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Abstract

In this paper, a new model based on the thevenin equivalent circuit for
investigating the ultra-saturation phenomenon during the'energization of a loaded
power transformer is presented and its effect on the differential protection of the
transformer is considered. The ultra-saturation phenomenon causes the mal-
operation of the power transformer differential protection. So, the description and
control of the ultra-saturation phenomenon is necessary for preventing of the false
trip of the differential protection. In this-paper, to model the ultra-saturation
phenomenon, the nonlinear characteristic of the transformer core, the effect of
current transformer, and the core losses are taken into acecount. It is assumed that
the load of the transformer is a resistive and inductive load. Also, the effect of the
residual flux and inception angle-on the ultra-saturation phenomenon are
investigated. The results show that the ulfra=saturation phenomenon poses a great
problem for protective relaying of power transformers. The outcomes of this
research can further be used as hints for substation operation personnel as well as
for the development of new protection stabilization criteria, which is not discussed
further in this paper. The explanation of the ultra-saturation phenomena is the first
step toward developing new. ideas and criteria for more reliable transformer
protection that would better handle such abnormal cases than currently employed
relaying equipment. In this paper, the fourth-order Runge-Kutta method is used to
solve the equations and simulation of the ultra-saturation phenomenon is done by
MATLAB program.

Keywords:  Loaded Transformer Energization, Transformer Differential Protection, Ultra-
Saturation Phenomenon, Mal-Operation

1. Introduction

The power transformer protection is an important component in power systems. The
effect of magnetizing inrush currents has to take into account in power transformer
protective scheme. This is because the magnetizing inrush current, which occurs when a
transformer is energized on the transmission line or an external line fault is cleared,
sometimes results in 10 times full load currents and hence can cause mal-operation of
the differential relays. The differential protective system establishes the main protection
against short circuit faults on primary and secondary windings of transformer. This
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protective system should operate rapidly during internal faults. However, it should not
operate under non-internal fault conditions such as inrush current. The most common
technique used to prevent false trips during the energization of power transformer is
harmonic restraint relays. The principle of the harmonic restraint relays is based on that
the second harmonic and sometimes the fifth harmonic component of the inrush current
is considerably larger than in a typical fault current [1,2]. Normally, in order to
discriminate between the internal fault and inrush current, an algorithm is used in which
the differential protection operates when the magnitude of the fundamental component
of differential current stabilizes above 0.25p.u and the ratio of the second harmonic to
fundamental harmonic of the differential current stabilizes below 15% [3-7]. But it has
been reported that in certain conditions the mal-operation of differential protection
under inrush current has caused tripping of healthy transformers [5-7]. In [5-7], the mal-
operation of differential protection during the energization of the loaded transformer
was reported whose origin is known as ultra-saturation phenomenon. The authors
observed that energization of a loaded transformer may cause the situation, called ultra-
saturation, when the DC flux in the core in the initial stage of the process increases
rather than decreasing [5]. Hence, the distortion of the current wave shape gets smaller,
and the percentage of the second harmonic decreases below the relay restraining level
[5-7]. In this case, the current ac wave shape is approximately undistorted and the level
of the second harmonic is negligible. For the analytical study of the ultra-saturation
phenomenon, a preliminary loaded transformer senergization model is suggested [5].
Using this model, the delayed mal-operation of differential protection can be described
[8-10]. In [5], many simplifications during the simulations are carried out which take
the magnetizing reactance of the time-variant characteristic.as an equivalent inductance,
neglecting the core model of the transformer, without considering the transferring effect
of current transformer to the primary inrush, and consider only the resistive load, can be
mentioned which does not coincide with the real situation. Hanli Weng, Xiangning Lin
and Pei Liu revised their previous model in 2007. According to them the previous
theory cannot be utilized directly to analyze this phenomenon. Therefore, a new model
for analyzing the transient behavior of the loaded transformer energization, together
with the current transformer model involving the magnetic hysteresis effect, taking the
nonlinear magnetizing reactance, and no considering only the resistive load is proposed
[6]. But in [6], the core losses of the transformer are neglected and a difficult model for
current transformer in primary side is considered whose main difficulty in current
transformer modeling is the simulation of the hysteresis loop. Andrzej Wiszniewski et
al. the\conditions which must be met to make ultra-saturation and excessive ultra-
saturation' possible are presented in 2008 [7]. The ATP-EMTP program is used for
simulation. In [7], the core model of the transformer and the magnetizing reactance are
neglected and this does not coincide with the real situation.

