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 The part of the electric utility system that is between the
primary system and the consumer's property is called the
secondary system.

 Secondary distribution systems include:
 step-down distribution transformers,
 secondary circuits (secondary mains),
 consumer services (or SDs), and
 meters.

 Generally, the secondary distribution systems are designed
in single phase for areas of residential customers and in
three phase for areas of industrial or commercial customers
with high-load densities.

Introduction



 The types of the secondary distribution systems include the following:

 1. The separate-service system for each consumer with separate distribution transformer and
secondary connection :
 1 transformer for 1 consumer
 It is rarely used.

 2. The radial system with a common secondary main, which is supplied by one distribution transformer
and feeding a group of consumers:
 1 transformer for a group of consumers:
 It is commonly used .

 3. The secondary-bank system with a common secondary main that is supplied by several distribution
transformers, which are all fed by the same primary feeder :
 many transformer for a group of consumers:
 fed by the same primary feeder

 4.The secondary-network system with a common grid-type main:
 supplied by a large number of the distribution transformers,
 fed by the many primary feeder

Types of the secondary distribution systems 



 One-line diagram of a simple radial secondary system

Types of the secondary distribution systems 

Most of the secondary systems for serving
residential, rural, and light-commercial
areas are radial designed.

Note:



 One-line diagram of a secondary-bank system with a common secondary main

Types of the secondary distribution systems 

This system have Improved voltage
regulation, Reduced voltage dip, Improved
reliability.

Note:

This system has difficulty in fuse
coordination, and circulating current may
exist.



 One-line diagram of a secondary-network system with a common grid-type main

Types of the secondary distribution systems 

This system is used in the areas of high-load density.
Underground system is preferred to avoid overhead
congestion

Note:



 Economic design of a secondary distribution refers to minimizing the total annual cost (TAC) of owning and
operating the secondary portion of a three-wire single phase distribution network.

 Can be applied either to OH or URD construction.
 The design must satisfy voltage-drop and voltage-dip performance
 It is hoped that a design for satisfactory VD performance will agree at least reasonably well with the design for

minimum TAC
 Consider the following residential area, where secondary circuit is to be designed

Economic Design of Secondaries
Patterns and Some of the Variables

Residential area(one block) lot layout and utility easement 
arrangement.

960 ft

330 ft

12 blocks or 11520 ft

10 blocks 
or 3300 ft



 Possible pattern of secondary circuit for such residential area, having 1 span of SL each way from the distribution transformer are
shown below. The system is assumed to be built in a straight line along an alley or along rear lot lines. The lots are assumed to be
of uniform width d so that each span of SL is of length 2d. If SLs are not used, then there is a distribution transformer on every
pole and OH construction, and every transformer supplies four SDs.

Economic Design of Secondaries
Patterns and Some of the Variables

• lots have uniform width d
• SL = 2d (each span of SL)
• Transformer on every pole
• 1 Transformer serve 4 SD 
• 2 wires/SD

Assumptions:

(on pole or underground)

Number of consumers 12=SD, length of SD = 70ft
Number of secondary lines 2, length of SL = 2d
Number of transformer =1

Residential area lot layout and service arrangement.



 The number of spans of SLs each way from a transformer is an important
variable.

 No SL is used in high-load density areas. In light-load density areas, three or
more spans of SL each way from the transformer may be used.

 OH system, the transformer with its arrester and fuse cutout is pole
mounted.

 SL and SD may be of either open-wire or triplex cable construction.
 URD, the transformer is grade mounted on a concrete slab and completely

enclosed in a grounded metal housing or it is submersibly installed in a hole
lined with concrete.

 SL and SDs are triplex or twin concentric neutral direct-burial cable laid in
narrow trenches

Economic Design of Secondaries
Patterns and Some of the Variables

Illustration of a typical pattern



 The distribution transformers have the parameters defined in the following:
 ST is the transformer capacity, continuously rated kVA.
 Iexc is the per unit exciting current (based on ST).
 PT,Fe is the transformer core loss at rated voltage and rated frequency, kW.
 PT,Cu is the transformer copper loss at rated kVA load, kW.

Economic Design of Secondaries
Patterns and Some of the Variables



 The SL has the parameters defined in the following:
 ASL is the conductor area, kcmil.
 ρ is the conductor resistivity, (Ω · cmil)/ft. = 20.5 at 65°C for aluminum cable.

 The SD has the parameters defined in the following:
 ASD is the conductor area, kcmil.
 ρ is the conductor resistivity, (Ω · cmil)/ft. = 20.5 at 65°C for aluminum cable.

