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Abstract—

This research paper deals with ideathefdesign and performance optimizatiomwdium/higl-power induction motors
during soft starting byliminatingthe supplyfrequency torque pulsationand by keeping the line aent constant at the preset
value. Starting torque pulsa- tions aléminatec by triggering back-to-back-connected thyris- tatgproper points on the first
supply voltage cycle. Line cur- rent duristarting can be kept constant at any preset value biynple strategy composed of
successive sinusoidal and constant funcsegmenti of the triggering angle. These strategies arepi@mente by the use of an
8-b microcontroller. Transient perfor- mareealyse of the system are carried out by means oflaii ABC/dc machine model
which takes into account the three-phasey-pivase, and disconnected modes of operation instefractual statowariables.
Experimentatesults obtained on a custaiesign tes bed are found to be in approximate agreemétht the theoretical ones.
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converter can be largely offset bdih the high starting torque

| INTRODUCTION requirement of “heavy to starthdustria loads, and the need

IRECT-ONLINE starting of large amotor: may present
difficulties for the motor itself, and thiwads supplied
from the common coupling point becausetlof voltage dips

for speed control in a moderate ran§peed control in a wider
range makes necessary speciahdditiona means of cooling
for the motor. Thyristorized sofitarters however, are cheap,

in the supply during starting, especially in tt@se of a weaksimple, reliable, and occupy lesslwme, an hence, their use
power system [1]-[4]. An uncontrollestarting may cause ais a viable solution to the startipgoblem o' medium-voltage
trip in either the overload or the undervoltagky, resulting in and large ac motors, iapplications whel the starting torque
starting failure. This is troublesome for fieddgineer since the requirement of the load is not high.
motor cannot be reenergized until it coolsvddo an allowable Besides the developments aphgres in commercial soft
temperature, in a long time peridélrthermore the number of starter technology numerous attempése been made on the
starts per day is limited to only a featempts Therefore, cur- performance analyses and conttethnique of three- phase
rent and torque profiles of the motor durisiguting are to be induction motors fed from a yhistorizedvoltage-con- troller .
carefully tailored according to the needs of Ithed An induction motor (IM) mayproduct severe pulsations in
AC motor starters employing powesemiconductors ai electromechanical torque dependingpr the initial switching
being increasingly used to replaglectromagnet line starters, instants of all three-phases to teappy, regardless of the
and conventional reduced voltage startbecaus of their starting method: direct-online or sefarting Minimiza- tion of
controlled soft-starting capability witlimited starting curreni the pulsating torque component given for direct-online

These may be classified in two groups:

i) back-to-back connected thyristor-based sifirters, which
apply a reduced voltage to the motor;

i) insulated gate bipolar transistor (IGBDy gate turn-off
thyristor (GTO)-based dc link convertersyhich give a
variable-frequency output.

At the present time, pre-engineeregrsion: of such ac
motor starters are commercially available tapan operating
voltage level of 15 kV I-I, and a power ratirmg 20 000 hp.
With the present technology, the higher castmpexity, and
larger volume occupied by the variable-frequedc link

starting. The amount otlectromagnet torque pulsations
reflected to the shaft depends @he parameters of the
mechanical subsystem . These ntays: shocks to the driven
equipment, and damages in thechanice system components,
such as couplings and gears, inltheg term.

In this paper, the performancetbt IM during voltage-con-
trolled soft starting has beewoptimizec by eliminating the
supply frequency torqueulsations, ar by keeping the line
current constant at the preset valuesidlie entire soft-starting
period. The pulsating torquaimination streegy defined, and
applied in for direct-onlinestarting of the IM has been
extended to cover all of theperatine conditions of a soft
starter, with back-to-back-connectégristors on each of
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Fig. 1. Block diagram of the soft starter.

