GOCE DELCEV UNIVERSITY, SHTIP, NORTH MACEDONIA
FACULTY OF ELECTRICAL ENGINEERING

ETIMA 2021
FIRST INTERNATIONAL CONFERENCE
19-21 OFTOBER, 2021

-

TECHNICAL SCIENCES APPLIED IN ECONOMY,
EDUCATION AND INDUSTRY



YHUBEP3UTET ,,'OUE AEJIYEB” - IIITUII
EJIEKTPOTEXHUYKHN ®AKVIITET

UNIVERSITY ,,GOCE DELCHEV” - SHTIP
FACULTY OF ELECTRICAL ENGINEERING

IIPBA MEI'YHAPOJIHA KOH®EPEHI1JA
FIRST INTERNATIONAL CONFERENCE

ETUMA / ETIMA 2021

3bOPHMK HA TPYJIOBU
CONFERENCE PROCEEDINGS

19-21 Oxromepu 2021| 19-21 October 2021



I'naBen u onrosopen ypeauuk / Editor in Chief
[Ipod.n-p Camro I'ene
Prof.d-r Saso Gelev

Jasuuno ypeayBame / Language Editor
Becna PucroBa (Makemoncku) / Vesna Ristova (Macedonian)

Texuuuxo ypeayBame / Technical Editing
Hor.a-p danubop Cepadbumoncku / d-r Dalibor Serafimovski

H3znasau / Publisher
VYuusepsurert ,,I one Jemues” - tun / University Goce Delchev - Stip
Enexrporexunuku dakynrer / Faculty of Electrical Engineering

Anpeca Ha opranmsanuonen komuter / Adress of the organizational committee
VYuusepsurert ,,I'one Jemues” — [ltun / University Goce Delchev - Stip
Enextporexuuuku ¢axynrer / Faculty of Electrical Engineering
Anpeca: yi. ,,Kpcre Mucupkos® 6p. 10-A / Adress: Krste Misirkov, 10 - A
Mo, dax 201, HItum - 2000, C.Makemnonuja / PO BOX 201, Stip 2000, North Macedonia
E-mail: conf.etf@ugd.edu.mk

CIP - Karamorusaiuja Bo my0iuKanuja
Hauunonanua u yHusepautercka o6uomuoreka "Cs. Kiiument Oxpuzacku", Cxorje

62-049.8(062)
004-049.8(062)

MEI'YHAPO/JIHA koudepenumja ETUMA (1 ;2021)

300pHuK Ha Tpynosu [EnexTporcku u3Bop] / [IpBa MeryHapoaHa

koHpepennuja ETUMA 2021, 19-21 Oxromepu 2021 = Conference proceedings /
First international conferece ETIMA 2021, 19-21 October 2021 ; [rnaBen u
oarosopeH ypenHuk Camo ['enes]. - Lltun: Yausepsuter "['one Jenues",
Enexrporexunuku ¢daxynrer = Shtip: University "Goce Delchev", Faculty of
Electrical Engineering, 2021

Hauun Ha npuctanyBame (URL): https:/js.ugd.edu.mk/index.php/etima. -
Tekcr Bo PDF dopmart, coapxxu 358 ctp.umyctp. - HaciaoB npezeMeH of
ekpaHoT. - Onuc Ha u3BopoT Ha AeH 15.10.2021. - TpynoBu Ha Mak. u aHIJI.
jasuk. - bubnmorpaduja KoH TpyIoBHTE

ISBN 978-608-244-823-7

1. Hamop. cTB. Hac.
a) Enexrporexnuka -- [Ipumena -- Cobupu 6) MammucTBo -- [Ipumena -- Cobupu
B) ABTOMatuka -- [Ipumena -- Cobupu r) MapopmaTuka -- [Ipumena -- Cobupu

COBISS.MK-ID 55209989




MpBa MefyHapoaHa koHdepeHumja ETUIMA
19-21 OkTomepwn 2021
First International Conference ETIMA
19-21 October 2021

OPITAHU3ALIMOHEH OJABOP
ORGANIZING COMMITTEE

Bacuimja Hlapan / Vasilija Sarac
EnextpoTexHnuku hakynTer,
Yuusepsurer ,,l'one lemdes” - [ltum, CeBepHa Makenonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia

