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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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SPEED REGULATION OF INDUCTION MOTOR WITH PWM
INVERTER

Vasilija Sarac, Goce Stefanov, Dragan Minovski
Faculty of Electrical Engineering, University Goce Delcev, email: vasilija.sarac@ugd.edu.mk;
goce.stefanov@ugd.edu.mk; dragan.minovski@ugd.edu.mk

Abstract

This paper presents the speed regulation of a 2.2 kW asynchronous squirrel-cage motor, a product of company
Rade Koncar, with the aid of a voltage inverter controlled by the pulse-width modulation principle. The simulation
circuit is developed in software Powersim. The exact motor data are input in the simulation model and the
operation of the motor is simulated for various operating frequencies of the inverter. As an output, the transient
characteristics of speed, current, and torque are obtained at various operating speeds i.e. below and above the
rated speed of the motor. The effect of the field weakening is observed at higher operating speeds. Obtained results
of speed, torque, and currents are compared with the motor data obtained from the analytical model of the motor
and data of the manufacturers of variable speed drives, for operating regimes different than the rated. The
simulation can serve as an example that proves the theoretical principles of pulse-wide modulation where the
desired motor speed is easily obtained with the variation of frequency of modulating signal of the inverter.

Keywords
Asynchronous squirrel cage motor, PWM inverter, field —weakening, transient characteristics

Introduction

The development of power electronic and static converters has reshaped the drive technology
and has opened a wide field of application for variable speed drives. This is especially
important for the asynchronous squirrel cage motors as they have been considered the prime
moving force of the industry mainly because they are robust, inexpensive, almost maintenance-
free, but with limited capabilities for speed regulation. The voltage inverters and various
techniques for speed regulation have made the asynchronous motors an attractive choice in
many applications where variable speed of the drive is required.

There are two different inverter control types: scalar (open loop) and vector (open or closed-
loop). The scalar control is based on the original concept of a frequency inverter: a signal of a
certain voltage/frequency ratio is imposed onto the motor terminals and this ratio is kept
constant throughout a frequency range, to keep the magnetizing flux of the motor unchanged.
It is applied when there is no need for fast responses to torque and speed commands and is
particularly interesting when there are multiple motors connected to a single drive [10]. The
control is open-loop and the speed precision obtained is a function of the motor slip, which
depends on the load, since the frequency is imposed on the stator windings. To improve the
performance of the motor at low speeds, some drives make use of special functions such as slip
compensation (attenuation of the speed variation as a function of the load) and torque boost (an
increase of the V/f ratio to compensate for the voltage drop due to the stator resistance) so that
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the torque capacity of the motor is maintained. This is the most used control type owing to its
simplicity and to the fact that most applications do not require high precision or fast responses
of the speed control. The vector control enables fast responses and a high level of precision on
the motor speed and torque control. The motor current is decoupled into two vectors, one to
produce the magnetizing flux and the other to produce torque, each of them regulated
separately. It can be open-loop (sensorless) or closed-loop (feedback) [10].

Traditional inverters can be replaced by pulse width modulation (PWM) control Z-source
inverter (ZSI) which offers buck-boost operation capability by utilizing shoot-through state and
provides less EMI noise [8]. The operation of voltage source inverters can be analyzed for
different conduction modes of the switches [1]. Other researchers focused on the simulation of
minor deteriorations in the operating conditions of a standard motor controlled from a voltage
source drive and whether the worsening condition can be detected at an early stage in the case
of the V/f and sensorless vector operating mode of the inverter [3]. Interesting findings
regarding transient characteristics of motor speed, current, and torque with various modulation
indexes can be found in [5]. Transient characteristics of the induction motor fed by voltage
inverter can be simulated in various software and one such example in Matlab/Simulink is
analyzed in [4]. Comparison between transient characteristics of the induction motor, fed by
the mains and by the voltage inverter, is presented in [2].

This paper presents the transient characteristics of a 2.2 kW three-phase induction squirrel cage
motor simulated in V/f control mode in an open control system in Powersim software. The
transient characteristics were obtained for various speeds, bellow, at, and above the rated speed.
As the constant V/f ratio was kept, above the rated speed, the effect of the field-weakening can
be observed. In addition, the harmonic content of the output voltage of the inverter was
analyzed. Finally, the advantages and drawbacks of the operation of the asynchronous motor
with a voltage inverter are outlined. The presented simulation circuit is useful for analyzing the
operation of asynchronous motors at various operating speeds and estimation of the dynamic
behavior of the motor.