the supply lines connected to the stator terminBit& torque these current signals is used as the feedbacklsigoader to
pulsation elimination strategy defines the initisiggering keep the current constant at the preset value glstarting pe-
instants of the soft starter thyristors on thet fingpply voltage riod. Current in the third line can be deduced fithim two sig-
cycle, for different operating conditions of theftsetarter. nals by the: C. These will then be used for ptaiagurposes
Furthermore, a current control strategy composeslio€essive against overload, unbalanced operation, and faths. three
cosinusoidal, and constant function segments otriggering line-to-line voltage signals are used only for zeottage de-
angle, has been proposed to keep the line curréhtnwa tection, and protection against under and overgekaDuring
desired band at startup, so as to obtain betteel@@tion soft starting, either the true root mean squaresYrvalues or
profiles during soft-starting, as compared to vikelbwn the peak values of the line currents can be kepstent at a
techniques. The combined performance of the prapogaent preset value. In the implementation, peak valugheffunda-
control, and torque pulsation elimination strategias beenmental component has been used in the closed-lmutpot cir-
assessed in comparison with other well-known stdttiag cuit via the fourth-order Butterworth filter. Thevd line current
methods employed. Transient performance analysesh®f waveforms are fully rectified after being filteregk in the case
resulting soft starter have been carried out bymaed a hybrid of voltage signals, for protection purposes. Uségiface part
ABC/dq model, which takes into account the threaggh two- of the system consists of status light-emittingdéi® (LEDS),
phase, and disconnected modes of operation in tefntke alarm LEDs, selection indicator LEDs, keypad, aedes seg-
actual stator variables. Theoretical results hawenbverified ment displays. Keypad is used to input set valubefine cur-
experimentally on a custom-design test-bed compasded rent and the rated current, and to recreate theleation pro-
laboratory machine set, and a shaft torque meagsystem file.
in the dynamic state. For RST phase sequence of the supply voltagesistbss
of the voltage controller are to be triggered isemuence as
marked on Fig. 1, resulting in a phase differerf@&0o between
consecutive switchings during starting as wellrashie steady
A detailed block diagramof the sofistarteris givenin Fig. 1. It state, excluding the first energization cycle. hdey to elimi-
is composed of three pairslmck-to-backconnected thyristors,nate the electromagnetic (EM) torque pulsationhatsupply
a microcontroller 4 C)-based control and protectircuitry, frequency, different switching strategies have basad for T1,
pulse shaping and firing circuits, and the analtgrface cir- T2, and T3, on the first supply voltage cycle fantnuous,
cuit. The analog interface circuit receives the¢hline-to-line and discontinuous line current cases, dependingtather the
voltage, and two line current signals via poterttiahsformers, triggering angle & ” is less or greater than tlieapgle of the
and Hall effect current transducers, respectiv®@ijly one of machine at unity slip. In order to ensure constarntent during

[I. SYSTEM DESCRIPTION ANDOPERATION PRINCIPLES
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starting, a simple control strategy composed otessive cos- TABLE |

inusoidal and constant function segmentsof “ &isployed, DEANITION OF QPERATION MODES

as described in Section IV. The soft starter dgyedoin this

work has some further features such as estimatitiglifiring Operation mode | Operation type  Motor terminals
angle value for the current setting, storing susitésoad and connected to supply
current setting-dependent run-ups, etc. In thetistaperiod, Mode 0 3-phase ABC

at any point on the acceleration profile, the IMlwperate in Mode 1 2-phase AB

one of the following three operation states depmpdipon the Mode 2 2-phase AC
power factor of the motor, and starting currentitigetting: 1) Mode 3 2-phase BC
three-phase operation; 2) two-phase operation3amb-phase Mode 4 No-phase none

operation (disconnected mode).

The analysis and design work of the system aréechout by
using hybrid models, in which the stator quantities kept in  2) Mode 2: This operation mode arises when motor termi-
their actual form, whereas rotor quantities aradferred into a nalsA andC areconnectedo thesupply.By substitutinge = ¢

reference frame fixed in the stator. and ic = —iainto the mathematical model, and making the
necessary row operations, (6) and (7), shown oméxé page,
Ill. M ATHEMATICAL MODEL OF SYSTEM are obtained.