Camo I'esieB / Saso Gelev
EnextpoTexHnuku hakynTer,
VYuusepsurer ,,['oue [Jemues” - Illtun, CeBepna Makenonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia

Tonop Yekeposcku / Todor Cekerovski
Enexrporexamuku ¢akynrer,
VYuusepsurer ,,['oue [emues” - Iltun, CeBepna Makenonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia

Hamuoop Cepadumoncku / Dalibor Serafimovski
EnextpoTexHnuku akynTer,
VYuusepsurer ,,I'one [enues” - Iltun, CeBepna Makenonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia

Maja Kykymesa IlaneBa / Maja Kukuseva Paneva
EnextpoTexHnyku hakynTer,
VYuusepsurer ,,I'one [enues” - Iltun, CeBepna Makenonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia

Buajana Yutkymena Jlumurposcka / Biljana Citkuseva Dimitrovska
EnexrpoTexHnyku hakynTer,
VYuusepsurer ,,I 'one [enues” - Iltun, CeBepna Makenonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia

Becna Konsyaosa / Vesna Konzulova
EnexrporexHnuku akynTer,
VYuusepaurer ,,[ 'onie Jlemues” - 1lItun, CeBepra Makenonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia



MpBa MefyHapoaHa koHdepeHumja ETUIMA
19-21 OkTomepwn 2021
First International Conference ETIMA
19-21 October 2021

ITPOI'PAMCKH 1 HAYYEH OJABbOP
SCIENTIFIC COMMITTEE

Co Horyuu / So Noguchi
Bucoxka mikoia 3a I/IH(bOpMaTI/I‘IKI/I HAaYKU U TEXHOJIOTHHU
YHuBep3uteT XoKauao, Janonuja
Graduate School of Information Science and Technology
Hokkaido University, Japan

Juonu3 I'ammaposcku / Dionyz Gasparovsky
®DakynTeT 3a eNeKTPOTEXHUKA U HH)OPMALIMOHN TEXHOJIOTHH,
CrnoBauku Texuuuku YHuBep3utet Bo bpatucnasa, Cnopauka
Faculty of Electrical Engineering and Information Technology

Slovak Technical University in Bratislava, Slovakia

Anton benan / Anton Belan
®dakynTeT 3a eNeKTPOTeXHUKA U HHHOPMALIMOHN TEXHOIOTHH
CrnoBauku Texuuuku YHupep3uret Bo bpatucnasa, Crnopauka
Faculty of Electrical Engineering and Information Technology
Slovak Technical University in Bratislava, Slovakia

I'eopru UBanos I'eoprues / Georgi lvanov Georgiev,
Texuunuku YHuBep3utet Bo ["abposo, byrapuja
Technical University in Gabrovo, Bulgaria

Heennna Credanona banadanosa / Ivelina Stefanova Balabanova,
Texunuku YHusepsutet Bo ['abposo, byrapuja
Technical University in Gabrovo, Bulgaria

Bojan /lumutpoB Kapanenes / Boyan Dimitrov Karapenev
Texunuku YHuBep3utet Bo ['abposo, byrapuja
Technical University in Gabrovo, Bulgaria

Camo I'enes / Saso Gelev
Enexrporexunuku ¢akynrer,
VYuusepaurer ,,I one Jlenmues” - llItumn, CeBepra Makenonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia



Baatko Uunrocku / Vlatko Cingoski
EnexrpoTrexHnyku hakynTer,
Yuusepsurer ,,I 'onie lemues” - Ltum, CeBeprna Makenonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia

Bo:xo Kpcrajuxk / Bozo Krstajic
Enexrpotexunyku dakynrer
Yuusepsutet Bo Llpna I'opa, [{pnHa I'opa
Faculty of Electrical Engineering,
University in Montenegro, Montenegro

Muunosan Paxynosuxk / Milovan Radulovic
Enexrpotexunuku dakynrer
Yuusep3urer Bo Llpna I'opa, Lpna ['opa
Faculty of Electrical Engineering,
University in Montenegro, Montenegro

