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ON THE REQUIREMENTS OF CURRENT TRANSFORMERS
IN DIFFERENTIAL PROTECTION OF TRANSFORMERS

AT ELECTRIC POWER STATIONS
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The problem of picking protective current transformers (CT) in order to ensure proper functioning of differen-
tial protection in transient regimes is examined. It is proposed that the accuracy limit factor K, referenced
to the nominal current of a power transformer be used as the main parameter in choosing CT. A method is pre-
sented for calculating K, as a function of the time to saturation 7, the decay time constant of the aperiodic
component of short-circuit (SC) current, and the residual induction and current of external SC. It is shown that
increasing K, tesults in smaller CT errors in the time interval of the saturated state of a magnetic circuit.
It is pointed out that the effect of screening must be taken into account in finding K, for CT which do not
have a proper primary winding and are arranged in phase with screened conductors.

Keywords: current transformer; core saturation; accuracy limit factor; resistance; secondary circuit; differen-
tial protection; residual induction; screening.

Differential protection is the main form of protection
(functions in complex microprocessor protection) of trans-
formers. The response time of the sensitive organs of such
protection on sinusoidal current is 25 — 30 msec, which pres-
ents certain problems for operational stability in transient re-
gimes of external short circuits (SC).

According to [1] the CT requirements of differential pro-
tection of transformers are formulated as follows: the total
error CT ¢ in a steady-state regime in the presence of external
SC should not exceed 10%. The calculation of the total error
¢ in design calculations is associated with certain difficulties,
so that the concept of the accuracy limit factor Kj;,, of CT
[2, 3] is used; this factor can be calculated from the expres-
sion [3]

_ ®B limw2 S m

, (1)
\/EJZnomZZ

lim

where o is the angular frequency; By, = 1.8 — 1.85 T is the
maximum value of the induction when the magnetic circuit
of the CT is comprised of cold-rolled electrotechnical steel;
W, 1s the number of turns of the secondary winding; sm is the
cross-sectional area of the magnetic-circuit steel; /5., is the
secondary nominal current; z, = [Z;,» T Z),aql 1 the modulus
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of the complex resistance of the secondary circuit of the CT;
Zino 1s the complex resistance of the secondary winding of
the CT in a T-shaped equivalent circuit; and, Z,,4 is the com-
plex impedance of the load.

As a rule CT with wound ring-shaped magnetic circuits
are used in the protection schemes of transformers. The sec-
ondary winding is wound uniformly on the magnetic circuit.
Taking this into account the reactance of the secondary wind-
ing x;,» (leakage resistance) is less than the resistance .,
[3]. Finally we can write

= |rwin2 * Noad +jx10ad|~ (2)

According to GOST 7746-2001 [4] the resistance 7,
should be given in the CT data sheet.

Current transformers for relay protection are manufac-
tured with 5R or 10R class accuracy; correspondingly, the
accuracy limit factor is designated as K or K. As indicated
above, in the relation (1) By;,, = 1.8 — 1.85 T. The values of
K5 and K, differ little, and a generalized concept K);,, [which
is used in Eq. (1)] can be introduced with error <5%.

The generally accepted practice in the calculation of SC
currents is to use as the baseline quantity the nominal current
I omc Of a power transformer [5]. Moreover, /., . is also
used as baseline current in specifying the settings of the dif-
ferential protection of a power transformer. On this basis it
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is helpful to introduce a concept of the accuracy limit factor

referenced to 7, .:

r_ Ilnom.CT K

lim Ji lim> (3)

nom.c

where /., ot 1S the primary nominal current of the CT, and
to formulate in the following form the requirement of CT in
the steady-state regime:

K!

lim 21

s (4)

where Igcx = Ige/Iom e
According to [4] CT manufacturers must set the nominal
accuracy limit factor K, for a specified nominal power of
the secondary load S,,,,. As a rule the values of K, must
lie in the range 5 — 30. However, it is acceptable to manufac-
ture CT with larger values of K, ... For example, for a num-
ber of CT manufacturers K, = 40.
The modulus of the nominal resistance of the secondary

load of the CT can be calculated as

_ 2
Z1oad. nom — SZnom /12n0m :

The nominal value of z,,4 ,om 15 specified for cos @ ,q =
= 0.8. The nominal values S,,,,, must correspond to the se-
ries: 3, 5, 10, 15, 20, 25, 30, 50, 60, 75, and 100 V - A.

