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"EXPERIMENTAL INVESTIGATION~ OF MAGNETIZING 
INRUSH CURRHT IN POWER ~RANSlORKER USING A PROPOSED 

SYNCHRONOUS SWITCH-

BY 
M.H.E1-Kaghraby·, F.A.E1-Ge1daw1 ~ H.H.E1-~ama1yEE 

ABS~RAC~. --------

E.1 

~his paper 1ntroduces deep and careful theorit1oal and, 
experimental 1nTestigatioDS of the magnetizing inrush current 
(K.I.e.) phenomenon in single phase power transformers, All 
salient parameters influencing •• I.C. waTeform and particu­
shed by the control of the instant of switching the supply to 
the transformer, the factor which appreciably affects K.I.e. 
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is the saturation angle for nth cycle. 
1s the r.m.s. value of the supply voltage. 
is the desaturation angle at which the magnetizing curr­
ent is almost zero at the end of the n1h oycle. 
is the residual flux density in the oore when the switoh 
is closed at -1800 in Teala. • 
is the peaK flux density in the core due to the app11ed 
s1nusoidal Tol tage J; in 'reela. 
Saturatl,on limit of the residual flux density. 
rme current for toe n1h cycle. 
resistance of the primary w1nding. 
Leakage reactance of the primary winding. 
Impedance of the primary winding. 
instaneous value of the magnetizing current. 
time. 
angular frequency of the supply. 

1. INTRODUCTION, 

~he magnetizing inrush current of a transformer is a 
transient phenomenon which 1e accasiona1ly obeerTed when 
1t is being switched-on. Its maghitude and behaviour are 
affected considerably due to several factors of Bwitching­
on instant, amount and polarity of the actual residual 
magnetism in the transformer oore, condition and type of 
the secondary loading and the addition of the circuit ele­
ments in its primary side. (1). It may reach too high 
values and cause a momentary dip in the voltage if the 
impedance of the Bource is considerable. It may. conse­
quently. tr1p the overload Or common differential re1aya, 
if they have been set too close • 
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fbus, this phenomenon has a stupendous attention for 
inves tigation. JIe.Jly researchers have disoussed and analy­
ized •• I.C. so that reasonable circuits are designed to 
help the protective system to have a discrimjnation between 
the internal fault end magnetizing inrush currents (2). 
In the present p"'per. the magnetizing inrush current(K.I.O) 
phenomenon with its waveform and the parameters affecting 
it, are deeply investigated analytically and experimentally. 

In the laboratory many oscillograms are recorded for 
•• I.C. at all the prementioned conditions. In order to 
switch-on the transformer at any selected instant of the 
supply voltage waveform, a solid-state synchronous switch 
is designed. built-up and used (3). 

2. fHBORITICAL INVESTIGATION OP •• 1.0. PHENOMENON. 
2.1. Mathematical expressions of M.I.C. The Instantaneous 

Value. 

The inrush current in the saturation region is given 
by (4). 

j..JL sin 
, X 

wt-cos wt + (..JL sin a x an 
:Ii -, 

exp (- -X- (wt + 6an» J •••••. (1) 

where. XI. .,.. 1,,2,),., •• is the number of cycle. 

The current returns to zero value at wt = • which 1B 
obtained from the solution of the followi~equation. 

R T sin u(n - coso( n 
R 

+(-X- sin esn + cos esn)' exp 

( ~ (O(n + 6sn» 4 0 ...... (2) 

Aversge value of the Inrush current. 
The average value during the n1S cycle is (4) 

lav = (12 V/2 IT R)(cos 'Xn - COB 9sn) ...... 0) 

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

I An-( ± Iav)/n .( f2 V/2T\Rn) (cos"'n - cos 6s1) ... (4) 
1 

R.W.S. value of the Inrush current (4) 

Por the n1S cycle. 
I e-(V/2 (" Z)(2( <><n + 6sn)- sin 2 "'n - sin 2 esn 

1: 
-(COB 2o\n - COS 2 esnHT)) ...... (5) 
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For n successive 
n 
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oycles. the rms current is given by: 

i2)/n)l:i •••••• (6) 
8. 

Peak value of the nla cycle 

The first few cycles ot the inrusn current have severe 
peake. The peak value of the nla cycle i. as followe(4), 

lpn ~ ({2 VIR) sin Bn •••••• (7) 

where (-B ) is the .~le at which the peak value occurs and 
is determined from the solution of the equation. 