In this’paper, a new model based on the thevenin equivalent circuit for investigating
the ultra-saturation phenomenon during the energization of a loaded power transformer
is presented and its effect on the differential protection of the transformer is considered.
In this model, the nonlinear characteristic of the transformer core, the effect of current
transformer, and the core losses are taken into account. It is assumed that the load of the
transformer is a resistive and inductive load. In addition to a new model for power
transformer, the effective model for current transformer is presented in this paper. The
main advantages of this proposed model in compare with previous models are as
following:
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1) The core losses are taken into account.

2) A new model has been considered for current transformers. In this model,
information of B-H curve for magnetic branch isn’t required. Also, since hysteresis
effect isn’t taken into account, result can be compared with the IEEE model considering
hysteresis effect.

3) It involves proper computing speed and accuracy.

4) Also, the mal-operation of the differential protection depends on a variety of factors
the most important parameters of which are residual flux and inception angle. In this
paper the parameters mentioned will be studied in various scenarios. The explanation of
the ultra-saturation phenomena is the first step toward developing new ideas and criteria
for more reliable transformer protection that would better handle such abnormal cases
than currently employed relaying equipment. In this paper, the fourth-order Runge-
Kutta method is used to solve equations and simulation of the . ultrassaturation
phenomenon is done by MATLAB.

The paper is organized as follows. Section 2 introduces the modeling of the loaded
power transformer to study the ultra-saturation phenomenon. Section 3 presents a new
model for current transformer. The proposed algorithm is presented in section 4.
Simulation of the ultra-saturation phenomenon is presented in section 5. Finally,
Conclusions and future work are given in section 6.

2. Modeling of the Loaded Power Transformer

The loaded transformer energization can/be described by the equivalent circuit as
illustrated in Figure 1.

; 0 , i
Ry
+
Ul@ L

Figure 1. Circuit of the loaded transformer energization

In_this model, U, is the electromotive force of the source, L; and R; represent the

inductive and the resistive components of the equivalent impedance comprising of
system. impedance and leakage impedance of transformer primary winding. L and R»
represent the inductive and resistive components of the equivalent impedance
comprising. of the leakage impedance of transformer secondary winding and the
impedance of burden. The magnetizing nonlinear branch of transformer core is
illustrated by an equivalent inductance L, . For determining the new model, according

to Figure 2, the nonlinear magnetizing branch of transformer is removed and the
thevenin equivalent circuit is obtained from points A and B.
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Figure 2. Equivalent circuit model for determination the thevenin voltage and impedance

The power supply is defined as:
Ui (t) =U,,sin(wt +0) (1)

According to equivalent circuit in Figure 2, the thevenin voltage is;

V.=(A+ Az)cosa)t+(BLBZ)sina)t+(C1 +C,)e " cos/at+ (D _C‘b}Dz 26D sin+/at
w a
)
2 RZ 2 2
(a, - _731)33 (w"a, +—(a, —o"))a,
Wh = 2 , A
o A (a, —@)* + alza)z 4 (a, —@*)’ +312a)2
R2 2
2 —a,—(a,-0")A
Bl—a3 (32 a))A, Bzzlﬁ , CIZ_A, C2:_A2,
a a,

D =-Aa -B, D,=a,-Aa -B,,
a:KR2+RRC+R2RC _l(&+&+&+&)2’ b:l(ﬁ‘f‘&‘f‘&‘i‘&),
LL, LL LL 4L L L L 2L L L L
. _RL+RL+RL+RL . RR+RR+RR  _RU,wcos0
1 s 2 ’ 3 9

LL, LL, L
R.U,, sin@
a, =—""".
L
And also, the thevenin impedance is:
Zth = (R1 + le )H(R+ JX2)H(RC) = Rrb + thh (3)
2 2 2 2
Where R, = A RC+A'R62 +BlzRC » Xip =L2’
(A+R.)*+B (A+R.)+B,
_R'R+RR*+RX; +R X/ B XX, + X, X;+R' X, + X,R’
- 22 > T 22 °
2 2 Xth
Z=J(X,+X,) +(R+R), L,="", X, =Lo, X,=Lo.
)



Journal of Advances in Computer Research (Vol. 9, No. 3, August 2018) 1-21

Due to (3), the thevenin impedance is an equivalent resistance and inductance. After
obtaining the thevenin model of the nonlinear magnetizing branch from points A and B,
the nonlinear magnetization branch is returned to the circuit as shown in Figure 3.

