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SIEMENS

Transformer: Function principle and equivalent circuits
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Equivalent electromagnetic circuit

l.-w, +1.-W =Iﬂ-w1

I 1 2 2
Rrc %7K W =1, w,
At load and short-circuit: |, << I, ,, U T_I:|I;|>M.vT U, X1 = Xor+ X, o'
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Typical Transformer data

Rated power

MVA
850
600
300
300

40

16

6.3
0.63
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Ratio

kV/kV
850/21
400/230
400/120
230/120
110/11
30/10.5
30/10.5
10/0.4

Author: G. Ziegler

Short-circuit

voltage
% UN

17
18.5
19
24
17
8.0
7.5
4.0

SIEMENS

No-load magnetizing
current
% In

0.2
0.25
0.1
0.1
0.1
0.2
0.2
0.15
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SIEMENS

Transformer Inrush current

> .J[U pL’ Jul

Inrush-current of a single
phase transformer

Source: Sonnemann, et al.: Magnetizing Inrush phenomena in transformer banks, AIEE Trans., 77, P. lll, 1958, pp. 884-892
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Inrush currents of a Y-A-transformer

Neutral of Y-winding earthed
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T :é'ImT_l’ImR
6 6

SIEMENS

Source: Sonnemann et al. : Magnetizing Inrush phenomena in transformer banks, AIEE Trans., 77, P. lll, 1958, pp. 884-892
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SIEMENS

Inrush current : Content of 2nd und 3rd harmonic

I mav)

| m(1) i

%

80

60

40

20 1

900 180° [ 270°  360° Width of base B
240°

Copyright © Siemens AG 2007. All rights reserved.
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Inrush currents of a three-phase transformer

recorded with relay 7UT51

E Analog and binary recordings

Zoom  Output  Curzor ines Subwindowe  Tests Curvez Help

NS  Fit.Event 00004

tr10SUTS13 111

SIEMENS

=] E3

Date Eil

—

T
30004
Current WWind.1
Eeazm cm 0.000 - oot I U el U 434 T Uer LU LR T
-3.0004
30004
:C;urrent"-.-“-.-"indﬂ e e he b e Bl e e e l
2 9624/ cm E\FH\JU\,}UWBWUUWWUU\JLM#DU‘J ReE WV dadg TV
-3.0004
30004
Current WWind.1
e T AVTVRT REEAREERLE
2962458 cm
TRV RT
30004
Current Wind. 2
5952;&.-’ o III,III.IIIIII D,I:ian III,“I.EIII 0,2;40 0,3'20 III,4.IIIIII
-3.0004 -
KN AW
Page 194 2007-08 Author: G. Ziegler PTD SE PTI



Transformer Inrush current:
Amplitude and time constant

I 12
Rush \\
i N 10 \\
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\ \\\
8 N Sy
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5 10 50 100 500
Rated transformer power in MVA —_—
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SIEMENS

Rated power
in MVA

0,5....1,0
1,0 10
>10

time constant
In seconds

0,16....0,2
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Sympathetic Inrush

Wave form:;

1
— %% Transformer
Q IT a 2 being closed
G I

resistance | )
—> Transformer
already closed

T2
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Transient currents:

1 Current circulating

\
/ between transformers
\
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Transformer overfluxing SIEMENS

Deduction of wave form Harmonic content
%
100
|150/ I50 ISO/ InT/
80 P - -~ o
60 —— Lso/lsg - 574~ —
40 VLot g e s
LA /s.\ -
20 / ....... ~—
0 / ---- s
100 120 140 % 160
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Vector group adaptation with matching CTs SIEMENS
Current distribution with external ph-ph fault

I—R>M « I - A «— r
5 53 le - {
S 155 Mn > <—_|f m > S G

|3 g T \
. LLIN - <_|31 I t
1 i-o—1—e
115
5, 333 l ; |
REE 666,
—:_—> L —> —»
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Page 198 2007-08 Author: G. Ziegler



Vector group adaptation with matching CTs

SIEMENS
Current distribution with external ph-E fault
R— R vdl o 11 A r
IS 3 g Is /
S — 2] <> S G
T { 3 gl \ f It \
T7—= ¥ = =
Z = e
® h {
3 m /a It
1,=3 t,
| ﬁ/l{ ¢' 87D @7D @77 L Y
<_‘ L — :\/g rg
T T » «, 30°
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Traditional I ,-elimination with matching CTs SIEMENS
Current distribution in case of an internal earth fault

L M, YN =
~ {
B - mmy L o L\ G
3 o - «m LYY — L3
s *ﬁ * -o——e
v ¢
- ¢
1 R
EIEE ol
f 3 ? I .
- f$$ ClDt * Sensitivity only 2/3 !
| *Non-selective fault

