
pulse regulator (PR) is switched on between the source
and the load, which matches the resistance of the load

with the output resistance of the source. Today, the main
method of taking maximum power from non-traditional
and renewable sources is the use of various algorithms to
search for MPP of the source [5-10]. Most of these
algorithms consist in periodically changing the duration
of the locked state of the PR key and, depending on the
consequences of such a change, adjusting this duration in
the direction of decrease or increase. The main
disadvantage of such methods is that at the time of start-
up or a sudden change in external conditions, when the
coordinates of the MPP are unknown, its search may take
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a certain amount of time, during which a certain amount
of energy will not be received from the source. Moreover,
in the process of searching for MPP, there may be cases
when the duration of the locked state of the key will
change in the opposite direction from the required one,
which will increase the amount of under-received energy.
Supplementing the existing algorithms with analytical
methods for determining the MPP makes it possible to
significantly speed up its search and reduce the amount of
electricity not received from the source.

Quite often, the amount of energy coming from non-
traditional and renewable sources depends on external
conditions. Therefore, to ensure a more uniform supply of
energy to the load, a battery is connected to the PR
output, which operates in buffer mode [11-13]. In such
cases, the PR load will be the battery itself, and the role of
the source load will be performed by the input resistance
of the regulator. The mode of selection from the source of
maximum power can be ensured by selecting the
appropriate operating mode of the PR.

The goal of the work is to analyze the conditions
under which it is possible and expedient to transfer the
maximum possible amount of electrical energy from the
power source to the battery, as well as the features of PR
operation in this mode.

To do this, it is necessary to determine and analyze
the control characteristics of the regulator, taking into
account the internal resistance of its power source. Let’s
consider these questions on the example of PR circuits of
step-down and step-up types, which are most often used
to match the output resistance of the power source with
the load resistance.

Determination and analysis of regulatory
characteristics. Since we are interested in extracting the
maximum power from the power source, we will consider
those variants of PR circuits that provide this possibility
[14]. The corresponding circuits of step-down and step-up
regulators are presented in Fig. 1, 2.

We will assume that the internal resistance of the
source r is linear, and the internal resistance of the battery is
much smaller compared to the internal resistance of the
source. We will determine and analyze the -control
characteristics of the regulator circuits presented in Fig. 1, 2.

S, _

? MI

in Co out out
T
o _ _

Fig. 1. Circuit of the step-down regulator

L, VD L

i ad S
C out Ea
U, \S R
o ! T T —d

Fig. 2. Circuit of the step-up regulator

Step-down type regulator. If losses in the elements
of the PR circuit are not taken into account, for the

regulator (Fig. 1) in the mode of continuous inductance
current, the conditions will always be fulfilled [15]

Uout = Uz'nt*; [out = Iin/t* > 1
where ¢ = t./T is the relative time of the locked state of
the key S.

Taking into account that the internal resistance of
the battery is much smaller than the internal resistance of
the source, we can assume that during the adjustment
process the output voltage of the regulator remains almost
unchanged and is equal to U,,, = E,. Therefore, in order
for the system to be in a state of equilibrium in the
process of regulation, the input voltage of the regulator
must be

Uianoul/t*zEa/t*' )
In real power sources, due to the presence of internal
resistance in them, the input voltage of the regulator will
change due to changes in the current consumed by the
source. In the case of linear internal resistance of the
source, its output voltage (PR input voltage U,;,) will be

determined by the output characteristic of the source
Uin =Upe = 1jr 3)
where U, is the open-circuit voltage of the power source.
Therefore, in the state of equilibrium, (2), (3) must

be fulfilled simultaneously

Upe =Liyr = Ea/t* > 4)

or in relative units [15]
-1, =E,[t", )
where ];1 :Iin/lsc ; U U/Uoc > =K /Uoc >

I, =U,./r isthe short-circuit current of the source.

Taking into account that the open-circuit voltage of
the source, as well as the battery voltage, are fixed values,
as a result of changes in the parameter ¢, the input and,
accordingly, the output current of the regulator will be

adjusted
:[I—EZ/t*] (6)
Taking into account (1)
I*m=[;/t*=|:1—EZ/t*:|-ti*. (7

Therefore, the control characteristics of PR (Fig. 1)
are described by (6), (7). Let’s analyze the obtained
characteristics.

According to (6), to ensure the transfer of energy
from the power source to the battery ([, > 0), the
condition must be fulfilled

[I—EZ/t*}>O, (8)
or
i >E,. 9)
Considering the physical content of the parameter ¢,
we conclude that it can vary within a limited range
121 >E,, (10)

and the battery voltage cannot be greater than the open-
circuit voltage of the power source. The lower the battery

voltage E .

> the wider the permissible range of

adjustment of the parameter 7.
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As is known [16], in the case of linear internal

resistance of the source, its MPP has coordinates
I"'=05;U =0,5. Taking into account that I" = I; of
the regulator, the condition for taking the maximum

power from the source according to (6), takes the form
[1—E2/t*}=0,5. (11)
Thus, the maximum power from the source to the
battery will be transferred provided that ¢~ = t;,fp , where
Taking into account that # = [0...1], we conclude
that the maximum power from the source to the battery
can be transferred only if
E, <0,5. (13)
Step-up type regulator. For this regulator (Fig. 2),
in the mode of continuous inductance current, the
following relations are valid
Uour :Uin/t 3 Loy = Lt (14)
where ¢ = topen | T topen 1s the duration of the unlocked
state of the key S on the period 7. So, in steady state, the
input voltage of the regulator should be

Uy =Uput = Eyt . (15)
The system will be in a state of equilibrium under
the condition

in

Ej =U,, —1,r. (16)
In relative units, this condition will look like
E,l =1-1I, . (17)

Therefore, the control characteristics of the PR of
the step-up type (Fig. 2) will be as follows

