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Symbols and Conventions
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Fig. 2-1 Convention for voltages and currents.

a — Sender b — Receiver

Ilo“ HN.*@%%‘Q% © Copyright Ned Mohan 2008



Phasors

v(t) = J2V cos o

i(£) =~/2 I cos(wt — §)

positive
Yngles
Inductance:

_ Voltage comes before current

Imaginary

—¢ Capacitance:
Current comes before voltage
[=1/-¢

Fig. 2-2 Phasor diagram.
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Phasor Analysis (RMS)
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n(t) C@ I7=VLOG\> $
=2V cos(wt) R 7
= R
—J

(@) ®) (©)
Fig. 2-3 A circuit (a) in time-domain and (b) in phasor-domain; (¢) impedance triangle.

di _ _

=L—— U, = jwLI
uy, dt L=

1t 1

uc(t) = uc(ty) +Etfll(t)dt U :j(o—CI
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Instantaneous Power Flow

Subcircuit 1

Subcircuit 2

p()=v(1)i(1)

Figure 2-6 A generic circuit divided into two sub-circuits.
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Real(Active) Power

- N average
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(a) p(t)= J2V cosat -\ 21 cos wt = 2VIcos* wt = VI + VI cos 2ot

(b) p(t)= J2V cosat 21 cos(at — @) =VIcos@+ VI cos(Qawt — @)
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P, Q, VA and Power Factor

8

— — K

S=VI=V-conj(l)
| S=P+ ]Q
—=
- P=VIcosg
Subcircuit 1 Vi Subcircuit 2 Q o V ] Sln ¢
S N
Im (a)SPJQ ‘S‘_\//P +Q
\ ¢ = ¢, —
by " 1 jo
- =tan"'
¢
¢
I =1Z¢ Re P
(b) (c) Power Factor = — =cos ¢
Vi
vz
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Circuit calculation example

0.302 j0.50 j0.202

V, = 12020°V
7.0

a) Calculate the input impedance Z;,, and I; (Example 2.2)
b) Calculate P, Q, S and the power factor (Example 2.3)
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Circuit calculation example - solution

3 Z1 =0.3+0.5j;

4 Zm = 15j; 0.32 j0.5Q j0.2Q)
5 72 = 7+0.2j;

6 Zin = Z1+ZmxZ2/(Zm+Z2) %5.9+j3.3 ohm

7

8 V1l = 120;

9 I1 = V1/Zin %15.5-j8.6A

10 —
11 I2 = I1%Zm/(Zm+Z2) m——
12 Im=I1-1I2

13 Sm = ZmxImxconj(Im)

14 S2 = Z2xI2xconj(I2)

15 S1 = Z1xI1lxconj(I1)

16

17 S = S1+52+Sm %1858+j1031 VA

18 P = real(S)

19 Q = imag(S)

20

21 Sxx = ZinxIlxconj(I1l) %alternative solution

22

23 pf = cosd(atand(Q/P))
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Example of Power Factor Correction

v, =120V + ¢ l
]Qc

—j13.9630Q

N

Fig. 2-9 Power factor correction in Example 2-5.
P, +jQ, = (1858 4+ j1031)VA

Unity power 0, = —Q.= _V_12
factor, cos ¢ = 1 L X,
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Three Phase Voltages

Van (t) Vbn (t) Ven (t) — a—b—c
+ VCI’Z
7y B,
_ _ 0 120°
Ven — N — Vin > _
t \m wt 120° 7

c b 120° “
V. the voltage 7, (b)

between phase a
and the neutral (n)

Fig. 2-11 Three-phase voltages in time and phasor domain.

Van = V2V cos(wt) Vo = V20° .
“VaVeos(@- 1209 Tmove-1200 e SBe RS
= \/2V cos(wt — 240°) Ven = V£ —240°

voltage
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Balanced Three-Phase Circuit
Analysis

I,—= I,
— a
+
Var Van)
Ven ——1=Vn Ve~ = Vbn /¢/
+ + -
_ ¢ \ JA b
I, —
(a) (b)

Fig. 2-12 Balanced wye-connected, three-phase circuit.

If the source is symmetrical 3-phase
and the load same in all phases.

Vn - VN

,=0— I,+1,+1.=0
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Per-Phase Analysis

(Hypothetical) N 7,
(a) (b)

Fig. 2-13 Per-phase circuit and the corresponding phasor diagram.