T'oue Creanos / Goce Stefanov
EnextpoTexHnuku hakynTer,
Yuusepsurer ,,l'onie emdes” - [ltum, CeBepHa Makenonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia

Mupjana Ilepuk / Mirjana Peric
EnexrpoHcku dpaxynrer
VYuusepsurer Bo Hum, CpOuja
Faculty of Electronic Engineerig,
University of Nis, Serbia

Ana ByukoBuxk / Ana Vuckovic
Enexrponcku daxynrer
VYuusepsurer Bo Hum, CpOuja
Faculty of Electronic Engineerig,
University of Nis, Serbia

Tonop Yekeposcku / Todor Cekerovski
EnexrpoTexHnyku hakynTer,
Yuusepsurer ,,l'one demdyes” - lltun, CeBepHa Makeonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia

Jann6op Cepapumoncku / Dalibor Serafimovski
EnexrpoTexHnyku hakynrer,
VYuusepaurer ,,I one Jlenmues” - llItumn, CeBepra Makenonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia



Mupociaasa @apkam CmutkoBa / Miroslava Farkas Smitkova
q)aKyJ'ITeT 3a CJICKTPOTCXHUKA U I/IH(i)OpMaIII/IOHI/I TEXHOJIOTUU
CrnoBauku Texuunuku YHuBep3uter Bo bparucnasa, CrnoBauka
Faculty of Electrical Engineering and Information Technology

Slovak Technical University in Bratislava, Slovakia

Ierep Janura / Peter Janiga
q)aKyJ'ITeT 3a CJICKTPOTCXHHUKA U I/IH(i)OpMaIII/IOHI/I TEXHOJOTNN
CroBauku Texamuku YHuBep3UTET BO bpatnciara, CiioBauka
Faculty of Electrical Engineering and Information Technology
Slovak Technical University in Bratislava, Slovakia

Jana PagmdoBa / Jana Raditschova,
®dakynTeT 3a eNeKTPOTeXHUKA U HHHOPMALIMOHN TEXHOIOTHH
CnoBauku Texuuuku YHupep3utet Bo bpatucnasa, CinoBauka
Faculty of Electrical Engineering and Information Technology
Slovak Technical University in Bratislava, Slovakia

Nparan Munoscku / Dragan Minovski
EnextpoTexHnuku hakynTer,
Yuusepsurer ,,l'onie emdes” - [ltum, CeBepHa Makenonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia

Bacusmja Ilapan / Vasilija Sarac
EnextpoTexHnuku hakynTer,
Yuusepsurer ,,[ 'onie lenuen” - tum, Cepepna Makenonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia

Aaexcanaap Tyuapos / Aleksandar Tudzarov
EnextpoTexHnuku hakynTer,
Yuusepsurer ,,[ 'onie lenues” - tum, Cepepna Makenonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia

Baagumup Tanescku / Vladimir Talevski
EnexrpoTexHnyku hakynTer,
Yuusepsurer ,,l'one demdyes” - lltun, CeBepHa Makeonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia



MNpBa MefyHapozHa koHdepeHumja ETVIMA
First International Conference ETIMA

PREFACE

The Faculty of Electrical Engineering at University Goce Delcev (UGD), has organized the
International Conference Electrical Engineering, Informatics, Machinery and Automation -
Technical Sciences applied in Economy, Education and Industry-ETIMA.

ETIMA has a goal to gather the scientists, professors, experts and professionals from the field of
technical sciences in one place as a forum for exchange of ideas, to strengthen the multidisciplinary
research and cooperation and to promote the achievements of technology and its impact on every aspect
of living. We hope that this conference will continue to be a venue for presenting the latest research
results and developments on the field of technology.

Conference ETIMA was held as online conference where contributed more than sixty colleagues, from
six different countries with forty papers.

We would like to express our gratitude to all the colleagues, who contributed to the success of
ETIMA’21 by presenting the results of their current research activities and by launching the new ideas
through many fruitful discussions.

We invite you and your colleagues also to attend ETIMA Conference in the future. One should believe
that next time we will have opportunity to meet each other and exchange ideas, scientific knowledge
and useful information in direct contact, as well as to enjoy the social events together.

