Protection of a Three-
Winding Transformer

Three-winding transformer
110 kV/25 kV/10 kV
Yyn0d5

25 kV-side: Solidly earthed

Protection functions

ANSI 87 T - Differential protection

ANSI 87 N - Earth-fault differential protection

ANSI 50/51 - Definite-time overcurrent-time
protection as backup

ANSI49 - Thermal overload protection

ANSI 46 - Load unbalance protection
(negative-sequence protection)

ANSI24 - Overexcitation protection

B 1. Introduction
Transformers are valuable equipment which make
a major contribution to the supply security of a
power system. Optimum design of the transfor-
mer protection ensures that any faults that may
occur are cleared quickly and possible consequen-
tial damage is minimized.

In addition to design notes, a complete setting ex-
ample with SIPROTEC protection relays for a
three-winding transformer in the transmission
system is described.

W 2. Protection concept

The range of high-voltage transform
small distribution system transforme
100 kVA) up to large transformers
dred MVA. Differential protection
ective short-circuit protectio Or as a sup-
plement to Buchholz pretectiondTt is part of the
standard equipment i & om about

5 MVA.

2.1 Differential prot
Transformer differential protection contains a
number of additional functions (matching to
transformation ratio®nd vector group, restraint
currents and overexcitation).

ires some fundamental consider-
figuration and selection of the setting

T ional functions integrated per relay are
geous. However, backup protection func-
ions have to be arranged in separate hardware
her relay) for redundancy reasons. Therefore
he overcurrent-time protection contained in the
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i 4@ ected power system. The backup pro-

or the transformer itself must be provided
e overcurrent relay (e.g. 75J602). The

ctron |
a ar
h protection as fast short-circuit protec-

delivered with the transformer.

ignations in accordance with ANSI (American
ational Standard) are used for the individual
functions. The differential protection therefore
has the ANSI No. 87 for example.

The 7UT613 differential protection relay is pro-
vided as independent, fast-acting short-circuit
protection in addition to the Buchholz protection.
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Fig.2 Protection of a three-winding transformer
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Transformer Protection

2.2 Earth-fault differential protection

Earth-fault differential protection detects earth-
faults in transformers in which the star (neutral)
point has low resistance or is solidly earthed. It en-
ables fast, selective disconnection in the event of
an earth fault in the winding. The protection is
based on a comparison of the star-point current
Isp with the phase currents of the main winding.
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Fig.3 Connection of an earth-fault differential
protection relay

The pickup sensitivity should be < 10 % of t \

current in the event of terminal earth fault (90,%
protected zone). The single-phase auxili

suring input with connection Iz, of 7U

sponding main winding by se

rent of this input is then comparedwi
currents of the main windi&

2.3 Backup protection fulfcti
The integrated overc
(ANSI51) in 7UT61
for faults in the s
plied. Separate gverc

protection
s backup protection
ich power is sup-
t protection on the

low-voltag ide is therefore unnecessary.
The 75J60 e used as backup protection
against s ircuits in the transformer and as
addition p protection against faults on the
LV 1gh-set, fast tripping stage I>>

A 0)imust be set above the through-fault

e that it does not pick up in case of faults
n thelow-voltage (LV) side.

Thé delayed trip (ANSI 51) must be of higher pri-
ity than the overcurrent protection in 7UT613.

Owing to the different ratings, windings S2 and S3
are assigned a separate overload protection (inte-
grated in 7UT613). The delta winding (often only
used for own internal supply) has its own overcur-
rent-time protection (ANSI 51, integrated in
7UT613) against phase faults.

At low ratings of the tertiary winding and accord-
ingly adapted transformer ratio, it should be
checked whether an external matching trans-
former may be required.

2.4 Integration of Buchholz protection

The Buchholz protection of the transf T
evaluates the gas pressure of the transformer tank
and therefore detects internal transforme Its
quickly and sensitively. The following consider-
ations are necessary for integration: 4

= The trip command of t olz protection

should act on the eixcui aker directly and
independently of ‘N“ al protection

= The trip comma e Buchholz protection
should be recor fault log/fault record
of the differen ction

ip command via a binary input of

tion provides informative

in the case of a fault.