For symmetrical load analysis of one phase is enough!
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Positive/Negative/Zero sequence

uabc(t)

2

uc

ual .
ub}

0.1

> 0 -
= /|
A F
_2 1 1 1 1 1 1 1 1
0 0.01 0.02 0.03 0.04 0.06 0.07 0.08 0.09
Uabc Upn0
90 15 ua 90 1 up
120 60 ub 120 60 un
1 uc u0
ey 05 2 150 09 30
180 — . 0 )
AN 180 . >0
~N
210 330
210 330
240 300
270 240 300
270
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Arbitrary 3-phase

1 voltages (or currents)

can be composed by:

Positive sequence:
3-phases 120°

displaced: a-b-c
Symmetrical
Negative sequence:
3-phases 120° reversely
displaced: a-c-b
Backwards rotation
Zero sequence:
3-phases in-phase
atb+c#0
Current in neutral
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Symmetrical components

Positive/Negative/Zero sequence

Vol T Vas6s” VA [vizerT
Vub(' — ‘7[? — Vbé(—)b s V—{——()(u) — ‘_/,u_ — vu_l(—)u_
V. Z6, VO v, 26,
1 o o? ]
[Tl =31 & o | o o213 /1200

V-i——()((l) — [T—{——()] Vub('

« Circuit analysis can now be done separately for

positive, negative and zero sequence considering a
1-phase system

 |nverse transformation to abc
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One-line (Single-line) Diagram

Step up
Transformer
A
Generator / ==X
Transmission 13.8 kV
line '
[
[
Feeder |
|
A |
Y
Load
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Phase-Phase (Line-Line) Voltages

Vg = V-V, Ven g
“a ¢ ° V;b Vab //

30°

Van

Vbe
|

Fig. 2-15 Line-to-line voltages in a three-phase circuit.
Under lf Van = V20°

symmetrical  _
conditions: Vap = V3 -V230°
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Delta Connection

a a _
\ Vab
ZA Tab ZA
I, -
c / Ib_c b
ZA
Under I, =120°

symmetrical  I.q = [£ — 240°
conditions: [,=0,—TL,=+312-30°

Power _ _
balance: 3Van - la = 3Vap ~ lap
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3-phase power -
Van
P3pn = 3Vyp!l cos ¢ Ven & N&”Z\
C
Qspn = 3Vyul sin ¢ e
(a)
S3pn = 3Vpnl Fig. 2-12 Balanced wye-conng

P 3V,nl cos % — 7
Power factor = —2% = 2% ¢ _ cos ¢ Voh—pn =V, the normal

S3ph 3Vpnl voltage for describing a 3-
phase system

Vph—ph — \/§ : Vph

P3pn +jQBph:\/§'[7ph—ph’I_* =V3.V-T
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Per Unit Quantities

Rbase ” X base? Z base — Ebase (ln Q ) (2 _48)
base
I, .
G, B Y = -bu (in O) (2-49)

base?® "~ base® " base V
b

Pbase ” Qbase > (VA) — V I

base base™ base

(in Watt, VAR, or VA) (2-50)

In terms of these base quantities, the per-unit quantities can be specified as

. 1
Per-Unit Value = actual value (2-51)
base value

Ilo“ HN.*@%%‘Q% © Copyright Ned Mohan 2008



Per Unit Quantities, 3ph

Uyqse =Phase-phase voltage

Sbase = \/§Ubase Ipase

7 — Uph — Ubase _ Uéase
base | \/§Ibage Sbase

Per-Unit Value = actual value

base value
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Per unit example

a) Compute the base current I, and the base
impedance Zj,,¢, given Vi pase = 208 and

SBph,base —_ 54 kVA

b) Compute the line current when the voltage is
0.920° pu and the impedance is 0.5 — 60° pu.
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Per unit example - solution

a) VLL,base =208V

3
Vph,base — E =120V
SSph,base — 54‘ kVA
5.4
Sph,base — ? — 18 kVA
I . Sph,base . SBph,base — 15 4
b = — =
e Vph,base \/§VLL,base
V, h,base VLZL base
Zb — ph, = . = 8 ohm
e Ibase SSph,base

b) v =0.920°pu
Z=0.54-60°pu
r=- [pu] = 0.99+)1.56

|1l = 1.8 pu
I =T I4..[A] = 1.35+j23.4A =
=27 £60°A
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Transmission Network in Nordic