Economic Design of Secondaries
Patterns and Some of the Variables



 1. All secondaries and services are single phase three wire and nominally 120/240 V.

 2. Perfectly balanced loading obtains in all three-wire circuits.

 3. The system is energized 100% of the time, that is, 8760 h/year.

 4. The annual loss factor is estimated by using 𝐹𝐿𝑆 = 0.3𝐹𝐿𝐷 + 0.7𝐹.2𝐿𝐷

 5. The annual peak-load kilovolt-ampere loading in any element of the pattern, that is, SD, section of
SL, or transformer is estimated by using the maximum diversified demand.



 6. Current flows are estimated in kilovolt-amperes and nominal operating voltage, usually 240 V.

 7. All loads have the same (and constant) power factor.

Economic Design of Secondaries
Patterns and Some of the Variables: Further Assumptions



 The TAC of owning and operating one pattern of the secondary system is a summation of investment
(fixed) costs (ICs) and operating (variable) costs (OCs).

 The summations are to be taken for the one standard pattern being considered, like fig. below, but
modified appropriately for the number of spans of SL being considered.

 The TAC may be divided by the number of customers per pattern so that the TAC can be allocated on a
per customer basis.

Economic Design of Secondaries
Total Annual Cost

   

  




CuSDCuSLCuTFeTexc

PHSDSLT

OCOCOCOCOC

ICICICICTAC

,,,,

 transformer related terms(ICT, OCexc,OCT,Fe,OCT,Cu)
 secondary line related terms(ICSL, OCSL,Cu)
 service drop related terms(ICSD, OCSD,Cu)
 poles related(ICPH)



 The following cost data are sufficient for illustrative purposes but not necessarily of the accuracy
required for engineering design in commercial practice.

 The cost data given may be quite inaccurate because of recent, severe inflation.

 The data are intended to represent an OH system using three-conductor triplex aluminum cable for
both SLs and SDs.

 The important aspect of the following procedures is the finding of equations for all costs so that
analytical methods can be employed to minimize the TAC:

Economic Design of Secondaries
Assembly of Cost Data



 ICT is the annual installed cost of the distribution transformer + associated protective equipment.

Economic Design of Secondaries
Assembly of Cost Data

Where
ST is the transformer-rated kVA
i is the pu fixed charge rate on investment

iSIC TT  )26.7250( $/transformer

 ICSL is the annual installed cost of triplex aluminum SL cable

iAIC SLSL  )5.460( $/1000 ft
Note:
that this cost is 1000 ft of 

cable, that is, 3000 ft of 
conductor.

Where
ASL is the conductor area, kcmil
i is the pu fixed charge rate on investment

 ICSD is the annual installed cost of triplex aluminum SD cable

iAIC SDSD  )5.460(

Where
ASD is the conductor area, kcmil
i is the pu fixed charge rate on investment

Note:
Both equations are alike because the same triplex aluminum 
cable, is assumed to be used for both SL and SD construction

$/1000 ft

 transformer related terms(ICT, OCexc,OCT,Fe,OCT,Cu)
 secondary line related terms(ICSL, OCSL,Cu)
 service drop related terms(ICSD, OCSD,Cu)
 poles related(ICPH)



 ICPH is the annual installed cost of pole and hardware on it but excluding transformer and transformer
protective equipment

Economic Design of Secondaries
Assembly of Cost Data

Where
i is the pu fixed charge rate on investment

iICPH  )160($ $/pole

 OCexc is the annual operating cost of transformer exciting current

iICSIOC capTexcexc  )( $/transformer
Where
ICcap is the total installed cost of primary-voltage shunt capacitors = $5.00/kvar
Iexc is the an average value of transformer exciting current based on ST kVA rating = 0.015 pu

 OCT,Fe is the annual operating cost of transformer due to core (iron) losses

FeToffsysFeT PECiICOC ,, )8760( 
Where
ICsys is the average investment cost of power system upstream, that is, toward generator, from distribution transformers = $350/kVA
ECoff is the incremental cost of electric energy (off-peak) = $0.008/kWh
PT, Fe is the annual transformer core loss, kW = 0.004 × ST 15 kVA ≤ ST ≤ 100 kVA

Note:
In case of URD design, the cost item ICPH would 
designate the annual installed cost of a 
secondary pedestal or manhole.

$/transformer

 transformer related terms(ICT, OCexc,OCT,Fe,OCT,Cu)
 secondary line related terms(ICSL, OCSL,Cu)
 service drop related terms(ICSD, OCSD,Cu)
 poles related(ICPH)



 OCT, Cu is the annual operating cost of transformer due to copper losses

Economic Design of Secondaries
Assembly of Cost Data

Where
ECon is the incremental cost of electric energy (on-peak) = $0.010/kWh
Smax is the annual maximum kVA demand on transformer (from table = (no. of consumers/tx) X (kVA/consumer))
PT,Cu is the transformer copper loss, kW at rated kVA load= 0.073+0.00905 x ST

FLS is the annual loss factor,(from eq.)

