| nductor s and capacitorsin ES

a) Seriesinductors

reactors are used to limit short-circuit currents — current limiting
reactors

used in grids up to 35kV, single-phase (I.>200A) or three-phase
(In <200A)

usually air-cooled (small L, no mag. saturation x leakage, mag. field
induced current nearby metal objects)

L optimization (small — lower voltage drop, higher — SC reduction)

In fault-free state the inductor can be bypassed by a fuse to reduce
a voltage drop.

the same design in LC filters for harmonics suppression, SVC (TCR)
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Ry << XL

o
o

Input: Xrew, St, Un, In
Calculation: S = \/§°Un’1n
X, = Xy U, _ Xy, .Ufl
100-/3-1.  100-S,
Afjf = ﬁfl - ﬁﬂ =R+ jXL)i — ZLi

{ZLach: Z, [E] - 3ph inductor

— self-impedance £, mutual impedances 0




b) Shunt (parallel) inductors

- in the transmission systems (usually Un > 220 kV)

- o1l cooling, Fe core

- used to compensate capacitive (charging) currents of
long OHL for no-load or small loads — U control:

ULn —_ Uin
\/§.an QLH

{ZLach: ZL | [E]
- Q: 15, 30, 55 MVA
Connection in the system:

X, =

a) galvanic connection to theline
- Y winding

b) inductor connection to transformer tertiary winding
- lower voltage U, = 10 + 35 kV

Ry

Xy

Ry

Ry

Xy

Ut



Kocin 400 kV




c) Neutral point inductors

- used mm networks with indirectly earthed
neutral point to compensate currents during
ground fault (capacitive currents)

- resonance compensation

- for distribution systems (6 to 35 kV)

- reactor is single-phased!, oil cooling

- capacitive  current  change  (network
reconfiguration) — change in inductance
(air gap correction 1n the magnetic circuit)
= arc-suppression coil (Peterson coil)

—1

—1
—1

&
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- ———————————
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d) Series capacitors

- capacitors in ES = capacitor banks

- in series — reduce TS line series inductance

- power flow control, voltage drop reduction, dynamic oscillation
mitigation

- TCSR (Thyristor Controlled Series Capacitor)

+— - .
X @ Uz, 07
U1 L0 ., VA4 —’HLXC
R KR
c U, =—j—1

-10 -



- device 1nstalled on insulated platforms — C under voltage
- during short-circuits and overcurrents there appears overvoltage on the
capacitor (very fast protections are used)

Canada 750 kV

. =5
e

n 2t
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“11 -



e) Shunt capacitors

- used in LV industrial networks (up to 1 kV)
- connection: a)wye-Y
b) delta - A (D)

Q,=U,-I.=UoC, Q,=U-I.=U0n0C,
Q=3U;0C, =U’wC, Q=3U°nC,

- with the same reactive power

U’wC, =3U°wC, — C, =3C, _; rather delta

-12-



— power factor improvement, lower power losses, voltage drops
- 1ndividual or group compensation could be used

- shunt — also in harmonic filter (mainly MV, or SVC to HV wvia
transformer)
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Transformer Concept in CR

400KV 400kV

220kV k@

vin
110kV

110kV
\
vn vn
nn

- voltages, neutral point grounding, winding connection + D winding



Transformersin ES
DTS 22/0,4 kV (35/0,4 kV)

-15-



- 16 -



Industrial (22/6 kV)

~ '

22/6KV-16MVA |
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110/22 kV

N

ur?._
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350 MVA, 400/110 kV
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Construction |Issues

- winding material (Al, Cu)
- winding connection (D, Y, Z)
- clock hour number (phasor group) (1-11)
- core material (standard, amorphous) — no load losses
- tank (o1l, dry)
- cooling (o1l, air) — e.g. ONAN, OFAF
- noise
- weight
- voltage levels, ratio
- power
oDTS: 50, 63, 100, 160, 250, 400, 500, 630, 800, 1000, 1250, 1600,
2000, 2500, 4000 kVA
o110 kV/MV: 10, 16, 25, 40, 50, 63 MVA
oHV/MV: 66, 200, 250, 350
- parameters ...
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a) Two-winding transformers