X R 
Cos Bn - R sin Bn = (-X- ain 0sn + cos 0en)' 

R e:rp (X (tlen - Bn)) •••••• (8) 

As the saturation angle of the pervious cycle, it becomes 
poasible to determine the saturation angle for each of the 
successive cycles. (4, 5, 6). 

2.2. Parameters Influencing M,I.C. Characteristics: 

2.2.1. Equivalent resistance/reactance ratio of 
the transformer: 

E.) 

Th. waveforms of M.l.C. at various cases of 
H/X are deduced and shown in Fig.(l) for BR • Bm and Be=1.4 
B.. using the above equa tiona (1, 4, 6, 7). The investigation 
or theae waveforms display the follow1I~ features: 

(1) As R/X has a high ratio (2 or 10), M.l.C. reaches 
one p.u. (referri~ to the full load value of the transfor­
mer) after a very limited number of cycles end t1me, e.g. 
for R/X • 2, 2 cycles and for R/X = 10, only one cycle. 

Alao, this number of cycles are also obtained to heve 
0.05 p.u. for the same BR• 

(2) Regardi~ the peak value of the first cycle, we 
remark that it hes a limited value aa R/X ratio increases. 

() M.l.C. hes the condition of e • 0 (i.e. deaatur­
ation region i.e. there i. no inrush carrent) after 160 
cycles when R/X ~ 0.09 and ~H ~ Bm' While it reaches this 
value after 16 cycles at R/x--. 2, and 6 cycles only when 
R/X • 10. 
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This indicates, clearly, the considerable effect of in­
serting an external resistanoe in the traneformer primary 
ctrcui t. 

2.2.2. Initial Residual Yagneti~' 

The waveforms of M.I.C. are derived and shown in 
Fig.(2) for different residual flux densities of Em, 0.8 Em, 
0,-0.8 Bm and -Em. The instants of having 1 p.u., 0.05 p.u. 
and 9s ~ 0 are determined for any constraint as revesled in 
Fig. (.) • , 

Also, lower values of B lead to reduced I of the first 
cycle which is valid also fO~ the other cycles Pfor the same 
instant. On the other hand. the rate of decay of M.l.C. is 
faster in the case of higher ones. 

Researching for the cases of Ba = -0.8 Bm, and Ba • -Em, 
it can be concluded that there is no saturation phenomenon 
that is there is no W.I.C. flowing in these cases. 

2.2.). Material of transformer laminations: 

This item COllcerns with the effect of the core 
material of the transformer upon the characteristics of the 
k~I.C. This is accomplished bl selecting different values 
of ssturation flux density (B). Under each of different 
constraints of BR' the ~.I.C.Bwavefor.ms are deduced mathe­
matically and plotted for various conditions of Ba as shown 
in F1ge.() and (4). All these cases are researched for a 
unified ratiO of a/x. 0.09. 

fhese figures explain for each CBse the instant of' 
having M.I.C. to be one and 0.05 p.u., 1.e., it yields the 
number of cycles after which M.l.C. having these values 
measured from the switching-on instant. 

The following features are noticed out of these chara­
c ter1stiCa: 

(1) The number of cycles passed to rmve M.l.C. be one 
and 0.05 p.u. 1s the same independent of varying the type 
of core material. This conclUsion is obtained under the 
restriction of having BR • O.H Bm' 

(2) The peak value of the first cycle of M.I.C. is 
inversely proportional to B. Thus it is recommended to 
have a core material of havfng high Bs value as practically 
as it is possible (like stalloy, ••• ). 

() Eventually, by studing the influence of B on M.l.C 
waveforms, one can conclude that under the restric¥ions of 
Ba 2 -0.8 Bm and high value of Bs (1.2 Bm and 1.4 Em), there 
ia no saturation occurred which means zero U~I.C. 
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However, for a core material having B • Bm and BR= -0.8 
Em, the K.I.C. peak of the first cycle rea~he. a reasonable 
value of 2 p.u., and decays till it has 1 p.u. after 12 
cycles. 

2.2.4. Saturation angle(S ) (approximately switching angle) " s 
6a ia the angle at which saturation occurs and is 

given by (4) (see Fig.(5». 

