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ABSTRACT:

This paper introduces deep and careful theoritical and
experimental investigatione of the magmetizing inrush current
(¥,.XI.C.) phenomenon in single phame power traunsformers, All
galient parameters influencing M.l1.C. waveform and particu-
ghed by the control of the instant of switching the supply to
the tranaformer, the factor which appreciably affects M.l1.C.
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8,p 18 the gaturation angle for nih cycle.

\] is the r.m.s. value of the supply voltage.

& 18 the desaturation angle at which the magnetizing curr-
ent is selmost zero at the end of the nih cycle.

BR is the residual flux dengity in the core when the switch
is cloged at -180° in Tesla. .

Bm is the pesk flux dengity in the core due to the applied
sinusoidal wolimge k in Teslsa.

BRL Saturation limit of the residual flux density.

Ie rms current for the ntih cycle.

R resistance of the primary winding.

Leakage reactence of the primary winding.

Z Impedance of the primary winding.

1 instaneous value of the magnetizing current.

t time.

w

1

>

angular frequency of the supply.
+ INTRODUCTION:

The magnetizing inrush current of a transformer is &
transient phenomenon which 1eg accasionally observed when
it is being switched-on. Its megnitude and behaviour are
affected conasiderably due to several factors of switching-
on instant, amount and polarity of the actual residual
magnetism in the transformer core, comndition and type of
the secondary loading and the addition of the circuit ele-
ments in its primary mside. (1). It may reach too high
values and ceause a momentary dip in the voltage if the
impedance of the source is c¢ongiderable. It may, conae-
quently, trip the overload or common differentiel relays,
if they hsve been set too close.
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Thua, this phemomenon hes & mtupendous attention for
investigation, Many researchers have disoussed and analy-
ized M.I.C. 80 that reasonable cirouits are designed to
help the protective spystem to have & discrimination between
the internal fanlt and magnetizipg inrush currents (2).

In the present paper, the magnetizing inrush current(M.I.C)
phenomenon with ite waveform and the parameters affecting
11, are deeply investigated analyticelly and experimentslly.

In the laboratory many oscillograms are recorded for
M.I.C. st all the prementioned conditions. In order to
switch~on the transformer at any selected instant of the
supply voltage waveform, & solid-state synchronous switch
is depigned, built-up mnd used (3).

2. THEORITICAL INVESTIGATION OF K.I.C. PHENOKENON:
2.1. Kathematical expressions of M.I.C, The Instantaneous
Value:

i The inrush curreat in ithe saturstion reglon 1s given
by (4).

{ z 2 VX

72

R R
1} ” 8in wi-cop wt +f(—z— sin esn + ¢cos esn)

B ¢
exp (-—i— ('t + esn)) S no‘c‘o(l)
where, 0 = 1,2,3,... 15 the number of cycle.

The current returns to zero value at wi =  which 1s
obtained from the solution of the following“equation.

R R
= glnwy - CoBw, +07E— sin 6_, + cos een)' exp

R
(- (K, +©,,)) =0 eranea(2)

Average value of the Inrush current:
The average value during the nth cycle is (4)
I, = (Y2 /27 R)(cos ox = cos 8 ) veseee(3)

Algo, the average value for n cycles is (4)

I, = jf: Iav)/n a( {2 V/2IXRn)(come<  ~ com € 4)...(4)
1

R.M.S. value of the Inrush curreat (4)

Por the nth cycle,
I =(V/2) 7 2)(2(<, + € )= 8in 2o, - 8in 2 O

X
-(cos 2 = com 2 esn)('ﬁ')) cesnesl(5)
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where, o< = as(nﬂ)
For n puccessive cycles, the rms current 1s given by:

< 12)/n)% 6
Le 7 ceeenn(6)

Peak value of the nth cycle

The first few cycles of the inrusn current have severe
peaks. The peak value of the nth cycle is as follows(4):

Ipn & ( 2 V/R) ein Bn ---an-(?)

where (-B ) is the angle at which the peak value occurs and
is determ¥ned from the solution of the equation.