2. Methodology and simulation circuit

The static converters have been proven to be the most successful and most economical way to
control the speed of the asynchronous motors turning the asynchronous motor into the full
controllable motor concerning the speed of rotation, i.e. the speed varies linearly with the
supply frequency. The torque developed by the asynchronous motor follows the equation
below [10]:

T= kl¢m I 2 (1)

By neglecting the voltage drop caused by the stator impedance, the magnetizing flux can be
found from:

¢m:k

Where:

T is the torque available on the motor shaft (Nm)

¢ is the magnetizing flux (Wb)

> is the rotor current (A) which depends on the load
V1 is the stator voltage (V)

k1 and k> are the constants and they depend on the material and machine design
f1- is the frequency of the power supply

V
L 2
N )

Considering a constant torque load and by varying proportionally amplitude and frequency of
the supplying voltage resulting in constant flux and consequently constant torque, the motor
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current remains unchanged. Therefore, the motor provides continuous adjustments of speed
and torque concerning the mechanical load. The ratio V1/f1 is kept constant up to the motor
base (rated) frequency. From this frequency upwards the voltage is kept constant at its base
(rated) value, while the frequency applied on the stator windings keeps growing, as shown in
Fig. 1 (a).

Voltage Torque Power

| /

' |
i Field d
/ i : weakening //
- ! » Frequency fl » Frequency i
fy b b

» Freguency

(a) V=f£(f) at variable speed drives (b) T=f(f) at variable speed drives  ¢) P=f(f) at variable speed drives

Fig. 1. Flux, torque, and output power at variable speed drives [10]

Thereby the region above the base frequency is referred to as field weakening, in which the
flux decreases because of frequency increase, causing the motor torque to decrease gradually.
The typical torque versus speed curve of an inverter fed motor is presented in Fig. 1 (b). It
comes out that torque is kept constant up to the base frequency and beyond this point, it falls
(weakening field). Since the power output is proportional to the torque times speed, it grows
linearly up to the base frequency and from that point upwards it is kept constant. This is
summarized in Fig. 1 (c).

The presented theoretical principles of speed regulation are applied in the simulation circuit of
three-phase squirrel cage motor fed by the voltage inverter with rated data, presented in Table
1. The corresponding simulation circuit is presented in Fig. 2.

Table 1 Rated data of the analyzed motor

Parameter Value

rated power (W) 2200
rated current (A) 5.2

rated speed (rpm) 1355
efficiency (%) 79.4
power factor (/) 0.8

rated torque (Nm) 15.5
locked-rotor torque (Nm) 35.2
locked rotor phase current (A) 21.4
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Fig. 2. Flux, torque, and output power at variable speed drives [6]

The speed regulation is achieved by the PWM principle of control of conduction period of
transistors, determined by the cross-section point of the carrier signal (usually signal in form
of a triangle) and modulating sinusoidal signal. By varying the frequency of the modulating
signal the various operating speeds of the motor are obtained. Both signals are presented in

Fig. 3.
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a) modulating signal
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Time (s)

b) carrier signal

Fig. 3. Signals from the control circuit
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The supply voltage from the network is fed to the diode bridge and afterward, the DC link
voltage is fed into the inverter. The voltage measured at the DC link is presented in Fig. 4.
According to [10], the DC link voltage should be 1.41V;i, or for an input voltage of 380 V the
presented DC link voltage in Fig. 4 satisfies the expected value.
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Fig. 4. DC link voltage

The output voltage from the inverter will be presented in the next section together with its
harmonic analysis. Additionally, the speed, current, and motor torque, bellow, at and over the
rated speed will be presented as well.