On the basis of the expression (2) with cos @;,,q = 0.8 we
can write

_ 2 2
ZZnom - \/rwinZ + 1'6rwin2 Zload. nom + ZloadA nom * (5)

The resistance of the input current circuits of the case
holding the microprocessor protection of a transformer is
close to the active resistance. Moreover, it is significantly
less than the resistance of the conductors of the control cable
connecting the secondary winding of the CT and the input
circuits of the case. On this basis the working load resistance
rload. work of the CT can be calculated as a purely active re-
sistance. It depends on the scheme used to connect the sec-
ondary windings of the CT group and the form of the SC and
can be calculated by well-known methods, for example, the
method expounded in [2].

In summary, in using a case for the microprocessor pro-
tection we can write

22 = Fwin2 + Foad.calc- (6)

The values of Kj;,,, can be calculated with adequate accu-
racy using the relation (1) and the number of turns w, and
the cross-section s, of the magnetic circuit, which was done
in [2]. However, under present conditions it is not always
possible to know w, and s,,, so that the actual accuracy limit
factor for CT is best found by using the values of K, and

Zioadnom- Substituting into the relation (1) the values of z, ac-
cording to the relations (5) and (6) we obtain

2 2
\/rwinZ + l‘6rwin2 Z1oad. nom +z load. nom
K lim — K nom . (7)

Fwin2 + Noad.cale

Under the condition (4) there is practically no saturation
of the magnetic circuit of the CT in the steady state. How-
ever, in a transient regime saturation can obtain as a result of
the influence of the aperiodic component of the SC current.
For SC near the generator at an electric power station the
harmonic component of the SC current is damped. A short
circuit is considered to be nearby if in the first period 7 after
the appearance of the SC the ratio of the amplitude of the
harmonic component of the SC current to the amplitude of
the nominal current of the generator is >2 [5].

As will be shown below, it is useful to specify the time to
CT saturation in a transient regime as <0.57. The damping of
the harmonic component of the SC current can be neglected
and the following simplified expression used [6]:

i =1, [e’t/Tl cos y —cos(w? + )], (8)

where T is the damping time constant of the aperiodic com-
ponent of the SC current; y is the initial phase of the
supertransitional emf of the generator or system; /,, is the
amplitude of the primary current of the CT.

The relation (8) gives adequate accuracy for 7, =227
(which holds for SC near electric power stations).

The time ¢, to saturation of CT in a transient regime with
an active load of the CT and primary current in accordance
with the expression (8) can be found using the equation [6]

BB%_B =T, (e —e™/T )cos y +

m
4 . —t /T2 .
sin ye /72 —sin(wf, + ), ©)
where B, .4 1 the induction at conditional saturation of the
magnetic circuit (when using a rectified magnetization char-
acteristic); B, is the residual induction; B,, is the amplitude of
the harmonic component of the induction, calculated under
the condition that there is no saturation of the magnetic cir-
cuit; 7, is the time constant of the secondary circuit of the CT

with an unsaturated magnetic circuit.
It is helpful to rewrite Eq. (9) in the form

B,..,(1-B.)
.cond :KBa ,
B

m

(10)

where Br* = Br/BsAcond'

The factor Kj, equals the right-hand part of Eq. (9).
It takes account of the increase in the induction in a transient
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Fig. 1. Plots of the factor K, versus the time to saturation ¢, with
the initial phase of the supertransitional emf of the generator 30° and
different values of the damping time constant of the periodic compo-
nent of the SC current 7.

regime as a result of the effect of the aperiodic component of
the primary current.

It is easily shown on the basis of [6] and relation (3) that
the following relation holds with adequate accuracy:

s.cond — K{im . (11)

Using the relations (10) and (11) we obtain the following
condition for picking the reduced accuracy limit factor of the
CT:

. _Ky,I
K z%. (12)

For Kz, =1 and B,. = 0 the relation (12) coincides with
the relation (4) for the steady state regime.