CuT

T

LSonsysCuT P
S

S
FECiICOC ,

2

max
, )8760( 








 $/transformer

 OCSL,Cu is the annual operating cost of copper loss in a unit length of SL

Where
PSL,Cu is the power loss in a unit of SL at time of annual peak load due to copper losses, kW
PSL,Cu is an I2R loss, and it must be related to conductor area ASL with R = ρL/ASL

CuSLLSonsysCuSL PFECiICOC ,, )8760( 
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 transformer related terms(ICT, OCexc,OCT,Fe,OCT,Cu)
 secondary line related terms(ICSL, OCSL,Cu)
 service drop related terms(ICSD, OCSD,Cu)
 poles related(ICPH)

Note:
different sections of SLs may have different values 
of current and, therefore, different PSL,Cu.



Economic Design of Secondaries
Assembly of Cost Data

 OCSD,Cu is the annual operating cost of copper loss in a unit length of SD

Where
PSD,Cu is the power loss in a unit of SD at time of annual peak load due to copper losses, kW
PSDCu is an I2R loss, and it must be related to conductor area ASD with R = ρL/ASD

CuSDLSonsysCuSD PFECiICOC ,, )8760(  $/SD

 transformer related terms(ICT, OCexc,OCT,Fe,OCT,Cu)
 secondary line related terms(ICSL, OCSL,Cu)
 service drop related terms(ICSD, OCSD,Cu)
 poles related(ICPH)



Economic Design of Secondaries
Example

 This example deal with cost of a single-phase OH secondary distribution system in a residential area.
 For the layouts and the service arrangement shown in the figure below calculate the TAC as a function of

ST, ASD and ASL

 Equal lot width and uniform load spacing are assumed. (All SDs = 70 ft long)

Residential area lot layout and service arrangement.

The calculations for one block of the residential area for the case of 
12 services per transformer (2 transformer per block)
a. One consumer per SD
b. Four consumers per section of SL
c. Twelve consumers per transformer

Poles
(if SLs are OH)



Economic Design of Secondaries
Example

 For the layouts and the service arrangement shown in the figure below calculate the TAC eq. applicable
to one block of these residential areas for the case of 12 services per transformer(2 transformer per
block). Use the following data and assumptions:

 1. All secondaries and services are single phase three wire, nominally 120/240 V.
 2. Assume perfectly balanced loading in all single-phase three-wire circuits.
 3. Assume that the system is energized 100% of the time, that is, 8760 h/year.
 4. Assume the annual load factor to be FLD = 0.35.
 5. Assume the annual loss factor to be
 6. Assume that there are 12 services per transformers.
 7. Assume nominal operating voltage of 240 V when computing currents.
 8. Assume a 90% power factor for all loads.
 9. Assume a fixed charge (capitalization) rate of 0.15.
 Assume ρ is 20.5 (Ω·cmil)/ft at 65°C for aluminum cable
 10. Use 30 min annual maximum demands for customer class 2

27.03.0 LDLDLS FFF 



Economic Design of Secondaries
Solution

 TAC is given by

 Calculate each cost independently

 Given : fixed charge (capitalization) rate of 0.15
 Known:
 12 services per transformer
 2 transformers per block

 The annual installed cost of the two distribution transformer and associated protective equipment:

   

  




CuSDCuSLCuTFeTexc

PHSDSLT

OCOCOCOCOC

ICICICICTAC
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iSIC TT  )26.7250( $/transformer

T

TT

S

SIC

175.275

15.0)26.7250(2





$/block

 All investment (fixed) costs (ICs)



Economic Design of Secondaries
Solution

 The annual installed cost of the triplex aluminum SL cable used for 300 ft/transformer (since there is 150
ft SL at each side of each transformer) in the SLs is:

iAIC SLSL  )5.460( $/1000 ft

1000

300
15.0)5.460(2  SLSL AIC

SLSL AIC 405.04.5  $/block

ft/transformer

ft

   

  




CuSDCuSLCuTFeTexc

PHSDSLT

OCOCOCOCOC

ICICICICTAC
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1 span of SL each way from 
the transformer 



Solution

 The annual installed cost of triplex aluminum 24 SDs per block (each SD is 70 ft long)