Ly =[1-E-"]; (18)
Lo =[1=Eq -0 | (19)
According to (18), the condition of energy transfer

from the source to the battery (I;, > 0) will have the form

I;n:[l—EZ~t*}>0, (20)
that is, the parameter ¢ can vary in the range
0<t <1/E] . Q1)

So, for this regulator, the battery voltage,
theoretically, can be both higher and lower than the open-
circuit voltage of the source. However, in the case of

E: >1, the permissible range of adjustment of the
parameter / will be limited. The stronger the inequality
EZ > 11is fulfilled, the narrower the permissible parameter

¢ adjustment range will be.
The condition of taking from the source of
maximum power will be as follows

[1 —EZt*} ~0,5. 22)
So,
typ =1/2E; . (23)

Taking into account (23), the maximum power can
be taken from the source only if

E 20,5, (24)
that is, the battery voltage can be both higher and lower
than the open-circuit voltage of the source. Figures 3, 4
present graphs of the family of control characteristics of
the considered regulators for different values of the
relative voltage on the battery EZ . These graphs confirm

the results of the analysis carried out.

25 - Ea=0,1
a=0,

2 \
1,5 / ™~

) | Ed=025 | ~——J_

\
0,5 i / Ea=05_—++ &
] / > T Ea=0,78 — 4*

0 0,2 0,4 0,6 0,8 1
Fig. 3. Regulatory characteristics of the step-down regulator for
different values of the relative voltage on the battery

1 1
Ea=0,25
0,75 s
/
0.5 _— Ed=05_
o) //
= | Ea=1
0,25 Ea"= 5 /
Ed'=2,5 -
0 0,2 0,4 0,6 0,8 1

Fig. 4. Regulatory characteristics of the step-up regulator for
different values of the relative voltage on the battery

Table 1 shows the conditions under which it is
possible to transfer energy from the power source to the
battery in the case of PR operation in the mode of
continuous inductance current.

The parameter tZ,[P for which the maximum power
is taken from the power source is provided, as well as the

reasonable range of changing the parameter EZ is

suggested.
Table 1
The condition The condition for| APpropriate
Pulse for energy taking the range of change
regulator | taking from . —
the source | Maximum power in E,
Step-
‘13‘;’: £ >E, typ =2E, 0,I<E, <05
(Fig. 1)
Step-up
type & <1/E, fyp=1/2E, | 05<E. <5
(Fig. 2)

In the case of switching the regulator to the
intermittent inductance current mode, it becomes possible
to adjust the parameter { in the full range [0...1].
However, in this mode, the battery charging current is
insignificant [17]. Therefore, it is advisable not to use this
mode for charging the battery, but to compensate for its
self-discharge in the charged state.
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Conclusions.

1. If there is a battery at the output, the PR will operate
in the input and, accordingly, output current (battery
charging current) regulator mode.

2. The regulatory characteristic of the current will
depend on the ratio of the numerical values of the battery

voltage and the open-circuit voltage of the source EZ .

3. In the mode of continuous inductance current, the
permissible range of adjustment of the parameter ¢* is
limited and depends on the type of regulator, as well as

the numerical value of the parameter E Z .

4. The output current of the regulator (output power of
the source) reaches its maximum value at a certain value

of the parameter i :tZ/IP, which is a function of the

parameter E: , as well as the type of PR.
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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 electrical 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 analytical expressions for the quantitative analysis of the results of
the mutual influence of the exciting and induced currents and to calculate 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 solenoid. It has been found that an increase in the width of the solenoid
winding leads to a significant increase in the influence of the induced current on the excitation current in the solenoid. It is shown
that the inductance of the «circular solenoid - massive conductory 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 estimates of the mutual influence of conductors with exciting and
induced currents. Practical value. Estimates of the mutual influence of conductors with currents are of interest for the practice of
designing 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.

B pobomi oodeparcarno ananimuuni eupasu 01 KilbKiCHO20 AHANIZY pe3yibmamis 83AEMHO20 8NAUGY 30VOUCYVIOUUX MA IHOYKOBAHUX
CMpYMI8 [ YUC08i OYIHKU IX CNiGBIOHOWIEHHS 8 3ANEIHCHOCI 8I0 2e0OMEMPUUHUX XAPAKMEPUCMUK THOYKMOPHOI cucmemu. AHnanis
Pe3YIbMamis 63aEMHO20 NIUBY NPOBEOCHO HA NPUKIAOL WUPOKO NOWUPEHOI ITHOYKMOPHOT cucmemu, 0e RIOCKUL KPYeo8uil CONeHOI0
€ Ppo3mawiosaHumM HAO No6epxHeio  10eanizo8anoe0 MACUBHO20 NPOGIOHUKA, WO NOOAEMbCA MOOELN0 3 HEeCKiH4eHOI0
enexkmponposionicmio. [lokazano, wo 6nius IHOyKO8AH020 CMPYMY HA CIMPYM y COAEHOIOI 3pOCMAE Npu 3MeHULeHHT 8i0CMAHT MidiC
COIEHOIOOM MA NOBEPXHEID MACUBHO20 NPOGIOHUKA [ 30LNbUEHHT WUPUHU 0OMOMKU CONICHOIOA, W0 UMA2AE NIOBULEHHS AMNIIIMYOU
360Y001CyI04020 cmpymy OJist 36epedcentst 3a0anoi 8eIudUnY MazHimmo2o nomoxy 6 cucmemi. bioin. 20, puc. 3.

Kniouosi cnosa: kpyrosuii cojieHoil, MACHBHUI NPOBIAHNK, iIHIYKTOPHA cCHCTEMAa, BUXPOBi CTPYMH, iIHIYKTHBHICTb.