In accordance with the relation (9) the factor K, is a
function of the time constants 7} and 7, the time to satura-
tion f,, and the initial phase y. So as not to overvalue the re-
quirements now used in Russia it is best to use £, < 10 msec.
The time constant 7, to saturation of modern CT is quite
large (of the order of 5 sec [6]). For this reason its effect on
the factor K, for #, < 10 msec is very small.

The time constant 7', with SC in lines near the high-volt-
age busses of electric power stations is usually >0.05 sec.
Analysis of the functions K, =f(7}) at y =0 with 7| rang-
ing from 0.05 to 0.3 showed that the effect of T, though ap-
preciable, is not decisive. Ultimately two quantities have the
greatest effect on the value of Kj,: £, and .

Ordinarily, in studying transient unbalance currents of
differential protection the case y = 0 is studied as the worst
case because the highest unbalance current obtains in this
case [7]. However, for modern digital differential protection
of transformers the time #, to saturation of CT is significant in
and of itself [6, 8]. In this connection the dependences K, =
= f(t,) with T, ranging from 0.05 to 0.3 sec and y from 0 to
60° were studied. These studies showed that for differential
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protection of transformers it is desirable to pick y = 30° as
the working value, since in this case the initial value of the
aperiodic component of the SC current decreases by only
13% and the factor K, increases by 15 —30%. Plots of the
functions K, =f(¢,) at y = 30° and different values of T are
presented in Fig. 1.

The curves start at 7, = 2 msec, since it is assumed that in
any case f, must be at least 2 msec (0.002 sec). Using the in-
dicated curves the values of K, can be found for specified
values of 7, and ¢, In the derivation of the expression (12) it
was assumed that B ;g = Bjim = 1.8 —1.85 T.

The use of CT with a closed ring-shaped magnetic circuit
without an air gap (class TPS or TPX in the terminology of
IPC 60044-6) is under consideration. Here we have in mind
cold-rolled steels 3411 — 3414. The working maximum value
of the residual induction in a cycle of unsuccessful automatic
re-connection (ARC) can be used for such steels:

Br* = Br/Blim = 12/185 =0.65.

The indicated value of B, can be used in the calculation
of K . on the high-voltage (HV) side of a block transformer
(SC on the HV busses or on a line connected to busses). ARC
is usually not used on the low-voltage (LV) side of the block
transformer or an internal-needs transformer (INT). More-
over, the fact that an SC is relatively rare in the indicated
cases must be taken into account. On this basis it can be as-
sumed that B,« = 0.3.

As one can see from the relation (7) the ratio Kj;/Kom
depends on the ratio 71,4 cate/Fwin2- AS @ result of this in CT
with secondary nominal current 1 A (under otherwise equal
conditions) the value of Kj;,, can be greater than for CT with
secondary nominal current 5 A. On this basis the working
values of 7, must be specified as follows:

7 -8 msec — for CT with secondary nominal current
S5A;

10 msec — for CT with secondary nominal current 1 A.

Branching to INT is, as a rule, limited in terms of the use
of CT with primary nominal current significantly higher than
the nominal INT current, for example, for CT built into INT.
Thus, /;,,m cr 1s found to be much less than 7, . of a block
transformer on the LV side. It is evident from the expression
(3) that in this case K| is less than Kj; . In such cases the
condition (4) must be used. Now, K, can be calculated from
the relation

Kgo=(1-Bs)=1-03-0.7 (13)

and the time to saturation of the CT can be found from the
curves in Fig. 1.

Very large currents can obtain in the presence of SC on
the branch to INT [6]. In such cases it may be necessary
to use CT with secondary nominal current 1 A in order to
satisfy the condition (4).

An increase of K, also leads to reduction of CT errors
in the time interval of the saturated state of the magnetic cir-
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cuit. This is evident from the following. The time constant 7',
of the secondary circuit of the CT on the interval of the satu-
rated state of the magnetic circuit can be calculated using the
approximate relation [7]

2
HaierW2Sm

lav (rwinz + Noad. cale )

(14)

2s <

where g 1 the differential magnetic permeability (found
from the saturated part of the rectified magnetization charac-
teristic); 7, is the average length of the magnetic line.

Using the relation (1) it is easy to show that the equality
(14) can be written in the following form:

K gigrd timp. nomm K tim

oT,, = (15)
Blim
where
J2r w
]limp. nomm lnlom.CT ! . (16)

av

According to the relation (16), /};yp nomm 18 the amplitude
of the magnetic field intensity in the core with nominal pri-
mary current and an open secondary winding of the CT.