X B R &
Cop Bn - T sin n = (_X— ain Osn + COB ﬂn).

exp (-%— (6, = By)) weveen(8)

As the paturetion angle of the pervious cycle, it becomes
possible to determine the saturation aungle for each of the
guccegsive cycles. (4, 5, 6).

2.2+ Parameters Influencing M.I.C., Charscteriptics:

2.2.1. Bquivalent resistance/reactance ratio of
the transformer:

The waveforms of M.I.C. at various cases of
B/X sre deduced and shown in Fig.(l) for By = B and Bg=l.4
uging the above equations (1, 4, 6, 7). The investigation

of these waveforms diaplay the following features:

{1) As R/X has & high retio (2 or 10), M.I.C. reaches
one p.u. {(referring to the full load value of the transfor-
mer) after a very limited number of cycles and time, e.g.
for R/X = 2, 2 cycles and for R/X = 10, only one cycle.

Algo, this number of cyclea are also obtained to have
0.05% p.u, for the game BR'

{2) Regarding the pesk value of tne first cycle, we
remark that it has & limited value as R/X ratio increases.

{3) ¥.I1.C. has the condition of 6 = O (i.e. desatur-
ation region i.e. there is no inrush clrrent) after 160
cycles when R/X = 0.09 and B, = Byp» while it reaches this
K?lue after 16 cycles at R/X 'a 2, and 6 cycles ouly when

X = 10,
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Thie indicates, clearly, the comnsiderable effect of in=-
perting an external reslstence in the trapsformer primary
circult.

2.2.2. Initisl Repldusl Megnetizm:

The waveforms of M.I1.C. are derived and shown in
Fig.(2) for different resldual flux dengities of By, 0.8 By,
0,-0.8 By and -By. The instants of having 1 p.u., Q.05 p.u.
and ?5)3 C are determined for any constralant as revealed in
Fig. .

Also, lower values of B, lead to reduced I, of the first
cycle which is valid also fo§ the other cycles " for the pame
ingtent. On the other hand, the rate of decay of M.I.C. is
faster in the case of higher ones.

Researching for the cesges of Bp = -0.8 By, and By = =Bp,
it can be concluded that there is no saturation phenomenon
that ig there is no W.I.C. flowing in these cases.

2.2.3. Materisl of transformer laminations:

This item concerns with the effect of the core
material of the transformer upon the characteristica of the
u.1.C. This is accowmplisned by selecting differeat values
of saturation flux density (B_). Under each of different
conptraints of Bk, the K.I.C. waveforms are deduced mathe~
matically and plotted for various conditions of B, as shown
in Figs.(3) and (4). All these cases are resesrcged for a
unified ratio of R/X = 0.09,

These figures explasin for each case the lnstant of
heving M.I.C. to be one end C.05 p.u., {i.e., it yields the
unumber of cycles after which M.I.C. having these values
measured from the switching-on instant.

The following features are noticed out of these chara-
cteristicg:

(1) The number of cyclesm passed to heve K.I.C. be one
and 0.0% p«ds 1g the pame independent of varyilng the type
of core material. This conclusion is obtained under the
regtriction of having BB = 0.8 Bm.

(2) The peak value of the first cycle of M.I.C. is
inversely proportionsl to B_. Thus it is recommended to
have a core material of havfng high By value aa practically
es 1t i1s posasible (like stalloy,...).

(3) Bventually, by studing tne influence of B, on M.I.C
waveforms, one can conclude that under the restric%ions of
Bg = -0.8 B, end high value of B_(1.2 B, and 1.4 By), there
is no saturation occurred which fleans zero M.I.C.
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However, for s core materisl having E, = By and Bgy= -0.8
Bm, the M.I.C. pemk of the first cycle readhes 8 reasonable
value of 2 p.u., and decays t1ll it hae 1 p.u. sfter la
cycles.

2.2.4. Seturation angle(8,) (spproximately switching angle)

8, 1s the angle at which saturation occurs and 1is
(see Pig.(5)).

8y = cog™1 (Bg - By - B_)/By cereedl9)

given by (4)

The limit of saturation stage ig assigned by baving,
8g = 0, which is corresponding to gzero ¥.I.C. (as concluded
from Eq.(1) by putting wt = 8, = 0.

