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Abstract

In this paper the performance of a split-phaseomantd a three-phase induction motor drives for &afting is evaluated. The
paper systematically investigates and comparesciiagacteristics of a variable voltage fed inductiontor drive for two
different types of soft starters; one based on IGBIO another based on Thyristor. Experimental atiith is done using
analogue circuit based system, developed in therdabry. The novelty of the work lies in the deymatwent of simple and
flexible models for simulation purpose and theipesmental validation.
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1. Introduction

Direct on-line starting of large induction motorgsps a great problem to the grid as well as themitself due to sudden
voltage dips and large fluctuating torque, Willaersd Griffth (1978), Brucest al (1984) and Nevelsteen and Aragon (1989).
Some time due to tripping of under-voltage and dwed relays the motor may fail to start. Altermaty reduced voltage starting
is being used especially for starting of large mtthn machines using auto-transformers. However,villume and the cost of
auto-transformers limit its use. Power Electrordogverter based induction motor starters more camyralled soft starter are
becoming popular and are rapidly replacing the eational reduced voltage starters using auto-teamsfrs, Shephard (1976),
Mazda (1973), Mozder and Bose (1976), Rashid (1988wan and Merrison (1991), Lipo (1971a) and L{871b). Two
topologies of soft starters are more commonly eggalo

» Back-to-back connected thyristor based soft stadko called ac voltage regulators.
* Insulated Gate bipolar transistor (IGBT) and gate-bff thyristor (GTO) based dc link converter.

Thyristor based soft starters are economical, gguhd reliableThey can be economically employed in medium voltagge
induction motor starting where the starting torgagquirement is low. By using power electronics aner based starting, the
initial inrush current of motor can be reduced Bigantly. Additionally they offer smooth accelei@t, ease in implementation of
current control, and energy savings with a paltiall can be availabl@ he thyristors are initially triggered at a lafijing angle
(reduced voltage) when soft started, followed bgrease in the firing angle and subsequently ineréashe applied voltage to
the motor. The initial starting torque at standlstilan induction motor is proportional to the stpaf the applied voltage. Thus
this surely affects the starting of induction motor load. Additionally the output voltage qualisypoor with high distortion and
poor power factor. The problem of higher THD is mprominent at large firing angle. This methodighly efficient if the motor
is working under light load condition as demon&dain Eltamalyet al. (2007a), Eltamalt al. (2007b), Vazqueet al (2008)
and Hamed and Chalmers (1990).

Numerous attempts have been made worldwide toawepthe performance of the soft starters and a eurob different
variants are evolved, Jang and Choe (1998), Dedgrali (1989), Zenginobuet al (2004), Gastli and Ahmed (2005), and Kashif
and Sagqib (2007). A step-up/down ac voltage regula used by Hyun and Choe (1998), in which tlamgformer with tap
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changer and PWM chopper, is reported. The proposgdlator topology can step up or down the outmitage by the tap
changer of transformer and offers accurate outplibge to load by adjusting the PWM chopper. Thgomanmprovement with
this scheme is the continuous ac side input cuirenbntrast to the conventional ac regulator whbeeinput current happens to
be discontinuous. In Delerat al (1989) a switching function is defined based dggering angle of the thyristor and is
implemented in the controller. The transient resgois improved considerably with such techniques pérformance of induction
motor starter using soft starter is improved coasitily by Zenginobuz (2004) where the startingpsnoized in such as way to
eliminate the supply frequency torque pulsationtifiéral intelligence based techniques have beempleyed to improve the
starting characteristics by Gastli and Ahmed (200%) Kashif and Saqib (2007). More recently Zhetgl (2009) have adopted
the pump control soft start scheme to improve taeting behaviour of induction machine. PWM signaie generated by the
control unit which triggers the thyristors to kelp current within the specified limit. The pummtol is a torque control method
which uses PID control to adjust the motor torqDe.the other hand Bernadt al (2009), have proposed special design of rotor
cage of large induction machine for better starfiggformance. Eltamalgt al (2009) have proposed digital firing scheme of
triacs based on the current shape of the input. sEimsor detects the operating mode and accordihglyriacs gate pulses are
generated. Charles and Bhuvameswari (2009) halisedtishunt active filter between the ac voltagatiadler and input grid
supply to mitigate the power quality problem aridas to the ac voltage controller acting alone.