$/1000 ftiAIC SDSD  )5.460(

1000

7012
15.0)5.460(2


 SDSD AIC

SDSD AIC 134.112.15 

 The annual installed cost of poles per block (six poles per block)

iICPH  )160($ $/pole

blockICPH /14415.06)160($ 

$/block

ft/SD

ft

   

  




CuSDCuSLCuTFeTexc

PHSDSLT

OCOCOCOCOC

ICICICICTAC
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 OCexc is the annual operating cost of transformer exciting current per block

 The annual operating cost of transformer due to core (iron) losses

iICSIOC capTexcexc  )( $/transformer

TTexc SSOC 0225.015.0)5015.0(2 

FeToffsysFeT PECiICOC ,, )8760(  $/transformer

T

TFeT

S

SOC

98.0

004.0)008.0876015.0350(2,





$/block

$/block

 All operating (variable) costs (OCs)

   

  




CuSDCuSLCuTFeTexc
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Where
ICcap is the total installed cost of primary-voltage shunt capacitors = $5.00/kvar
Iexc is the an average value of transformer exciting current based on ST kVA rating = 0.015 pu

Where
ICsys is the average investment cost of power system upstream, that is, toward generator, from 
distribution transformers = $350/kVA
ECoff is the incremental cost of electric energy (off-peak) = $0.008/kWh
PT, Fe is the annual transformer core loss, kW = 0.004 × ST 15 kVA ≤ ST ≤ 100 kVA



Solution

12 customers/ transformer; from the table 
maximum diversified demand = 4.4 kVA

customerkVArtransformecustomersS /4.4/12max 

 The annual operating cost of transformer due to copper losses

CuT

T

LSonsysCuT P
S

S
FECiICOC ,

2

max
, )8760( 








 $/transformer
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1904.035.07.035.03.0 2 LSF

)00905.0073.0(
4.412

)1904.0010.0876015.0350(2

2

, T

T

CuT S
S

OC 






 


TT

CuT
SS

OC
349228170

2,  $/block
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Where
ICsys is the average investment cost of power system upstream, that is, toward generator, from distribution 
transformers = $350/kVA
ECon is the incremental cost of electric energy (on-peak) = $0.010/kWh
Smax is the annual maximum kVA demand on transformer
PT,Cu is the transformer copper loss, kW at rated kVA load= 0.073+0.00905 x ST

FLS is the annual loss factor
FLD is the annual load factor=0.35



Solution

$/transformer

RIP CuSL

2

, 

 the annual operating cost of copper loss in a unit length of SL (4 SLs)

CuSLLSonsysCuSL PFECiICOC ,, )8760( 

1904.035.07.035.03.0 2 LSF

Where
ECon is the incremental cost of electric energy (on-peak) = $0.010/kWh 
ICsys is the average investment cost of power system upstream, that is, toward generator, from 
distribution transformers = $350/kVA
FLS is the annual loss factor

PSL,Cu is the copper losses in two SLs at time of annual peak load, kW/transformer which is given by 

 

SL

SLSL

A

A

wireftftcmil

A

l
R

3.12

1000

2 300/5.20










Ω.kcmil/transformer
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each span of SL is of length 300 ft



Economic Design of Secondaries
Solution

kW
A

AV

kVA
P

SL

SL

CuSL

123

1000

13.12

240

24
2

,













 Therefore

SLSL

CuSL
AA

OC
17018123

)1904.001.0876015.0350(2, 

Now

kW/transformer

$/block

4 customers/ SL ; from the table maximum 
diversified demand = 6 kVA

 the annual operating cost of copper loss in a unit length of SL

CuSLLSonsysCuSL PFECiICOC ,, )8760(  $/transformer



Solution

$/transformer

RIP CuSD

2

, 

 the annual operating cost of copper loss in a unit length of SD (24 SDs)

CuSDLSonsysCuSD PFECiICOC ,, )8760( 

1904.035.07.035.03.0 2 LSF

Where
ECon is the incremental cost of electric energy (on-peak) = $0.010/kWh 
ICsys is the average investment cost of power system upstream, that is, toward generator, from distribution 
transformers = $350/kVA 
FLD is the annual load factor=0.35 

PSD,Cu is the copper losses in the 24 SDs at the time of annual peak load, kW  given by 

 

SD

SDSL

A

A

SDwiresblockSDftftcmil

A

l
R

88.68

1000

/2/2470/5.20










Ω.kcmil/block
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ASD



Economic Design of Secondaries
Solution

blockkW
A

AV

kVA
P

SD

SD

CuSD

/
58.119

1000

188.68

240

10
2

,













 Therefore

SDSD

CuSD
AA

OC
827358.119

)1904.001.0876015.0350(, 

Now

 Finally substituting all the equation in to TAC formula, we have

SDSLTT

TT

SDSLT

AASS
SS

AASTAC

827317108349228170
)98.0()0225.0144(

)134.112.15()405.04.5()178.275(

2













$/block

one SD per one Class 2 customer, from the table 
maximum diversified demand = 10 kVA