Introduction. Common to all known electrotechnical
systems, regardless of their design, is the presence of
conductive elements, the flow of currents in which is
accompanied by the excitation of the corresponding
electromagnetic fields. The latter, from a physical point of
view, is a material substance with the help of which energy
is exchanged between conductive elements where currents
flow. It should be emphasized that the mentioned process is
a process of mutual influence determined by M. Faraday’s
well-known law of electromagnetic induction. The
interpretation of this law in relation to the process of
mutual influence shows that the fields of induced currents
lead to a change in the parameters of the actual exciting
currents. On the other hand, physically, the mutual
influence and related corresponding changes in the
electrodynamic characteristics of the ongoing processes can
also be explained by the principles of the law of
conservation of energy [1-3].

Problem definition. Modern requirements for
energy saving require mandatory numerical estimates of
the parameters of the processes taking place, taking into
account the mutual influence of exciting and induced
currents, which is necessary for the design of electrical
devices of any purpose.

Literature review. As an object of research, it is
possible to consider the tools of electromagnetic
technologies of metal processing, called in the special
literature «inductor systems» [4, 5]. The latter are designs of
circular solenoids placed above conductive objects [6, 7].

Thus, multi-turn inductor systems in the classic
magnetic pulse processing of metals, which became
widespread in the second half of the last century, carried
out effective deformation of massive metal workpieces. In
the case of a sharp skin effect (high frequencies of active
fields), production operations such as «crimpingy,
«dispensing» and «flat stamping» have been successfully
implemented [8-10]. It should be emphasized that the
principle of operation of the presented electromagnetic
technologies is based on the natural repulsion of
conductors from the sources of the external magnetic
field, which manifests itself as the so-called «magnetic
pressure» [4, 11].

The tools of magnetic pulse attraction are single-turn
inductor systems, the principle of operation of which is
based on the suppression of Lorentz repulsion forces in
low-frequency modes of excited fields, the use of magnetic
properties of processed metals and Ampere’s law on the
force interaction of parallel currents [5, 12, 13]. The
authors presented [14] various designs of tools, power
sources and technological equipment of magnetic pulse
attraction systems, protected by Ukrainian patents.

Inductor systems for induction heating of metal
samples are presented in [5]. An analysis of the processes
of excitation of electromagnetic fields by a cylindrical
solenoid, in the inner cavity of which a massive
conductive object is placed, was analyzed here.
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Separation of tasks to be solved. A general
drawback of the cited works, as well as recent
publications based on calculation methods, for example
[11, 15-17], should be considered the solution of the tasks
in the approximation of the «given current», when the
excited electromagnetic fields do not affect the
characteristics of the sources, which are considered
constant. This makes it possible to single out a significant
part of the problems that need their solution and are
dedicated to the study of the formation of exciting
currents and voltages taking into account the action of
excited fields [3, 7, 18].

The goal of the work is to obtain analytical
expressions for the quantitative analysis of the results of
the mutual influence of the exciting and induced currents
and to calculate their ratio depending on the geometric
characteristics of the inductor systems.

Basic ratios, analytical dependencies. The
calculation model of the inductor system is shown in Fig. 1.

¥

b

h

Fig. 1. Model of the inductor system with flat circular solenoid
placed parallel to the surface of the massive conductor

Problem definition and assumptions to solving the
problem:

1. A cylindrical coordinate system is acceptable.

2. We consider a massive conductor as one that
conducts perfectly, which is practically admissible at
sufficiently high frequencies of the active fields, and
which can be realistically evaluated similarly to widely
known works [1, 4, 16, 17].

3. The geometric dimensions of a massive conductor
inr € [0, w) and z € (-0, 0] are infinite.

4. The solenoid is assumed to be axially
symmetrical, i.e. 6/0p = 0, where ¢ is the azimuthal angle.

5. The azimuthal harmonic current J(¢) = J,,sin(wt)
flows in the solenoid winding with cyclic frequency w
that does not violate the accepted idealization of the
conductor and with arbitrary amplitude J,,.

Note. Since an idealized model is adopted according
to item 2, all characteristics of electromagnetic processes
will be harmonic in time [16, 17].

6. According to the accepted geometric shape of the
exciting current, the azimuthal component of the electric
field strength E,(t,7,z) # 0, as well as the radial » and
normal z components of the magnetic field strength vector
H(trz) # 0, H(t,rz) # 0, respectively, are excited in the
system [1, 2, 16, 17].

7. The evaluation of the characteristics of the mutual
influence of the induced and exciting currents can be

carried out, assuming that when the distance between the
solenoid and the surface of the conductor varies, the
average values of the normal components of the magnetic
flux density, which are excited in the internal window of
the solenoid, remain unchanged.

First, the relationships of a general nature.

The average value of the normal component of the
magnetic flux density vector in the inner window of the
solenoid, located at a distance 4 from the surface of the
massive conductor, is described by the well-known
relationship [18]:

By=,/S=(J) L,)/S )
where @, is the magnetic flux, S is the area of the internal
window, J, is the current in the winding, L, is the
inductance of the solenoid winding, which takes into
account the presence of a massive conductor.

According to the accepted problem definition, the
influence of the induced current on the excitation
processes of the electromagnetic field can be determined
by the value of the average magnetic flux density from
(1). The obvious statement is that the induced current has
no effect if the massive conductor is «conditionally
removed to infinity». In this case, the average magnetic
flux density in the inner window of the actual solenoid
depends on (1) at A—o0

B,=@,/S=(J,-L,)/S, @
where @,, and L., are the magnetic flux and inductance of
the solenoid winding without a massive conductor, J,, is
the current in the winding.

Now the equality of the averaged magnetic flux
density values in (1), (2) allows finding the ratio between
the currents in the solenoid winding in the presence of a
conductive object and in its absence. In fact, this ratio
determines the effect of the induced current on the current
in the solenoid winding.

So,

By =By JilJo=Loo/Lys Jo=(Ls/Ly)-1, (3)
where J, = AJ/J, and AJ = J.— J, are the relative and
absolute variations of the current in the solenoid winding
due to the influence of the induced current.

The results in (3) are consistent with known
dependencies. Indeed, the amplitudes of the currents in
the windings are inversely proportional to their
inductances [16].

