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Overview
• Wire size is denoted by AWG (American Wire Gage)
• Wire diameter varies by a factor of 2 every 6 AWG
• #36 AWG is defined to be 0 005” (5 mil) diameter• #36 AWG is defined to be 0.005  (5 mil) diameter
• “Circular mils” is the diameter in mils, squared.  (1 mil = 
0.001”)

To find wire diameter d based on AWG number:
 

36 AWG−

In inches: 39
36

92)"005.0(
AWG

d ×=  
 

In millimeters:  39
36

92)"005.0()4.25(
AWG

d
−

××=  
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Example 1:  AWG Conversion
• AWG #0

 

92)"005.0( 39
36

×=
−AWG

d
In inches: 

"3249.092)"005.0( 39
036

=×=
−
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Example 2:  AWG Conversion for #4/0
• For 00, 000, 0000 etc. gauges, use -1, -2, -3 etc. for AWG
• Example:  AWG 0000 (i.e. #4/0) 

92)"005.0( 39
36

×=
−AWG

d
In inches: 

"46.092)"005.0( 39
)3(36

=×=
−−

 
 
 

Wire Charts 4© M. T. Thompson, 2009



Resistance of a Piece of Copper Wire

A
lR ρ

=  
A

 
ρ = copper resistivity = 1.7×10-8 Ω-m at 25 °C
l = wire length  [m]
A = wire cross-sectional area [m2] 
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Copper Temperature Coefficient of Resistivity
• Copper resistivity goes up as temperature goes up
• So, the total resistance of a piece of wire goes up as it heats 
upup
• Temperature coefficient of resistivity is about +0.004/oC, or 
about 0.4% per degree C
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Aluminum Wire
• Aluminum has higher resistivity than copper (about 70% 
higher), with resistivity ρ = 2.9×10-8 Ω-m
• A 15-amp branch circuit made with #14 copper wouldA 15 amp branch circuit made with #14 copper would 
require #12 aluminum, by the NEC
• Similar TC to copper

Aluminum is much lighter than copper (about 33% of the• Aluminum is much lighter than copper (about 33% of the 
weight per unit volume)
• Often used in power transmission (good ratio of resistivity to 
weight)
• Corrosion when joining aluminum to copper lugs; differing 
thermal expansionthermal expansion
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Copper Wire Chart, Part 1
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Reference: Kassakian, Schlecht, Verghese, Principles of Power Electronics, Addison-Wesley, 1991



Copper Wire Chart, Part 2

Wire Charts 9© M. T. Thompson, 2009



Sizing of Power Cables
• Large power cables are available in copper and aluminum
• Wire is sized by AWG (American Wire Gage) or thousands 

f i l il (k il )of circular mils (kcmils)
• He smallest wire used in power distribution is #14 AWG, 

typically a solid conductor with an outside diameter of 
0.0641”, or 64.1 mils

• The largest AWG is #4/0, (0000) with a diameter of 
approximately 0 522” for a 7-strand conductorapproximately 0.522  for a 7 strand conductor

• The area of larger conductors is expressed in circular mils.  
To find the area in cmils, square the diameter in mils by 
it lf F l #10 lid d t ith di titself.  For example, a #10 solid conductor with a diameter 
of 162 mils has an area of (162 mils)2 = 26244 cmils, or 
26.2 kcmil
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Large Power Cables
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Reference: http://www.unc.edu/~rowlett/units/scales/wiregauge.html



Power Cables and Cable Impedance
• Power cables have a finite resistance (due to the 

resistivity of the conductor) and a finite inductance (due 
t th t f th bl )to the geometry of the cable)

• Cable impedance results in voltage drops, power loss, 
and heating in the cable
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AC Cable ResistanceAC Cable Resistance

• DC resistance of a piece of wire:

A
lR
σ

=

• A = cross sectional area of wire, l = length, and σ = 
electrical conductivity

Aσ

y
• However, AC resistance is higher than DC resistance, 

due to skin effect and proximity effect
• Wire resistance can be found in a “wire chart” for an• Wire resistance can be found in a wire chart  for an 

isolated wire (i.e. in air, no metallic conduit, no other 
current-carrying wires nearby)
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Copper Wire Data
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Copper Wire Data
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Reference: P. Krein, Elements of Power Electronics, 3d edition



Causes of Skin Effect
S lf fi ld f i t t d th f• Self-field of wire causes current to crowd on the surface 
of the wire, raising the AC resistance

• Method:
– Current i(t) ⇒ changing magnetic flux density B(t) ⇒

reaction currents
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Reference: http://ece-www.colorado.edu/~pwrelect/book/slides/Ch12slide.pdf



