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Electric Power Systems, A first 
course by Ned Mohan
• Chapter 2 Review of basic electric circuits 

(available as preview on the internet)
• Chapter 4 AC transmission lines (pdf in Lisam)

Outline
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Symbols and Conventions
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a – Sender    b – Receiver 
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Inductance:
Voltage comes before current

Capacitance:
Current comes before voltage



!"#A%&'(%F%*"+*,"-%./0%"1%-"23'452/"1%/14%.60%"1%78/95+'452/"1:%.*0%"2734/1*3%-+"/1#;3A%%

!"

!

"#$−

%

C#$

#$
'

() * +

C

%

I

+

−

!" # $
%& '()" # $ω=

& & *= ∠

-

C# C # $ω =

%

I
.# # $
Iω

 
− = − 
 

+

−

. 0+ . 0, . 0'

!"

!

"#$−

%

C#$

#$
'

!"

!

"#$−

%

C#$

#$
'

() * +

C

%

I

+

−

!" # $
%& '()" # $ω=

& & *= ∠

-

C# C # $ω =

%

I
.# # $
Iω

 
− = − 
 

+

−

. 0+ . 0, . 0'

() * +

C

%

I

+

−

!" # $
%& '()" # $ω=

() * +

C

%

I

+

−

!" # $
%& '()" # $ω=

& & *= ∠

-

C# C # $ω =

%

I
.# # $
Iω

 
− = − 
 

+

−
& & *= ∠

-

C# C # $ω =

%

I
.# # $
Iω

 
− = − 
 

+

−

. 0+ . 0, . 0'

Phasor Analysis (RMS)
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𝑢! = 𝐿
𝑑𝑖
𝑑𝑡

𝑢" 𝑡 = 𝑢" 𝑡# +
1
𝐶
∫
$!

$
𝑖(𝑡)𝑑𝑡 -𝑈% =

1
𝑗ω𝐶

̅𝐼

-𝑈! = 𝑗ω𝐿 ̅𝐼
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Instantaneous Power Flow

© Copyright Ned Mohan 2008 

6

𝑖 𝑡



Real(Active) Power
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P, Q, VA and Power Factor
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𝜙 = 𝜙! − 𝜙"



Circuit calculation example

a) Calculate the input impedance 𝑍̅34 and ̅𝐼5 (Example 2.2)
b) Calculate P, Q, S and the power factor (Example 2.3)

𝑉# = 120∠0°	𝑉
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Circuit calculation example - solution
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Example of Power Factor Correction

𝑃! + 𝑗𝑄! = 1858 + 𝑗1031 𝑉𝐴

𝑉# = 120	𝑉

𝑄! = −𝑄%= −
𝑉#&

𝑋%
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Unity power 
factor, cos𝜙 = 1
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Three-Phase Voltages

𝑣'( = 2𝑉 cos 𝜔𝑡
𝑣)( = 2𝑉 cos 𝜔𝑡 − 120°
𝑣%( = 2𝑉 cos 𝜔𝑡 − 240°

K𝑉'( = 𝑉∠0°
K𝑉)( = 𝑉∠ − 120°
K𝑉%( = 𝑉∠ − 240°
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Van is the RMS 
phase to neutral  
voltage

K𝑉'( the voltage 
between phase a 
and the neutral (n)

a

bc
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Balanced Three-Phase Circuit 
Analysis
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If the source is symmetrical 3-phase 
and the load same in all phases. 
• Vn = VN
• In = 0 →  Ia + Ib + Ic = 0
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For symmetrical load analysis of one phase is enough!



Positive/Negative/Zero sequence
Arbitrary 3-phase 
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
a+b+c ≠ 0
Current in neutral
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Symmetrical components 
Positive/Negative/Zero sequence

• Circuit analysis can now be done separately for 
positive, negative and zero sequence considering a 
1-phase system 

• Inverse transformation to abc



One-line (Single-line) Diagram
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Phase-Phase (Line-Line) Voltages

K𝑉') = 3 L V∠30°

𝑖𝑓	 K𝑉'( = V∠0°Under 
symmetrical 
conditions:
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K𝑉')= K𝑉'- K𝑉)

K𝑉)% = K𝑉)- K𝑉%

K𝑉%' = K𝑉%- K𝑉'
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Delta Connection

̅𝐼' = ̅𝐼') − ̅𝐼%' = 3 L 𝐼∠ − 30°

̅𝐼') = I∠0°
̅𝐼%' = I∠ − 240°

Under 
symmetrical 
conditions:

3K𝑉'( L ̅𝐼'∗ = 3K𝑉') L ̅𝐼')∗
Power 
balance:
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K𝑉')



3-phase power
𝑃+,- = 3𝑉,-𝐼 cos𝜙

𝑄+,- = 3𝑉,-𝐼 s𝑖𝑛 𝜙

𝑆+,- = 3𝑉,-𝐼

𝑃𝑜𝑤𝑒𝑟	𝑓𝑎𝑐𝑡𝑜𝑟 =
𝑃+,-
𝑆+,-

=
3𝑉,-𝐼 cos𝜙
3𝑉,-𝐼

= cos𝜙
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𝑃XYZ + 𝑗𝑄XYZ = 3 * +𝑉YZ[YZ * ̅𝐼∗ = 3 * +𝑉 * ̅𝐼∗