In accordance with the set goal, let’s turn to the
calculation model in Fig. 1, for which we write down the
system of Maxwell equations in the space of Laplace
images [1, 2, 16, 17]:
OF rz
M = ,quHr(p’r’Z);

0z
%'%'(F'Eg()(p’r’z)):_/uOPHz(p’r’Z);

ot (p.r2) oHpr)
prz) bz, )

where Ey(p,r,z) = LIE gtr2)}; HoAprz) = LiH, (tr.2)};
Joo@.152) = {po(tr,2)}, Jeo(tr,z) is the current density in
the solenoid, j,o(t.r,2) = Jju'g():f(r)-d(z—h), g(?) is the
dependence in time, f(r) is the radial dependence, d(z—h)
is the Dirac function [19].

“4)
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Note. The system of Maxwell equations (4) is
fundamental as the basic basis of problems in applied
electrodynamics, but in combination with the also well-
known relationships (1) — (3) it makes it possible to study
the mutual influence of exciting and induced currents in
the elements of inductor systems, which is necessary for
the design of effective tools in magnetic pulse processing
of metals.

Further solution of the given task will be carried out
according to the adopted calculation model. The geometry
of the inductor system and the accepted assumptions
make it possible to apply the Fourier-Bessel integral
transformation [19, 20]. For the L-image of the strength of
the excited electric field E,(p,r,z) we write that

Ey(p.r.z)= .[E(D(p,/l,z)«/?,~.]1(,1r)d,1;
‘ 5)

Ew(p,l,z): IE¢(p,r,z)~r~J1(lr)dr;
0
where E,(p,A,z) is the image of the electric field strength
in the Fourier-Bessel space, 4 is the integral
transformation parameter, J;(4r) is the Bessel function of
the first order.

Omitting the intermediate mathematical
transformations, from the system (4), using the integral
representation (5), we write the differential equation for
the azimuthal component of the strength of the excited
electric field [19, 20]:

0%E,(p..z2)
o>

where K(p,A) = wopjm &) f0); jm =
excitation current density;

e 'Eq,(p,/?,,z):

K(p.,2)-6(z~

Jm / (R2 _Rl

h), (6)

) is the

Ry
/1)= If(r)~r-J1(/1r)dr .
Rl
The general solution of the ordinary differential
equation (6) can be represented by an expression of the
form [19, 20]:
E(D(p,/?,,z): G e” +Cy ey

Koi) itz

where C|, are the arbitrary integration constants, #7(z—h) is
the Heaviside step function.

Satisfying the boundary conditions at z = 0
(E,(p,A, z=0)=0) and z—o0 (E,(p, 4, z—0) = 0), we find
a partial solution of equation (6). By substituting the
coordinate z = / into the obtained expression, we obtain
an image of the electric field strength excited in the inner
window of a flat circular solenoid:

K(p.2) ( —u~h)
E (pA,z=h)=—""L.\l-¢ . (®)
o(p )=
The integral representation of (5) taking into account
(8) takes the form:
T K(p
0

+

( e )-Jl (Ar)da. (9)

p,VZ

The connection of the L-image of the normal
component of the magnetic field strength, which is
excited, in the internal window of the solenoid in the
presence of a massive conductor, with the E,(p,l,z) is
found using the second equation from system (4):

Hz(p,r,Z:h):__'l'_' r-E (p’r z=h )) (10)

By integrating expression (10), we determine the
dependence for the L-image of the magnetic flux:
Rl
0y(p)=27u - [ H.(p,r,z = hdr =
’ . (11
2z :
=—— (r . E(o(p,r,z = h)i
P 0

Substituting (9) into (11) and opening K(p,A) from
(6), we obtain that

g(p)x

(12)
j S -2 ) gy (ar )z

Since the tlme dependence of the magnetic flux, as
follows from (12), is determined by the function
gp)=L{g(t)=sin(w?)}, then @uf) ~ sin(wt). And,
therefore, expression (12) can be interpreted as a
relationship between the amplitude values of the exciting
current and the excited magnetic flux. That is,

(1:‘20—1[1;11) | f(;t)(l—e‘“'h%(ml)dz. (13)
0

The inductance of the analyzed system is defined as
the ratio of the magnetic flux to the excitation current
[16].

After introducing a new integration variable y=AR,
and the necessary identical transformations, we obtain the
formula for the inductance at an arbitrary distance from
the inductor to the massive conductor:

y[&]
© R
2 e 1

@h =Jm

» (14

R 1-
L —ﬁgf(yaRl,Z)TJl(y)dy
where f(y,RLz)z Ix~J1(x)dx
y

The limit transition in (14) at hA—oo gives an
expression for the inductance of the actual inductor
winding without a massive conductor:

wor? TS Ri2) :
L.~ Ji)dy
0 (Rz_R])Z.)‘ y2 1( )d

Let’s return to the relative value of the current
change in the solenoid winding under the influence of
induction effects in a massive conductor. Substitute
dependencies (14), (15) into the corresponding formula
from the set of relationships (3). We obtain an expression
that quantifies the effect of the induced current on the
exciting current in the solenoid winding:

(15)
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(16)

J‘f(J’sRl,z)iz'Jl(Y)dy
0 y

Analysis of the effect of the induced current on
the exciting current in the solenoid. Numerical
evaluations by the found analytical expressions were
obtained using standard programs (in particular,
Nintegrate) from the Wolfram Mathematics — 7.10
package.

Graphs illustrating the functional dependence (16)
are shown in Fig. 2.