Economic Design of Secondaries
Solution

 Simplifying TAC becomes

SD

SD

SL

SL

TT

T
A

A
A

A
SS

STAC
8273

134.1
17108

405.0
281703492

1805.352.239
2



 Note that TAC have the general form as

SD

SD

SL

SL

TT

T
A

H
GA

A

F
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S

D

S

C
BSATAC 

2



Minimization of the TAC

 TAC general equation shown below can be used to find the minimum TAC by taking three partial
derivatives, and setting each derivative to zero:

 That is
SD

SD

SL

SL

TT

T
A

H
GA

A

F
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S

D

S

C
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0
2

0
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0
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A
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Note:

The solution obtained for ST, ASL and ASD are continuous variable.
TAC for the standard commercial sizes of equipment nearest to the results should be 
obtained.

Example



Minimization of the TAC

 If the TAC found as a function of ST, ASL, ASD is

 a. The most economical SD size (ASD) and the nearest larger standard AWG wire size
 b. The most economical SL size (ASL) and the nearest larger standard AWG wire size
 c. The most economical distribution transformer size (ST) and the nearest larger standard transformer

size
 d. The TAC per block for the theoretically most economical sizes of equipment
 e. The TAC per block for the nearest larger standard commercial sizes of equipment

Example

SD

SD

SL

SL

TT

T
A

A
A

A
SS

STAC
8273

134.1
17108

405.0
281703492

1805.352.239
2



Find



Minimization of the TAC

 If the TAC found as a function of ST, ASL, ASD is

 a. The most economical SD size (ASD) and the nearest larger standard AWG wire size

Example

SD

SD

SL

SL

TT

T
A

A
A

A
SS

STAC
8273

134.1
17108

405.0
281703492

1805.352.239
2



Solution

0

0
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kcmilA

A

SD

SD

4.85

0
8273

134.1
2





Nearest larger size= 106.6 kcmil AWG (1/0)



Minimization of the TAC

 If the TAC found as a function of ST, ASL, ASD is

 b. The most economical SL size (ASL) and the nearest larger standard AWG wire size

Example

SD

SD

SL

SL

TT

T
A

A
A

A
SS

STAC
8273

134.1
17108

405.0
281703492

1805.352.239
2



Solution

0

0
)(
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SL

SL

A

F
E

A

TAC





kcmil 99.204

0
17018

405.0
2





SL

SL

A

A

Nearest larger size= 211.6 kcmil AWG (4/0)



Minimization of the TAC

 If the TAC found as a function of ST, ASL, ASD is

 b. The most economical Transformer size (ST) and the nearest larger standard size

Example

SD

SD

SL

SL

TT

T
A

A
A

A
SS

STAC
8273

134.1
17108

405.0
281703492

1805.352.239
2



Solution

Nearest larger size= 50 kVA

kVA

SS TT

39

0
2817023492

1085.3
32
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Minimization of the TAC

 If the TAC found as a function of ST, ASL, ASD is

 d. The TAC per block for the theoretically most economical sizes of equipment

Example

SD

SD

SL

SL

TT

T
A

A
A

A
SS

STAC
8273

134.1
17108

405.0
281703492

1805.352.239
2



Solution

41.85

8273
41.85134.1

99.204

17108
99.209405.0

39

28170

39

3492
391805.352.239

2
TAC

838$

 e. The TAC per block for the nearest larger standard commercial sizes of equipment

5.106

8273
5.106134.1

6.211

17108
6.211405.0

50

28170

50

3492
501805.352.239

2
TAC

844$



Secondary System Upgrading Costs

 In general, it costs more to upgrade given equipment to a higher capacity than to build to that capacity
in the first place.

 Upgrading an existing SL entails removing the old conductor and installing new. Usually, new hardware is
required, and sometimes poles and cross arms must be replaced.

 Therefore, usually, the cost of this conversion greatly exceeds the cost of building to the higher-capacity
design in the first place.

 Because of this, T&D engineers have an incentive to look at long-term needs carefully and to install extra
capacity for future growth.