3) Mode 3: This operation mode arises when motor termi-
nalsB andC areconnectedo thesupply.By substitutinga = @
andic = —ig, the mathematical model in (8) and (9), shown on
the next page, is obtained.

Themathematicamodels used in the digitaimulationof the
system are given in this section. The numericaltgm method,
and necessary transitions between various operatmies of
the starter are described. At any time, the IM afeerin one of

the operation modes defined in Table I. C. No-Phase Operation (Disconnected Mode)

A. Three-Phase Model The mathematical model in (10) is used for the calsere
none of the motor terminals is connected to theplyuince

i4 = ig = o= ¢ ,only the rotor voltage equations are to be
solvedin the transient-state

Starting with the mathematical model of the IM émrts of .
ABC/abc axes quantities, all space angle, and hdinoe varia-
tions in inductances are eliminated by applyingvtied- known
three-phase to two-phase, and commutasmsformations €1
and C2), only to the rotor side. This results in a hybmith- P
ematical model in terms of ABC/dq0 axes quantitteswhich :
the rotor reference frame is fixed in the statdr][Zhe hybrid
model is brought into the state space form fortdigimulation,
as given in (1), shown at the bottomo of the pagé,(3), shown D. Numerical Solution Method

on the next page. To solve for the nonlinear first-order differentiedjuation
sets given above, a fourth-order Runge—Kutta iatibgn

B. Two-Phase Models algorithm is used. To ensure the continuity of sohs when a
1) Mode 1: When only motor terminals A and B are corehange in the operation mode takes place, finalegabf the
nected to the supply, the two-phase model in (d)(&) shown previous mode are taken as initial values of thet meode.
on the next page, is to be used. Siice: 0 ande= —ia, the This first necessitates the detection of turn-offtant for the
behavior of the motor is expressed in terms oflitheto-line conducting thyristor in one of the three supplyetin This is

w/ /T
L\,)/'JJ)

= \r'—“'—“'—“'—u

(10)

voltageV aB. achieved by the “Current Zero Detect®unbroutine’integrated
- —2BR; . / . /
—(2 AM — : !
1A , —2BR4 r / (\/E/B)AR/Q
b ip _ (2\/6/3)AM Wy +(\/6/3)AM,Wr _ARZ (\/6/3)BM Wr —\/iBM/Wr
iil (\/6/2)M/Wr(A2/B + I/LIZ) —2AR; —A2R! /B R/ /L/2 WI — \/§AMIW
ig —AR, )
' (1/2)Aw,/B — V3AR, A 5 AN 2 /
| V22 A2 /B Aw,B — V2A°M'w,/B —w: + V2AM'w, —A%R5/B — Ry/L4 |

i (2/3)B  (2/3)B
i)y | TABB /3B xig] )
i, (V3/3)A  V3/3A

L=

—e
O~



into the program. Forward or backward thyristooime of the TABLE I
supply lines turns off when its current ceases.rtént Zero TRANSITIONS FROM MODE 0 70 OTHERS
Detection Subroutine” monitors continuously thereat, and

whenever it takes a negative value at any numeritagration Active thyristors 123 234 345 456 561 612
step “m,” the program terminates and returns torﬂ_mnogs 0ld Mode 0 0 0 0 0 0
integration stepi/i — 1 ,” to detect the zerossing point with
an acceptable error, at a reduced time step. Txteoperation Active thyristors 23 34 45 56 61 12
mode can then be determined automatically by detedhe Motor terminals
forward biased thyristors, which receive a firingge. BC AB AC BC AB AC
. o . connected to supply