Thug, by substituting this constrasint iu equation (9), we
have,
(B, - By

) =2 B -....-(10)
L m

The effect of 8, on the peak value of tne firgt cycle
K.I.C. is illustrated in Pig.(6) for different core materi-
als, RB/X ratios and initial residual flux densities.

3. EXPERIMENTAL VERIFICATION:

0 W W RS A hes e W S M U WD e e Wy S0 M VD D D A Mt e s

The goal of this section is to investigatein the labor-
atory-M.I1.C. and explore to what extent different parameters
influencing ite characteristics. This is necessary to have
more and better understanding of M.I.C. to countermct its
effect on the falsge operation of the Vtripping circuit of the
differential protection system respensible for the trans-
former.

One of these important factors is what is called the
saturation or switching angle (88) measured on the supply
vol tage waveform.

Thue, s certsln means or switch must be proposed to
control this parameter. In the following item, & solid
state pynchronous swich will be proposed using toyristors
as its main elements.

3.1. Proposed syanchronous gwitch:

Many circuite were proposed and examined to be used
as a synchronous pwiteh, (3) these circuilts are shown in
Figs. (7; 8, & 9). 7The third circuit shown in Fig.(39) ie
opted design which verifies more mdventages then the others.
It has been used in our experimentsl investigation. I%,
mainly, consisls of:

(a) A triggering circuit.
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(b) 4 sleve thyristor 5; with its triggering circuit.
(¢) A main thyristoxr 5q -

The thyristor 5; triggring circuit lp based on the
unijunetion transistor. The output of the rectifier bridge
Dy is clipped by the gener diode 2 at a constant voltage
level Vy, and becomes similer to a”Dattery of emf V, volts.
The zener diode voltage in synehronizid with the supply
voltage. Then the unijunction trsmelstor and pulse trans-
former (P.T.) generate the trigger pulse for operating 5,.
The varieble resistance R3 is used ag a controller resis-
tance for firing Sl‘

Whenever S, conducte, C,; charges mnd mainising a suf-
ficient charge }ong enough dGring the positive half cycle
%o aspure the firing of S, regardless of tne loads phase
shift. This design makes it possible for S; to trigger at
zero phage shift during the negetive helf cycle. Almo, it
giveg & phase control from 15° to 170° during the positive
half cycle and makes the gecond thyristor 82 glave for the
main thyristor 5,.

B.é. Test conditions, oscillograms and discussions:

Ogelllograms of M.I.C. have been recorded at various
constrainte of switching instant, ingerting en external resi-
stor in the transformer primary circuit (i.e. different
ratios of egquivalent transformer resisgtance to equivalent
transformer reactence), different transformer types and
various its secondary load types.

The switching angle (@g) effect is examined solely
keeping otner factors be fixed. The corresponding oscillo-
grams are (O-1) and (0-2) for 8, = 45° and 90° reapectively
with the pame Rgy and the aeconﬁary to opened. These oscil-
lograms displsy the sustained peek of the first cycle of
M.I.C. whicn demonstrates that this peak vealue at 90° is
considerably less than that of 45°., This conclusion coin-~
cides with that attained due to the theoritical analysis.

Oscillorgrams (0-3), (O-4) and (0-5) depict the sust-
ained peak value of the first cycle of M.I.C. in addition
to its decay with R, being diesconnected for different g
nearly 90°, (st whicn the peak of the positive nalf cycle
of the aupply voltege occurs) better hehaviour of M.I.C.
is attelined.

To aspess the external resistamce affect the ogcillo-
grams (0-1) and (0-3) for 85 = 45° and (0-2) and (0-5) for
8g = 90° can be studied and tne following table shows at
O = 45° the peak value of M.I.C., as & ratio of that of no
load value for various Rex:
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Bex 0.00 43.00

IE.I.C./IOp 13.33 11.11

which explainas the wlignht effect of vaeriations in Rex'

The preceding oscillograms concern with & shell type
itransformer of 500 VA and 220/110 V and its secondary bs
opened.