The Organizing Committee of the Conference
IIPE/ITOBOP

Merynapoanata konpeperuuja Enexmpomexnuxa, Texnonozuja, Hngpopmamuxa, Mawuncmeo u
Aemomamuxa-mexHuuKu HAyKu 60 ciyxycoa na ekonomuja, oopazoseanue u unoycmpuja-ETHMA e
opraHu3MpaHa oJi cTpaHa Ha ENeKTpOoTeXHUUKHUOT paKkynTeT npu YHuBep3uteToT [ome Jemues.
ETUMA wuma 3a men ma ru cobepe Ha €IHO MECTO HAYYHHUIUTE, Mpodecopute, eKCHEepTUTE H
npodeCHOHAIIINTE O] MTOJIETO Ha TEXHUYKUTE HAYKH U Ja IIpeJicTaByBa (OopyM 3a pa3MeHa Ha UJCH, a
IO 3ajKaHyBa MyJITHIUCIUIUTHHAPHOTO HCTPAXKYBamkhe U cOpadOTKa U J1a TH POMOBHPA TEXHOJIOIIKUTE
JNOCTUTHYBamba M HUBHOTO BJIMjaHHE BpP3 CEKOj aclekT of kuBeewmeTo. Ce HazeBaMe JeKa OBaa
KoH(epeHIIMja ke TPOJOJDKU Ja OMJe HACTaH Ha KOj Ke Ce Mpe3cHTHpaaT HajHOBUTE PE3YJITaTH O]
UCTpaXyBamaTa U pa3BojoT Ha IIOJIETO HAa TEXHOJIOTHjaTa.

Kondepennujata ETUMA ce onpika online u Ha Hea Jjajioa CBOj JOIMPHUHOC MOBEKE OJ1 IIEECET aBTOPH
O]l IIECT PA3IIMYHK 3eMjU CO YETUPHECET TPYIA.

Cakame 512 ja nckakeMe Hamiata OJaroJapHOCT O CHUTE KOJIETM KOHM JOIpHHEcOoa 3a YCIEXOT Ha
ETHMA’21 co npe3eHTHpame Ha pe3yaTaTH O] HUBHUTE TEKOBHU HCTPaXKyBama U CO JAHCHPAme Ha
HOBH HJIEU NPEKY MHOTY IJIOJHHU TUCKYCHH.

Be nokanyBame Bue u Bammte xonern na 3emere ydectBo Ha ETVIMA u Bo mnanna. BepyBame nmexa
CIEIHHOT MaT K& UMaMe MOXHOCT Ja C€ CpeTHeMe, Ja pa3MEHUME HUJEH, 3HACHE U KOPHUCHU

I/IH(l)OpMaIH/II/I BO IUPEKTCH KOHTAKT, HO UCTO TaKa Ja Y)KMBaM€ 3a€IHO U BO APYIITBCHUTC HACTaHU.

Opeanuzayuonen 0060p Ha KoOHepeHyujama
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PWM OPERATION OF SYNCHRONOUS PERMANENT MAGNET
MOTOR

Vasilija Sarac?
Faculty of Electrical Engineering, University Goce Delcev, email: vasilija.sarac@ugd.edu.mk

Abstract

The paper presents a simulation circuit in Simulink of 2.2. kW synchronous permanent magnet motor, supplied
by pulse width inverter (PWM inverter) with two closed control loops per rotor angle and motor current. The
various motor operating regimes are simulated at and above the rated speed and with different step loads. The
obtained results present the motor normal operation with rated speed and load as well as its operation above the
rated speed where the effect of the field weakening can be observed. At higher speeds, the torque is considerably
reduced and in the case of rated load at higher speeds, the motor cannot maintain the synchronism. Besides motor
speed, motor current, torque, and output voltage from the inverter can be analyzed, from the simulation results.
The analysed control scheme is useful for the analysis of motor operation at various speeds.

Keywords
Synchronous permanent magnet motor, PWM inverter, field —weakening

Introduction

Synchronous permanent magnet motors (SPMM) have gained popularity due to their
outstanding performances such as high efficiency and power factor considerable higher than at
their main competitor-three phase squirrel cage asynchronous motor. Their main drawback is
the inability to direct start with the power supply from the mains. The development of power
electronics has promoted this type of motor as the main competitor of the asynchronous motor,
especially at high-speed applications.