Possible transitions from old to new operation nsodee
given column wise in Tables II-VI. If the curreritforward or New Mode 3 1 2 3 12
backward thyristor in any one of the three lineases before
the antiparallel thyristor receives a firing pulpessible opera- TABLE Il
tion mode is either the two-phase or the no-phaseation. If TRANSITIONS FROM MODE 1 T0 OTHERS
a thyristor in one of the lines receives a firingse while the
others are not conducting, it cannot trigger irgaduction until Active thyristors 61 34 | 61 34 61 34
a reverse thyristor in one of the other two lineseives a firing 0ld Mode 1 1 1 1 1 1

pulse, resulting in no-phase operation. In TabldrHnsitions
from three-phase to two-phase operation are givhis. occurs
if “~" is greater than the power factor ang¥' ‘of the motor. Motor terminals
However, in cases where < 4, both the new and old operation ~ corected ©© BAC BAC | AC - AC | none none
o supply
modes are three-phase operatiofi. Value depends on the
operating condition, especially on the shaft speed, can be ~_New Mode 0 0 |2 2 4 4
determined from the per-phase equivalent circuthatsteady
state. Transitions from two-phase operation mode® (3) to marked as active for no-phase operation are nodfiuction
any other are given in Tables IlI-V. In Tables Il-thyristors state, but they are only receiving firing pulses.

Active thyristors 612 345 | 12 45 1 4

Where
(2)
3)
p AV A
(V6/4)AM'w, — Ry/LS
N ) —-(3/4)A’R5/B
1A B
g {ig + {—(1/2>A Vsl @
ig (V3/2)A
Te = —(pp)((V6/2)M'ijjis — (V2/2)M'ijia) (5)
—2R;B (V6/2)M'w,B + (1/2)ARS,  (1/2)AL5w, — (V/3/2)AR,
UL o, A G
! G : IWr - /Wr — R :
iy (1/2)Aw,/B — V3AR; C(V3/HAZR, /B — we _(3/4)A?R, /B 2/ Lz
i B
x g |+ | —(1/2)A | [Vac] (6)
ig (V3/2)A
Te = —(pp)((V6/2)M'ilia + (V2/2)M'i}jia) @
ip —2R;B —AR) —V2M'w,B ip B
pli, | =|-2RiA A?RY/B-Ry/Ly —vV2AM'we+w: | il | + | 0| [Vac] 8)
i Aw,/B —Wy —R5 /14 i A

Te = —(pp)V2M'i}i. ©)
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TABLE IV TABLE VII
TRANSITIONS FROM MODE 2 TO OTHERS TRIGGERING INSTANTS OF THYRISTORSON THE FIRST CYCLE FOR
ELIMINATION OF TORQUE PULSATIONS
Active thyristors 12 45 12 45 12 45
0l1d Mode 2 2 2 2 2 2 Triggering angle, degrees
Active thyristors 123 456 | 23 56 2 5 . (:Jontmuous Dl.scontmuous
M | Thyristor | line current Line current
otor terminals no. 1. . 2.
connected to the ACB ACB | CB CB | none none Case 1. Case 2: Case 3.
supply 0sO o<0y< 6 Gp=<orp
Tl O Olo Olo
0 0 3 3 4 4
New Mode T 120 Bx(00) oo+ 60
T3 120 + 90 B2(010)+90 o + 60+B3(0o)
T4
TABLE V = 180 + o 180 + 0tp 180 + oy
TRANSITIONS FROM MODE 3 To OTHERS 240+ ap 240 + 0o 240 + 0o
T6 300 + o 300 + o 300 + o
Active thyristors 23 56 23 56 23 56
0Old Mode 3 3 3 3 3
. . Phase Voltages
Active thyristors 234 561 | 34 61 3
Motor terminals Vr Vs Vi
connected to the CBA CBA | BA BA | none none
supply
New Mode 0 0 2 2 4 4 0
TABLE VI
TRANSITIONS FROM MODE 4 TO OTHERS A " N
Active thyristors 1 2 3 4 5 6
Old Mode 4 4 4 4 4 4 .
Active thyristors 12 23 34 45 56 61
Motor terminals AC CB BA AC CB BA
connected to supply
New Mode 2 3 1 2 3 1
C‘:‘fe[ T2/ %0 FEE
T3l %ot60 1 e
IV. RESULTS B3 (o)