Transmission lines:
220-400 kV =

Ryssland

Regional lines:
40-130 kV T
Distribution lines:
10-20 kV

"Estland

A
P
rshamn _5‘53 Lettland

inghals = ." o 4 V“f\/\

Images: | - aad LN

. ’ - -
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Overhead AC Transmission Lines

* Distribution Lines
« 10 kV, 36 kV

* Transmission Line Voltages (Web link: SVK)
115 kV, 230 kV, 345 kV, 500 kV and 765 kV

 Three-Phase

Color Key: Substation

Red: Generation TSteprown II— Subtransmission
Blue: Transmission ransformer —Ioonen Customer
Green.: Distribution Transmission lines \R;' 26kV and 69kV
Black: Customer 765, 500, 345, 230, and 138 kV
T
Generating Station 35 I M Primary Customer
A% & | [ & — =
A —
Generating Transm|SS|on Customer a a Sec1:%r6<\j/ary ggz%’\f/ner
an
Sheratr 138KV or 230KV =T
Transformer
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https://www.svk.se/siteassets/1.om-kraftsystemet/om-transmissionsnatet/karta-transmissionsnatet-for-el.pdf
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Transmission Tower, Conductor and Bundling
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Conductors:

Current density:

I ]

Aluminum

Steel
center

~
-

surface towards center
(b)

| Cowreteay af Alumannm Compai

« ACSR, Aluminum Conductor, Steel Reinforced

» Skin effect = current confined to the surface
* Aluminum in the outer part for low resistance
» Steel in the center for mechanical strength
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Bundling:

* To reduce electric field
at the conductor surface

 Less than 16 kV/cm

« 345 kV Lines

2 conductor-bundle at
18 inches

« 500 kV Lines

3 conductor bundle at
18 inches
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Transmission Line Inductance

C
g-c/,@ i 40 +i =0
Lz(ﬂjlng
& b 27 r
sa/®f i'e,/@
- p—2 . GMD D =23/DD,D,
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Transmission Line Capacitance

hypothetical
neutral

q qp
{0, O
~ D — = a b
(a) (D)
27E
C=="0
D D =3/D,D,D,
v
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Transposition

Transposition of the Conductors

s Conductors in different positions gets
different L and C

m [ransposition neutralizes the difference
over the length of the line
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Transmission Line Parameters:

Tline R L

M— Y M— Y ——--- . Distributed
1 Parameters per km
T™¢ =fn . Analyzed on a per-
neutral (zeroimpedance) phase basis

U=Z-1  Impedance: Z =R + jX [ohm]

Reactance (ind): X; = wL [ohm] Reactance (cap): X, = v lohm]

[ =Y U Admittance:Y === G + jB [mho or S]

NIl -

Conductance: G = — [mho] Susceptance: B = — = wC |[mho]
Rsh XC
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Typical Parameters for various
oltage Transmission Lines

Table 4-1

Transmission Line Parameters with Bundled Conductors (except at 230 kV)
at 60 Hz [2, 6]

Nominal Voltage | R(Q/km) | wL(Q/km) | oC(umho/km
230 kV 0.055 0.489 3.373
345 kV 0.037 0.376 4.518
500 kV 0.029 0.326 5.220
765 kV 0.013 0.339 4.988

Reactance (ind): X; = wL

Susceptance: B = wC

LINKOPING
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Voltage Profile With Surge Impedance Loading (SIL)

7 joL -
___ > s S a ey ~” Iy
¥ +
= 1 _
Vs T T Z =V,=V./0

Fig. 4-10 Per-phase transmission line terminated with a resistance equal to Z. .

Reactive power balance:

) ) P = SIL
oLl =V aoC V. .
Surge impedance: VZ
7 SIL = L > |
7 = |= 7 X !
¢ C C 0
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Typical Sur?e Im_[pedanc_:es_ and SIL for
various Voltage Transmission Lines

Table 4-2
Surge Impedance and Three-Phase Surge Impedance Loading [2, 6]

Nominal Voltage | Z (Q) | SIL(MW)
230 kV 375 140 MW
345 kV 280 425 MW
500 kV 250 1000 MW
765 kV 255 2300 MW
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Loadability of Transmission Lines

Table 4-3
Loadability of Transmission Lines [6]
Line Length (km) | Limiting Factor | Multiple of SIL
0-80 Thermal >3
80 - 240 5% Voltage Drop 1.5-3
240 - 480 Stability 1.0-1.5
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