This paper focuses on the classical topology efsthft starter based on thyristor and IGBT powetchws for both single-phase
and three-phase induction motors. A complete sitimamodel is obtained using Matlab/Simulink softerdor the proposed
topologies. Then a prototype analog circuit bas#tistarter is developed in the laboratory anddineulation results are verified
using experimental implementation of the same. Tthesmajor objectives of the paper include the tgmaent of simple and
flexible simulation model for the soft startersinfluction machine. The behaviour of the starters loa easily verified by the
proposed simulation models. The paper is organisdiye sections; the second section deals withdingle-phase system, the
second section details the implementation of tptesse drive system, the third section detailsetkgerimental investigation
followed by the conclusion and references.

2. Matlab®/Simulink® model development

In the modern era, almost all the processesterithiques are at first simulated before their @lcteal time implementation.
This reduces a significant portion of effort andstcaf real time implementation. The performance tbé proposed
system/process/technique can be evaluated acgubgtelsing proper simulation models. Thus the medabuld be flexible and
accurate to take into account the real time impleat®n issues as well. With the rapid developnierdomputer hardware and
software, new simulation packages which are mustefsand more user friendly are now available. Plaiger discusses the use
of one such software, the SIMULINK software of MAAB. The main advantage of the SIMULINK over otheogramming
software is that, instead of compilation the sirtialamodel is built systematically by means of flioic blocks. A set of machine
differential equations can be modelled by interemtion of appropriate blocks, each of which perm@nspecific mathematical
operation. Programming efforts are drastically el and the debugging of errors is eadSice the SIMULINK is model
operation programme, the simulation model baneasily developed by addition of new sub-modelsater for various control
functions. The induction motor could be incorpodgaite the complete electric motor drive system fidmulink Library. Simulink
modelling of single-phase and three-phase voltegelators of two types i.e., thyristor and IGBT dxhsre done and the results
are evaluated in the subsequent sections.

2.1 Matlalf’/Simulin® model of single-phase soft starter using Thyristor

The complete simulation model of a single-phaskage regulator for soft starting of induction chae using thyristors is
shown in Figure 1. Single-phase sinusoidal volt@ggenerated using voltage source block from Simkuliibrary. Gate pulses
generated by subsystgishown inFigure 39 are given to the anti-parallel thyristors. Thetshing signals have either 0 (turn off)
or 1 (turn on). The load is taken as a simple Rddland a split phase capacitor start motor. Thaelrghown in Fig. 1 depicts R-
L load while motor simply replaces this load and thsults are elaborated for both R-L and motad.I&mulation is carried out
to determine the total harmonic distortion in thepait current and the resulting values are listedable | for both R-L load and
single-phase motor load.
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Figure 1. Single-Phase soft starter using Thyristors with Bad.
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Figure 2. Subsystem for generation of gate pulses.

Table 1.THD for various firing angle for thyristor baseaftsstarter.

Firing Angle () Total Harmonic Distortion(THD)
(% of Fundamental)
R-L Load Split-phase Induction Motor
/18 1.71 0.19
/12 2.55 0.20
/6 9.18 0.24
n/4 18.87 7.37
/3 30.18 16.39

The controllable range of firing angle) (s froma = 0 toa = n/2. However, the table shows the THD for conductogle of
upto 60 degrees. The Total Harmonic Distortion Dkhcreases for higher values @fwhich indicates the increased harmonics
in the line current and voltages (Table I). It askie noted that the THD is significantly lower fmotor load compared to the
corresponding R-L load. The motor speed responsarious conduction angles are illustrated in Fég8r It is clearly observed
that the response is faster for smaller conduddiogle and the response becomes slower for progedsséncreasing conduction
angle. This is due to obvious reason of lower ay@i@utput voltages.

The torque response and stator and rotor cuwawmeforms of split-phase motor for conduction angl 60° are illustrated in
Figure 4-5. A typical motor response is observhd,dtator current and torque settles to it theiady-state values once the motor
attains the steady state speed. On the other handliserved that the speed response contains ripp
The voltage and current waveforms for single-pleadestarter for R-L load is shown in Figure 6. Thisg angle of the thyristor
is assumed asand the extinction angle is considere@al is seen from Figure 6 thptn-a.
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Figure 5. Stator current waveform of split-phase motorder/6 for thyristor based starter.