6 = oos-l (B - 1L - B )/Bm ...... (9) s s -J;t m 

The limit of saturation stage is assigned by having, 
@s = 0, which is corresponding to zero M.I.C. (ss concluded 
from Eq.(l) by putting wt • 6en • 0). 

Thus, 
have, 

by substituting this constraint in equation (9). we 

(B - SR ) • 2 B 
s L m 

.. " .. " .... (10) 

The effect of Son the peak value of tne first cycle 
M.I.C. is illustratea in Fig.(6) for different core materi­
als, RjX ratios and initial residual flux densities. 

:I. ~!'!!.!~!'!!!H:_~!'!!!:!£~!!9!!: 
:!he goal of this section is to investigatein the labor­

atory-M.I.C. and explore to wbat extent different parameters 
1~fluencing its characteristics. This is necessary to have 
more and better understanding of M.I.C. to counteract its 
effect on the false operation of the tripping circuit of the 
differential protection system respensible for the trans­
former. 

One of these important fectors is what is called the 
saturation or Bwitching angle (6s ) measured on the supply 
voltage waveform. 

thus, a oertein means or switch must be proposed to 
control this parameter. In the following item, a solid 
state synchronous Bwich will be proposed using tnyristors 
as its main elements. 

).1. Proposed syncrrronous switoh, 
»any circuits were proposed and eX&mined to be used 

8S a synchronous switch, (:I) these circuits are shown in 
Figs. (7, 8, & 9). ~he third oircuit shown in Fig.(9) is 
opted design which verifies more advantages than the others. 
It bas been used in our experimentsl investigation. It, 
mainly, consiBts of: 

(a) A triggering cirouit. 
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(b) A slave thyristor 02 with its tri6ger1ng circuit. 
(c) A Main thyristor Sl' 

The thyristor Sl triggring circuit is based on the 
unijunction transistor. The output of the rectifier bridge 
Dl is clipped by the zener diode ZJ3 at a constant voltage 
level Vz • and becomes similar to a battery of emf Vz volts. 
The zener diode voltage in syncnronizid with the supply 
voltage. Then the unijunction transistor and pulse trans­
former (P.T.) generate the trigger pulse for operating Sl' 
The variable resistance R) is used as a controller resis­
ts""e for firing Sl' 

Whenever Si conducts, 03 charges and maintainB a suf­
ficient charge ong enough d~ing the positive half cycle 
to assure the firing of S2 regardless of the load. phase 
shift. This design makes it possible for 82 to trigger at 
zero phase shift during the negative half cycle. Also, it 
gives a phase control from 15° to 170° during tne positive 
half cycle and Makes the second thyristor 02 .lave for the 
main thyristor 51' 

3.2. Test conditions, oscillo§rams and discussions: 
Oacillograma of M.l.C. have been recorded at various 

constraints of switching instant, inserting an external resi­
stor in the transformer primary circuit (i ••• different 
ratios of eqUivalent transformer resistance to equivalent 
transformer reactance), different transformer types and 
various its secondary load types. 

The switching angle (e.) effect is examined solely 
keepiU6 otner factors be fixed. The corresponding 05cil10-
grBmS are (0-1) and (0-2) for e = 45° and 90° respectively 
with the ssme Rex aud the seconftary to opened. These oscil­
lograms display the sustained peak of the first cycle of 
•• I.C. which demonstrates that this peak value at 90· is 
considerably less then that of 45°. Thi. conclUsion coin­
cide. with that attained due to the theoritical analysis. 

Oscillorgrams (0-3), (0-4) and (0-5) depict the sust­
ained peak value of the first cycle of M.l.C. in addition 
to its decay with Rex being disconnected for different es 
nearly 90°, (at "hicn the peak of the positive half cycle 
of the supply voltage occurs) better behaviour of M.l.C. 
is attained. 

To assess the external resistance affect tne 0501110-
grams (0-1) and (0-3) for Ss = 45° and (0-2) and (0-5) for 
as • 900 CBn be studied and the following table shows at 
Ss = 45· the peak value of M.l.C. as a ratio of that of no 
load value for various Rex: 
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0.00 
l).)} 

43.00 
11.11 

which explain. the .l~ht effect of variations in Rex' 

The preceding oscillograms concern with ~ shell type 
transfo~er of 500 VA and 220/110 V and its secondary be 
opened. 