20 "; | :
J=2&
\ o =50
15 \\ 1
10 o
ﬂ—ll
5
\.\R—i
] T r—— 1 &
0 = S Ry
0.1 02 0.3 0.4 RS

Fig. 2. Dependence of the current increase in the solenoid
on the distance between it and the surface of the massive
conductor

The results of the calculations showed that the
influence of the induced current on the value of the
current in the solenoid winding is mainly determined by
the following factors:

o the influence on the exciting current increases when
the distance between the solenoid and the massive
conductor decreases and falls when the latter increases,
which is fully consistent with a qualitative physical
representation of the electromagnetic processes taking
place;

e the influence of the excitation current largely
depends on the geometry of the solenoid, that is, on the
ratio between its external and internal dimensions;

e for a fairly thin solenoid (R/R;=1.1) when 4/ R;>0.3
the influence of the induced current is very insignificant,
but when A/ R,<0.05 the influence of the induced current
leads to an almost twofold increase in the current in the
solenoid;

e an increase in the width of the solenoid winding
leads to a significant increase in the influence of the
induced current on the excitation current;

e a comparison of the calculation results for a «thin»
and «wide» solenoid shows that an increase in the width
of the winding leads to a significant distortion of the
excitation current for fairly small and practically the most

interesting ratios of the distance between the solenoid and
its internal size.

Finally, we present the results of numerical
estimates of the inductance of the «circular solenoid —
massive conductor» system with normalization to the
value of the inductance of a single isolated solenoid. The
estimation data, as well as the results of direct
calculations for currents, are also quantitative indicators
of the influence of induction effects on the ongoing
electromagnetic processes.

The results of calculations of the inductance of the
«circular solenoid — massive conductor» system are
presented in Fig. 3.

ML ]
I
0.8—
0.6 R,
=11
Ry,
0.4 -0
.——"'_/—/
0.2
— h
0.0 Jd =
: 0.1 0.2 0.3 0.4 05 &

Fig. 3. Inductance of the «circular solenoid — massive
conductor» system

It follows from the calculations that the inductance,
as a proportionality factor between the excited magnetic
flux and its exciting current, falls when the distance
between the solenoid and the massive conductor
decreases. Its largest value occurs at A/R—oo (single
solenoid). It should also be noted that the inductance
increases with an increase in its width.

As a result, these facts mean the need to increase the
amplitude of the current feeding the solenoid winding, in
order to maintain the constant value of the magnetic flux
while reducing the distance between the solenoid and the
massive conductor.

From a physical point of view, the obtained results
can be explained by the superposition of oppositely
directed fields of the source current and the current
induced in an ideal conductor. Moreover, the value of the
«counter current» in the solenoid winding naturally
decreases compared to the source current, which is due to
the presence of the distance between the solenoid and the
metal 4. Obviously, when h—0, the superposition of the
source current and the «counter current» gives a zero
result and the inductance of the system under study is
Ly—0—0. The latter means the need for a significant
increase in the source current to maintain a constant value
of the excited magnetic flux.

Conclusions.

A theoretical analysis of the processes of excitation
of eddy currents in a massive conductor by the field of a
flat circular solenoid was carried out, numerical
estimations of the influence of induced currents on the
excitation currents in the solenoid were performed.

It is shown that the influence of the induced current
on the current in the solenoid is very significant at small
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distances between the solenoid and the surface of the
massive conductor.

It was found that an increase in the width of the
solenoid winding leads to a significant increase in the
influence of the induced current on the excitation current
in the solenoid.

It is shown that the inductance of the «circular
solenoid — massive conductor» system decreases 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 the given
value of the magnetic flux in the system.

Conducting experiments with measurements of
quantitative characteristics of the mutual influence of
exciting and induced currents in various designs of
electrical engineering systems is seen as a promising
direction for further research.
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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.

© §. Gans, J. Molnar, D. Kovag
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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)

O sim
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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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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
the article, an analysis of the influence of the parameters of grounding 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
selection of grounding wires with a built-in optical fiber cable under the condition of increasing the energy efficiency of electricity
transmission. 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. It 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.

Jlocniosceno empamu enexmpoenepeii  2po303axucHux cucmemax nogimpsaHux NiHitl enekmponepeoaganus Hanpyeor 330-750 kV
3 2PO303AXUCHUMU MPOCamu, Wo Micmambs 86Y008aHUL ONMOBONOKOHHUL Kabeav. ITlokazano, wjo yi émpamu € 3HAYHUMU,
3anexcamyv 6i0 83AEMHO20 POIMAULYBAHHA (DA3 Ma MPOCY, HAGAHMANCEHHS AIHII 30 CMPYMOM MaA NApAMempié camo2o mpocy
(cniggioHowleH s 11020 AKMUBHO20 MA PEaKMUuHo20 onopig) i mooxcyms cmanogumu 6i0 1,6 kW/km ona nainiu 750 kV 0o
comenv W/km ona ainiti 330 kV. Busnaueno, wo 2po303axuchi mpocu 3 RO2OHHUM AKMUSHUM onopom 6 dianazoni 6io 0,32 (Ykm oo
1,5 Qfkm 6yoymv mamu empamu, 61u3bKi 00 MAKCUMATbHUX. Bnepuwe pexomendosano uxkopucmogyeamiu 2po303aXucHi
mpocu, AKi micmams 80Y008aHUll ONMOBONIOKOHHUL KAbOelb, 3 NOSOHHUM aAKMUHUM onopom ue Oinvwe 0,25 Vkm, wo
003601UMb 3MEHWUMU 6MPAMU NOMYICHOCMI MA NIOGUUMU eHep20ePeKMUSHICMb NOGIMPAHUX NIHIU eleKmponepedasanHts

330-750 kV. Bibn. 27, Tabx. 1, puc. 5.
Kniouoei  cnosa: mnoBiTpsiHa JiHiA
€J1eKTPOeHeprii, MOrOHHUI AKTUBHUI omip.

Introduction. In the modern world, overhead power
lines (PLs) are increasingly equipped with lightning
protection cables (LPCs) with built-in fiber optic cable
(cables of the OPGW type). Such cables not only protect
the PL phases from direct lightning strikes, but at the
same time have built-in channels for transmitting
information. The process of equipping PLs with such
cables continues in Ukraine, primarily these are main PLs
of the 220-400 kV voltage class. It should be noted that
the lightning protection system of the PLs of the above
voltage classes most often consists of two LPCs.