As the secondary has been lomded it is expected that
M.I.G. has different benheviour depending on the losd type.
Thus, with the ald of the synchronous swiich, oscillogrsms
(0-6), (0~7, (0-8 and (0-9) display the M.I.C. character=
istics with sll practicelly possible load types for cons-
tant 8, (15°)., The pesk velue of the first cycle is dedu-
ced &nﬁ expressed in terms of the peak of no load curreat
(Iop). The respults are summarizid in the following table:

Load type no-lcad Resistive inductive capacitive

H.I.C./Iop 16.67 6.67 28.89 13.33
Load type R-C in peries
M.I.C./Iop 11.11

411 these ratios are derived for 85 = 15° which is
relatively far from the preferable angle (90°). It can be
seen that the M.I.C, for & resistive losd has a lower ratio
compared with other load type, This is, of course, prefer-
able from tne precticel point of view-unfortunsately, the
worst condltion belonging to thie ratio occurs st the
inductive load type which is practically, the moet common
one. 7Thus, it is recommended to have & reasenable pesk
for M.I.C., which consequently helps the discriminative sub-
system of the protective gystem to avoid the fslae tripping.

With the auto-transformer type (750 VA, 220/110 V),
the precedlng steps of investigation for shell type are
repeated. Thus, the switching angle (8g) effect is fully
investigated end 1ts corresponding oscillogrems {(0-10),
(0~11} and (0-12) are shown. HNumerically, the differen-
tiation of peak value of M.I,.C. of the first cycle between

these cages 1s demonsirated as a ratio of peak of no load
current as follows:

69 15° 45° 90°
Ipleop 72,02 52.00 12.00
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I%¥ is umequivocal, that a considerable reduction of
M.I.C. 18 achleved at 84 = 90° at which its ratio reaches
only about 16.7% of that at 6, = 15°.

Ogecillogrems (0-11), (0-13) end (0-14) explain the
advantageous effect of inserting an exteranal resistance
for auto-transformer than that for the ghell-type.

The epecified ratios of the k.1.C. peak are illustrated

Rex( ) 0.00 21.50 43.00

as

Ipl/Iop 52.00 23.33 10.00

Thua, for auto type transformer, en apprecisble redu-
ction in M.I.C. peak value ig obtained by inserting an
external reeistance. This reduction has an amount at 43.0
of one fifth of that at the cese of having no resistor.

It is recommended to disconect an externel regletor
at the steady stste condition to have the full applied
voltage keeping it only at the switching~on instent.

4. CONCLUSIOQNS:

- D 2o W e o

M.I.C. is & transient phenomemnon which affects the
correct and sensitive tripping of the differentisl protec-
tion for the power transformer. Thus,it nes a stupendous
sttention for investigation.

This paper prepents a deep and careful analytical and
experimental investigation for M.I.C. in single phaae power
transformer.

General mathematicel expressions are given for compu-
ting the characteristics of M.I.C. for any constraints
including time, 68, R/X, Bp and Ba‘

A propoged synchronous switch is designed &nd constru~
cted for tne experimentsl work, By the aid of this switch,
switching sngle could be controlled in & simple manner of
this work. The significent conclusions can be stated as
follows:

l, For both types of transformers, it is advantageous
to have the swiltching lnstant to he occurred as cloase as
possible to the instent of peak voltege (6, = 350°). The
¥.I.C. peak at this instent reaches sbout Y6.7% of that at

e, = 15?.
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2. Por shell-type, & slignt effect, regarding M.I.C.
is noted on changing Rgyxy by a consider-able amount. On the
contrary, an appreciabie reduction in ¥.I.C., is atteined
for euto-transformer, witn speclified values, 1t has, at
Rex = 43 one fifth of thet at Rge = 052 . This 1s
ascribed by the fact of having smaifer impedance angle{ ™)
for the former then that of the auto one.

3. The switching inrush current (S.I.C.) with & resis-
tive load has the emallest ratio to I, in comparison,
With other types. However, the worst "condition occcurs for
the inductive one: it hes & times of the S.I.C. &t the resi-
sfive load.
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