Indication!
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Traditional 1 -correction with matching CTs SIEMENS
Current distribution with external ph-E fault

a4

' 38 7 [
b
C A — . <
ii ?r_g SH e
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Traditional |,-correction with matching CTs SIEMENS
Current distribution with internal ph-E fault

L

A —
3 E b {
B e G
|3 & | — \
c o «— - <«— —_ — C
i? ;T_g g1 Al
= 5
W 4
3 3 3 ai b
E_Et 3 —» ¢ v
EIREIRE1 R
EXx:
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Transformer differential protection, connection

YANVIUN -

11 lar— . IB1

U, g -
L2 |la— |2

(110 kv) L3 lm— € “Tes

® T_“' l T

7UT6 @ /ﬂfli}

/
) U4

/

/

Software replica of matching transformers

Page 203 2007-08 Author: G. Ziegler

SIEMENS

Ug
(20 kV)

Digital protection
contains:
Adaptation to

« Ratio U, / Uy

» VVector group
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SIEMENS

Digital transformer protection
Adaptation of currents for comparison (1)

CT1 | w1 W2 _ CT 2
AA JR-prIm —> YYY\L _fwy\ <—Jr-pl‘lm A
— ¥ I ’—l L —
JS-prim — YYY «—Js-prim
AP L P IR
= JT-prim— NV I VYA «—Jt-prim A
I B =— I 1 1 \
o—1h —_— |L—7
JR-sec _ I(\)I IR o- |HR Com- |_Ir™| Vector | __Ir* 0- |« Ir lc\)l _Jr-sec
JS-sec IS | . |is* |parison| Is**| group | Is*| |~ | Is  Js-sec
o T »elim. | —— < elim. [« r|e
JT-sec | m LT IT* | Al | e adapt. [ e It | ;[ Jtsec
IN—Transf-W1= __°N I N—Transf—W2 :—SN
\/E-UN_l \/g‘UN-Z
IR IN—Prm—CT1 JR —sec JR —sec Iy I Jr—sec Jr_sec
— - N—-Prim-CT 2
Is|= L Trlmf — '9S—sec| = KCT-1|IS—sec ls| = | = Js—sec | =kcT-2 | Ts—sec
— 1lransTt - — -
IT JT —sec JT—sec |4 N=Trans -W2 Jt_sec Ji—sec
2007-08 Author: G. Ziegler PTD SE PTI
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Digital transformer protection SIEMENS
Adaptation of currents for comparison (2)

CT1 W1 W2 _ CT 2
P~ JR-PIM— A~ LYY <«—Jr-prim o
— ) v I ’—l L —
JS-prim — Js-prim
PN o222 R 2222 | <—Jsp o
et 2P~y | v, Jtprim |
' w— I —
'_||' — -t
JR-sec_ NTIR * | C |r** Ir* Ir | N | gr-sec
N o 10- [AR om_ |, I} Vector [ Ir 10- |« o |
JS-sec g IS Jelim. IS*_ |parison| Is**| group |s* alim. |« Is - L Js-sec
JT-sec_| o [T T | Al | i+ adapt. | i It | o | Jtsec
> —> < — <
I =l-(1 +1g +17) I —1-(1 +1g +1¢)
0 5 VI ol Example Yd5: O—3 r Tis+1t
Ig*=1g -1 Ia—g|=|ls*+]|ls** IS**zﬁ 1 -1 0} |lg¥ Ig*=Is—Ij
Ir*=IT I IA—T| UT* |1t ** |4 ** 0 1 —0|ht* It*=I-Iy
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Adaptation of currents for comparison SIEMENS
Relay input data

Input data:

*n times 30° vector group number Y : .
(only for 2nd and 3rd winding, Winding 1 (reference) is normally:
st winding is reference) *High voltage side

UN (kV) Rated winding voltage

SN (MVA) rated winding power At windings with

tap changer:
INW (A) Primary rated CT current Uy =2 U e -YUmin
*Line or BB direction of CT neutral U rax FYnin

*Elimination / [,-treatment
Correction /

without

*Side XX Assignment input for REF

*INW S (A) Primary rated current of neutral CT
*Neutral CT Earth side connection to relay: Q7 or Q8?
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Digital transformer protection
Current adaptation, Example (1)

Uy=20kV  Yd5

S, = 100 MVA

3000/5A W2
> A YYY\_
7621 A
APt Y Y Y\

SIEMENS
Uy,= 110 kV
W1 600/1 A
YY" oo
2.400 A
7YY e
Yy
Y Y'Y L A
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Digital transformer protection
Current adaptation, Example (2)