According to the requirements of the FElectrical
installation regulations [1], OPGW-type LPCs must be
connected to each PL support, which, in turn, is grounded.
Here, additional losses of electrical energy will occur in
the PL lightning protection system in normal operation
mode. The magnetic field of the PL phase wires forms an
alternating magnetic flux coupled to the PL lightning
protection system. This flow leads to the appearance of
induced currents in the LPC and, as a result, energy losses
for heating the LPCs themselves, which have a certain
active resistance.

Review of publications. In [2], the approach to
calculating power losses in the lightning protection
system of the 330 kV PL, which has one LPC and is made
on poles of the PS330-2 brand with a vertical arrangement
of phases, is considered. The authors show that in the case

CJIEKTpoIepe/1aBaHHsd,

rpo3osaxmucHa cucrema, rp0303axnc1m17l TPOC, BTpPaTu

of the use of the LPC of the OPGW type, the induced
current in the LPC can lead to significant power losses.
However, the majority of 330-750 kV PLs have
horizontal wiring and two LPCs. It should be noted that
most often in the course of the modernization of the
mentioned PLs in Ukraine, only one of the two LPCs is
replaced with OPGW: the other remains divided into
segments by a steel rope, and each of the segments, in
accordance with the Electrical installation regulations, is
grounded at one point in order to prevent the flow of the
induced current in such a LPC.

Studies of the modes of operation of high and ultra-
high voltage lightning protection systems have a long
history [3, 4]. However, the never-ending interest in these
issues is due to both the use of new materials and the
development of new types of PL supports, changes in the
parameters of the LPCs themselves, changes in the PL
load, etc. Issues of arrangement and modes of operation
of lightning protection systems are considered in [5-7].
However, in them, attention is paid to multi-circuit PLs
with one or two lightning protection cables [5] and
vertical arrangement of phases. Here, the optimal mutual
location of the phases of different circuits of such a PL is
chosen in order to reduce power losses in its lightning
protection system.

PLs of voltage classes 330-750 kV found on the
territory of our country have horizontal arrangement of
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phases and are mostly single-circuit. A characteristic
feature of Ukrainian PLs is the significant size of the
supports and the distances between the phases and the
LPC, therefore, the methods of reducing power losses in
the lightning protection system given in [5-7] cannot be
applied to them.

Many works, in particular [8-13], are dedicated to
the reduction of power losses in electrical networks.
However, most of these works are aimed at solving the
problem of reducing technological losses of electrical
energy in phase conductors of the electrical network and
power transformers.

The issue of reducing losses is also relevant for cable
lines, where currents are induced in the shields of single-
core cables according to a similar mechanism of influence
(if there are conditions for their flow) [1, 14-17].

The analysis of regulatory documents regarding the
installation of fiber-optic communication lines (FOCL) on

g S
PP750-1
PP750-3
| PP750-5
1

| 16600 16600

For 750 kV PLs, which are built on supports of the
PP-750 type (Fig. 1,a) [18], there will be the largest
distances between the phases and the LPCs, which form
the lightning protection system of the PL. Such PLs are
designed to transport up to 2.25 GW of power (the current
in a phase is approximately equal to 1.7 kA), and the load
of PLs during the day, as a rule, changes insignificantly.
In Ukraine, the indicated PLs most often have a load of up
to 1 GW (the current in a phase is approximately equal to
770 A). All this means that it is in such PLs significant
losses in the lightning protection system can occur. For
example, the maximum annual losses in one LPC of the
750 kV PL with maximum load of 2,000 MW and the
number of hours of use of the maximum load of 6,000
hours/year can reach 50,000 kW-h/km [4].

Let’s find out for which LPCs the greatest losses
will occur in the PL lightning protection system.

The currents induced in adjacent circuits from the
OPGW grounded on each support, the body of the
supports, and the ground, flow through the supports of the
PL in opposite directions and compensate each other in
the case of equality of the run lengths. It should also be
noted that the resistance of one cable run is significantly
lower than the grounding resistance of one PL support.
Under such conditions, the currents from OPGW to the
ground flow only from the terminal supports of the PL,

11820 (12520)

PLs showed that when choosing OPGW, their mechanical
strength and resistance to lightning and short-circuit
currents are taken into account, and power losses that
occur in them in normal PL operation mode are not taken
into account[1]. It is obvious that it is worth proposing
additional criteria for the selection of LPC in order to
reduce these losses.

The goal of the article is to find and justify the
selection criterion for the OPGW for 330, 400, 500 and
750 kV PLs, which will ensure the reduction of power
losses in the lightning protection systems of such PLs.

The main research materials. Below are the
calculation method and numerical values of power losses
in the lightning protection system of the 330-750 kV PLs
using the example of supports of the PP-750, PP-500 and
P330-9 brands (Fig. 1).

5500 5500
N A .f
| V 8500 § 8500 V |_g

25500

PP500-1, PP500-3
(PP500-5, PP500-7)

'
a0 (12520) 6600 | 6600

b c
Fig. 1. External view and geometric dimensions of high-voltage PL supports: @) PP-750; b) PP-500; c¢) P330-9

the resistance of which is normalized in Table 2.5.29 of
the Electrical installation regulations [1]. The circuit for
the flow of this current has a certain active resistance Rgy
and inductive resistance Xy, which are determined by the
parameters of the OPGW (provided that the grounding
resistances of the terminal supports of the PL are small
relative to Rgyr and Xgy of the OPGW along the length of
the PL).

Knowing the induced voltage Ugy, we can
determine the induced current of /5y by the formula:

Uew

low = —F———.
[22 2
RGw + XGw

Losses of active power in the lightning protection
system can be determined by the formula:

Rew
2 7 -
RGw + XGw

@)

2

2 2
Fow =1Gw -Rew =UgGw -
The condition of maximum active losses can be
found by determining the extremum of (2):

dPgw

2 2 2
\RGw +XGW)—2'RGW _0.