The firing angle control strategy, which yields @arly per- Fig. 2.
fect starting current envelope, and the initiakrityr triggering
strategy, which nearly eliminates the torque pidsat will be 5.0 given for both the continuous, and discontisune cur-
described in this section. These strategies araagedfrom the |, .ases. To eliminate the torque pulsations stkethyris-
results of digital simulation studies,. and areﬁmi by experi- tors in Fig. 1 should receive firing pulses in tgim the num-
mental work. The proposed strategies are applicaieminor o oq sequence from 1 to 6), at prespecified pointae first
modifications, botho themedium voltage squirrel-cadikl, and supply voltage cycle, as illustrated in Fig. 2. @ouity of the

Torque pulsation elimination strategy.

to the low-voltage ones. line current waveform is largely dictated by théiah setting
o . of firing angle w, ,” which adjusts the startiogrrent to the
A. Elimination of Torque Pulsations preset value. For the discontinuous line curresecawo dif-

The cause of pulsations in electromechanical tommfuthe ferent initial switching strategies would arisepdeding upon
supply frequency is the uncontrolled switching lnfee motor whether & ” is less or greater than the powerdaengle of the
phases to the supply on the first voltage cyclenuBianeous IM at unity slip ‘0.” For most standard NEMA Class A, and
switching of the three motor phases always gives t® a con- B squirrel-cage IM under 1000 hp, typical data sjghe as-
siderable pulsating torque component [16]solid-statestarters sumption of starting pf as being nearly equal ®[@].
for medium-voltagdMs, the switching strategy reported in [21] The transition between continuous and discontinuaes
nearly eliminates the torque pulsationsdirect-onlinestarters, current waveforms occurs for an  range smalien thut close
“a" is zero; therefore, the mentioned switchingagy consti- to the pf angle at unity slip (i.er, < oy < 0o). At the critical
tutes a special case of the torque pulsation edititin strategy angle = ,” some of the line currents become disicmous in
applicable to solid-state soft-starters. In Tablg the initial the first cycle, and during a considerable portibrihe accel-
switching strategies that can be used in solicestaft starters eration period, all line currents become continu@imilar to



the starting pf, only minor changes occurdn “of tlass A and
B squirrel-cage IM. Indeeds* ” is found to be“63nd 65 ,
respectively, for the low-voltage and medium-vodis. '

In Table VII, firing angles of all thyristors areefihed with _,‘_b",‘_/\
respect to the zero-crossing point on the ascerulimtion of . ; .
phase R voltage. First, T1 receives a firing palsty, ,” but it
does not trigger into conduction until T2 receiaefiring pulse
at 120 for case 1/3‘2(@'0)" for case 2, anddy + 60° " for
case 3. This initiates the two-phase operation.rnéxe thyristor
which is going to be triggered into conduction B, Which re-
ceives its firing pulse with a delay of"90 for ead and 2, and 1
“Os{oo ) for case 3. In theliminationof torque pulsationgnly
these two switching instants for T2 and T3 are irtgra; the ' TIME
remaining thyristors T4 to T6 will receive firingufses in the \/ '
normal sequence with delays of 180 ,°240 , and 3Gth re-
spect to tvp .” Expressions ofs(a0) and “Pa(ao ) are given
in (11) and (12), respectively. The coefficientslodse straight
lines have been found withihi % accuracy frdm tesults PHASE CURRENT
of simulation studies, by curve fitting techniquEsr this pur-
pose, several trials have been made in orderimangte the { /w\
torquepulsationdfor different initial firing angle settings. Major / L e
changes in the coefficients of straight lines hawe been ob- \/v\/
served from low-voltage IMs to medium voltage oniElsere- L/
fore, a common set of straight line equations far doptimum
triggering instantsf T2 and T3 can be usethesewould nearly _ . _
elminate, o minimize the pulsating torque comparfer ma- €6.% Lhe e meome oresse s 7 (lne Sl 10y
chines ofdifferentsizes. Initial: valueswhich are considerablyz; steady state (20 A/div)].