3. Results and discussion

The motor is constructed for operation with a rated load of 15.5 Nm and a rated speed of 1,355
rpm. Therefore the frequency of the modulating signal is set to the rated frequency of 50 Hz
and the motor is loaded with 15 Nm. From the data, presented in Table 1, it can be observed
that the motor starting torque is sufficiently large to allow acceleration of the motor with the
rated load. The obtained results of the motor speed, torque, and current are presented in Fig. 5.
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Fig. 5. Motor characteristics at rated speed (supply with 50 Hz)

From the results presented in Fig. 5 it can be observed that after the acceleration with a rated
load of 15 Nm, the motor reaches the speed of 1,310 rpm which is in good agreement with the
rated speed of the motor from analytical calculations of 1,355 rpm. After the transients have
been suppressed and the motor has accelerated the output torque reaches 15 Nm, the result
which can be expected considering that the motor is loaded with a 15 Nm load. As for the
current, at motor starting it reaches the value of 25 A, still corresponding to the calculated
starting current of 21 A. After the steady-state operation is achieved the motor current has a
RMS value of 6 A and it corresponds to the calculated value in Table 1 of 5.2 A. The inverter
output voltage is presented in Fig. 6 (a). Additionally, typical waveforms from measurements
of the voltage at the output of the PWM inverter and on the input of the motor are presented in
Fig. 6 (b) [10].
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Fig. 6. Motor characteristics at rated speed

The harmonic content of the voltage on the output of the inverter is presented in Fig. 7.
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Fig. 7. Harmonics at the output voltage of PWM inverter

Increased harmonic content in the output voltage from the inverter increases the motor losses,
heating, vibrations, and motor noise. Furthermore, other effects may appear when induction
motors are fed by inverters. Insulation system dielectric stresses and shaft voltages allied with
potentially damaging bearing currents are well-known side effects [10]. There are several
measures that can be overtaken to improve the level of the high order harmonics. Some of them
are installation of output passive filters, usage of multi-level inverters, pulse-width modulation
quality improvement, and increase of the switching frequency.

A fundamental function of a variable speed drive is to adjust the speed of an electric motor.
The basic command frequency for variable speed drives is normally from 0 Hz to 50 Hz, but
mostly with the capability to be adjusted up to 400 Hz. If the base frequency of a motor is 50
Hz, then the final speed will be 8 times the base frequency of the motor with the command
frequency set at 400 Hz. Due to their design, it is not normal for standard induction motors to
operate at these high frequencies. In practice, a command frequency set point of between 25
Hz and 75 Hz is acceptable without compromising performance or introducing any mechanical
damage to the motor. At low-frequency set points, care must be taken that there is enough
cooling for the motor produced by the mechanical fan [7].

The next step in the analysis of motor operation with the voltage inverter is to decrease the
speed below the rated speed. For that purpose, the frequency of the modulating signal was
decreased to 25 Hz also the amplitude of the modulating signal to keep the flux constant and
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to operate the motor at low speed with the rated load of 15 Nm. The obtained characteristics of
speed, current, and torque below the rated speed are presented in Fig. 8.
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Fig. 8. Motor characteristics below rated speed (supply with 25 Hz)

Following the basic equation which determines the motor synchronous speed
60- f
n=——

3)
p

=)



with the supply of 25 Hz, a speed below 750 rpm is expected. The characteristic of speed
presented in Fig. 8 (a) reaches the speed of below 750 rpm after the acceleration has finished.
The motor is loaded with 15 Nm. As the ratio between voltage and flux is kept constant, there
is no limitation for the motor not to be loaded with the rated load. The characteristic of motor
output torque presented in Fig. 7 (b) reaches the steady-state value of 15 Nm after the
acceleration of the motor has finished. At motor operation below the rated speed, the motor
current is decreased. One example of how the current varies with speed and torque is presented
in Fig. 9 and can be found in [9]. All quantities are normalized so that the rated or base

value is 1.0. In this case, the analyzed motor current is decreased to 4 A or compared to the
data presented in Fig. 9 expected current, in this case, is 3.5 A taking into consideration that
for the full load and speed reduction of 50% a reduction of current of 58%, from the rated
current of 6 A, can be expected (Fig. 9). Obtained result of the simulated current agrees well
with the expected value of the current.
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Fig. 9. Variation of the drive input current with torque and speed [9]

The operation of the motor above the rated frequency is analyzed as well. Therefore, the
frequency of the modulating signal is set to 75 Hz. The amplitude of the voltage of the
modulating signal remains unchanged. According to Egs. (1) and (2), the motor enters the field-
weakling region. i.e. the reduction of the load torque which can be sustained by the motor,
when it operates with a constant V/f ratio or constant flux. One example what are the ranges of
reduction of the motor torque can be found in [10]. They are presented in Fig. 10.
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Fig. 10. Torque reduction for constant flux operation [10]