Coupling th
the diffe

renti
data forgevalu

Trip 87
Trip Bu

Buchholz
protection

7UT613
_/_
Trip 87

]
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Fig.4 Scheme for Buchholz protection
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Transformer Protection

W 3. Settings The relay requires the following data for the pri-
3.1 Setting instructions for differential protection ~ mary winding (side S1):
The differential protection as a main function of = The primary rated voltage Uy in kV
the 7UT613 is parameterized and set in a few (line-to-line)
steps: = The rated apparent power
= Parameterize “three-phase transformer” pro- = The conditioning of the star point ¢
tected object = The transformer vector group
= Assign the measuring locations on the main Generally, the currents measured on the second-
protected object . .
ary side of the current transformers with a cur
Example: flowing through them are not equal. They ar¢de
termined by the transformation ratio and
| tor group of the transformer to be protected
M1g by the rated currents of the current tran
The currents therefore have to be 1rst to
=l___ - make them comparable.
;’;Argitgction! 8> ‘ - _ This matching takes place ari | .in the
object ‘ \ M3 {L 7UT613. External matc e tis there-
1 (F U fore normally not necessaty. itized cur-
2 rents are converte ve transformer
MZE_ 3 rated currents. T ransformer’s rating
3 data, i.e. rated ap er, rated voltage and
h the primary ratedcu of the current trans-
formers, are ent in the protection relay.
Fig.5 Assigning of measurement locations
S2 CT2
Sides: 25KV 2000 A
S1  HVside of the main protected object (eze o
(transformer)
S2  LVside of the main protected object - = Nside2 = T2ZMVA 1663 A
(transformer) J3-110kV J3-25kV
S3 Sid‘e of the tertiary winding of the main protecte e S Huges Ty = Hugs:
object (transformer) S L 400 A ; §4kx . 2000 A
Measuring locations assigned 3-phase: \ ' 378A 1663 A
M1 !c\)/lbejzsé:nfigrgsggga{cion assigned to the mai %d 100%TXE_ % S F MVCV —94A
M2 Measuring location assigned to the p ed i § 3010
object for side 2 - - 72ZMVA 4157 A
M3 Measuring location assigned to the'main protected V310KV
object for side 3 1000 A
k, =
When defining the sides, a nts made 4157 A
regarding the measuging loc: s (Fig. 5) at the . ) )
main protected obj t be observed. Side 1 is Fig.6 Magnitude matching
always the referencewifiding@nd therefore has
current phase position no vector group Fig. 6 shows an example of magnitude matching.
code. This is usually the HV winding of the trans- ~ The primary rated currents of the two sides
former. The object data refer to specifications for (windings) S1 (378 A) and S2 (1663 A) are calcu-
every side of the protected object as fixed in the lated from the rated apparent power of the trans-
assignment definition. former (72 MVA) and the rated voltages of the

windings (110 kV and 25 kV). Since the current
transformer's rated currents deviate from rated
currents of these sides, the secondary currents are
multiplied by the factors k1 and k2.
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Transformer Protection

The third winding (S3) on the other hand is only
dimensioned for 16 MVA (e.g. as auxiliary supply
winding). The rated current of this winding (=
side of the protected object) is therefore 924 A.
For the differential protection, however, compara-
ble currents must be used for the calculation.
Therefore, the protected object rated power of

72 MVA must also be used as a basis for the third
winding. This results in a rated current (here: cur-
rent under rated conditions of the protected ob-
ject,i.e. at 72 MVA) of 4157 A. This is the refer-
ence variable for the currents of the third winding.

The currents are therefore multiplied by factor k3.
The relay does perform this matching on the basis
of the set rated values. Together with the vector
group which also has to be entered, it is able to
perform the current comparison according to
fixed arithmetic rules. This is explained by the
following example for the vector group Y(N)d5
(with earthed star-point):

Side 1 Side 2

'_
N
LSA4297en.eps

for vector group matching

windings and below them the
agrams of symmetrical currents. The

L,)%k-(k)-(1.)
Thé phase currents on the left-hand (star-point)
e are equal to the winding currents (The mag-

nitude matching of the absolute value is not taken
into account in the figure).

