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1. Overview
• In a distribution system, power is transmitted from a substation to loads 

through three-phase, two-phase, or single-phase lines.

• These lines can be either overhead or underground.

• In order to accurately analyze the behavior of distribution systems, it is 
necessary to develop models that represent the characteristics of these 
lines.

• These models can be used to simulate the behavior of the lines under 
various operating conditions and to evaluate the performance of the 
distribution system.
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2. Conductor Types and Sizes
2.1 Sizes
• The size of conductors is measured in circular mils. A mil is equal to 1/1000th 

of an inch, and circular mil is the area of a circle with a diameter of one mil.

• Larger conductors are typically designated in terms of their size in kcmil.

• Medium and small conductors are designated using the American Wire Gauge 
(AWG) system, with larger numbers indicating smaller sizes.

• These numbers start at 0000 (four zeros or four‐) to higher numbers. The 
conductors from 0000 to 0 are designated by the number followed by slash 
and a zero. For example, 0000 is called 4/0, and 0 is called 1/0 in utility jargon.

• Conductors smaller than these go from #1 to #6. Conductors smaller than #6 
are too small for distribution systems.

• AWG sizes are also used for wires used in homes. Typically, house wiring uses 
#12 copper conductors. Extension cords use #14 to #18 copper conductors.
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2.2 Overhead Feeders 
• Primary side of the Distribution Systems 

most often use aluminum conductor steel-
reinforced (ACSR) conductors.

• ACSR conductors have a steel core 
surrounded by aluminum strands.

• (You can Refer to literature and data from 
conductor manufacturers for more 
information).

• Overhead cables for secondary service 
drop are all aluminum.

• Live conductors are covered with 
insulation, but neutral is bare.

• Figure (b) shows #2 Triplex cable used for 
single-phase residential service.

• For three-phase service, quadraplex 
conductors are used.
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Fig (a): 556 kcmil ACSR overhead conductor

Fig (b): #2 Triplex cable 
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2.3 Underground Feeders
• Underground feeders are built with either 

copper or aluminum cables.

• The cables used for the primary side of the 
distribution system have a layer of insulation 
and an outer jacket.

• Figure on the right, shows an example of an 
insulated 15 kV class copper cable.

• They are laid in ducts or directly buried.

• Triplex and quadraplex cables suitable for 
direct burial in ground are used for service 
drops.
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Fig : Cross section of a 15kV class insulated copper cable
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2.4 Conductor Data
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3. Generalized Carson’s Model
• Carson did seminal work in the 1920s on modeling of 

overhead lines.

• All the models used today for transmission and 
distribution feeders are based on his work.

• To understand his work, consider an overhead line 
shown in the Figure. 

• It is assumed that the lines are long enough to 
neglect end effects.

• The earth is assumed to have uniform conductivity 
and is bounded by a flat plane of infinite extent, with 
conductors parallel to this plane.

• In practice, the conductors may sag. To account for 
this, the average height above ground is calculated by 
adding the height at the midpoint and one-third of 
the sag.

• The figure also shows image conductors, which are 
located at depths below the earth equal to the 
heights of the conductors above the earth. 8

Fig: Overhead lines and their images below earth
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3. Generalized Carson’s Model
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Fig: Overhead lines and their images 
below earth
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3. Generalized Carson’s Model
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4. Series Impedance Models of Overhead 
Lines
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Fig: Typical three‐phase overhead 
line configuration

4.1 Three‐phase Line

• A typical configuration of a three‐phase distribution 
feeder is shown in the Figure.

• The formulas presented in the previous section is 
used to compute the series impedance matrix of this 
line based on the assumptions: 

• The neutral is grounded at multiple points 
including each pole.

• The conductors are not transposed.

• Transposition is the practice of interchanging the 
position of conductors after a certain distance. 
Transposition is implemented in transmission 
systems, and it allows balancing the impedances of 
the three phases for a three‐phase line. 

• The shunt capacitance of most normal overhead 
distribution circuits is very low and makes no 
appreciable effect on the outcome of their 
steady‐state performance.
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4.1 Three‐phase Line
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4.1 Three‐phase Line
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4.1 Three‐phase Line
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Series Impedance Models of Overhead 
Lines
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4.2 Single- and Two-phase line modeling
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4.3 Three‐phase Line Example
Consider  a  three‐phase  line with  the  configuration given  in  Figure 3.6.  Consider  the 
phase conductors to be 636 kcmil 54/7 (54 strands of aluminum and 7 strands of steel) 
ACSR, and the neutral conductor to be 2/0 ACSR. Consider earth resistivity of 100 Ω‐m.

17Fig: Three‐phase overhead line configuration.
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Solution
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Solution
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Solution
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5. Series Impedance Models of Underground Lines
5.1 Nonconcentric Neutral Cables

• Among the underground cables used, 
one usually encounters either 
nonconcentric (separate) neutral 
conductors (Fig. a) or concentric neutral 
conductors. 

• The equations of Carson’s used for the 
overhead lines can also be used to 
evaluate the self and mutual impedance 
elements for phase conductors in 
nonconcentric neutral cables.

• Distances from centers of the phase 
conductors and the neutral can be 
computed for the given cable and 
neutral sizes.
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Fig. a: Three‐phase underground 
cable with nonconcentric neutral. 

Fig. b: Concentric Neutral
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5.2 Concentric Neutral Cables

Fig: Single-Phase cable with 
Concentric Neutral
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5.2.1 Single‐phase Cable
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5.2.1 Single‐phase Cable
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5.2.2 Three‐phase Cable

Fig: Schematic of a three-
phase cable with concentric 
neutral conductor
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5.2.2 Three‐phase Cable
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5.2.2 Three‐phase Cable
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Example
Consider a single‐phase 15‐kV cable with concentric neutral conductors, as shown in Figure below. 
The main  conductor  is  350‐kcmil  copper  with  a  diameter  of  0.661 inch,  the  outer  diameter  of  the  cable  is 
1.486 inches, and there are 16 concentric neutral conductors of #9 AWG. The GMR of the main conductor  is 
0.0214 ft, the alternating current (AC) resistance of the cable at 90 °C is 0.064 Ω/1000 ft, and the direct current 
(DC) resistance at 25 °C of each neutral strand is 0.832 Ω/1000 ft.
Find  the  2 × 2  impedance  matrix  of  the  cable  for  the  phase  and  neutral  conductors  with  impedances 
represented in Ω/mile. Remove the neutral using Kron's reduction  to determine  the  impedance of  the  cable 
with ground and neutral effects included.
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Solution
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Solution
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Thank You!
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