Secondary System Upgrading Costs

 It has been estimated that a 12.47 kV OH, three-phase feeder with 336 kcmil costs $120,000/mile. It has been also
estimated that to build the feeder with 600 kcmil conductor instead and a 15 MVA capacity would cost about
$150,000/mile. Upgrading the existing 9 MVA capacity line later to 15 MVA capacity entails removing the old
conductor and installing new. The cost of upgrade is $200,000/mile. Determine the following:

 a. The cost of building the 9 MVA capacity line in dollars per kVA-mile
 b. The cost of building the 15 MVA capacity line in dollars per kVA-mile
 c. The cost of the upgrade in dollars per kVA-mile

• New cross arm and  equipment
• Thick SL

Upgraded systemOld system



Secondary System Upgrading Costs

 Given: 336 kcmil costs $120,000/mile : System KVA Rating = 9MVA
600 kcmil costs $150,000/mile: System KVA Rating = 15MVA
cost of upgrade from 9 MVA to 15 MVA is $200,000/mile

 a. The cost of building the 9 MVA capacity line in dollars per kVA-mile

 b. The cost of building the 15 MVA capacity line in dollars per kVA-mile

 c. The cost of the upgrade in dollars per kVA-mile

Solution

mile$/kVA  33.13
kVA 9000

120000 $
lineMVA  9 Cost

mile$/kVA  10
kVA 15000

150000 $
lineMVA  15 Cost

mile$/kVA  33.33
kVA 9000)-(15000

200000 $
lineMVA  15  to9 Cost

Note that the upgrade option is very costly



Economic Design of Secondaries
Example

 For the layouts and the service arrangement shown in the figure below calculate the TAC as a function of
ST, ASD and ASL

Residential area lot layout and service arrangement.



Economic Design of Secondaries
Example

 System data

System parameter Value or description

System phase single

System voltage 120/240 

Reliability 100% (8760 h/y)

Annual FLD 0.35

Annual FLS

Consumer/transformer 4

Power factor 0.9

Fixed charge rate 0.15

ρ for alluminium @ 65° 20.5 Ω.cmil/ft

Consumer class 2

Consumer/SD 1
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Economic Design of Secondaries
Solution

 TAC is given by

 All investment (fixed) costs (ICs)
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)534.6225$(

15.0)26.7250(6

)26.7250(

T

T

TT

S

S

iSIC







)134.112.15$(

1000

704
15.0)5.460(6

)5.460(

SD

SD

SDSD

A

A

iAIC








block

iICPH

/)144$(15.06)160($

)160($





Annual installed cost of triplex aluminum 24 SDs per block (each SD is 70 ft long)

Annual cost of pole and hardware for the six poles per block

$/block

$/1000 ft

ft/SD

ft

$/block

$/pole

Annual installed cost of the six distribution transformer and 
associated protective equipment 

$/transformer



Economic Design of Secondaries
Solution

 TAC is given by

 All operating (variable) costs (OCs)
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Annual OC  of transformer exciting current per block

$/block

$/transformer
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Economic Design of Secondaries
Solution

 TAC is given by

 All operating (variable) costs (OCs)
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Economic Design of Secondaries
Solution

 TAC is given by

 All operating (variable) costs (OCs)
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Economic Design of Secondaries
Solution

 TAC is given by
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Economic Design of Secondaries
Solution

 TAC is given by
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 To satisfy the operation of motors, lamps and other loads, substantially constant voltage is required.
 A wide variation of voltage may cause malfunctioning of consumer’s appliances.
 When the load in the system increases, the voltage in the consumer terminals falls due to the

increase in the voltage drop in
 Generator synchronous impedance
 Transmission lines
 Transformer impedance
 Feeders and secondary lines

 The voltage variation are undesirable and must be kept within the prescribed limits.

Introduction



 1. System voltage: The root-mean-square phase-to-phase voltage of a portion of an ac electric
system.

 2. Nominal system voltage: The voltage by which a portion of the system is designated, and to which
certain operating characteristics of the system are related.

 3. Maximum system voltage: The highest system voltage that occurs under normal operating
conditions, and the highest system voltage for which equipment and other components are designed
for satisfactory continuous operation without derating of any kind.

 4. Service voltage: The voltage at the point where the electric system of the supplier and the electric
system of the user are connected.

 5. Utilization voltage: The voltage at the line terminals of utilization equipment.

System Voltage Terms: 

IEEE Std 241-1990



Single phase two-wire system
 For a single phase two-wire system shown in Figure, assuming that the resistance 𝑅𝑝 = 𝑅𝑁 and

reactance 𝑋𝑝 = 𝑋𝑁.

 Applying KVL at loop

 If the neutral conductor impedance (𝐙𝑁) is the same with phase conductor
 impedance (𝐙𝑝), Δ𝑉𝑝 = Δ𝑉𝑁

Voltage Drops in Different Type of Circuits



Balanced three phase system
 Applying KVL at loop

 For a balanced three phase system shown in Figure below, voltage drop across the line in each phase
is Δ𝑉𝑝 which is similar to the following expression derived earlier.