I,U Rth Lth

+
\% dy,
dt

Figure 3. Simplified circuit model of loaded power transformer

According to Figure 3, the nonlinear magnetizing branch current i, ‘is a function of

¥, - The accurate curve of w, —i, should be shown as a multi-valued curve if taking

i
u
the hysteresis into account. For the convenience of solving the equations, the
magnetization curve can be simplified, as shown in Figure 2. It can be assumed that the

saturation point is (i, 0o Vs) The inductance in saturation region and no saturation

region are L and L, , respectively. It should be emphasized that the inductance of the

magnetizing branch of transformer is still nonlinear, even if the above simplification is
used. Hence, according to Figure 2 i, can be defined as follow:

Vi—Vs .
T-i-llun l//y >V
. V,tys .
l,u = uT_Ipo l//y <Y (4)
v,
Iuo?S lquSWS

Where v, is‘the flux linkages, y ¢ is the flux linkages at the knee point of the

magnetization curve, i, is the magnetization current at the knee point of the

i)
magnetization curve and L, is the slope of the saturation curve.
Y

W, === =T

I
_-_._._._.Epa.
=

BN I ¢

Figure 4. The approximate magnetizing characteristic of transformer core
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The magnetization curve shown in Figure 4 is divided into three regions.
Region Liy |, >y
In this case the magnetization current is defined:
W, -y,
= ”T +i, (5)
According to equivalent circuit in Figure 3:
i, dy
-V .+Ryi +L, —+—E=0 6
oc Rth u th dt dt ( )
Substitute (5) into (6):
—V . L, dy, dy,
.+ +i, )+(=)——+—"=0 7
R, (Vs L)y (7
According to (7):
d \%
l’[/,u — oc Rth (l//li WS +1"u0) (8)
-, L 1+ Lo L
S S
Region 21y, <y
In this case the magnetization current is defined.:
1 .
L, =— W, tv)-i, )
LS
According to (6) and (9):
VSN L Vs 4y
+ —i; )+ (— + =0 10
oc Rth( S HO) (LS dt dt ( )
Due to (10):
d V. +y, .
W.u -~ ocC _ RTh (l//.u l// _1# ) (11)
dt Ly, Ly, L ‘
I+— " 1+— s
Region 3:‘1//u‘ <y,
In this case the magnetization current is defined:
i, =i, (12)

Vs
According to (6) and (12):
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i i, dy, dy
~-V..+R Y+ Ly () —E+—E =0
oc th(l//u l//s) th(ll,s dt dt
Due to (13):
dw.“ — ‘/OC _ Rth (l[/ 1.“_0
dt 1+ Lthiuo " thillo ! Vs
Vs Vs
According to equivalent shown in Figure 1:
dy, . dv,
——+ R + =U
g TR Y

L =5 +1, +1,

dy, _ dy,
dt dt

+ Ry1,

d
Where i :RL% Due to (15) and i, =y, /L, :

C
d dy
L1 =U1_Rl(ﬂ -
dt L dt

3. Current Transformer Modeling

(13)

(14)

(15)
(16)

(17

(18)

The equivalent circuit of a current transformer is‘shown in Figure 5. In this circuit R;
and L, are the resistive and the inductive components of the equivalent impedance
comprising of system impedance and leakage impedance of transformer primary
winding. R> and L, are resistance and inductance of the secondary side of the current
transformer. Ry and L, are resistance and inductance burden. Since the core loss doesn’t
affect the behavior of 'the current transformer saturation, it is neglected [11]. The
equivalent circuit of the current transformer, referred to the secondary side, is shown in

Figure 6.

Figure 6. Equivalent circuit of current transformer referred to secondary side
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The magnetization curve illustrated in Figure 4 is used for current transformer core
that ¢ and i, , are different for power transformer and current transformer. To model

the current transformer, equivalent circuit shown in Figure 6 is considered. In this
circuit, we defined:

R=R, +R,
(19)
L=L+1L,
According to the equivalent circuit shown in Figure 6:
1, =1, +I (20)
. di
e = Ri +L"= 1)
dt
. Np .
I = VI p (22)

In these equations, i, is the primary current referred to secondary side, i, is the

ps
magnetizing current, i is the secondary current, N, is the number of primary turns,
N; is the number of secondary turns, and e is:the induced voltage in the secondary
winding. According to (20):

Iy =1lp—1, (23)

According to Figure 4, the magnetization curve is divided into three regions.
Region 11y, >y

A2 o

S

According to (23)/and (24):

. 1 .
1 =1ps_f(l//y _l//s)_lp“ (25)