Figure 6 shows the typical voltage and curreaveforms for the single-phase soft starter of Eigvith R-L load. Since, the
value of L is very low compared to the value ofiRbehaves as mainly resistive load. Thus, the wutpltage and current
waveforms have half-wave symmetry without dc congmdn
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Figure 6. Output Voltage and Current for firing angle
The gate pulse given to Thyristor 1 turns it ‘aha and its conduction continues tid{which is assumed as extinction angig,
Similarly, the gate pulse given to Thyristor 2 twrih ‘on’ at t+o) and its conduction continues tillk2Here natural or line
commutation of Thyristor 1 and Thyristor 2 takeaqal att and 2, respectively. If it is assumed thgt V2 V;sin wt is the source
voltage, then the rms output voltage with Thyristdriggered at. can be found from the half-wave symmetry as

17 2 .2 " a sin(2a) 12
v=—J'2v sinf(at)d(at)| =vg1-L+ 20D 1
o =|— | Ve’ sin*(at)d(at) s[ﬂzﬂ} (1)
a
Note that/, can be varied frorws to 0 by varyingx from 0 tor. The rms value of load current
V,
lo :EO (2
The input power factor
. 1/2
R Vo [, a,sina) @
VA Vg Vg 2
The average thyristor current
T
1 .
I =— I Vv, sin(at)d (et 4
AThy or) s sinfat)d (at) (4)
As each thyristor carries half the line curreng tins current in each thyristor is
| —I_O
o,Thy \/E
®)

2.2 Matlal$/Simulin€® Model of IGBT Based Single-phase Soft Starter

There is an increasing trend of using fast $witg devices for several industrial applicationbyristors are known to have low
switching frequency of the order of hundreds of Hence the alternative is to use fast switchingaesysuch as MOSFETs and
IGBTs. Thus a simulation model is developed in #@stion incorporating a soft start system usinBT& as shown in Figure 7.
The motor speed response to various conductiorearge depicted in Figure 8. It is once again ofeskthat the response settling
time is inversely proportional to the conductiorglen Moreover, the speed response is smoother aechfia the thyristor soft
starts case (Figure 3). However, the settling tohepeed response is lower in the previous case.THDs are evaluated for
different firing angles for both R-L load and siegihase motor load and are listed in Table 2.
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Figure 7. Simulink model of a Single-Phase soft startengi$GBT with R-L load.
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Figure 8. Speed vs time of split-phase motor for varyingdrariion angles for IGBT based starter.

Table 2 THD for various firing angle for IGBT based sefarter.

Firing Angle @) Total Harmonic Distortion(THD)
(% of Fundamental)
R-L load Split-phase induction motor
/18 4.09 22.16
/12 7.63 23.53
/6 23.13 37.65
/4 44.17 59.95
/3 74.86 95.14

The THD at input side of voltage regulator is shoinnTable 1 and Table 2 of thyristor and IGBT bassdt starter,
respectively. Comparing Table 1 and Table 2, it lbarobserved that for same value of firing ang)e THD for an IGBT based
Voltage Regulator is higher. This is due to faett tthe voltage waveform is more distorted in thigetecase.

The output voltage and current waveforms of IGB¥duhsoft starter is shown in Fig. 9 at conductiogi@ofa.
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Figure 9. Output Voltage and Current far= /6.

The large spikes in the voltage waveform are blgidae to presence of inductive load. From Figt €an be easily observed
that the IGBTs are line-commutated device, i.edaesn’t require any additional circuit for commigat purposes and the
extinction angle(turn-off angle) is same as firgmggle(turn-on angle) for each half cycle. Hencedbeduction anglg for this

can be written as
B=(m-2a)

The rms output voltage is given by

1 (+B)1 2 12

vom| L [ovzaitlala) =w|2(arsiis)]

T (-p)12

The input current of Fig. 9 can be expressed irriEoseries as

is(t) = Z\/Esin(nax + %)
n=135...
where
&= an & =g

The rms value of theth harmonic input current is given as

e ) <22 (0

nmT
The rms value of the fundamental current is
lg = 2\5' sSi B
st T @ 2
The rms input current is found as
ls=14 ﬁ
V4

Harmonic factor

MCRE =,

Displacement factor

(6)

()

(8)

(9)

(10)

(11)

(12)

(13)
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DF =codg)=1 (14)

PF = [II—S:]DF = %isw{é] (15)

The advantage of using IGBTSs is that due to sartiaation angle as that of firing angle, the fundamaé current in this case is
in phase with the voltage, hence displacement fdmoomes unity. A plot of the power factor vsririangle is illustrated in Fig.
10. It reveals that the power factor varies sigaifitly with change in the firing angle especially fGBT based soft starter.
Nevertheless, it is higher for thyristor based exyst
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Figure 10. Power factor vs firing angle for Thyristor andBG based soft starters.

