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Abstract: Problem statement: This study presented an alternative procedurehierstarting of large
Inductions Motors (IM) in isolated generation syste Approach: In isolated generation systems on
stand-by or base load, the starting of the IM pkabsags frequently beyond the ability of the other
consumers in the plant to stand. Manufacturersitsmis always recommend a supersized generator to
decrease transient reactance and achieve smajler Baese calculation procedures were based on the
theory presented by Beeman (1955). Instead of sizimy the generator, a good but expensive
solution, the present authors had undertaken reséato how to improve the Synchronous Generators
(SG’s) capacity to stand the start of IM withouteading the field and armature temperature limits
and with small sagsResults: The method utilized consisted of decreasing ttspomse time of
excitation, thus increasing Ceiling Voltage (CVheTadvantage of this method besides leading to a
reduction in the investment involved permits réttiofg in electrical plants already installed. Tesn
updated industrial equipment whose CV of a 250 KM@ was increased from 2.7-5.4 were presented
with their respective oscilographic records whi¢tow a reduction in sag from 40-34%. With this
solution was possible to start a 75 HP IM withoupessize the SGConclusion: Computational
simulations in MATLAB are also given and were comgzhwith experimental results to validate the
simulations. Models in the frequency and time damaaire discussed.
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INTRODUCTION constant T'do, the excitation type and the CV
(Kundur, 1994; Zaset al., 1994)
The analysis of the behavior of SGs shows that the

inductive component of load is demagnetizing. la th Before the 70’s the Automatic Voltage Regulators
starting of IM the current is large and inductiveda (AVR) were electromechanical and the SG excitation
provokes voltage sags (Penin, 2004; Goreezal.,  was produced by a DC generator normally powered by

2004; Felceet al., 2004). To compensate for the the same main SG prime mover, often by the SG axle

decrease in flux and to recover the terminal vatag itself.

there are three actions in the rotor: Therefore the excitation/regulation systems were

very sluggish. On the other hand, the class A or B

« The first reaction to compensate for the variation insulation established a large Short Circuit R§HER)
the flux is provided by the damper winding locatedand consequently small reactances. The SGs
in the head of the poles (in salient poles in SGs)manufactured nowadays present smaller SCRs than the
this takes a very short time, within just 2 or 3older SGs.
cycles (Fitzgeral@t al., 2003; Kundur, 1994) But in some cases the response to large indulctags

« The second action is produced by the transformeis faster in modern generators. This might appedret
effect of the main field winding and lasts 10-15 a paradox: there could be SGs with smaller SCR, bu
cycles (Fitzgeral@t al., 2003; Kundur, 1994) with smaller (i.e., better) response times. Thecagdd

« The third action is due to the Excitation Regulatio be bigger or smaller; it depends on the CV (ONS-
System; the action time depends on: the timeOperador, 2000). In other words, it is not only the
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generator parameters that determine the resportbe of Where:

generator; it is also the excitation/regulationteyss. x = SG transient or sub transient reactance as
In the 60’s and especially in the 70's, discussed later

electromechanical AVRs were rapidly replaced byx. = Reactance of IM

electronic ones. Electronic AVRs, for instance with

tyristores, are very rapid. So the time responsenoav This modeling is used frequently by manufacturers
been reduced to some value between the transient a@"d application engineers. The choice of reactasice
sub-transient response. difficult. What value should be used:gxx"q or (X'¢+

Besides that. the CV can be increased andf @/2? Some manufacturers recommend fot Static

therefore the current incremental rate could algo bEXcitation (SE) and ¥’ for the SG with Rotating
bigger. Consequently the time response could p&Xcitation (RE). The SE has just one time constant,

smaller (better) even though the various timeffom the field (time constant of armature not
constants do not change (Fig. 3). considered) but Rotating Excitation, of the brushle

But, on the other hand, new insulating materialslyPe, has at least two time constants(exciter aathm
permit the reduction of the generator size andi€ld). So the recovery time occurs within 5-15 legc
consequently there is an increase in the reactaars While in SE the recovery occurs within 3-5 cycles.
when synchronous reactances increase, regulatidpduation 1 does not take the influence of CV into

without AVR becomes worse. consideration (Beeman, 1955). This aspect will be
This study demonstrates the possibility of stgran ~ considered later on in this study. _

big IM without a supersized SG, just by increasing No matter which reactance is chosen, transient or

CV. sub-transient, the results obtained from Eq. 1 db n

present either accuracy or recovery time. Becalse t
sensitivity of electrical devices to voltage vaioas is
affected not only by the sag itself but also by the
duration of the sag, the analysis of the disturkaisc

This research was carried out theoretically asncomplete! Better forecasts could be obtained in
according to classical approach i.e., in frequencycomputational simulations with Matlab that presents
domain as well as in time domain with math modelssimilar results with load tests. However beforespre
like those used in computational simulations whese  models and simulations a briefing about some tyges
only the amplitude is calculated but also the dorat excitation is discussed.

MATERIALS AND METHODS

Types of excitation: In accordance with IEEE 421.5
(1992), there are several types of excitation of SG
eFigure 2 presents an SG with static excitation veith
compound module; it corresponds to ST2A-Compound
Source Rectifier Exciter, from IEEE 421.5, (1992).