S

Differentiate from(25):
dig iy, 17dy,

S

= 26
dt dt L, dt (26)
dy
Due to dty = e, from (21), (25) and (26):
d‘l/u RL . (l//p _Ws) . LL dips
= - -0, )+ — (= 27
dt L+ L(Ips L, ) L + L( dt ) @)

Region 21y, <y
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. 1 .
1’u :f(ll/’u +ll/s)_1y0

N

According to (23) and (28):

. 1 .
Ig =1ps _f(l//p -l_l//s)'i'lp0

S

Differentiate from (29):

di

S

_ di 1 dy ,
d dt L, dt

dy
Due to dtu = e, from (21), (29) and (30):

d RL + S LL dI S
v, .. muLw)+m)+ s (M

= 1 — -
(Ups X L+L dt

d L+L )

Region 3:‘1//#‘ <y,

Vi
Vs
According to (23) and (32):

1# = 1#0

Vi
s T ps T, VS
Differentiate from (33):

ig=1,,—1

dig _ dips _IL d‘//u

dt dt vy, dt

dy
Dueto dtu = e, from(21), (33) and (34):

dwﬂ Rl//s NP' . WH + Ll//s (N diPS

p
. ps 0 :
dt. 'y +i, N, Py oy i, N, odt

N

4. Proposed Algorithm

(28)

(29)

(30)

€2))

(32)

(33)

(34)

(35)

The differential protection should be able to distinguish the internal faults from the
external faults, the magnetizing inrush current and the ultra-saturation phenomenon and
it should only operate under internal faults. Normally, in order to distinguish between
the external faults, internal faults and magnetizing inrush current, an algorithm is used
in which the differential protection operates when the amplitude of the basic component
of the differential current fixes upper than 0.25 p.u and the level of the second harmonic
to basic harmonic of the differential current fixes lower than 15%. But it has been
described that in certain conditions the false trip of differential protection under

9
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magnetizing inrush current has led to tripping of healthy transformers. One of transient
phenomenon that leads to the false trip of the power transformer differential protection
during the energization of a loaded power transformer is the ultra-saturation
phenomenon. In this paper, a new model based on the thevenin equivalent circuit for
investigating the ultra-saturation phenomenon during the energization of a loaded power
transformer is presented. To model the ultra-saturation phenomenon, first the
differential currents of phases are obtained from subtraction of secondary currents of
current transformers on the primary and secondary side of the power transformers.
Then, the following steps are performed:

a) The steady state amplitudes of the basic component of the differential currents

(igss) are calculated by the use of the Discrete Fourier Transform (DFT) algorithm. If
the steady state amplitude fixes lower than 0.25 p.u., the normal condition will be

occurred. Otherwise, the ultra-saturation phenomenon may be occurred /and must
calculate the second harmonic to the basic harmonic.

H
b) The ratio of the second harmonic to the basic harmonic ( 2 ) of'the differential
base

currents is calculated by the use of the DFT algorithm. If the ratio fixes lower than 15%,
the mal-operation of the power transformer differential protection due to the ultra-
saturation is occurred.

So, according to above steps, if the differential protection uses 0.25 p.u. as the
operating threshold for the amplitude of the basic component of differential currents and
15% as the second harmonic restraint ratio, the false“trip occurs due to the ultra-
saturation. The flowchart of proposed algorithm is shown in Figure 7.

10



Journal of Advances in Computer Research (Vol. 9, No. 3, August 2018) 1-21

From the Cwrent
Transformers

Calculation of the
Differential Currents

Calculation of the Amphtude
of the Basic Conmponent of
Differential Curents by
DFT

No

Restrain
Relay

Calculation of the Ratio of the
Second Harmonic to Basic
Harmonic of the Differential
Currents by DFT

No

The Mal-Operation of
Differential Protection due to
the Ultra-Saturation
Phenomenon

Figure 7. Flowchart of the proposed algorithm

11
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5. Simulation of the Ultra-Saturation Phenomenon

It is supposed that the transformer has load connected and is energized from the high-
voltage side at t =0. The source parameters are:
Ui () =U,,sin(wt +0)

U,=110 kV
o =1007 rad
60=0°

Where 6 is the phase angle of phase A when the transformer is connected to the
voltage source. The transformer parameters are:
k=110/35 kV