The calculated value of py decreases with increasing
maximum value of the magnetic field intensity H,,,, (tran-
sient processes with H,,. > 1000 A/m are being studied).
In the presence of saturation of the magnetic circuit of the CT
in a transient regime and #, < 10 msec it can be assumed that

approximately

I
H_ ~K. T _“nom.e (17)

max imp” SC** limp. nomm I
1 nom.CT

where K, is the impact factor.

The value of /yjy nomm is @ parameter of the CT. The
value of H,,,, depends on the ratio 7, /I momct and there-
fore on the conditions of application of CT.

Analysis of the relations (15) — (17) taking account of the
dependence L = f(H ) sShowed that 7,s increases with in-
creasing value of the parameters K |, .

Knowing the product o7,,, the following relations can be
used to calculate the relative amplitude of the primary har-
monic of the magnetization current /- and the secondary
current /,,,« (the amplitude of the harmonic component of the
primary current, referred to the secondary winding w, is

taken as the baseline value):

1
I = (1)
VI1+(0T,,)
T.
Ly =——2—. (19)
I+ (oT,,)

As the T, increases, the current /,,,« decreases [relation
(18)] and the current /,,,« increases with increasing K|, .

As one can see from the relations (3) and (7) the reduced
accuracy limit factor K ;. depends on the ratio 7, c1/1,

lim om.c
and the working resistance of the load r},,4 ... The latter de-
pends on the connection scheme of the secondary windings
of the CT and on the form of the SC [2]. On this basis it is
hardly possible to consider the manufacturer’s design re-
quirement of a definite level of transformation on the interval
of the saturated state of the core (as assumed in [8]).

It would be more helpful to require the CT manufacturer
to provide in the guidelines the dependence By, = f (H,y) Of
the magnetic circuit at least up to the value Hyp, = yimp nomm
(but >3000 A/m). This would make it possible to evaluate
more accurately the value of L in the region of the satu-
rated state of the magnetic circuit of the CT. It is known that
Wgifr in the saturation region is found to be greater when using
the worst grades of cold-rolled electrotechnical steels, for ex-
ample 3411-3413.

It should be noted that the CT used on the generator volt-
age can have quite large values of the parameter 7, nom-
For example, according to the relation (16) TSH20 CT
manufactured by Elektroapparat JSC (St. Petersburg) has the
following value of the indicated parameter for ;. ., cr =
=16,000 A:

72:16,000

limp.nomm — 259

I =8736 A/m.

However, no information on the manufacturer’s charac-
teristics of the magnetization is presented.

On the whole it should be noted that under present condi-
tions the problem of determining the form of the curve of
the secondary current of a CT in transient regimes can be
solved by computer modeling (based on numerical methods
of solving the corresponding nonlinear differential equa-
tions). In addition, the mutual influence of CT in the three-
phase group in a transient regime in saturation of one or
several CT can be taken into account.

The use of the generalized parameter K|, makes it pos-
sible to determine more quickly the most difficult (working)
regimes of external SC and thereby increase the effectiveness
of simulation modeling.

There is one other problem that should be mentioned.
Electricity is transmitted from the generator to the trans-
former using conductors screened in each phase (at nominal
currents <2000 A) [9]. This is done using CT without a
proper primary winding, which are built into the conductor,
for example TSH20 CT on primary nominal currents from
8000 to 16,000 A, TSHV24 CT on primary nominal currents
24,000 and 30,000 A, and others.

The distances between the phase axes are comparatively
small. For example, for a conductor in the circuit of a
TVV-500 turbo generator at nominal voltage 20 kV the dis-
tance between the axes is 1400 — 1500 mm. The magnetic
field of the neighboring phase (neglecting screening) can



666

TVF-120-2U3

Fig. 2. Working circuit for picking CT on the HV side of the block
transformer.

lead to saturation of the magnetic circuit of the CT and re-
duction of the accuracy limit factor Kj;,, [compared with the
value calculated from the expression (1)].