Since there is no point earthed within the pro-
tected zone, no considerable zero-sequence cur-
rent (residual current) can be produced within the
protected zone in case of an earth fault outside the
protected zone. This is also valid if the system
star-point is earthed anywhere else in the system.
In case of an earth fault within the protected zone,
a zero-sequence current may occur at a measuring
location if the system star-point is earthed any-
where else or another earth fault is present in the

system (double earth fault in a non-earthed
tem). Thus, zero-sequence currents ar
cern for the stability of the differential
as they cannot occur in case of external .
the case of internal faults, on the other hand, the
zero-sequence currents (because they gome from
the outside) are absorbed almost totally by the
sensitivity. A very high se itypin the event of
earth faults in the pro an be achieved
with overcurrent-ti rotection for zero-
sequence current afgd/ ingle-phase overcur-
rent-time protection, can also be used as

high impedance 1al protection. The dif-
ferential proteeti ction must be activated by
parameteyi WThe differential protection relay
7UT613s delivéred in inactive-circuit state. This

rotection may not be operated
st having set the vector groups and

is be

dictably without these settings.

ing of the characteristic of the differential pro-

ection is based on the following considerations:
Ly The presetting of 0.2 x Iy referred to the rated

current of the transformer can be taken as a
pickup value for the differential current as a rule.

= The slope 1 together with base point 1 take into
account current-proportional error currents
which may be caused by transformation errors of
the CTs. The slope (gradient) of this section of
the characteristic is set to 25 %.

= The add-on restraint increases the stability of
the differential protection in the very high
short-circuit current range in the event of exter-
nal faults; it is based on the setting value EXF-
restraint (address 1261) and has the slope 1 (ad-
dress 1241).

= The slope 2 together with base point 2 lead to
higher stabilization in the higher current range
at which current transformer saturation can oc-
cur. The slope of this section of the characteris-
tic is set to 50 %.

104
on 2
e 8112
"7 1 Ipifts> 1243
64 Slope 2 ~_
51 Trip Block

0123456 789101112131415161718

‘ 1244 IRestraint
Base Inobi

1242 Point 2

Base 1261

point 1 EXF-Restraint

Fig. 8 Tripping characteristics of the differential protection
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3.1.1 Notes on add-on restraint

In systems with very high through-flowing cur-
rents, a dynamic add-on restraint (stabilization)
becomes effective for external faults. Note, that
the restraint current is the arithmetic sum of the
currents flowing into the protected object, i.e. is
twice the through-flowing current. The add-on re-
straint does not affect the I>> stage.

The maximum duration of add-on restraint after
detecting an external fault is set in multiples of a
period (AC cycle). The recommended setting
value is 15 periods (preset). The add-on restraint
is disabled automatically — even before the set time
period expires — as soon as the relay has detected
that the operation point I/ Irest is located steadily
(i.e. for at least one period) within the tripping
zone. The add-on restraint operates separately for
each phase. Hence, blocking can be extended to all
three phases thanks to the available vector-group
(so called “crossblock” function). The recommen-
ded setting value for the crossblock function is 15
periods (preset).

3.1.2 Notes on setting the inrush blocking

An inrush current with a high proportion of 2™
harmonics is generated when switching on the
transformer, which can lead to false tripping of
the differential protection. The default for the
harmonic restraint with 2" harmonics of 15 %
can be retained without change. A lower value can
be set for greater stabilization in exceptional cases
under unfavorable energizing conditions resulting
from the design of the transformer.

“crossblock” function. This means, that al

phases of the Ipif> stage are blocked wh e

harmonic component is exceeded in &

phase. A setting value of 3 periods, tiv the

time of mutual blocking after exce@ differ-
( -

ential current threshold, is rec de

fault). \

The inrush restraint can be extended by tH& \

Transformer Protection

3.1.3 Notes on setting the overexcitation blocking
Stationary overexcitation in transformers is char-
acterized by odd harmonics. The third or fifth
harmonic is suitable for stabilization. Since the
third harmonic is often eliminated in transform-
ers (e.g. in a delta winding), the 5™ harmonic is
mostly used. The proportion of 5™ harmonics
which leads to blocking of the differential protec-
tion is set at 30 % (default). It is usually not nec
sary to set the crossblock function in this case.