Classical approach:In simplified classical models, in
the frequency domain, the starting of the IM can b
represented only by equivalent impedance:

Ze = I +j(XsHX')) The action of SE directly in the SG field gives a
fast response and provides a smaller sag and ngcove
Where: time than SG with RE. Other factors, such as CVstmu
r = Resistance of stator and rotor coils be taken into consideration.
x = Leakage reactance of stator and rotor coils

As the resistance part is frequently smaller ttian J
reactive part, on the majority of occasions it is o
unnecessary to considegtr,. So the IM could be ™~ e
represented just by .x= x+x';.. The SG can be " —/
represented as an ideal source and a series rea¢thn | SG ) \
resistance is not considered). Thus the startinguici . e Y
could be represented as in Fig. 1. oo
In accordance with Beeman (1955), sag voltage in
the SG could be represented as in Eq. 1: (

V = X/(X+Xe) (1) Fig. 1. SG feeding an IM R not considered
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The behavior of an SG/AVR during the starting of With SE1 the voltage ¥ vy is maximum output
the IM is presented in Fig. 3: if the SG operatéhwo  voltage of exciter and 34cv1fR; is the maximum field
load, field current is {§ and corresponds to the currentthat the Excitation System could supplyhwite
conduction angldy<b; if the generator feeds a partial conduction angle fully opened. In the IM starting
load, the armature current (load current) isand the process, after reaching its maximum valug, Ibad
corresponding field current is, and conduction angle current decreases tg, land } is reduced, oscillating for
will be b1, after starting the IM the SG’s new load is Some time, then stabilizing at.lIn Fig. 3 (bottom) the
supposedly nominal and will be,) the field current} incremental rate of the field current with CV1 a0d?2

and conduction angle will bb2. When the IM starts are presented. It is evident that the higher the ta/
the current is k and the conduction angle will tend to faster the recovery time. The incremental rate ddue
180. Figure 3 (top) also presents the voltage sag whefi@lled the slew rate, a phrase often used in aiewif
the load (IM) is applied and presents the behavidhe ]

field current: with SE2 the voltagesycvz)is maximum  Damper and “transformer effect” of field: In load
output voltage of exciter and gMcvofRi is the varlat|0n§ or in short circuits other variablesclsias
maximum field current that the Excitation Systernldo  the contributions of damper and “transformer effedt

supply with the conduction angle fullppened. the field, must be taken into consideration.
Figure 4 presents a proposal for the simplifarati

of a block diagram for a SE in accordance with Big.
adapted from IEEE 421.5 (1992).

( L _\ P, When load changes fromy kol (Al = I »-114) the
”. " : s T'd
g A A

damper coil contributes withgl= Kig.e T

LA C J_‘ Kia= AlL.NS/Ng (2)
. | Further, the main field contributes witlhl;
7 (transformer effect) beyondt |
CR ; : RC| ,
C MA ME___AVR Al = Ky €T 3)
Fig. 2: SG with Static Excitation with AVR and Karr = AlLNs/N )
compound )
In Fig. 4 these values are represented by the&bloc
vin K/ (s+1/T7") and Kya/(s+1/T'y) (Ogata, 1996). Thus

VI Ve the real field current at t =tOwill be I+ I,q+Al; where

i ) the last terms are load dependent only during the s
transient and transient periods.

g The disadvantage of self-excited systems is the

ke i reduction of voltage in the supply of the exciter-

regulator system. Some manufacturers use a
compensation system as presented in Fig. 2: when th
current load increases, the compensator accordingly
supplies more current for the field.

DC generatorsfor excitation systems are no
longer used. Nowadays most RE systems are brushless
(Abdalla and Anwar, 2007). They can be self-excited
or they can have a pilot exciter as in Fig. 5, vehigre
pilot exciter is a Permanent Magnet Generator (PMG)
The advantage of this kind of excitation is a serall
Fig. 3: Incremental rate of excitation system igéhg  drop in the feeding of the AVR than in the self-iéad

regulator system.

Vsrewy
R
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Fig. 4: Simplified block diagram of an SE
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Fig. 5: Brushless RE with PMG corresponding to ACQfgkn IEEE 421.5 (1992)

It is supposed that in this kind of excitatiorlesst Field current from the compound (if connected) is:
three time constants are involved, besides the time
constant of the regulator which is not normallyeak
into consideration: exciter fieldd armature } (not
considered) and main field; F T'4,. An independent
source (PMG) feeds the AVR. Exciter field curregt i
from the AVR may be represented as:

itec = Vied/Rie.(1-€7TF)

Where:
Vg = The voltage rectified from AVR
Ve = The voltage from compound system (rectified)

When the exciter voltage output isdé = Ky
ite = Vie/Rig.(1-€ 'TE) (5) after rectification it will be ¥pc = V.
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Fig. 6: Block diagram for rotating brushless typeitation

When V is applied in the field, the field responds The excitation limiter detects any excessive field
with I with the time constant J3. With a non- current and diminishes to the value previously
saturated constant load terminal, voltage will hg &  established.