2 2
(RGW +X GW)2

It follows from (3) that the condition for maximum
active losses in the LPC has the following form:

Row =Xgw -

3)

2
=Ugw

“
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It is obvious that the maximum power losses will be
equal to:
2
Ucw - Xew 2 1
Fowmix ==———5 =Uew 7——- )
XGW + XGW 2. XGW
Let’s determine the value of reduced losses in the
form of the ratio of Pgy to Pgpmax:

Fow  _2-Row Xew ©)
FGw max RéW +XéW
By dividing the numerator and denominator of (6)
by the square of the reactive resistance, it is possible to
obtain the value of the reduced losses in the lightning
protection system as a function of the ratio of its active
and reactive resistances:

5. Rew

Fow  _ [RGWJ: Xew 7
Fow max Xew I(RGWT
+ M
Xow

The dependence constructed according to (7) is
shown in Fig. 2.

PolPas DU
1

0.8 /

0.6 /

0.4 /

| E

R/ Xy pout.
0 2 4 6 8 10
Fig. 2. Dependence of reduced losses of active power
in the lightning protective cable of the PL on the ratio of
its active and reactive resistances

It is obvious that in order to avoid maximum losses
in the lightning protection system, one should choose
such OPGW for which the ratio Rgp/Xgy will be either
less than 1 or greater than one. So, in Fig. 2 it can be seen
that under the condition of choosing OPGW, for which
Row/Xew = 0.5 or 2 p.u.,, we have a value of specific
losses of 0.8 p.u., which means a reduction of losses
relative to the maximum by only 20 %. Provided that
Rew/Xew < 0.4 or Rgy/Xew > 2.5, we have a reduction in
losses in the lightning protection system by more than
30 % in any operating mode of the PL. It is obvious that
this criterion of the ratio Rgy/Xgw should be guided by the
choice of OPGW for PL. Here, economic considerations
should also be taken into account, because cables with a
small ratio of active and reactive resistance have a larger
diameter and mass per kilometer of length, as well as a
higher price, but at the same time they will provide a
better level of lightning protection and have greater
resistance to lightning currents and short circuit (SC).

It should be noted that the above considerations are
valid for the case when the resistance of the OPGW along
the length of the entire PL is significantly greater than the
resistances of the grounders of the terminal supports of
the PL, which is actually performed for PLs of
considerable length (in the case of short PLs, the above-

mentioned resistances of the grounders should be taken
into account).

Let’s calculate the lossyi of active power in the
lightning protection system of the PL under the condition
of using different brands of OPGW. The mutual location
of the phase conductors of the PL and the lightning
protection cables with all the necessary distances is shown
in Fig. 3.

Figure 3 shows the distance r,between the phase and
LPC1, as well as other distances necessary for the
calculation. In cases where PLs are built on supports of
the type:

e PP-750 (Fig. l,a) — xr = 18 m, x; =
hy=159m, H=27.75 m;

e PP-500 (Fig. 1,b) —x,=11.7m, x,=7.5 m, hy=17 m,
H=26.5m;

e P330-9 (Fig. 1,¢): x,=8.5m,x,=5.5m, h;=13.8 m,
H=20.25m/[18].

16.75 m,

o C

hf\ X

»
'

X

hy— the height of the location of the phase conductors;
H — the height of the LPC location;
xy— the distance from the vertical axis of symmetry of the
support to the phases;
x, — the corresponding distance to the LPC

Fig. 3. Geometric model of the PL for calculation

We assume that in Fig. 3 LPC1 is of the OPGW
type, in which power losses should be determined. A steel
rope divided into single-sided grounded segments is
assumed as the LPC2.

It is also worth noting that the flow of current 7 in
the PL phase will lead to the formation of the
electromagnetic field around the conductor and, in the
case of the passage of the PL along a residential building,
create a harmful effect on the human body [19-23].

In Fig. 3 it can be seen that the distance between the
PL phase and OPGW can be calculated by the formula:

rf:\/(xf_xt)z+(H_hf)2~ ®)

The depth of the current flow in the ground and the

running voltage, in V/km, induced on the LPC1 of the

OPGW type from the current of one phase of the PL, can
be determined according to [4, 24] as:

Dy =—2 ©)

gr ’
NS oye107
Ugwip =014471-1g(Dy, [ry ). (10)
where fis the current frequency; yis the specific electrical

conductivity of the soil (taken as equal to 0.01 S/m); [ is
the effective value of the current of one phase of the PL.
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The running voltage from all phases of the PL
induced on the OPGW will be determined as:
_2r 2
Uom =Ugmia-e’* +Ugmg e i +UGW1C'ej 3 (1)
The active and reactive resistances of one kilometer
of the OPGW, taking into account the current in the
ground, are equal to [4]:

Rgy =R, +0,05; (12)
D
Xow =0,l447'lg(d72j, (13)

where R, is the running active resistance of the OPGW of
a certain brand; d is its diameter.

The current induced in the lightning protection
system is calculated according to (1). Based on the known
effective value of this current, losses in the lightning
protection system of the PL can be found according to (2).

The passport parameters of OPGW of various
brands, as well as the calculated running active and
reactive resistances of lightning protection systems of PL
330, 500 and 750 kV and their ratios are given in Table 1
[25]. As can be seen in Table 1, the active resistance of
the lightning protection system depends very much on the
selected brand of OPGW, while the reactive resistance
changes much less. Therefore, when choosing a brand of
LPC, we need to focus, first of all, on its running active
resistance.