The permanent magnet synchronous motor is started with the aid of inverter which also
regulates the motor speed in wide operating range. In range above the rated speed (base speed)
motor enters the field weakening region where the voltage is limited by the available voltage
from the inverter. In the same time the induced voltage is proportional to rotor speed while
motor torque is proportional to motor current and flux. At low speed, the rated stator current
and the rated excitation flux are used to obtain the rated torque. The voltage and the output
power, both, rise linearly with the speed. This operating range is referred to as constant-torque
or constant-flux region. Above rated speed, the voltage is kept constant and the flux is
decreased (weakened). The torque is inversely proportional to the speed increase. As the power
is constant beyond the rated speed, this is called constant-power region or field weakening
region.

Over the last two decades various control techniques of the inverters have been developed. In
[7] a novel field-weakening algorithm which is robust to flux linkage uncertainty is introduced.
Field weakening problem is formulated as an optimization problem which is solved online
using projected fast gradient method. Based on current research into the mathematical model
of the permanent magnet synchronous motor (PMSM) and the feedback linearization theory, a
control strategy established upon feedback linearization is proposed in [8]. Compared with
three-phase motors, multi-phase motor speed control systems have many advantages, which
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make them to have good prospects in many fields, such as the control system of electric vehicle
power equipment. In these control systems, it is necessary for the motor to have a wider speed
range [9]. Comparison of the operation in field-weakening region of various types of the
synchronous motors has been described in [5]. Other authors focus on optimization of the motor
itself in terms of improving the efficiency, dynamic characteristics and reducing the cogging
torque [1], [2].

The paper presents simulation circuit in Simulink of 2.2. KW synchronous permanent magnet
motor, supplied by pulse width inverter (PWM inverter) with two closed control loops per rotor
angle and motor current. The various motor operating regimes are simulated at and above rated
speed and with different step loads. The obtained results present the motor normal operation
with rated speed and load as well as the operation above the rated speed where the effect of the
field weakening can be observed. At higher speed the torque is considerably reduced and in
case of rated load at higher speeds, the motor cannot maintain the synchronism. Besides motor
speed, motor current, torque and output voltage from the inverter can be analysed, from the
simulation results. The analysed control scheme is useful for analysis of motor operation at
various speeds. The model is universal and can be used for arbitrary synchronous permanent
magnet motor by inputting the adequate motor parameters. Further research should be focused
on improving the distortion of the motor current from the harmonics, present due to the PWM
inverter.

2. Methodology and simulation circuit

The synchronous motors have been known for high efficiency and power factor which are their
main advantages over asynchronous motors. Their main drawback, besides the price, is the
inability of self-starting i.e. they require the inverter circuit for starting and operation. A
permanent magnet synchronous motor requires a control system, for example, a variable
frequency drive.

There are many control techniques implemented in control systems. The choice of the optimal
control method mainly depends on the task that is put in front of the electric drive. The main
methods for controlling a permanent magnet synchronous motor are shown in the Table 1 [3].

Table 1 Control strategies of SPMM

Control Advantages Disadvantages

Scalar Simple control scheme Control is not optimal, nor
suitable for tasks with the
variable load. Loss of control is

possible
With Smooth and precise setting of the | Requires rotor position sensor
S position | rotor position and motor rotation and powerful microcontroller
= sensor speed, large control range inside the control system
_— o
S ° Without No rotor position control is Sensorless field oriented control
§ 2 position required. Smooth and precise over full speed range is possible
'% = 2 sensor setting of the rotor position and only for PMSM with a salient
c £ g motor rotation speed. Large rotor, a powerful system is
S E control range, but less than with required
the position sensor
Direct torque A simple control circuit, good High torque and current ripple
control dynamic performance, wide
control range, no rotor position
sensor is required
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Open-loop Simple control scheme Control is not optimal, nor
suitable for tasks where there is
a variable load, loss of control is

possible
With position Simple control scheme Hall sensor required. There are
sensor (Hall torque ripples. It is intended for
Sensors) the control of PMSM with

trapezoidal back EMF. When
controlling PMSM with
sinusoidal back EMF, the
average torque is lower by 5 %.