Voltage Drops in Different Type of Circuits

Note:

For evenly distributed load along the line like 
street lights is ∆𝑉𝑝/2



 Consider the three-phase 4-wire 416 V secondary radial system with balanced per-phase loads as
shown in the Figure. Determine: The total voltage drop in one phase .

Voltage Drops in Different Type of Circuits
Example



 Consider the three-phase 4-wire 416 V secondary radial system with balanced per-phase loads as
shown in the Figure. Determine: The total voltage drop in one phase .

Voltage Drops in Different Type of Circuits
Example

Approximate 
solution



 Consider the three-phase 4-wire 416 V secondary radial system with balanced per-phase loads as
shown in the Figure. Determine: The total voltage drop in one phase .

Voltage Drops in Different Type of Circuits
Example

Actual  solution



 Find the total voltage drop for the following single phase feeder which has a total length of 500 m and
total impedance of 0.02+j0.04 Ω and the voltage at point A is 250V

Voltage Drops in Different Type of Circuits
Example



 The same procedure can be applied to sections DC and CB and the total voltage drop will be the
summation of the voltage drop of all three sections

Voltage Drops in Different Type of Circuits

Solution



 Assume the resistance of the following loop connected feeder is 0.001Ω/m, the voltage at point A is
250 V and at point B is 246.5 V, find the voltage drop between points C and D. Assume we have DC
system.

Voltage Drops in Different Type of Circuits
Example



Voltage Drops in Different Type of Circuits

Solution



Voltage Drops in Different Type of Circuits

Solution



 Assume the impedance of the feeder is 0.001+j0.005 Ω/m, the voltage at point A is 250 ∠ 0 V and at
point B is 240 ∠1.5 V, find the voltage drop between points C and D. Assume we have AC system now.

Voltage Drops in Different Type of Circuits
Example



Voltage Drops in Different Type of Circuits

Solution



 For the circuit given in Figure, determine the voltage drop. Assume the following:
 i. Street lighting wire size is 16 mm² where 𝑅 = 2.33 Ω/km, 𝑋 = 0.095 Ω/ km,
 ii. Neutral cable size is 120 mm² where 𝑅 = 0.309 Ω/km, 𝑋 = 0.095 Ω/km,
 iii. Each street lamp operates at 150 W with 0.65 lagging 𝑝𝑓,
 iv. Rated voltage of the lamp is 240 V,
 v. All 20 street lights are evenly distributed within a distance of 1 km (distance between each pole is

50 m).

Voltage Drops in Different Type of Circuits
Example



 assuming the total load is located at the end of the line (1km away)

Voltage Drops in Different Type of Circuits
Solution



Voltage Drops in Different Type of Circuits
Solution

 Hence, total voltage drop is:

 Since the loads are evenly distributed,

 Therefore, for evenly distributed load the phase voltage at the end of load line is:

𝑽𝒍𝒐𝒂𝒅 = 𝟐𝟒𝟎 𝑽 − 𝟏𝟕. 𝟖𝟗 𝑽 = 𝟐𝟐𝟐. 𝟏 𝑽



Floating Neutral using Millman’s Theorem
 Millman’s theorem is used to determine the voltage at the ends of a circuit made up of only branches

in parallel.

 Since nodes 𝑁 and 𝑛 are common to all three phase (R,Y,B), Millman’s theorem is used to determine
voltage drop across neutral impedance (𝐕𝑁𝑛).

 By knowing 𝐕𝑁𝑛, voltage drop across the loads (𝐕𝑅𝑁, 𝐕𝑌𝑁, 𝐕𝐵𝑁) can be obtained.

 Floating neutral may damage the connected loads or create hazardous touch voltage at equipment
body.



 For the circuit given in Figure be a balanced RYB-sequence Y-connected source is connected to an
unbalanced Y-load. Given 𝐕 𝑅𝑛 = 240∠0° V , determine voltage across the loads ( 𝐕𝑅𝑁, 𝐕𝑌𝑁 and 𝐕𝐵𝑁 )
using Millman’s theorem. Assume neutral line is open-circuit (𝐙𝑁 = ∞ Ω).