SIEMENS

20-kV-side 110-kV-side
100MVA 100MVA
IN—Trafo-W2 = = 2887A IN-Trafo-W1 = =525A
J3 - 20kv V3-110kV
1 1
Trg tosek = ——-13200//3 =4,4/4/3 A JR.S Togek = ——2400=4,0 A
1,s,t-sek 3000 /\/7 /\/7 R,S,T-sek 600
3000 600
I =2 .44/3=457/\3A I =2 .4=457A
Norm 2887 /\/7 /I Norm 575
|0-elimination: Vector group adaptation: Yd5
Moo 457/\3 | |-4,57/3 R T 4,57/3
M=l -1 o |-4,57/3|=2-457/3 =51 2 ~1|-4.57|=-2:457/3
ok 0 1 -1 0 ~4,57/3 I* ~ -1 -1 2| 0 4,57/3
IA_R =IR *+I; **=  457/\3-457/3 =0
IA_g = Ig*+Ig**=-2-457/y3+2.457/{3=0
Io_T =IT*+I **=  457/J3-457/3 =0
2007-08 Author: G. Ziegler PTD SE PTI

Page 208



7UT6 SIEMENS
Operating characteristic

|
9- 1y <>
i I B 3¢ = & s
8 { 3& J N g | DIFF >>
& L7
7 7UT6 \Q\//
/
5 pirr = |1+ 1] e
Istap = |11l + [1]
5;
A /
e Stable operation
/
3 /
/
/
2 /
/
/ - - .
11,7 qop® \ Addl’_uonal stabilisation
[ DIFF > \0’/- for high IS;C.

o 1 2 3 4 5 6 7 8 9 10 1 |gp/l,
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l,-elimination / correction: Summary SIEMENS

> |- elimination necessary at all windings with earthed
neutral or with grounding transformer in the protection range
Earth fault sensitivity reduced to 2/3 !

Incorrect fault type indication!

=» |,- correction provides full earth current sensitivity and
correct phase selective fault type indication, however requires
CT in the neutral-to-earth connection of the transformer.

=» As an alternative, earth differential protection can be used
to enhance earth fault sensitivity.
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Transformer winding to earth fault SIEMENS
Solid earthed neutral

I

per unit
10
/
8 /
U | | //
F
h UR > 6 // )
Infeed side Jid
00D MaN R
I \v/ P - IK
—_ S | ' F | 2 _r
| 1=
K | _+

- 0O 20 40 60 80 100
Short-circuited winding part h in %

Source: P.M. Anderson: Power System Protection, McGraw-Hill and IEEE Press (Book)
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Transformer winding to earth fault SIEMENS
Resistance or reactance earthed neutral

Ug . %
100 —
h-Ug R : ,//
Infeed side i K - ,/
ax
- 50 — Pl //I
lF ~ >
W_r ” /
<_|K I:ERE ” //
— = - /
- - 0 —‘: e
20 40 60 g0 100
lc = h-U R Short-circuited winding part h in %
F=
. 1 U U

Source: P.M. Anderson: Power System Protection, McGraw-Hill and IEEE Press (Book)
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Transformer winding to earth fault SIEMENS
Earth fault in the delta winding

| R
T < 0%
° T 20%
500 e 4 T
_ VL f % % % s | 33,3%
0)
H 2 --\/ -
|
| 4
! A 1 --\/ 100%
: t \ /
: =1 : : i : —>
LT 20 40 60 80 100

Location of the earth fault h in %
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Transformer winding short-circuit

100

I ]1 o

80

60

40

20

Source: Protective Relays, Application Guide, GEC Alstom T&D, 1995
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SIEMENS

5

10

15

20 25

Short-circuited winding part h in %

Author: G. Ziegler
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Restricted earth fault protection of relay 7UT6

*
IO_IN

|§*Z|R_|_|S_|_|T:3|O _I_fYYY\_ YYN
_I_fYYY\J Lo
_I_rvvnj LA

*

g

_ |(”)‘*
Basic operating area:

*
IOp :IO INI

for —90° <glig/15")<+90°

_ S kk
lrestr_ IO_HO

SIEMENS

Extended operating area: =

IOp: Ig_k()lrestr
for +90° < glig /15" )< +270°

|f Iop > IreStr

Page 215 2007-08 Author: G. Ziegler
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Restricted earth fault protection of 7UT6 SIEMENS
Operating characteristic (2)

ko =2 A o
Ko P Limit 0 —1100° IO
@ Limit—
1.0 130 | IO-set
1.4 120
4 skek
2.0 110 ‘ IO _ 3 Bh i
4.0 100 \ 3 I |
0 N
00 90 \ >
-] 1 _
External fault Internal fault
«— > _—
180° 130° 120° 110° 100° 90° 80° 70° 60° 5Q° 0°
skk %k
(P(Io /1y
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Restricted earth fault protection of 7UT6 SIEMENS
Polar characteristic