A point must be noted here that the power faetofiring angle curve shown above is of the caberwno filter is incorporated
in the system, if the filters are also incorporaitedhe system, THD of the system reduces signifigaand as already discussed
above displacement factor is unity for this casende overall power factor improvement will be thefarrther, since the
harmonics in starters using IGBTs are of highereordil and C requirement will be of lower value, berof smaller size, on the
other hand starters with thyristors have lower pkdmonics requires filters with larger value odhd C which are of large size
and non-economical in terms of both cost and aeeg@irement. Thus while comparing the two typestaftsr based on filter
requirements, it can be concluded that the IGBEtasarter is a cheaper option due to smaller fildenponents requirement.

2.3 Matlal$/Simulin€ Model of Three-phase soft Starter using Thyristor

The basic three-phase induction motor drive scheriistrated in Figure 11, where the power st can either be thyristors
or IGBTs.

Three-phase Soft Starter
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Figure 11.Schematic diagram of soft-starter controlled ingtucmotor drive.

The simulation model of three-phase soft stddethree-phase induction motor is developed asvahin Figure 12 for thyristor
based circuit. Three-phase sinusoidal voltagegganerated using three independent voltage souméachphase difference of



98 Riyaz et al./ International Journal of Emegering, Science and Technology, Vol. 1, No. 092@p. 90-105

120 and magnitude of 220Vrms. The output of soft stagt@jiven to a three-phase induction motor. Thewts response of the
motor is recorded and presented in Figure 13-15.

The output voltage waveform of thyristor base¢-phase voltage regulator is shown in Figurer @ £ #/6. The controllable
range of voltage regulator is from firing angles 0 toa = n/2.The Total Harmonic Distortion (THD) for highealues ofo.

increases, which indicates increased harmonic obirte¢he line current and voltage.
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Figure 15. Torque vs. speed curve for different value ofhfirangle at no-load.

The drive system shows a typical behaviour foredéht values of firing angle i.ex= /6, n/4, n/(3.1) . The motor is taking up
the load well with a reduction in the correspondépged. There is a reduction in the peak torquetfange in the firing angle as
expected. From Figure 13 it is observed that mptyforms satisfactorily ai= /6, but when the magnitude afis increased
beyond the valuer/3.1, the motor become unstable (as shown in Figdje Hence, the value ef should be< n/ (3), for a
thyristor based soft starter for stable operatibthe drive system.

In Figure 15, the speed-torque characteristics @bmare shown under various loading conditions tedvariations of torque
speed curves with respect to the applied voltageshown. It can be noted that increasing the fieingle results in decrease in
starting torque. These curves show that the skgm¢b speed) at maximum torque s’ remains sameofim thansient as well as
steady state condition). The speed range for stajdgation remains the same. The slope and shafiee afharacteristics are
dependent ultimately on the machine parameters.clihee shows both the transient as well as stetadg sharacteristic. It is to
be noted here is that, if the applied voltage duced, the voltage across the magnetizing brarsth@mes down. This in turn
means that the magnetizing current and hence éugl lare reduced. Reduction in the flux level ia thachine impairs torque
production. If, however, the machine is running emtightly loaded conditions, then operating undated flux levels is not
required. Under such conditions, reduction in mégimg current improves the power factor of opemtiSome amount of energy
saving may also be achieved.

It is also noted that the starting torque is aladr at lower voltages. Thus, even if a given \g#tdevel is sufficient for
achieving the running torque, the machine may tart.sThis method of speed control is best suitadidads that require very
little starting torque. It is further noted thaettorque response are identical under steady satditions. Thus only the transients
are affected by the choice of the firing angle.