3.2 Earth-fault differential protection

The earth-fault differential protection detec
selectively and with high sensitivity — earth,faults

in transformers with earthed star-p hepre-
requisite is that a current transforfer is installed
in the star-point connection, i, the star

point and the earthing electr
transformer and the ph
define the limits of the pr

No current Is; flows

in normal opera T
rents
I

3Ip=1I1 + I

point connection
m of the phase cur-

Imost zero.

In the evenpo rth fault in the protected zone
(Fi tar t current Is; will flow; depend-
earthing conditions of the system, an
rent can also feed the fault position via
urrent transformer (dotted arrow),

wever, is more or less in phase with the
int current. The currents flowing into the
ected object are defined positive.

L
Lo
Ls

LSA4299.eps

ich.

Fig.9 Currents in case of an earth fault inside the
transformer
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Transformer Protection

In the event of an external earth fault a zero-
sequence current also flows through the phase cur-
rent transformers. This current has the same mag-
nitude as the star-point current on the primary
side and is phase-opposed to it. Therefore, both the
magnitude of the currents and their relative phase
positions are evaluated for stabilization. This pro-
duces the following tripping characteristic for the
earth differential protection:

ITrip
Ieps>

Trip

Block

-0.2

Fig. 10 Tripping charac-
teristic for earth
differential pro-
tection

Fig. 11 Phasor diagra
restraint (sta
tion) value

In the above examples it was hat 31p” and
31y’ are phase-opposed in theev an external
earth fault, which is corre the primary

variables are concerned
former saturation cad sim
tween the star- ;ﬁ
phase currents,

ate a phase shift be-
and the sum of the
eakens the restraint value.
The restraint i 0 at ¢(31y”; 31p’) = 90°. This cor-
responds to ntional method of direction

detectio e vectorial sum and differ-
ence comparis

Th ing phasor diagram shows the restraint

K event of an external fault:

LSA4300en.eps ~

The earth-fault differential protection fun

must be activated by parameterizatio e
7UT613 earth-fault differential protection relay is
delivered in inactive-circuit state. This 1 use
the protection relay may not be operated without
at least having set the allocation and pelarity of
the current transformers correctly first. The relay
may react unpredictably wit these settings.

s decisive for the
his value is the
ws through the star-
ansformer. Another
in from the system is not

The setting of the I-E \%
sensitivity of the p io
earth-fault currentw
point connectidm,of

absorbed up sensitivity. The current
value refers e rated operating current of the
side o ransformer to be protected. The pre-
set e 0f 0.15 I/I,s is normally appro-
priat

ckup protection functions
1 Overcurrent-time protection
he definite-time overcurrent-time protection of
the 7UT613 serves as backup for the short-circuit
protection of the downstream system sections
when faults cannot be cleared in time there,
meaning that the protected object is in danger.

The overcurrent-time protection can be assigned
to one of the three voltage sides of the trans-
former. Correct allocation between the measur-
ing inputs of the relay and the measuring loca-
tions (current transformer sets) of the power
plant must also be observed. The stage I>> to-
gether with stage I> or stage Ip produces a two-
stage characteristic. If the overcurrent-time pro-
tection acts on the feed side of the transformer,
stage I>> is set so that it picks up for short-cir-
cuits extending into the protected object, but not
for a short-circuit current flowing through it.
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Transformer Y(N)d5

72 MVA

25kV/10 kV

usc =12 %

Current transformer 2000 A/1 A on the 25-kV-side
The overcurrent-time protection acts on the

25 kV side (= feed side).

The maximum possible three-phase short-circuit
current on the 10 kV side with rigid voltage on the
25 kV side would be:

I — 1 I — 1 . SN Transf, _
3polemax — N Transf. — / -
U SC Transf. U SC Transf. 3 : UN

1 72MVA
012 +/3-25kV

=138564 A

With a safety factor of 20 % this gives the primary
setting:

I>>=1.2x13856.4 A =16628 A

With parameterization in secondary variables the
currents in amperes are converted to the second-
ary side of the current transformers.