smaller than the pf angle at unity slip, yield éoabus line cur-
rent waveforms (case 1 in Table VII). For a loadexdor, as the

speed increases during starting, motor pf inCre&®@sHOW- ,nent Starting from the expression of per unigniide of
ever, this will not be the case if the motor isrgpto be accel- supply frequency torque component given in [16]diect-on-

eratedl at no I(f)ad or light loﬁd' It is ?2}’!0”5 thdring angle |ine ‘starting, the per unit value of the supplygfirency torque
cqntro range irom zero to the crm_ca inng aagh a_t unity component produced by an IM during soft-starting ba ex-
slip (case 1) results in no soft starting actloerca/c0n3|derablepressed approximately as given in (13)

portion of the starting

PHASE CURRENT

PHASE CURRENT

the instant of maximum value, to minimize this si@mt com-

vnl — T/ —~v/Z2)
R A\ . Lo e v ’
P2 &0 = 1.75a0 + 5.50 (11) T/6_ /94 Balae 2 (13
o TS —7/2+ Balan))] 7 (13)
Paltn) = —0.6305 + 1

43.70 (12)
wherey is the stator current holdoff angle in thistftycle as
period. The three line currents remain continuausl the soft indicated on Fig. 35" " dependsapn , and remain®ostthe
starter behaves just like a direct-online starigind) acceler- same for all IMs with a starting pf in the rar@y2—0.3.Note that
ation. However, as the speed increagegradually decreasesTs y, is minimized when botBy () —7/6—~/2 = 90° and
and may have a value lower than  setting in thady state. 85(cp) — /6 v/2+ Bs(ap) = 180° . HereyaB2(0) is
Therefore, this operating condition gives rise tscdntinuous expressed with respect to the zero-crossing ofgoRagoltage,
line current waveforms, and hence, to pulsatiortsénelectro- a phase-shift of /6 rad. occurs with respect ¥rr. For rel-
magnetic torque at six times the supply frequenaphé steady atively high values of initial firing angles (i.e,g > 100°), a
state. For case 2, some of the line current wamefdsecome significant sixth-order torque rippgiperimposesn the supply
discontinuous (during current holdoff angle )daturing a frequency oscillations. This brings a further geta the op-
considerable portion of the starting period, altreat wave- timum initial switching instants, which can only determined
forms become continuous. A sample waveform setvisngin by means of numerical simulations.
Fig. 3. Wheny, > o, the line currents become discontinuous For the elimination of supply-frequency torgpelsations,
over the entire starting period (case 3 in Tablp.\A sample the soft starter selects one of the control stiaseghichare
waveformset is given in Fig. 4. It has been shown in [b&}the defined as Case 1 to 3 in Table VII, by comparing™ with
transient supply frequency torque component atistaof the the boundariess* ,” and®,” (i.e., case 1oy, < o, case 2:
IM is almost entirely dependent on the transiegytrasetrical o < o <o, case 3%0 < a4 ). Since minor changescur
magnetizing current. In view of the very high vabfe,T./R , in the values ofg ” andf” from one motor to another, torque
with respect to the magnetizing current, it is rssegy to con- pulsations will be nearly eliminated by using fixealues such
nect each phase to the corresponding supply voltagenear ass = 65° andfo = 75°. Motor-dependent adjustment of* ”
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PHASE CURRENT o)

~__ /. IRy
T ~

PHASE CURRENT

0 tr 12-+tT;
Ipeak

} /\\ f e
i 0.95klIn (peak)
L/ \J TIME

PHASE CURRENT 0 tl 2 t3 t4

1 m /\/ Fig. 5. lllustration of proposed starting currbmtiting strategy.

TIME 1T . . .. .
\\/\/ k). |n Fig. 5, this lower limit value at which therdeoller
acts has been choseniggsk?! .