According to GOST 7746-2001 [4], in checking the er-
rors of CT without a proper primary winding the CT must be
included in the current circuit (taking account of the mag-
netic field of the neighboring phase). This leads to a signifi-
cant reduction of the accuracy limit factor. For example, the
TSH20 CT mentioned above on primary nominal currents
ranging from 8000 to 16000 A have the same accuracy limit
factor 9. For the TSHV24 CT manufactured by Elektroappa-
rat JSC the parameter values are:

— nominal secondary load S),,4 =100 V - A;

— K,om =95 with primary nominal current 24,000 A;
and,

— K, om = 6 with primary nominal current 30,000 A.

For loads ranging from 1 to 4 Q the values of the accu-
racy limit factors remain unchanged.

When the CT is placed beneath the screen sheath the ef-
fect of ac magnetic field of a neighboring phase decreases
40-100-fold (depending on the parameters of the screen) [9].
The accuracy limit factor Kj;,, increases considerably. It can
be calculated approximately from the relation (1).

For example, TSHV24 CT with transformation coeffi-
cient 24000/5 has the following technical data: w, = 4800;
Sy =6.4 %104 m2; 15, =52 Q.

Using the relations (5) and (1), for S,=S,0m We
calculate

—/522 116x52x4+42 =8.73 Q

Z) nom
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 314x185x 4800x 64x 107

K
ﬁx 5% 873

nom

=2809.

The value obtained for K|, is approximately a factor of
6 greater than the value indicated in the technical documen-
tation for CT (obtained from test, without taking account of
screening). It follows that in the new version GOST
7746-2001 for CT installed in screened conductors of each
phase, the norm of the CT tests in a SC circuit should be
eliminated in order to find K. After this change the rela-
tion (1) can be used to calculate Kj;,,,.

At present the working resistance of the load can
be adopted on the basis of the condition 7y ,4cuc <
< (0.5 -1.0)z1044 nom- The coefticient 0.5 should be used for
TSHV24 CT; for TSH20 CT it can be assumed that
Poad.cale < (0.8 = 1.0)z1 004 nom- This will give an acceptable er-
ror for the indicated CT in transient regimes.

Example. We shall use the described recommendations in
picking CT on the HV side of the block transformer, shown
in Fig. 2.

The calculated regime in picking C7; is SC on 110 kV
busses. We have:

for three-phase SC: 7 S} =377, T1(3) =0.2 sec;
for one-phase SC: IE*) =4.53, Tl(l) =0.1 sec.

To determine the working value of the secondary load of
the CT it is necessary to know the parameters of the neigh-
boring conductors and transient resistance of the connective
contacts in the current circuits:

p=1.75 x 10-® Q/m — resistivity of copper;

§=25x106m? — cross section of the connecting
wires;

/=100 m — length of connective wires;

Pians = 0.1 Q — transient resistance of the contacts.

The minimum primary nominal current of the CT is usu-
ally picked using the condition

min(7, v ) 2V3 ome =V3%596= 1032 A.

We pick a TRG-110-1200/5 CT with sulfur hexafluoride
insulation for an exterior setup manufactured by Uralélektro-
tyazhmash. The parameters of this CT are:

transformation factor k- = 1200/5;

nominal power of the secondary winding S, =
=40V - A;

nominal accuracy limit factor K, = 20;

cosine of the load angle cos @;,,q = 0.8;

dc resistance of the winding w, r;,, = 0.35 Q.

The modulus of the nominal resistance of the secondary
load of the CT

S, 40
Z1oad. nom — P e ZT =1.6Q.
]2 nom.CT 5
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Using the relation (5) we calculate the modulus of the
complex resistance of the secondary circuit of the CT on the
basis of the manufacturer’s data sheet

=/0352 +16x 035x 1.6+ 162 = 1.89 Q.

z 2nom

The resistance of a conductor in a control cable with
Seq = 2.5 mm?

pl _175x107 x 100
S, 25%107°

rphase -

=0.7Q.

In the event of a three-phase SC the load on the CT is de-
termined successively by the connected resistances of the
conductor of the control cable and the transient resistance of
the contacts. In the case of a single-phase SC the load resis-
tance increases owing to the current flow over the zeroth
conductor of the control cable. On this basis we have:

’]E)Szl)dcalc = Tphase + Pirans = 0.7 + 0.1 = 0.8 Q;
’ig;d.calc = 2(rphase + rtrans) = 2(07 +0. 1) =1.6 Q.