KO=4
KO= 2 100 L 80

0*  _pp*/15*)

KO=1.4 IO % %
160 ) 20
Ko=1 Blocking S\
Tripping
180 |0
200 340

260 280
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Restricted earth fault protection 87N (7UT6) SIEMENS
Application aspects

B Increased sensitivity with earth faults near winding neutral _
Preferably used in case of resistance or reactance neutral earthing

B Sensitive to turns short-circuit
m |0/ IN amplitude and angle comparison
® 2nd harmonic stabilised

B Can protect a separate shunt reactor or neutral earthing transformer
In addition to the two winding transformer differential protection

m Not applicable with autotransformers! (as only one stabilising input at
transformer terminal side, -- high impedance principle to be used in this case.
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SIEMENS

Transformer HI-earth fault protection

YYY ., 1 YYN PUNEE. o

| |_I | g = | |_t | g = |

v s L IJWY\J Lo IPVE I

| |

| Vala'ag e |_I"A'A“‘ vl | Lo |_I"A'AL" |
] |

i lN ‘ A|E>
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SIEMENS

HI differential protection of an autotransformer

II’
| -
R = e MY B
— JaVal ‘_Ig
ls — YL ™ 11—
S FaVa
''Lg JaVa It

v,
—
1|

—1
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SIEMENS

HI earth fault protection of an autotransformer
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SIEMENS

Transformer tank protection 64T: Principle

SN
>

IE>

Insulated ﬁ

..........
||||||||
,,,,,,,,,
'l

...........
'''''''''''
,,,,,,,,,,,,,,,
llllll
"""""""""""""""""""""""
,,,,,,,,,,,,,,,,
''''''''''''
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I
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l

.............

)
llllllllllll
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SIEMENS

Transformer protection, Relay design

-‘. i Transformer Protection
== with
= Siemens SIPROTEC
= d B .
o R 1 [ 7U 6
§-a .-
3~ @ SEa
vuw
[ i e ST |
7UT612

Copyright © Siemens AG 2007. All rights reserved.
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Digital transformer protection relay 7UT613: SIEMENS
Current inputs and integrated protective functions

YN ynO d5

o faa
oy [~y oy
[ — | I W] *— | I
— T T T

—n

e |l L3 333

_________________________________________
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Relay 7UT6: Application examples SIEMENS

guig e S 3¢ Ji
) TET) Y

Shunt Reactor Two winding Three winding Transformer bank
transformer transformer (1-1/2-LS)

P .

G Al Al Ngw_' *[I]*_I Al
? [

Generator / Motor Busbars
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ruTe SIEMENS

Operating characteristic

1,

|
3¢
Iites In | B ®
8 | { 3¢ ‘ & | DIFF >> (1604)
<
- 7UT61 o)
6 e = |1+ 1]
Istab = [11] + |15
5;
Tripping area
4 .
Restraining area
3,
2 f 1606
slope = 1/2 © rder line) = HGE)
11 ~_pick-up limit (teft 09
IDIFF>_ | £ __ —_— I— Addon restraint for high L.
(1603) o —— — | ‘ ‘ | ‘ ‘ ‘ |

0o 1 2 3 4 5 6 7 8 9 10 11 |/l
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SIEMENS

Advantages of digital transformer differential protection

€ High stability against c.t. saturation provided by integrated saturation detector
and add-on stabilisation

€ High stabile against inrush currents due to advanced filter technology
(Fourier analysis) and optional cross-blocking function

€ High stability against over-excitation ( 5th harmonic blocking)
€ Short tripping time - typically 1.5 cycles
€ High set Al fast tripping < 1 cycle

€ Sensitive earth differential protection against interturn faults and earth faults
near winding neutral

@ Integral ratio and vector group adaptation (no external auxiliary CTs required)
€ Integral thermal overload protection

€ External start of fault recording (e.g. by gas pressure relays)
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7UT6 SIEMENS
Integrated protection functions

Transformer differential protection

a Al>
O Rush-stabilised (2nd harmonic)
49-1 O Stabilised against overfluxing (5th harmonic)
O AI>> high set element, non-stabilised
\

Thermal overload protection

——— Time overcurrent protection (IT or DT)
___— FEarth current differential protection (7UT613)
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Tank protection (7UT613)
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Application examples