In Fig. 55 is the initial fir\ilFlg éngle estimated the con-
Fig. 4. Line current waveforms for case 3 at= 86 . [Time scale: 10 ms/div; tro!ler’,an,d gives '.[he. preset V_alue of StartmgWNSt at,he
(top), (middle) phase current durirgarting(100 A/div); (bottom)phase current SWitchinginstantstr is the period of the quarteradsinusoidal
at steady state (20 A/div)]. « variation,and0.95is thelowerlimit of theband definedor the
starting currenttt, and the lower band limit constatgtermine
and 90" (e.g., o = 63°andfo = 73°), however, eliminates thesucce.ssfthestar.ting current patterﬁ:hoosingt?valuegn-
entirely the torque pulsations. There remains tterthination Necessarily large will cause an extended stariingduration;
of g by they. C for the given motor, and the set galficurrent NOWeVver, the starting current pattern will be pettfesmooth.
limit. This can be achieved by using one of thetrads given C©h00sing®T too small will result in an increased numinér
below in the order of complexity: cosine qnd constant “ ” _segments,.durlng starffins would .
1) starting with a sufficiently largey,  value (e.gy — causead|stortc_3dandunde5|rable starting current pattern_te_ndmg
120°) and using closed-loop currgnt control stratwegy; to move outside the chosen bam"?‘”d the lower b?”_""“'t
2) motor-dependent lookup table: cpnstant can be rgprogramr_ned optimally by thg amlxhne_:n-
3) calculating from the per-phase equivalent clrbyi the gineer using the field experlenc_e,_and_ dependirm dpesize
use of motor parameters; of thg _motor and Ioa_d characterlspc_s_, if nec_esﬁ_e]yneanmf
4) parameter estimation based on one cycle eneimizaf §en§|t|ye programming, the_ possibility of high |squrrents
the motor. is eliminated, and the starting purrent wavefa@pproximates
more closely to a waveform with ideal envelopegeAéner-
gizing the motor at= 0 ' " is varied by the conteslcos-
inusoidally until the current reaches, and thenisetoexceed
A simple current control strategy is proposed tepkehe the lower limit of the band0.95kI,(peak))  @t=t1 . Toer-
starting current constant at the preset value. Thised-loop rentcontrollerthenkeeps“ ”constaniafl)  Whiglcurrent
current control strategy is implemented by theafsa: C, and returns t00.95kl,,(,,..r) after making an overshoot.
gives nearly level envelopes for the starting aurveaveforms. At time t2, the controller replaces constamt “ y dosinu-
As illustrated in Fig. 5, the proposed current coinstrategy is soidal variation, resulting in an undershoot inrtstg current
composed of successigesinusoidabnd constant function segenvelope in the time period from t2 to t3. The colt¢r ac-
ments of & ” in accordance with the feedback sigaleen from tion repeats itself in this manner until the moteaches the
one of the line currents. Starting current limihdze set to anyfull speed. It is worth noting that the variationsFig. 5 are
value fn the range fromin(peal) to Kln(peak) by the operator, not drawn to scale, and are exaggerated in ordéustrate the
where'n(peak) and k are the peak value of rated motor curremperation principles of the current controller.tA¢ final speed,
and the index indicating the limit value of stagticurrent, re- “«” reaches zero.
spectively. k varies in the range from 1 to 5—-§ateling on the  Line current and EM torque waveforms during startif the
motor. The controller acts with respect to a limatue which same medium-voltage IM are given in Fig. 6 for arent limit
is chosen to be only a few percentages smaller'thdmel). value of3.31..
Here,the purpose is to keep fluctuations in the currentinco Following observations can be made on these wawvefor

In (peak)

B. Current Control Strategy
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1) starting current remains nearly constant at pheset
Value; Tek HICTEE Single Seq I!A{og_kS/s ; ,

2) starting torque pulsations at the supply fregyere suc- 1 CH3zoom: G.5Xvert 0.05xHorz
cessfully eliminated; e e

3) since the line currents are discontinuous dusiiagting,
torque pulsations at six times the supply frequeniti
relatively low amplitudes, are produced;

4) Since too many transitions would occur betweesine
and constant function segments, and the coritaod
Kl (peat) — 0-95KL, (peaky is narrow, @(t) versus tand
Lok versus t variations are not as marked as in Fig. 5.