Table 1
OPGW parameters for PL 330-750 kV
OGN s | e |
d, mm R,, Q/km Row, Q/km Xow, Q/km 330-750 kV
OPGW 426-AL1/56-A20SA 28,8 0,065 0,115 0,697 0,165
OPGW 264-AL3/29-A20SA 22,5 0,12 0,17 0,712 0,239
OPGW 34-AL3/34-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

According to (1), (2), (8) — (13) for all cables
specified in Table 1, the dependencies of the specific
losses of active power in the lightning protection system
on the current in the PL phase are plotted, shown in
Fig. 4.

It is easy to see that the OPGW 34-AL3/34-A20SA
type cable (curve 3 in Fig. 4) provides a significantly
higher level of losses than other brands of OPGW. If the
current value of the 750 kV PL phase is 770 A when
using the OPGW 34-AL3/34-A20SA cable, the power
losses in the 750 kV PL lightning protection system will
be about 1.472 kW/km (see Fig. 4,a). With PL length of
500 km, the losses of active power over the entire length
of the LPC will amount to 0.736 MW. The cost of such

Py, kW/km Py, kW/km

15

losses per year, under the condition of operation of the
PL with constant load at the existing tariff for
the transmission of electricity through main networks
(397.85 UAH per MW-h. as of December 2022), will
amount to 2.565 million UAH/year. It is obvious that the
use of cables of other brands will allow to significantly
save electricity, especially if we take into account the
standard operating life of the PL, which according to
current legislation is 40 years, as well as the fact that
electricity prices are constantly increasing. For example,
for the OPGW 426-AL1/56-A20SA brand cable with the
same value of current, the power losses are 0.513 kW/km,
while the cost of such losses during the year will be
0.893 million UAH/year.

P, kW/km
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Fig. 4. Dependencies of power losses in the 330-750 kV PL lightning protection system on the phase current
for different brands of LPC:
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
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Figure 4,0 shows that the power losses in the
lightning protection system of the 500 kV PL can
amount to hundreds of Watts per 1 km of its length.
Such losses are also significant, especially considering
the total length of the PL (for current of 500 A, losses
in the lightning protection system of the PL
with OPGW 34-AL3/34-A20SA brand cable can reach
0.285 kW/km). The correct choice of the LPC brand
allows to reduce the value, and therefore the cost of
such losses several times.

330 kV voltage class PLs are also of interest in
the amount of losses in the lightning protection system.
Such PLs also operate for a long time with significant
current load. In Fig. 4,c it can be seen that the use of
certain brands of OPGW allows to reduce losses to the
value of tens of Watts per km of the length of the
330 kV PL (at current of 300 A, the losses in the
lightning protection system of the PL with OPGW 34-
AL3/34-A20SA cable can reach 116 W/km, and with
OPGW 426-AL1/56-A20SA cable — only 40.5 W/km).

It should also be noted that when changing the
OPGW brand, the reactive resistance of the lightning
protection system changes significantly less than the
active resistance (see Table 1), therefore, the value of
the running active resistance of the OPGW should be
the selection criterion in order to minimize power and
electrical energy losses.

Analysis of the curves in Fig. 4 shows that cables
with both low and high running active resistance on
330-750 kV PLs allow for a significant reduction in
power losses in the lightning protection system, but at
the same time, OPGWs with significant running active
resistance have a smaller diameter, lower strength and
thermal resistance to lightning currents and SC
[26, 27].

According to Table 1 plots the dependencies of
the ratio of active and reactive resistances Rgy/Xgw of
the lightning protection system on the running active
resistance R, of the LPC are plotted (Fig. 5).

In Fig. 5 it can be seen that when using OPGW
with running active resistance of 0.25 Q/km, we have
the value of Ry / Xg approximately equal to 0.4 p.u.,
which according to the curve in Fig. 2 provides a
reduction of losses by 30 % from their maximum
possible value. When choosing a LPC with lower
values of the running active resistance, the losses in the
lightning protection system of the 330-750 kV PL will
be even smaller. Thus, when choosing an OPGW-type
LPC for the considered PLs, it is worth choosing cables
with running active resistance of no more than 0.25
Q/km. Loss reduction can also be achieved by
choosing cables with running active resistance greater
than 1.85 Q/km, corresponding to Rsy / Xgw of at least
2.45 p.u., which also provides a loss reduction of 30 %
or more. However, such cables have a smaller cross-
section, less mechanical strength and thermal

resistance to lightning currents and SC, so it is not
recommended to choose them.

It should also be noted that LPCs with running
active resistance in the range from 0.32 Q/km to
1.5 Q@/km are better not to be chosen at all, because it is
for them that the Rgy / Xgy ratio varies from 0.5 to
2 p.u., that in accordance with Fig. 3 will ensure losses
in the lightning protection system within 80-100 % of
the maximum possible.

R(;H/Xb ”"p' u'
4 3

3.51

(ERRE 2N
TV T

i 3\ / 02—

0.57

0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

0+

0 05 1 15 2 25 R,Qkm

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
Fig. 5. Dependencies of the Rgy / X ratio on the running
active resistance Rp of the LPC for lightning protection systems
of the PL 330-750 kV

Conclusions.

It is shown that the value of specific power losses in
lightning protection systems of 330-750 kV PLs in their
normal modes of operation can range from 1.6 kW/km for
750 kV PLs to hundreds of W/km for 330 kV PLs and
significantly depends on the mutual location of the phase
wires and OPGW, PL load current and OPGW
characteristics.

It has been determined that lightning protection
cables with running active resistance in the range of
0.32 O/km to 1.5 Q/km will have losses close to the
maximum and should therefore be avoided. Smaller losses
will be in the case of using OPGW with running active
resistance of less than 0.25 Q/km (usually of considerable
value) or more than 1.85 (V/km (usually of insufficient
mechanical strength and thermal resistance to lightning
currents and short circuit).

For the first time, it is recommended to use OPGW
with running active resistance of no more than
0.25 Q/km, which will allow to minimize power losses
and increase the energy efficiency of 330-750 kV PLs at
the stage of their design.
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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
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Iteration Number

248

pekel
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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.
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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.

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

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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