Protection of a two winding transformer

Page 230

7SJ600

_ 7UT512
(5050

________________

W2 (US) I

2007-08 Author: G. Ziegler
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Protection of a three winding transformer SIEMENS

7SJ600

Load
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Restricted earth fault protection SIEMENS
for a two winding transformer

7SJ600

Ei 7UT513
w1 (0s) (D

W2 (US)
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Protection of an autotransformer SIEMENS

7SJ600 52

$ /VH600

Load 452

Y
Y M
<7

G
® G2

/RW600 _----
7/SJ600
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Load =

Page 234

Protection of a large transformer bank

H 52

oH 52 [

2007-08

Author: G. Ziegler
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7VH6 (3)
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Differential protection of generation units SIEMENS

S
Co—

AIG 52

Ld (o) [a

(o) [ae

_
' 52
A \ Al; 2\ Aly 2\ Aly
Al; — o
©
L4
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Differential protection of generation units (2) SIEMENS

(&)
. )
Al
s
i NG e
)E T &
= 2\ AR
CG) Alg o F :
I _
N : E-— . *) same ratio as generator CTs
L 1 B
F------ B2 auxiliaries
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Thermal protection of transformers SIEMENS

Legend:
Oc, .&. Oy Rin P.,; Winding losses (I*'R)
| — Pp.: Core and tank losses
CA) — y — Ry,;: Thermal resistance Copper-Oil
2 R;,: Thermal resistance Oil-Air (cooling medium)
Pe P, C,: Winding thermal capacity

C,:  Thermal capacity of Oil, Core and tank

O Amb
" Oc,: Winding copper temperature

Lifetime of insulation depends on the Ooi: il temperature

o Oxmp: Ambient temperature
winding Hot-spot temperature.

6 OC higher temperature increases the
aging of the insulation by the factor 2!
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7SA6: Temperature monitoring SIEMENS

iy RS485 Interface | _
FiE = o = 1
= ‘:b B . —
-l
= a @ = &= I Oil -
e 01 il il e Py Jf Temp.
N:-E 252 - | U X

=a— wa|swe=|

m Two thermo-devices can be connected to the serial service interface

m Monitoring of up to 12 measuring points (6 per thermo-device)

m One input is reserved for hot spot monitoring (measurement of oil temperature)
m Thermistors: Pt100, Ni100 or Ni120

The the upper oil temperature is directly measured by the use of thermoelement.
The hot spot temperature is calculated by the relay using the thermal model Cu-Qil:

40 1 I 2 1 I = actual transformer current
Cu _ . ( ) S (@ Cu — ®Oil ) Ir = rated transformer current
dt Trh \r TTh T4, =time constant of the winding
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7UT6: Temperature monitoring with hot spot calculation (1) SIEMENS
Example: Natural cooling

O =0 +H -kY ®h= hot spot temperature
h — >0

®h= oil temperature
& i L ; H,=hot-spot-to-oil temperature gradient
; i . = - | k= load factor I/In
| =7 : A
E_l : : Y= winding exponent
B [Fi : 1 - 3 i
?e"n;p‘ Aging rate:
| o e O 2 OO i 2 980is reference for

e V = Aging at Op — 2(®h —98)/6 the aging of
E\\ll 128 S | ;\ Aging at 98°C Cellulose insulation

Mean value of aging during a fixed time interval:

!
B
£

1
LT Tdet

Copyright © Siemens AG 2007. All rights reserved.
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7UT6: Temperature monitoring with hot spot calculation (2) SIEMENS
Example: Natural cooling

=10l
B Thermal Meter - 22.09.2003 - Differential TUT - 10| x| [ umber [ Measurad value [value =
e |Wemredee [valie — |n1.uaa Temperaturs of RTD 1 I
01060 Hok spok temperature of leg 1 102 =iC v 16
01061 Hok spok temperature of leg 2 102 =i — . ~ . e o
ninez Hot spot temperature of leg 3 102 = ®h ®0 + ng k ~ 73 + 23 1 ° 1 5 1 02 C
01063 &ging Rate (L) 1.6
01066 Load Reserve ko warning level -10 % V — 2(®h _98)/6 - 2(102_98)/6 ~ 1 6
01067 Load Reserve to alarm level 5 %o * 108°C
foe]
V’T 98°C
V; - 1
L | 102 \ f gh
2 i o

73°C
®, Hot spot J | T
remp- B T i

0, oil temp. \(ralative i

1 =
(from thermo- / aging)

+ 40
device) L (mean
value of V) Z
- 20
e
J .
0 t 0
0.0 10.0 20.0 a0.0 40.0 a0.no
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