C. Experimental Results

‘x .i‘oA - ..4.. 2Janzooo

The performance of the developed soft starter geaiwith SE woov o soomv 1oz

torque pulsation elimination, and starting curremttrol strate-

gies is tested on a 4-kVA, 0.4-kV laboratory mogenerator Fig. 7.  Starting performances of the system #ithproposed current control

set equipped with a Custom_design torque and spm$uring method (Ch4: Shaft torque, 50 Nm/div; Ch3: Linereat, 60 A/div; Ch2:

svstem in the dvnamic state Speed, 1500 r/min/div). (top) Simultaneous switghiimiddle) all phases
y . y L . switchedat =72 , (bottom) proposed pulsating torque eliminattategy.

Fig. 7 shows the variations in the shaft torque siadting

current of the soft starter fo¥ln current setting. As can be _ B
understood from Fig. 7(top), simultaneous connectid the the shaft torque pulsations, and reduces thersgtithe of the

three motor terminals to the supply causes sewdsations in motor-load combination, as shown in Fig. 7(bottom).

the shaft torque. If the thyristors of the softrawere trig- A set of starting current versus time waveformgrissented

gered at & ", “ag + 60°" “ag + 120 ..., on the first ap-in Fig. 8 for a comparative assessment of the knopen-loop
plied voltage cycle, the response of the systemldvba as in triggering strategies (ramp and cosinusoidal tniguge func-

Fig. 7(middle). This switching strategy yields desulsations tions), and the proposed closed-loop current ligitstrategy.

in the shaft torque in comparison with simultaneous sviftg. In these case studies, the pulsating torque eliiimatrategy

The proposed switching strategy, however, elimmatetirely has been applied, and the output of the driven madtas been
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adjusted to the nominal value at steady-state.cboaline
starting in Fig. 8(top left) is given only for commison pur-
poses. In Fig. 8(middle left ) and (bottom leftje tfiring angle

the motor and loadharacteristicsFor the load considered
in Fig.8,longertimeperiodsvouldapproximatehestarting
current more closelip aconstant currenvaveform.

of soft-starter thyristors is varied, respectivedg, ramp and However, for the current control strategy propaisetthis work,

cosine functions during starting. The following ebstions

are made on these waveforms.

* The starting current does not remain constant, es:
pecially for ramp triggering function, may follovhe
direct-online starting current envelope as the mspeed

increases.

» The periods of ramp and cosinusoidal triggeringctions
in which “«” is varied from % " to zero, adependendn

the starting current can be successfully kept eoisit a preset
value, with nearly level envelopes, during the tsigr period

[Fig. 8(iv)]. Since the control exercised on tharshg current

is closed-loop control, the proposed control systenerently

takes into account load characteristics. Note ttetperiods of
ramp [Fig. 8(ii)], and cosinusoidal [Fig. 8(iii))k"" variations

are adjusted to the starting period of cosine-@ngtiggering

function [Fig. 8(iv)] which is 4.2 s.



In order toapproximatehe starting current envelopes to ideal [2]

ones for the ramp and cosinusoidal triggering flomst, sev-
eral trials have been made. The optimum casessagé/en in
Figs. 8(v) and (vi). Corresponding variation pesaade 15 and
7 s, which are longer than the “ " variation pdriaf the pro-
posed current control strategy. A good correlat®wobtained
between the theoretical and experimental results.

V. CONCLUSION

Performance optimization of a voltage-controllddjristor-

(3]

(4]

(5]

(6l

izedinductionmotor soft starter is carried out by the use ofsom [7]

simple control strategies implementable on a miontller at
no additionalcost. Nearlyperfect currenand torqueprofilescan
be obtained during starting for better utilizatafrthe available
starting facilities. Using the proposed strategeegood accel-
eration profile can be tailored by smooth, pulsafiee torques
over the entire starting period. Since soft startoy voltage
control reduces the starting torque with the squdirhe ratio
of applied rms voltage to rated voltage, the apliity of this
method depends on the stiffness of the grid, arglrequire-
ment of the load. On the other hand, for loads Wigih starting
torque requirement, and operating on very weaksgtite only
alternatives are starting by frequency controlycanventional
techniques employing wound rotor induction motéws,which
high torques can be produced at low currents.
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