𝑉,-.,- 	= 3 L 𝑉,-

K𝑉,-.,- = K𝑉, the normal 
voltage for describing a 3-
phase system



Per Unit Quantities
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Per Unit Quantities, 3ph
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𝑈)'/0 =Phase-phase voltage

𝑆)'/0 = 3𝑈)'/0 𝐼)'/0

𝑍)'/0 =
𝑈,-
𝐼
=

𝑈)'/0
3𝐼)'/0

=
𝑈1'/0&

𝑆)'/0



a) Compute the base current 𝐼^_`a	and the base 
impedance 𝑍^_`a	given 𝑉bb,^_`a = 208	and	
𝑆XYZ,^_`a = 5.4	𝑘𝑉𝐴.

b) Compute the line current  when the voltage is 
0.9∠0°	𝑝𝑢	and the impedance is 0.5∠ − 60°	𝑝𝑢.

Per unit example



a) 𝑉##,%&'( = 208	𝑉

𝑉)*,%&'( =
208
3
= 120	𝑉

𝑆+)*,%&'( = 5.4	𝑘𝑉𝐴

𝑆)*,%&'( =
5.4
3
= 1.8	𝑘𝑉𝐴

𝐼%&'( =
𝑆)*,%&'(
𝑉)*,%&'(

=
𝑆+)*,%&'(
3𝑉##,%&'(

= 15	𝐴

𝑍%&'( =
𝑉)*,%&'(
𝐼%&'(

=
𝑉##,%&'(,

𝑆+)*,%&'(
= 8	𝑜ℎ𝑚

Per unit example - solution
b) 𝑣̅ = 0.9∠0°	𝑝𝑢

̅𝑧 = 0.5∠ − 60°	𝑝𝑢
̅𝚤 = -!

/̅
[pu] = 0.99+j1.56

̅𝚤 = 1.8	𝑝𝑢
̅𝐼 = ̅𝚤 C 𝐼%&'([A] = 1.35+j23.4A =

= 27 ∠60°A 



AC Transmission lines



Transmission Network in Nordic

Transmission lines:
220-400 kV

Regional lines:
40-130 kV

Distribution lines:
10-20 kV

Images:
Svenska kraftnät
Vattenfall



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

© Copyright Ned Mohan 2008 
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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:

• 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

© Copyright Ned Mohan 2008 
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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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Shield Wires

• Grounded wires 
at the top of the 
tower

• Shielding of 
Lightning strikes
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Transmission Line Inductance
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Transmission Line Capacitance
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Transposition

 Conductors in different positions gets 
different L and C 

 Transposition neutralizes the difference 
over the length of the line
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Transmission Line Parameters:
§ Distributed 

Parameters per km
§ Analyzed on a per-

phase basis
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𝐼𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒:	𝑍̅ = 𝑅 + 𝑗𝑋 𝑜ℎ𝑚

Admittance: +𝑌 = 5
Kf
= 𝐺 + 𝑗𝐵 𝑚ℎ𝑜	𝑜𝑟	𝑆

𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑐𝑒 𝑖𝑛𝑑 : 	𝑋b = 𝜔𝐿 𝑜ℎ𝑚 𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑐𝑒 𝑐𝑎𝑝 : 	𝑋g =
−1
𝜔𝐶

𝑜ℎ𝑚

!

"#$%

$%&'()"!*+%(,#-.%/)$0%1

"#$% ! "

# 𝑅/-

𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒: 	𝐺 =
1
𝑅`Z

𝑚ℎ𝑜 𝑆𝑢𝑠𝑐𝑒𝑝𝑡𝑎𝑛𝑐𝑒: 	𝐵 =
−1
𝑋g

= 𝜔𝐶 𝑚ℎ𝑜

W𝑈 = 𝑍̅ * ̅𝐼

̅𝐼 = +𝑌 * W𝑈



Typical Parameters for various 
Voltage Transmission Lines
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𝑆𝑢𝑠𝑐𝑒𝑝𝑡𝑎𝑛𝑐𝑒: 	𝐵 = 𝜔𝐶𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑐𝑒 𝑖𝑛𝑑 : 	𝑋! = 𝜔𝐿

!"#$BC'()CC
!*"H,-.,,.LHC0.HBC1"*"-B2B*,CP.24C56HT$BTC8LHT6V2L*,C:B;VB<2C"2C=[?C]ABC

"2CC?CabCc=dCCeC

!"#$%&'()"'*&+,( - . /! "#Ω ( - . /$ "#ω Ω ( - . /% "#ω µ! (

0N2(3)( 24255( 24678( N4NVN(

N65(3)( 242NV( 24NV:( 645;7(

522(3)( 24208( 24N0:( 54002(

V:5(3)( 242;N( 24NN8( 64877(

(

µ𝑚ℎ𝑜/𝑘𝑚



Voltage Profile With Surge Impedance Loading (SIL)
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Reactive power balance:

Surge impedance:
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𝑃 = 𝑆𝐼𝐿
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Typical Surge Impedances and  SIL for 
various Voltage Transmission Lines
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Loadability of Transmission Lines

© Copyright Ned Mohan 2008 

39



www.liu.se

TSTE26
Lars Eriksson

www.liu.se