2.4 Matlal$/Simulin€ model of three-phase soft starter using IGBT

Simulation model is developed for soft starting moet using IGBT as power switches as shown in Fidiée The only
difference is the power switch, the rest of theapaeters are kept same as the one of section 2e3mblor is allowed to run with
a firing angle oft /6 tox /3 and the resulting waveforms are illustrate&igure 17 (fora= n/6). The results of firing angle equal
to = /3 is not repeated here as they give similar tesd the one obtainable with the thyristor bagstem. Large spikes are seen
in the output voltages. This is due to sudden infgion of the inductive current contrary to thyoiscase where the current was
slowly reduced to zero. The speed ripple is clegidible in the speed response (Figure 17b) oftbéor. This pulsation is of the
order of £5 rpm.



100 Riyaz et al./ International Journal of Emegering, Science and Technology, Vol. 1, No. 092@p. 90-105

outt
In1.0utt ——P{int
o i, outt ———|
TSR ° Ir_abc
Current Measuremeny
IGBT out2
Scoped >
Ir_qd
1GBTL
—c Rotor_flux_qd
outd f———p|
Step Vi_qd
outs |———|
c =1 L
e m ====P{In10ut6 |———|
c Is_qd
IGBT3 3phiM out? f———p|
N stator_flux_qd
Cla—
outg f———p|
Vs_ad
outg |———|
Yy
£f—rot Rotor_speed(ipm
=X _speed(pm)
N IGBT4 Out1o —‘}E
. outl (| To
ve —|in1 Scope3
out2 out11 f———pp
Vel IGBTS
Subsystem3 Rotor_angle_theta_m
0 angle_theta_|
- L]
= c Mahines
Measument
Demux

Figure 16. Simulink Model of Induction Motor fed from IGBT bad soft starter.

The torque-speed characteristic shows largéuiltion, this is basically due to large amountisfaition in the output voltage of
the starter. Hence it also needs considerationtiieagpplied voltage should not be much distoréed, harmonic filters must be
incorporated for stable operation of the drive eystlt is observed that motor cannot perform sadiskily even at very low value
of firing angle due to large amount of harmonic¢hia supply to the motor.
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3. Experimental results

3.1 Single phase starter

The implementation of ac-ac converters is masemex than other type of converters, this is beeaaf the operational
complexity of the semiconductor switches. The magtiallenge in the design of ac-ac converter isrtlr@immutation
requirements. Single and three-phase soft steatersleveloped in the laboratory. The analogue imeigation circuit for single-
phase soft starter is shown in Fig. 18 and itsopiak representation is provided in Figure 19. IGBased soft starter is developed
due to its higher switching frequency characteristhe experimental waveforms are shown in Figlre 2

Figure 19. Fabricated single-phase soft starter
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Figure 20b. Gate pulses and output voltage for firing angle,n/6.

3.2 Three-phase soft starter
The pictorial representation of the developegdiphase soft starter is shown in Figure 21. BHgiét is made by parallel
connection of three single-phase soft starters.eXperimental waveforms are shown in Figure 22.

Figure 21.Fabricated three-phase ac voltage regulator U&iBgJ .
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Figure 22a Gate pulses and output voltage of all three phasfiring angle,a = (.

The controllable range is kept frame 0 too = #/6, although this range can be increased by sfigidification in the circuit but
a higher value of firing angle means much lowerliadpsoltage that may lead to destabilization a¥esystem.
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Figure 22b. Gate pulses and output voltage of all three pFasiring angle,o = /6.

4, Conclusion

In this paper simulation model of single-phard three-phase soft starters for induction motthrgristor and IGBT based) is
developed and the results are evaluated. The phpeusses the performance of single-phase and-piv@se induction motor
drive supplied from a variable voltage soft startelis concluded that the firing angle of thyriashould be< n/3 for stable
operation of the drive system. For larger valuetheffiring angle, fluctuation in speed is obsereed in worst cases motor may
fail to start. Further, it is concluded that IGB3isould not be used as power switch without harméiérs, since use of IGBT
only results in large amount of distortion in timput voltage to the induction motors which may hssin instability of the drive
system. The preliminary experimental results ares@nted. The output voltage shows that the desiggsttm is working
satisfactorily. The test on motor will be reporfadher.

Nomenclature

a Conduction angle

B Extinction angle

Vo Output RMS voltage

lo Output RMS Current

lsn n" harmonic input current
Is Input RMS current

HF Harmonic Factor

DF Displacement Factor

PF Power Factor
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