Trapezoidal

Closed-loop

Without sensor A more powerful control system
required

Source: https://en.engineering-solutions.ru/motorcontrol/pmsm

In this paper a 2.2 kW motor with sinusoidal back EMF is analyzed in Simulink with the aid
of simulation circuit presented in Fig. 1.

[ =

j i »Tm is_abc (A)
Pifs) | iqref iabe A m
<Rt (rad
Speed Ref = b s || <Rotor spsed wm (radis)> ’D
. iaher| P irsf c
et Py we [rad/s)
the g <Rotor angle thetam (rad)>
Invertar

| <El=ctromagnetic torque Te (N'm)= '

Te (N.m)

vbe vbe (V)

Fig. 1. Synchronous permanent magnet motor fed by the inverter

The motor data are presented in Table 2. They are based on analytical calculations of the motor.
Besides motor data also the steady-state characteristics of efficiency, current and output power
are presented in Figure. 2. The data presented in Table 2 and Fig. 2 can serve for the verification
of the obtained results by the simulation circuit in Simulink.

Table 2 Data of PMSM

Parameter Value
rated power (W) 2,200
rated current (A) 3.56
rated speed (rpm) 1,500
efficiency (%) 93.7
power factor (/) 0.99
torque angle (°) 18.5
no-load current (A) 0.3
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Fig. 2. Steady-state characteristics of efficiency, power, and current

The simulation circuit has two control loops. The inner loop regulates the motor's stator
currents. The outer loop controls the motor's speed. The reference speed is set at the input of
the PWM inverter. The motor model has a round type of rotor with sinusoidal back EMF. The
EMF and the flux density of the motor are presented in Fig.3. The load is applied to the motor
and in this model the step load is used. As an output from the simulation circuit the motor
speed, current and torque are obtained. By setting the values of reference speed and of the step

load various operating regimes can be simulated i.e. with rated speed and above the rated speed
combined with various step loads.
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Fig. 3. Back EMF and air gap flux density of analyzed motor

3. Results and discussion
3.1 Operation with a rated speed

Firstly, the simulation model is set for operating with the rated speed (i.e. 1,500 rpm or 157
rad/s). The motor operates with step load, i.e. 0.35 seconds after the acceleration has finished
the step load of 14 Nm is coupled to the motor shaft. The presented Simulink model in Fig.1 is
universal and can be easily adapted to any synchronous motor with round type rotor by
inputting parameters of the stator winding (resistance and inductance) as well as a number of
pair of poles and moment of inertia. The obtained results of motor speed, torque, and current
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at step load of 14 Nm is presented in Fig. 4. As expected, the motor accelerates and reaches the
synchronous speed of 157 rad/s at 0.15 seconds. After 0.35 seconds the step load of 14 Nm is
applied to the motor shaft. The motor continues to operate with synchronous speed without
losing the synchronism. The motor torque after the acceleration drops down to the no-load
torque and quickly increases again to the rated torque of 14 Nm when the step load is coupled
to the motor shaft. Similar behavior can be observed in the transient characteristic of motor
current, the current decreases to the no-load current (0.26 A for the analyzed motor) and later
quickly rise again to the rated current (app. 3.5 A rms value) when the rated load is applied to
the motor shaft. Obtained results of current from simulation model correspond to the presented
data in Table 1.
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Fig. 4. Transient characteristics at rated speed and with a step load of 14 Nm
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3.2 Operation above rated speed

Permanent magnet synchronous motors have a single stator winding which generates a current
phasor I. This current phasor can be split into the two components along the d- and g-axis, lq

and Iq [4].
=1+ 1)

However, in permanent magnet machines, the flux is produced by permanent magnets, thus the
magnetic field (excitation) or magnetic flux cannot be controlled by varying the field current.
The permanent magnets are considered as “fixed excitation flux” sources Wm. Therefore,
control of the excitation field (flux control or field-weakening) is achieved by introducing an
opposing field Wr against the fixed excitation from the permanent magnets. It is achieved by
injecting a negative d-current Iq (or field current If), as shown in Fig. 5 [4].