L,=006 H, R =150
L,=0.035 H, R, =115 Q

R. =13.7 kQ
Ym= Um/a)
Velym=12

L, =500H, L;=0.01H, i =v,/L,

Parameters for the current transformer om. the high-voltage side of the power
transformer are:

k=600/5 B,=18T, L =0.7mH, A=3472¢>n’, vy =0.75wb* turns,
i, =0.05mA R=0.05Q

Parameters for the current transformer.on the low-voltage side of the power
transformer are:

k=2400/5, B, =19T, L =0.7mH, A=3.53¢"m’, v, =1.34wb* turns,
i,, =0.03mA R=0.15Q
v, and v can be solved from (8), (11), (14), and (18) by using the forth-order

Runge-Kutta 'method with a 10us time step. The Figure 8 shows the curve of the
magnetic linkage in the core after transformer energization. The magnetic current i,

according to (4), the primary current according to i, =y, /L, and the secondary current
according to (16) have been calculated using the computedy , andy | that are shown in
Figures 9,10, and 11, respectively.

12



Journal of Advances in Computer Research

(Vol. 9, No. 3, August 2018) 1-21

£00

200+

rmagnetic linkage of transfarmer core (Wh)
=]
=]
T———

0 |
UJ ARRARARARARARAAE

5}

Figure 8. The magnetic linkage of transformer core
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Figure 9. The current of transformer magnetizing branch
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Figure 10. The primary currentof the transformer
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Figure 11. The secondary current of the transformer
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i, is the primary current of current transformer on the primary side of power
transformer and 1, is the primary current of current transformer on the secondary side
of power transformer. Now the secondary currents of current transformers on primary
and secondary side of power transformer should be achieved. v, is related to current

transformers on the primary and secondary side of power transformer and can be solved
from (27), (31) and (35) using any numerical integration method. In this analysis, the
forth-order Runge-Kutta method has been used with a 10us time step. The magnetic
current i, according to (4) and the secondary current of current transformers according

to given (25), (29) and (33) are calculated using the computedy , . In these relations, i

is the primary current of power transformer. In Figure 12, the primary current refers to
secondary side and secondary current of the current transformer on the primary side of
the transformer are shown, that are i, and 1, respectively. In Figure 13, the primary
current refers to the secondary side and secondary current of the cutrent transformer on
the secondary side of the transformer are shown, that are 1,, and 1,, respectively. Also

the differential current (I;) shown in Figure 14 can be obtained from subtract 1, and
1.

25 T T T

— i1
—i12

o
)
|

i1,i12(A)

| | | | | | |
-10
8} 00s 01 01s 0z 025 03 035 04
tis)

Figure 12. The primary current refers to secondary side and the secondary current of the current
transformer on the primary side of the power transformer

15
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Figure 13. The primary current refers to secondary side and the secondary current of the current
transformer on the secondary side of the power transformer
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Figure 14. Waveform of the differential current
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As illustrated in Figures. 12 and 13, the primary current of the power transformer
contains much higher aperiodic component because of the nonlinearity of the
transformer core, but the aperiodic component on the secondary current of the power
transformer is very low. In this case, the current transformers of both sides in the
transforming behavior differ so greatly that the false differential current (Figure 14)
with significant amplitude and relatively low harmonic contents will likely be formed
because of the transforming difference of the current transformers. Figure 15 displays

the changes of the magnitude of the fundamental component of id in Figure 14, which

is obtained with the Discrete Fourier Transform (DFT) algorithm. In this Figure the
magnitude of the fundamental component of the differential current is normalized
according to the secondary current of current transformers.

16 T T T

rmagnitude (p.u)
T
|

o
m
T
|

06— —

04— —

02 | | | | | | |
8} 008 01 015 02 025 03 036 04

1=

Figure 15. The normalized magnitude of the fundamental component of the differential current

Figure 16 displays the ratio change of the second harmonic to fundamental harmonic
of the differential current after energization which is obtained with the DFT algorithm.

17
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Figure 16. Ratio of second harmonic to fundamental harmonic of the differential current with DF T

algorithm

As illustrated in Figure 15, the fundamental component of differential current is above
0.25p.u from the beginning of energization and approximately, after 5 cycles (0.1s) it is
stabilised on 0.2569p.u. According to Figure 16, as the energization time exceeds
0.1298s, the ratio of the second harmonic to fundamental harmonic stabilizes below
15%. If the differential protection uses 0.25 p.u. as the operating threshold and 15% as
the second harmonic restraint ratio, the mal-operation occurs at 0.1298s. The occurrence
of the delayed mal-operation of the differential protection depends on a variety of
factors that the most important which can be noted residual flux and inception angle. In
the previous simulations the inception angle was 0 degrees and the residual flux was
100 Webbers as shown-in Figure 8. In tables 1 and 2, various scenarios for different
ineeption angles and residual fluxes are presented, respectively.