- winding connection Y, Yn, D, Z, Zn, V
Yzn — distribution TRF MV/LV up to 250 kVA, for unbalanced load
Dyn — distribution TRF MV/LV from 400 kVA
YNyd — power grid transformer (e.g. 110/23/6,3 kV)

Yna-d, YNynd — power grid transformer (400, 220, 110 kV)
Yd — block TRF in power plants, the 3" harmonic suppression

-21 -



- clock hour number (phasor group)

Sr. | Symbol Windings and terminals EMF vector diagrams Equivalent clock method
No. reprasentation
Dy1 iy 12
g5 5 Ay B, 1 1
A, ¥ ¢ 10 2
5. B b n g 3
c, ¢ 8 4
Cy. A B,.C; By T [ 5
12
Ydi " !
_age 10 2
6. 9 3
8 4
T [ 5
Dyn a,
Ay.Cy
+ 307 . b,
T. By n
Gy
Loty A B, O
Yd1 N N a. b,
+« 30" Ay
a
By . bygy
=1
B, a5 4
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- equivalent circuit: T — network

A N

Zy=R,+Xe, Z,=R.+jX, ¥,=G,-jB

q q q
1 Z 7. i
Py > A ° s
o—— ’ —'
Ufp i}h Ufs
¥ Y
o : o

- each phase can be considered separately (unbalance 1s neglected)
- further operational impedance discussed
- values of the parameters are calculated, then verified by two tests
ono-load test — secondary winding open, primary winding
supplied by rated voltage, no-load current 1s flowing (lower than
rated current)
o short-circuit test — secondary winding short-circuited, primary
winding supplied by short-circuit voltage (lower than rated

voltage), so that rated current 1s flowing
-3 -



APy (W), 10 (%), APk (W), zx = ux (%), Sn (VA), Us (V)
ux = 4 + 17 % (increases with TRF power)

pk = 0,1 +~ 1 % (decreases with TRF power)

po~= 0,01 ~0,1 % (decreases with TRF power)

- shunt branch:

_ AR

&q

2
~ .S S |AP, . |(in ) (AP |
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- series branch:

2 2 2 2
Zk=2k S :Un APk‘Fj\/(uk%) _(Apkj =R, +]-X,

S S |S 100 S
Zcps :Zk — Rp +Rs)+j(ch +X0s)
- we choose Zop =052, =2

- this division 1s not physically correct (different leakage flows, different
resistances)
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( TRAFOCZ

[3]tazovy transformétor &.[ 280730 | Rok i.-o I-Norma EN 60076

Chlazenf Frekvence I-Iz-

Um 38.5/11
Izoladnf hladina | L1195 AC75/AC3 |

Nap&ti nakratko
Doba trvani zkratu
| Nap&ti V Vaha celkem t[1.400] Olej t .l]

4 | 34125 Druh oleje

5 Podil PCB
Proud [6.598] [577.40) Maximélnf teplota oleje °C[ 94 ]

Ztraty Po [ 0,494 | kKW Pln&no pfi 20°C - tlak normalni

Ztréty A [5.060 ] kW Hmotnost jadra t[ 0,502

Hmotnost vinuti t[0.256 |Mat [Cu_]

Vyrobeno v Ceské republice

ELIN




Transformer losses and efficiency

AP, = U _ constant during operation

AP =R -T° =" changing during operation

P, _I_APO+APk
- efficiency n= P P
n_l_APO+R-12 AR R
U _-I-coso U -I-cos¢ U_-coso

AP R !

d_n:0+ —— — =0

dI U -I"-cos¢ U_-coso

AP, ' R

U -I’-cos¢ U_-cos@

AP, =RI> = AP,
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b) Three-winding transformers

- parameters are calculated, then verified by no-
load and short-circuit measurements (3 short-
circuit tests: 1 winding no-load, 1 short-circuit

and 1 supplied):

APy (W), 10 (%), APk (W), zx = uk (%),

Sn (VA), Un (V)

- powers needn’t be the same: Ssh = Sta = 0,5 Spn

- equivalent circuit:

Yn

—
n ] o]
l, Lop
p O— 5
Lot .t
_;:::L43
l:lfp Yq A
Ug
A v
0 O o]
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- no-load measurement:
related to the primary rated power and rated voltage Spn a Upn (supplied)

. 2 2
. . AP, .| 1, AP
Ve=8,—3'b,=—"-] (‘“’j —( Oj
i = T8, \/100 S,

denominated value (S) — related to Upn

2 2
-~ .S, . S, | AP, i AP
Yo=Yoge =GamiBe=lg _J\/(l%j _[soj
Pn Pn Pn Pn

- short-circuit measurement: (3x, supply — short-circuit — no-load)
provided: Spn # Ssn # Stn

measurement between P-S | P-T | S-T
short-circuit losses (W) APips | APxpr | APkst
short-circuit voltage (%) ULPS UKPT ULST
measurement corresponds to power (VA) Ssn STn STn
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short-circuit tests S — T
parameter to be found:

N

Ly =Ly + 2 (ch =Ry + J"Xos) - recalculated to Upn

N N

Zsr = Zos T Zsr - recalculated to Upn, Sen
S

I — Tn
APx for Ith — APkST =3 'R+ST'12TH > n \/g : UTn

R"sr....resistance of secondary and tertiary windings (related to Urn)

. AP
R st = Szk ST Uz,
Tn
. U AP
Rgr =R7sr 'U_zp — Rgp =Rg+R; = SszT 'U12>n
Tn Tn
Rs (R7)...resistance of sec. and ter. windings recalculated to primary

Spn _ APy S

2 a2 Pn
-[JPn STn

Iyr = Rgp
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- impedance:

2 2
_ Uisos Spa 7 — . Usn _ Usty, Upa
sT = Zst =

T =
100 S, S, 100 S._

A : _ 2 2 _
Zgp =Tgp T ) Xgp | X1 —\/ZST Isr | Xgr = X5 T Xq7

- based on the derived relations we can write:

P-S:
AP S Y (AP ’
A . . u o
Z =gt ) Xpg = kPS'SPn+J'\/[ ot Pnj _[ kPS'SPnj
S:. 100 S, S:.
AP e U2Y (AP ’
ZPs:RPS_I_j'XPS: kPS.Ul%n_I_j' [ % Pnj _[ kPS.U2nj
Sz 100 S, sz 7

- analogous forP—Tand S—T
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- leakage reactances for P, S, T:
Zop =Rp+]-Xsp =05 (Zps +Zpy —Zg;)
Zos=Rs+]-Xss =05 (Zps +Zgr —Zypy)
Lo =Ry 4] Xr =05-(Zpr + Zsy —Zy)
- knowledge of the series impedances and shunt admittances allows to
study voltage and power conditions of 3-winding transformers
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Symmetrical system components

Decomposition of unsymmetrical (unbalanced) voltage:

U,=U,,+U,, +U,, *

Fc Fg Fci Fei

Fcz

Positive sequence (1), negative (2) and zero (0) sequence.

Hence (reference phase A)

U,=0,+0,+0U, I, =1 +1,+1,

U, =40, +aU, + U, I, =4%, +al, +1,

U. =40, +4a’U, + U, I.=al, +4°1, +1,
.1 3T o1 3T
a=——+j—=c¢ a’=———j—=c¢

where ) ) o o



Matrix

(O,) (1 1 10,
Une)=| Oy 2|8 4 1] 0, |=(0)U)
Uc) L& a® U,
Inversely
(U) (1 a a0,
Ua)=| 0 =21 & 3|0 |-
Vo) T A
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Series symmetrical segments in ES

volv

Ny

o

( ) ( ABC )( )(1120 ) = (Zno )(1120)

(AU, (2 7 7)
AU, |=|2 2 7
W) |7 7 2
(AU 45¢ )= (Zxpe N ape)
(T)(AU ):( ABC)( )( 120)
(AUlzo):
(Z130) = (T) (Z 45 T)
(7, 0 0
(leo): 0 Zz 0
0 0 Z,