Fig. 5. Transient characteristics at rated speed and with step load [4]

Figure 6 (a) shows the voltage phasor diagram when the motor is running at
a low speed well below the rated speed. When the motor is operated at rated
conditions, as shown in Figure 6 (b), it can be noted that the voltage vector
is on the voltage limit contour (maximum voltage Up). It is virtually
impossible to increase the speed by keeping a current I along the g—axis
once the induced voltage E equals the rated voltage.

To increase the speed beyond this limit, the current phasor should be rotated
towards the negative d-axis (introduction of a negative d-axis current Id).
Figure 6 (c) shows that the voltage vector U is kept within the voltage limit

[4].

# &
JJ/ o Lglg
!
§
! u\ |E
T
J.l L b
I
.
(a) at low speed (b) at rated speed (c) beyond rated speed

Fig. 6. Voltage phasor diagram of PMSM [4]
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For the analyzed motor beyond the rated speeds of 1,500 rpm or 157 rad/s, the effect of field
weakening is present, and the torque decreases as the motor speed increases to maintain the
constant power. The effect of the field weakening for the analyzed motor is shown in Fig.7. It
is based on the analytical calculation of the motor in the program Ansys and predicts the motor
behavior and operation above the rated speed in terms of the steady-state characteristics.
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Fig. 7. Characteristics of torque, speed, and power of the analyzed motor in field weakening operation

In the Simulink circuit, the motor speed is set to 314 rad/s. The step load of 7 Nm is coupled
to the motor shaft 0.3 seconds after the start of the motor. The obtained characteristics of torque,
speed, and current are presented in Fig. 8. The motor can maintain synchronism with a load of
7 Nm at 314 rad/s speed or 3,000 rpm. According to Fig. 7 (a), the torque reduction in the field
weakening region at 3,000 rpm is at 6 Nm. The obtained result of torque from simulation differs
slightly from the analytical result of 6 Nm. This is due to the simulation circuit in which the
obtained torque is electromagnetic torque, slightly bigger than motor output torque presented
in Fig. 7 (a). The result of current obtained from Simulink is within the expected value of 7 A
rms value. A similar result is obtained for Fig. 7 (b) where at 3,000 rpm the motor current is 7
A. Obtained results from Simulink are in good agreement with the results from the analytical
calculation of the motor (steady-state characteristics).

Finally, the step load of 8 Nm is applied to the motor shaft and the obtained results are presented
in Fig 9. As can be seen from Fig. 9 because of flux weakening, the motor cannot operate under
this load, i.e. the motor losses the synchronism (Fig. 9).
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Fig. 8. Transient characteristics beyond the rated speed and with a step load of 7 Nm

The stator currents are quite "noisy,"” which is expected when using PWM inverters. The noise
introduced by the PWM inverter is also observed in the waveform of torque. However, the
motor's inertia prevents this noise from appearing in the motor's speed waveform [5].
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Fig. 9. Loss of synchronism at 8 Nm due to field-weakening

Conclusions

The synchronous permanent magnet motor with embedded or surface-mounted magnet always
operates together with the inverter, used for motor starting but also motor operation with
variable speed. Up to the rated speed, the motor operation is determined by the rated parameters
of the motor. Beyond the rated speed, the effect of field weakening decreases the motor torque
and the motor enters the so-called region of operation with constant power. As the speed
increases, to maintain constant power, the motor torque decreases.
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The paper also illustrates the operation of synchronous motor with inverter at rated speed and
above it. Above the rated speed, motor enters the field weakening region which can be observed
from the reduced capability of the motor to operate under various loads. The obtained transient
characteristics of speed torque and current determine the motor dynamic behavior at two
different speeds and with various step loads applied to the motor shaft. The obtained transient
characteristics (i.e. values of current, speed and torque) are compared with motor data from the
analytical calculation (steady-state characteristics) and this comparison shows reasonable
agreement between both methods. The used simulation circuit from Simulink is universal and
can be easily adapted to any synchronous motor by entering the adequate motor parameters. It
is a useful tool in analysis of motor dynamics.

Further research should be focused on improvement of harmonic content and elimination of
harmonics present in motor current due to the power supply from the inverter. Often, they are
the source of additional losses and overheating of the motor which makes the operation of the
synchronous motor with the inverter more complex and increases the operational costs.
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