It is evident from the relation (7) that the real accuracy
limit factor decreases with increasing 7,4 caic- 1herefore, the
single-phase SC regime should be taken as the working re-
gime.

We shall check the chosen CT for satisfaction of the re-
quirement (12) in the single-phase SC regime.

Using the relations (5) and (7) we calculate the real accu-
racy limit factor of the CT as

Ky, =20 _204
035+15

Using the relation (3) we find the reduced accuracy limit
factor

1200
r 222004 =411
lim 596

Now we take the time to saturation of the CT as f,=
= 8 msec, and using Fig. 1 we find for the time constant 7', =
= 0.1 sec the induction intensification coefficient

KBa =2.37.

In the transient regime the condition (12) should hold for
the CT:

S 237x4.53

> =307
fm = 0,65

The result shows that the chosen CT follows the check
condition in the transient regime.

It is easily shown that in this case the value of K, | in the
event of a three-phase SC is found to be 66.2. The value of

K ;. 1s good from the standpoint of securing fast operation of
the differential protection in the event of a three-phase SC in
the protected zone.

CONCLUSIONS

1. The errors in the transient regime in the time interval
of the saturated state of the magnetic circuit depends not only
on the parameters of the CT [w|, Ws, Sm laws Fwinzs Blim =
=f(Ha)] but also the conditions of its application (ratio
@vom.ct/Thomes Tload, work, and others). In this connection
it is inadvisable to give specifications to CT manufacturers
on basis of some errors (for example, in terms of the first har-
monic of the secondary and magnetization currents).

2. It is more effective to formulate the requirements of
CT using a generalized parameter K, . On this basis a
method was developed to calculate K|, = as a function of the
time #, up to saturation of the magnetic circuit, the residual
induction Br, and the relative value of the current of the ex-
ternal SC. It was shown that the use of high values of K, .
also leads to a reduction of the error of CT in the time inter-
val of the saturated state of the magnetic circuit. It is impor-
tant to note that the proposed method of calculating K|, = can
be comparatively easily mastered at design organizations.

3. The form of the curve of the secondary current of CT
in transient regimes is best determined by means of computer
modeling. To this end CT manufacturers should be required
to give in reference data sheet, the function By, =f(Hyay)
of the magnetic circuit at least up to Hy, = Iyimp nomm (bUt
>3000 A/m).

REFERENCES

1. Regulations Electric Power Plant Facilities [in Russian], Ener-
goatomizdat, Moscow (2003).

2. E. P. Korolev and E. M. Liberzon, Calculations of Admissible
Loads in the Current Circuits of Relay Protection [in Russian],
Energiya, Moscow (1980).

3. V. V. Afanas’ev, N. M. Adon’ev, V. M. Kibel’, et al., Current
Transformers [in Russian], Energoatomizdat, Moscow (1989).

4. RF State Standard GOST 7746-2001. Current Transformers:
General Technical Specifications [in Russian], Izd. Standartov,
Moscow (2012).

5. L. P. Kryuchkov, V. A. Starshinov, Yu. P. Gusev, and M. B. Pirato-
rov, Transient Processes in Electric Power Systems [in Russian],
Izd. dom MEI, Moscow (2008).

6. A. M. Dmitrenko and D. P. Zhuravlev, “Analysis and investiga-
tion of methods of braking digital differential protection of block
transformers,” Elektr: Stantsii, No. 11, 36 — 41 (2014).

7. A. D. Drozdov, A. S. Zasypkin, S. L. Kuzhekov, et al., Electric
Circuits with Ferromagnetic Cores in Relay Protection [in Rus-
sian], Energoatomizdat, Moscow (1986).

8. S. L. Kuzhekov, A. A. Degtyarov, and K. V. Cherednichenko,
“On ensuring the required accuracy of the operation of protective
current transformers in transient regimes,” Elektr. Stantsii, No. 5,
53 -60 (2015).

9. A. A. Vasil’ev, I. P. Kryuchkov, E. F. Nayashkova, et al., Electric
Part of Power Stations and Substations [in Russian], Energo-
atomizdat, Moscow (1990).



	Abstract
	Keywords
	CONCLUSIONS
	REFERENCES