Secondary setting value:
> = 16628 A ‘1A=8314A
2000 A

i.e. at short-circuit currents above 16628 A (pri-
mary) or 8,314 A (secondary), there is definitely a
short-circuit in the transformer area. This can be

cleared immediately by the overcurrent-time pr; ?
tection. Increased inrush currents are disagned t

the delay times of the I>> stage if their fun x
rain

tal exceeds the setting value. The inrush r.
does not affect the stages I>>.

Stage I> represents the backup pro e
subordinate busbar. It is set higher sum
overload

of the rated outgoing currents. Ri

correspondingly short co
short-circuit protection i

er. The delay time
in the outgoing lines.
It should be set 300 ms more than the highest
grading time on the LV side. Moreover, the inrush
he I> stage must be parameterized

g from the inrush of the trans-
vented.

Transformer Protection

3.3.2 Load unbalance protection (negative-
sequence protection)

The load unbalance protection (phase-balance

current protection or negative-sequence protec-

tion) can be used in the transformer as sensitive

protection function on the feed side for weak-
current single and two-pole faults. LV side, single-

L 4
pole faults can also be detected which cause no \%

zero-sequence current on the HV side (e.g. in ve
tor group DYN).
The load unbalance protection of the HV windi

(110 kV in the example) can detect the fol n,
fault currents on the LV side (25 kV in

example):
If I, >=0.1 A is set for the HV sidéya fau
current of
_ . 110KV 400A @
T 25KV 1A

it, the delay time must be coordinated
imes of the subordinate protection relays.
e-time characteristic is two-stage.

TI> A

T I,>>

LSA4301en.eps

Liln—>

Fig. 12 Tripping characteristic of load unbalance protection

Stage I,> can be used for warning. A trip com-
mand can be given at the end of the delay time of
stage h>>.
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Transformer Protection

3.3.3 Overload protection
The thermal overload protection prevents over-
load of the transformer to be protected. Two

methods of overload detection are available in the
7UTe6:

= Overload protection with thermal replica
according to IEC 60255-8,

= Hot-spot calculation with determining of the
relative ageing rate according to IEC 60354.

One of these two methods can be selected. The
first is notable for easy handling and a low num-
ber of setting values; the second requires some
knowledge of the protected object, its ambient
context and its cooling, and needs the input of the
coolant temperature via a connected thermobox.
The second method is used when the transformer
is operated at the limit of its performance and the
relative ageing rate is to be monitored by the hot-
spot calculation.

Overload protection with thermal replica (to a
on the HV side) is chosen for this applicatio
example. Since the cause of the overload is n
mally outside the protected object, the overload
current is a through-flowing current. Thegela
calculates the temperature rise accordi
thermal single-body model by r-
mal differential equation

dt Tth Tth IN Obj

The protection functig represents a
thermal replica of thé objectito be protected
(overload prote&' i mory function).
Both the histor &erload and the heat trans-
mitted to the ient area are taken into account.

Pickup of t er protection is output as a
message.

Notes on the setting

In ers, the rated current of the winding
0 otected, which the relay calculates from
\i ed apparent power and the rated voltage,
significant. The rated current of the side of the
maift protected object assigned to the overload
tection is used as the basic current for detect-
ng the overload. The setting factor k is deter-

mined by the ratio of the thermally permissible
@ continuous current to this rated current:

Iy Obj

The permissible continuous current is at the same
time the current at which the e-function of the
overtemperature has its asymptote. The pre-
setting of 1.15 can be accepted for the HV wind-
ing.

Time constant T in thermal replica:

The heating time constant Tw, for the t al_rep-
lica must be specified by the transformer manu-
facturer. It must be ensured that the time'é@nstant
is set in minutes. There are often other specifica-
tions from which the time constant cap,be deter-
mined:

Example: %
ts time: This is the tir% s for which 6
t

times the rated curr, ransformer winding
may flow.
o _gg Q

min

-t
If the trafisfo winding has a Ts time of 12 s
T -1; =72

onstant T must be set to 7.2 min.