Table 1. Various scenarios for different inception angles

6 Yu (0) | ™ L, Lirip
) | wby | P s | (s
0 100 0.2569 0.1298 0.1298
20 100 0.2567 0.11 0.11
40 100 0.2551 0.1083 0.1083
60 100 0.2545 0.107 0.107
80 100 0.2525 0.1057 0.1057

18
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Table 2. Various scenarios for different residual fluxes
v, (0) | 6 m t, tirip
wo) | )| P © | (9

-100 0 0.2545 0.1106 0.1106
-50 0 0.2553 0.1109 0.1109
0 0 0.256 0.1112 0.1112
50 0 0.2566 0.1297 0.1297
100 0 0.2569 0.1298 0.1298
In tables 1 and 2, m ., 5 ty, are the magnitude of reaching the fundamental

component of the differential current to 0.1s, the time of reaching the ratio of second
harmonic to fundamental harmonic of the differential current to 15% and the time of
the differential protection tripping, respectively. According to table 1, the extreme cases
of inrush occur in inception angle of zero and as the inception angle increases, the time
of the tripping of the differential protection decreases. As shown‘in table 2, if residual
flux increases, the time of the tripping of the differential protection increases.

6. Conclusions and Future Work

In this paper, a new model based on thevenin equivalent circuit for investigating the
ultra-saturation phenomenon during the energization of a loaded power transformer was
presented and its effect on the differential protection of the transformer was considered.
In this model, the nonlinear characteristic of the transformer core, the effect of current
transformer, and the core losses were also taken into account. It was assumed that the
load of the transformer is a resistive:and inductive-load. In addition to a new model for
power transformer, the effective model for current transformer was presented in this
paper. The primary current of the power transformer contains much higher aperiodic
component because of the nonlinearity of the transformer core but the aperiodic
component on the secondary current of the power transformer is very low. In this case,
the current transformers of both sides in the transforming behavior differ so greatly that
the false differential’ current with significant amplitude and relatively low harmonic
contents will likely be formed because of the transforming difference of the current
transformers which causes the ultra-saturation phenomenon to occur. The mal-operation
of the differential protection depended on a variety of factors the most important
parameters of which were residual flux and inception angle. Finally, the parameters
mentioned were studied in various scenarios. The results showed that the ultra-
saturation was a likely phenomenon. The main advantages of this proposed model in
compare with previous models were as following:

1) The core losses were taken into account.

2) A new model has been considered for current transformers. In this model,
information of B-H curve for magnetic branch wasn’t required. Also, since hysteresis
effect wasn’t taken into account, result could be compared with the IEEE model
considering hysteresis effect.

3) It involved proper computing speed and accuracy.

4) Also, the mal-operation of the differential protection depended on a variety of
factors the most important parameters of which were residual flux and inception angle.

In this paper the parameters mentioned studied in various scenarios. The explanation
of the ultra-saturation phenomena is the first step toward developing new ideas and
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criteria for more reliable transformer protection that would better handle such abnormal
cases than currently employed relaying equipment. In this paper, the fourth-order
Runge-Kutta method was used to solve equations.

This work presented here concentrates on the phenomenon itself, trying to explain
when excessive flux without zero crossing may appear. Knowing why and when the
ultra-saturation may occur, one may better understand the possible cases of the
differential protection mal-operation. The outcomes of this paper may be also treated as
hints for substation personnel, defining the system configurations, and parameters that
should be avoided in order to be on the safe side should unfavorable energization occur.
It seems that improvement of the protection operation would be possible with the
introduction of new, modified, or extended criteria. The protection criteria should, on
one hand, carry enough information on the event to be distinguished and,on the other
hand, ensure appropriate stabilization for other events for which protection operation is
undesirable. Certain proposals of such new criteria can be found in the literature, such
as a complex second harmonic restraint, flux restraint (estimated on. basis of voltages),
or current wave shape analysis; others still wait for their inventors. It is believed that a
lot of improvement can be reached with the introduction of adaptivity in the differential
protection, a simple example of which is to use adaptive thresholds as well as adaptive
measurement procedures. It has also been proved that considerable-improvement of the
operation and quite simple achievement of adaptive features of protection functions may
be obtained with the use of various artificial-intelligence techniques. There is hope that
an appropriate combination of classical and intelligent techniques should bring
additional benefits; therefore, further investigations on the subject are desirable.
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