I.Ko. When the load changes the damper coil and _ _ .
“transformer effect” of the field coil contributeitiv I,  Models for simulation: The classical approach
andAl; as previously stated: presented good results in steady state situationadi
in transient ones. Computational simulations presen
values in the time domain. The models in dqO predos
by Park in 1929 and used nowadays in several stdtwa
programs such as Matlab (Simulink) relate all tados
it =Vi/Ry.(1-€™) ) parameters to the direct and quadrature axes viich
with the rotor axis (Ong, 1998).
So the recovery time is longer than in the SE This study also proposes an abc model to simulate

systems. In this case (SE), some manufactureropeop € SG’S behavior (Penin, 2004). The results adgo
the use of x, instead of %, in Eq. 1. with both the dg0 and abc models. However, the

processing of the dq0 model is three times fastan t
that of the abc model proposed. The processingef t
abc model calls for the calculation of the matrik o
differential equations with variable components.

The abc model’s voltage is represented by:

Vepc= Vi = Kyl (6)

In a system with PMG there is a voltage drop in
AVR feeding when the load is applied in the SG, ibut
is smaller than in the self-excited systems. Figéire
presents a block diagram for the RE brushless witle
an auxiliary exciter with PMG, corresponding to a
Slmpl_lfled AC1A (lEEE 421-5, 1992) In rated .load [Vi] - [rl][ll] + [L“]d[h]/dt"' [h]d[L”]/dt (8)
conditions there is a corresponding field currdritis
value might only be exceeded for a short time WiV yhere j and j can represent stator and (or) rais.d=or

going beyond the thermal limit. ANSI Standard C20.1 the phase “a” the expression (8) may be expresed a
(1977) and Ong (1998) establishes limits for theddfi

winding of round rotor generators in accordancehwit o . L
the following points: Vo =rdo+L pi High #Lopi & pk

+ Lacpic+i tpL ac+LL af+pi f+i pL at  (9)
Time (sec) 5 10 30 60 120 . . . .
Field current 300 208 146 125 112 Tladlo Tl aath ol @t g
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The elements L are a function of the rotor angle  Expressions (10) and (11) have the same meaning
(except rotor inductances) and therefore are a timalthough some + and - signs have been changed
function: they vary with the rotation of the rot@o the  because different references have been adopted.

solution of phase quantities directly is very diffit . : . :
P q y Y Computational simulation: The computational

because of these time-dependent coefficients. dieror ; :
: . ._processing of 250 kVA SG feeding IM 1 of 40 HP and
to calculate phase current from flux linkages it 'sstarting IM 2 of 75 HP results

necessary to compute the inductance matrix foryeverWith CV of 2.7:
time step, but as inductances are time-dependent thSag of 38 8°’A).
computation of the inverse matrix is time-consumingWith a CV'0f5 4
and problems of numerical stability could result. Sag of 31_'32'% (Fig. 7)

The dg0 Park model is well known: after relating ’
stator values to rotor axes d and q and adding zero
sequence the following set of equations is produced SG of 250 kVA:

Xq=2.5,%x=0.084; x=1.8; x4=0.22 X3 = 0.12;

« Equation 10 is in accordance with Ong (1998) andk” = 0.09; Tgo= 4; T"g0 = 0.0309 Tg = 0.0259;

Parameters of the machines are:

Simulink MATLAB: rs= 0.003
. : . " IM 1 of 40 HP:
Vo= ledq PO L gt L ) +L ) r,=0.122 x= 0.262 1/ = 0.083 X, = 0.632 ¥, = 13.26
+P(((Log +L i gL
o e kz_. IM 2 of 75 HP
Vo =g =PO (L gL ) +L g ) (10)  Ts=0.048 x=0.1019 r; = 0.0315, X = 0.2397
(gLt +L o i Xm = 16.26

In this simulation the value of the CV was 2.7.

V, =0 tpPid-
o e © RESULTS AND DISCUSSION

*  Equation 11 in accordance with Kundur (1994): Experimental field results: Experimental results of

250 kVA SG feeding IM 1 of 40 HP, starting IM 2 of

€, =Ry tor(=igl + L o+l 75 HP with the same parameters of computational
. . simulation presents sag 40% with recovery time ®f 5
+Pp(=Lgiy +Lad W Hz or 0.9 sec.

The analysis of Fig. 8 confirms values similar to

€ = ~Radgm0rCil o+ L ad i (11)  those simulated. Magnetic switch opens after some

+o(-i.L. +L .. +L i cycles then voltage increases, the magnetic switch
PCgkg +Lad 0¥l ab closes voltage decreases and the magnetic switfisop
€, = —R, i, — pL,igor again. The IM started but contacts of magnetic cwit

might be destroyed.

'i[‘HéH!"iHH L, " IH o |

| mef |‘|.|“|i|.i1‘:‘|i|‘|?||i|H||! ' ' : - l'|”|l|\“|l\||“1|m

Fig. 7: Computational simulation: Sag of voltagdtia ~ Fig. 8: Experimental result: sag of voltage in the
starting of the 75 HP IM starting of the 75 HP IM with a CV of 2.7
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