Consequences of Skin Effect

• For high frequencies, current is 
concentrated in a layer Skin depth in copper at 300K
approximately one skin depth δ
thick

• Skin depth varies with frequency

cond 5.90E+07
mu 1.26E-06

f skin depth (meter)• Skin depth varies with frequency

μσπωμσ
δ

f
12

==

f skin depth (meter)
1 6.55E-02

10 2.07E-02
100 6.55E-03

• σ = electrical conductivity = 
5.9×107 Ω-1 m-1 for copper at 
300K

μμ f
1000 2.07E-03

1.00E+04 6.55E-04
1.00E+05 2.07E-04
1 00E+06 6 55E 05300K

• μ = magnetic permeability of 
material = 4π×10-7 H/m in free 

1.00E+06 6.55E-05
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Skin Effect --- Increase in Wire ResistanceSkin Effect --- Increase in Wire Resistance
• For high frequencies, resistance of wire increases
• DC resistance of wire: ( )

lR =DC resistance of wire:

• For frequencies above critical frequency where skin 

( )2
w

DC r
R

πσ
=

q q y
depth equals wire radius rw:

( ) ⎟⎟
⎞

⎜⎜
⎛

== RlR δ2

R(f)

( ) ⎟⎟
⎠

⎜⎜
⎝

==
w

DC
w

AC r
R

r
R

δπσ 2

μσπ 2

1
crit r

f = f

RDC

f

• Result: for high frequency operation, don’t bother making 
wire radius > δ

μσπ wr fcrit
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– Skin depth in copper at 60 Hz is approximately 8 mm



Proximity EffectProximity Effect
• In multiple-layer windings in inductors and transformers, 

the proximity effect can also greatly increase the winding p y g y g
resistance

• Field from one wire affects the current profile in another
CURRENTS IN 
OPPOSITE DIRECTION

CURRENTS IN 
SAME DIRECTION
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Cable InductanceCable Inductance

• Inductance is defined by the geometry of the wire loop
• Included in the calculation is wire radius and loop• Included in the calculation is wire radius, and loop 

length and shape

- Circular loop of wire - Parallel-wire line

a
2R

R

d

L a a
Ro= ⎛

⎝⎜
⎞
⎠⎟
−

⎡

⎣
⎢

⎤

⎦
⎥μ ln .8 175

d

L
l d

R
d
l

o= + −⎡
⎣⎢

⎤
⎦⎥

μ
π

ln 1
4
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AC Service with Real-World ImpedanceAC Service with Real-World Impedance

• All electrical services have 
finite impedance; shownfinite impedance; shown 
here the impedance is Rs + 
jωLs

• These types of power 
distribution drawings rarely 
show inductance explicitly; p y;
rather the inductive 
reactance jXs is used.

• L is the sum of wiring• Ls is the sum of wiring 
inductance, transformer 
leakage, etc.
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Example 3:  Line Voltage Drop
Fi d l d lt d l d t• Find load voltage and load current

• Note that line resistance is 0.1Ω and line reactance is 
0.2Ω

j
j

I L 54.04.27
101.02.0

277
−=

++
=

• Note voltage drop across line impedance of a few Volts

jRIV LLLOAD 4.5274 −==
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National Electrical Code Impedance Estimates
NEC T bl 9 N t d it t ff t i t d• NEC Table 9 Note conduit type affects resistance and 
reactance
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Derived Wire Chart
• Uses NEC Table 9 and estimates weight and cost per length• Uses NEC Table 9 and estimates weight and cost per length
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Types of Power Cable
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Wire Sizes
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Reference: Richter and Schwan, Practical Electrical Wiring (16th edition), McGraw-Hill, 1993



Types of Power Cable
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Type NM
R id ti l t• Residential, non wet

• NEC Article 334
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Reference: Richter and Schwan, Practical Electrical Wiring (16th edition), McGraw-Hill, 1993



Type NMC
R id ti l d d• Residential, dry or damp

• NEC Article 334
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Reference: Richter and Schwan, Practical Electrical Wiring (16th edition), McGraw-Hill, 1993



Type “BX” Armored
Li ht i d t i l• Light industrial

• NEC calls it AC
• Armored cable covered in NEC Article 320
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Reference: Richter and Schwan, Practical Electrical Wiring (16th edition), McGraw-Hill, 1993



National Elec. 
Code AmpacityCode Ampacity 

Estimates
• Table 310 16Table 310.16, 

ampacity table

Wire Charts 31© M. T. Thompson, 2009



National Elec. Code Ampacity Estimates
C ti f t f bi t t t T bl 310 16• Correction factor for ambient temperature, Table 310.16
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