Fig. 11 presents the transient characteristics of speed, torque, and current for motor operation
above the rated speed.
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Fig. 11. Motor characteristics above rated speed (supply with 75 Hz)

According to Eq. (3) expected motor speed is 2,000 rpm for a 75 Hz power supply. The
obtained value of motor speed in Fig. 11 (a) is a little below the 2,000 rpm and corresponds to
the expected theoretical value. According to Fig. 11 at 1.5 times the rated frequency, a torque
reduction of 67% is expected, or for rated torque of 15 Nm, the torque reduction is 10 Nm. The
obtained result of the simulation in Fig. 11 (b) presents the torque reduction from 15 Nmto 11
Nm, that agrees well with the expectations. As the motor operates at flux weakening region,
the acceleration time of the motor is increased. By reducing the load, the acceleration time is
decreased. The motor current after the acceleration time is finished, is reduced up to the rated
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current, as the motor operates with constant power and constant voltage in flux weakening
region.

The application of voltage source inverters in variable speed drives has many advantages and
drawbacks. For the completeness of the analyses, we will name some of them. The main
advantages are speed control, smooth controllable starting and stopping, energy saving through
current limiting feature of the inverters, flexibility to set up and configure a variable speed
drive for various applications, e.g. constant torque, variable torque, hoisting, and many others.
One of the drawbacks is audible noise from the motor due to the various switching frequencies.
To overcome this problem switching frequency can be increased but this also increases the
harmonic content in the supply voltage, losses, and worsens the overall efficiency of the
system. Another issue is Radio Frequency Interference (RF interference) generated by variable
speed drives that can be very problematic, introducing faults on other equipment close to the
installed unit. Apart from these, the harmonic content of the supply voltage from the inverter
is responsible for poor power factor, excessive heating of neutral conductors (single-phase
loads only), excessive heating of induction motors, and high acoustic noise from transformers,
bus bars, switchgear, etc., abnormal heating of transformers and associated equipment, damage
to power factor correction capacitors. Yet, the variable speed drives are an irreplaceable part
of every industry, and their importance and development with continue in the years to come.

Conclusions

Variable speed drives are the prime moving force of many industries. The three-phase
asynchronous squirrel-cage motor, despite all its drawbacks, still dominates in many industries,
due to its robustness, simplicity, and low operational costs. The paper analyzes the operation
of three-phase squirrel cage motor at various operating speeds, i.e. at, below, and above the
rated speed.

The main goal of the paper is to illustrate the theoretical principles of operation of the
asynchronous motor with the voltage inverter at a constant V/f ratio, supported by the
corresponding analysis from the simulation. The simulation circuit from the software Powersim
allows obtaining the transient characteristic of motor speed, torque, and current along with
various operating voltages such as the voltage of the output of the inverter. The accuracy of
obtained transient characteristics at rated speed is verified by comparing them with rated data
of the motor obtained by analytical formulas. The accuracy of the obtained results at speeds
below and above the rated speed is compared with available data from the motor producers
who present the motor operating characteristics at frequencies different from the rated one. At
lower speed, the motor can sustain the rated load as a constant V/f ratio is maintained. The
motor operates within a constant torque region as described in section 2 of the paper. Above
the rated speed, the motor enters the field-weakening region as the V/f ratio cannot be
maintained constant i.e. the voltage is kept unchanged, but the frequency is increased. Motor
enters the constant power region, where the capability of the motor to sustain the rated load is
reduced. The presented simulation circuit is very useful in the analysis of variable speed drives
with asynchronous motors, especially in cases where no experimental equipment is available.
The theoretical principles of voltage-fed asynchronous motor can be analyzed and illustrated
comprehensively. The simulation circuit allows analysis of various measuring quantities such
as voltage or current at different points of the circuit. Furthermore, the Fast Fourier
Transformation (FFT) can be performed on measured voltages allowing estimation of the
power quality of the supplied voltage.

Further research should be focused on improving the harmonic content of the inverter voltage
thus improving the overall operating characteristics of the drive system in terms of reduced
losses and improved efficiency.
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