0 0 )
7—7 0
0 Z+2Z&
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Shunt symmetrical segments in ES

(UABC ) = (ZABC )(IABC )+ (ZN )(IABC ) H“;
(7 2, 7)) AR
(ZN ) = %N %N % i fz—h:t
\ZN Z, Zy ) 1,11
(Uia) = (T (Zipe TN )+ (T) (2 (TL) | Q o
(leo ) = (T )_1 [(ZABC ) +{Zy )](T) y
(2-7 0 0 ) Lj 2
(leo ) = 0 -7 0 =
0 0 Z+27'+3Z, )

Symmetrical components voltages in the symmetrical segments depend
only on the corresponding component current and component impedance.
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Transformers zero sequence impedances

o2, 5 s
.
IU = jiGS t

70
' | .

Series parameters are the same as for the positive sequence, the shunt
always need to be determined.

Assumptions:
- Zero sequence voltage supplies the primary winding.
- The relative values are related to Upn and Sen.
- We distinguish free and tied magnetic flows (core x shell TRF).

Zo depends on the winding connection.
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a) Y /any connection
3i,=0
u
ZO = —O — o0
1,
ZOpO —>

Z s —> o

b) D /any connection

Primary winding Secondary winding
Y Any connection

Zero sequence voltage 1s attached to D — voltage at each phase

Primary winding Secondary winding
D Any connection
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c) YN/D
Currents 1n the primary winding 1o induce currents 1o’ in the secondary
winding to achieve magnetic balance.

Currents 10’ in the secondary winding are short-closed and do not flow
further into the grid.
Zopo = Zgp T Z 0

Primary winding Secondary winding
A ﬁ .\ 2(5 2 O a
2y === o 1 0
0 Zos T Zq0 — ¢ |
shell e I & L By B S
A A A IO_.F “_TD'
Zo=Yq P> Zgg 5 Zy = Zgy =2y Y )
3-core
A A —] =
ZqO‘<Yq‘—) ~(07 09) Gps
ZUp ZGS
o—0
-390 -




d) YN/Y

Zero sequence current can’t flow through the secondary winding.
Current 1o corresponds to the magnetization current.

Z s —>
Zy=Zyy =Zg, T Zy
shell
Zyg=Yy — Zy >0
3-core
2 <97 7| =(0,3+1)
q0 )Ql — |Zo| =YD=

- 40 -

Primary winding  Secondary winding

—
— 9
TO—T:'_'

-
'

YN y

chp ZGS
—|_____ o
Zq0




e) YN/YN

If element with YN or ZN behind TRF — points a-b are connected —

as the positive sequence.

If element with Y, Z or D behind TRF — a-b are disconnected — as

YN/Y.

Primary winding

—L

I

-
”~

YN

Secondary winding

p

I e B S S

yn
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f) ZN/any connection
Currents 19 induce mag. balance on the core themselves — only

leakages between the halves of the windings.

Zps —> o
Zo =20 = (0,1 +0,3)2,,
Ib ::Ib
R Primary winding . Secondary winding
10y :,4—“ Zsp Zss
L —{_____ o

_4) -



g) Impedancein the neutral point
Current flowing through the neutral pomt 1s 31o.

Voltage drop: ~ Ad,, =2, -31,=32,
h) three-winding TRF

Tertiary winding

Primary winding _:'_L_ = = ch 3 zus
o —» ZGD 3 ZUD —g g—| | —o
— B 1 o~ .
— L >
zzqo ot

o

> N

3i

=]

Secondary winding
up Q O @
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System equivalent

Impedance (positive sequence) 1s given by the nominal voltage and short-
circuit current (power).

Three-phase (symmetrical) short-circuit: Sy (MVA), I{ (kA)
Sy =+3U, T}
2

, _U.__ U,
ST 3
CR: 400kV  S; =(6000+30000)MVA I/ =(9+45)kA
220kV  S;=(2000+-12000)MVA I =(2+30)kA
110kV St =(100x +3000) MVA 7 =~(x +15)kA
29 kV S, =10x MVA Il =x kA

04kV S =100x kVA Il =x kA
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