As the secondary has been loaded it is expected that 
M.l.C. has different benaviour depending on the load type. 
Thus l with tbe aid of the s3Uchronous switch. oscillograms 
(0-6). (0-1. (O-B and (0-9) display the K.l.C. character­
istics with all practically possible load types for cons­
tant S. (15°). The peak value of the first cycle is dedu­
ced an4 expressed in te~s of the peak of no load current 
(lop) • Tne results are sUlnmarizid in the following table. 

Load type no-load Hesiativ. inductive capacitive 

M.l.C./lop 16.61 6.67 28.89 
Load type R-C in .erie. 
K.I.C./lop 11.11 

All theee ratios are derived for Bs = 15° which i. 
relatively far from the preferable angle (900 ). It can be 
aeen that the M.I.C. for a resistive load has B lower ratio 
compared with other load type. This is. of course, prefer­
able from tne practical point of view-unfortunately. the 
worat condition belonging to thie ratio occurs at the 
inductive load type which is practically. the most common 
one. Thus. it is recommended to have a reasenable peak 
for M.I.C. which consequently helps the discriminative sub­
system of the protective syetem to avoid the false tripping. 

With the auto-transformer type (750 VA, 220/110 V), 
the preceding steps of investigation for shell type are 
repeated. Thus, the switching angle (Sa) effect is fully 
inveetigated and its corresponding oscillograme (0-10). 
(O-ll} and (0-12} are shown. Numerically, the differen­
tiation of peak value of M.l.C. of the first cycle between 
these cases is demonstrated as a ratio of peak of no load 
current as follows: 

15· 
72.02 

45· 
52.00 

90· 
12.00 
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It is unequivocal, tbat a considerable reduction of 
M.l.c. is achieved at e~ a 90° at which its ratio reaches 
only about 16.7% of tbat at es = 15~. 

Oscillograms (0-11), (0-1) and (0-14) explain the 
advantageous effeot ot inserting en exteranal resistance 
for auto-transformer than that for the ehell-type. 

The specified ratios of the •• I.C. peak are illustrated 
as 

Rex{ ) 0.00 21.50 4).00 

IpI/lop 52.00 2).)) 10.00 

Thus, for auto type transformer, an appreciable redu­
ction in M.I.C. peak valUe is obtained by inserting an 
external resistance. This reduction bas an amount at 4).0 
of one fifth of tbat at the case of having no resistor. 

It is recommended to diseonect an external resistor 
at tbe steady state condition to have the full applied 
voltage keeping it only at the ewitcldng-on instant. 

4. CONCLUSIONS, -----------
M.l.C. is a transient phenomenon which affects the 

correct and sensitive tripping of the differential protec­
tion for the power transformer. Thus,1t ~as a stupendous 
attention for investigation. 

This paper presents a deep and careful analytical and 
experimental investigation for M.l.C. in single phase power 
transformer. 

General mathematical expressions are given tor compu­
ting the characteristics of M.l.c. for anT constraints 
including time, es ' R/X. BR and Be' 

A proposed synchronous switch is des1gned and constru­
cted for tne experimental work. By the aid of this switoh, 
switching angle could be oontrolled in a simple manner of 
this work. ~he significant conclusions can be stated as 
follows: 

1. For both tlpes of transformers, it is advantageous 
to have the switching instant to be occurred BS close sa 
possible to the instant of peak voltage (6 .900 ). The 
M.l.C. peak at this instant reaches about i6.7% of that at 
9 = 15°. s 
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2. 1'or shell-type, a SliiOnt effect, regarding M.I.C. 
ia ooted 00 changing R~x by a consider-able amount. On the 
contrsrYt an appreciable reduction in M.I.C. ie attained 
for auto-transformer, witn apec1fied values. it haSt at 
Rex = 4J One fifth of that at RII = 0.5.2 • This is 
ascribed by the fact of having """,lIar impedance ,,)}gla( r-.- ) 
for the former thaq that of the auto ooe. 

J. The switching inrush current (S.I.C.) with a resis­
tive load has the smallest ratio to 10 io comparison. 
With other types. However, the worst Pcond1t1on occurs for 
the inductive ooe: it has 5 times of the S.I.C. at the resi­
stive load. 
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