Overexcitation protection

e overexcitation protection serves to detect in-
creased induction in generators and transformers,
especially in power station unit transformers. An
increase in the induction above the rated value
quickly leads to saturation of the iron core and
high eddy current losses which in turn lead to im-
permissible heating up of the iron.

Use of the overexcitation protection assumes that
measuring voltages are connected to the relay. The
overexcitation protection measures the voltage/
frequency quotient U/f, which is proportional to
the induction B at given dimensions of the iron
core. If the quotient U/fis set in relation to voltage
and frequency under rated conditions of the pro-
tected object Unovj/fn, a direct measure is ob-
tained of the induction related to the induction
under rated conditions B/Bxov;. All constant vari-
ables cancel each other:

v
B _ UNObj _ U /f
BNObj i UNObj /fN
fs

The relative relation makes all conversions unnec-
essary. All values can be specified directly related
to the permissible induction. The rated variables
of the protected object have already been entered
in the 7UT613 relay with the object and trans-
former data when setting the differential protec-
tion.
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t1.05

TU/f>>

Setting instructions

The limit value of permanently permissible induc-
tion in relation to the rated induction (B/Bx)
specified by the protected object manufacturer
forms the basis for setting the limit value. This
value is at the same time a warning stage and the
minimum value for the thermal characteristic

(see Fig. 13).

Pickup threshold U/f> (Address 4302)

18t Setting value of
thermal characteristic

Trip area

Overexcitation
trip stage Uff>>

LSA4303en.eps

| U
>>

(Setting value for stage characteristic)

Fig. 13 Tripping characteristic of the overexcitation protection

An alarm is output after the relevant set delay time
(about 10 s) of the overexcitation stage U/fhas ex-
pired. Major overexcitation endangers the pro-

tected object already after a short time. The hig|
set tripping stage U/f>> is therefore set to @ magi-
mum of 1s.

The thermal characteristic should simul e\
heating, i.e. temperature rise, of the %
sulting from overexcitation. The heatifig charac-

teristic is approximated by enterin
for 8 given induction values B/Bxg
simplified form as U/f). Intert
obtained by linear interpolati
available from the p
the preset standar

del

times
ed to in

W 4. Further functions
4.1 Integration into substation control system
The protection can b connected to a substation
control system via the system interface and oper-
ated in by PC via the service interface to a
star ¢ eparate remote communication.

Transformer Protection

SICAM
DIGSI 4

DIGSI 4

00000

(only %th

PROFIBUS FMS)

Profibus FMS,

Telephone/
b Ethernet

Modem link

Modem

Leo 000000

IEC 60870-5-103

DIGSI 4

LSA4304en.eps

IEC 60870-5-103

Fig. 14 Integration into su ti system

Via the interface,

o

he transformer differential
ubstation control system. Mes-
able for every one of the activated
functions, which can be either trans-

= Messages
= Alarms

= Measured va

Service interface

The 7UT613 has a separate service interface which
can be read out by telecommunication via a mo-
dem. The user is informed in the office quickly
and in detail about the transformer fault. The data
are then analyzed in the office by DIGSL. If this
remote fault clearing is insufficient, the fault data
provide hints for an efficient service mission.
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Transformer Protection

B 5. Connection diagram W 6. Summary

Optimum protection of the transformér wit
SIPROTEC relays means security of inyestment
for valuable operating equipment and therefore
makes a contribution to maximum supply secu-
rity. 'S

From a technical point o e SIPROTEC
7UT613 relay offerséxte short-circuit pro-
tection for both the matmand®he backup protec-
tion of transformey gle relay. Extensive
measuring functions wtrouble-free connec-

.

I -

equipment, monitoring of the trans-
former i ion'in terms of its electrical and
therma] pparameters. The relay’s presettings are
Surface-mounting housing chosen at the user need only parameterize
— ’7 Flush-mounting th a of the main and primary trans-

‘ housing fo any of the default settings can simply

c ed as they are, and therefore make

rampeterization and setting easier.

25, Q1

LSA4305en.eps

Fig. 15 Connection diagra@
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