Floating Neutral using Millman’s Theorem
Example



 Given
 𝐙𝑅 = 1 Ω, 𝐙𝑌 = 10 Ω, 𝐙𝐵 = 100 Ω and 𝐙𝑁 = ∞ Ω;
 𝐕𝑅𝑛 = 240∠0° V, 𝐕𝑌𝑛 = 240∠240° V, 𝐕𝐵𝑛 = 240∠120° V
 Hence:
 𝐘𝑅=1 /1= 1 S, 𝐘𝑌 = 1/10= 0.1 S, 𝐘𝐵 = 1/100= 0.01 S, 𝐘𝑁 = 1/∞= 0 S,

Floating Neutral using Millman’s Theorem
Solution



Floating Neutral using Millman’s Theorem
Solution

It can be seen that phases that have higher equivalent impedances (𝐙𝑌 and 𝐙𝐵)
will experience overvoltage compared to phase with small equivalent impedance

(𝐙𝑅).

Note:



Motor-Starting and Voltage Dips
 When a motor is started, it typically draws a current 6-7 times its full load current for a short duration

(commonly called the locked rotor current).

 This means that there can be large momentary voltage drops system-wide, from the power source
(e.g. transformer or generator) through the intermediary buses, all the way to the motor terminals.

 A system-wide voltage drop can have a number of adverse effects:
 Equipment with minimum voltage tolerances (e.g. electronics) may malfunction or behave aberrantly
 Undervoltage protection may be tripped.
 The motor itself may not start. Induction motors are typically designed to start with a terminal voltage >80%



Motor-Starting and Voltage Dips
 A starting voltage requirement and locked-rotor current should be stated as

part of the motor specification.

 To determine the starting current for an induction motor, starting power of
the motor must be determined using

 And the starting current can be found from

 The KVA required by a motor starting at full voltage is quite close to the
"locked rotor KVA" requirement of the motor, which is easily determined
from the actual motor's nameplate or from the manufacturer.

Code Letter
Kilovolt-Amperes per 

Horsepower with Locked 
Rotor

A 0-3.14

B 3.15-3.55

C 3.55-3.99

D 4.0-4.49

E 4.5-4.99

F 5.0-5.59

G 5.6-6.29

H 6.3-7.09

J 7.1-7.99

K 8.0-8.99

L 9.0-9.99

M 10.0-11.19

N 11.2-12.49

P 12.5-13.99

R 14.0-15.99

S 16.0-17.99

T 18.0-19.99

U 20.0-22.39

V 22.4-and up

𝑆𝑠𝑡𝑎𝑟𝑡 = 𝑟𝑎𝑡𝑒𝑑 ℎ𝑜𝑟𝑠𝑒𝑝𝑜𝑤𝑒𝑟 (𝑐𝑜𝑑𝑒 𝑙𝑒𝑡𝑡𝑒𝑟 𝑓𝑎𝑐𝑡𝑜𝑟)

𝐼𝐿−𝑠𝑡𝑎𝑟𝑡 =
𝑆𝑠𝑡𝑎𝑟𝑡

√3𝑉𝐿



Motor-Starting and Voltage Dips
 A voltage dip is a short (from milliseconds up to seconds) decrease of more than 10 per cent of the

supply voltage, but without the supply voltage disappearing completely.

 The Voltage dip due to motor starting is calculated as:

𝑽𝑫𝑰𝑷 = 𝑰𝒔𝒕𝒂𝒓𝒕 (𝑹𝒄𝒐𝒔𝜽 + 𝑿𝒔𝒊𝒏𝜽)



Motor-Starting and Voltage Dips
 For the three-phase, 400V system shown in the Fig, determine the voltage drop percentage

detected at the bus supplying load 1 (bus 1) during starting period of the Motor connected to bus
2.

 System data

Example

Transformer:
11/0.4 kV, 250 kVA
Z = 0.0101+j 0.0143pu
Line:
ZLine1 = 0.025 + j 0.10 pu
ZLine2 = 0.015 + j 0.06 pu

Load 1: 400V, 80 kVA, 0.9 pf lagging
Load 2: 400V, 50 kVA, 0.9 pf lagging

Motor: 400V, 20hp, 0.9 pf lagging and has a lock-rotor current 
of 5 times full load current & at 0.5 lag pf.



Motor-Starting and Voltage Dips
Solution



Motor-Starting and Voltage Dips Solution

Note: Voltage drop under normal operating condition before motor starting



Motor-Starting and Voltage Dips Solution



Motor-Starting and Voltage Dips Solution



Motor-Starting and Voltage Dips Solution



Motor-Starting and Voltage Dips Solution



Motor-Starting and Voltage Dips
 A three-phase URD distribution system in a residential area with the layout shown in the Figure

below.
 A standard transformer size is selected as 75 kVA. See Table A for more information. The SL

standard cable size is selected as # 4/0 AWG. The SD standard cable size is selected as # 1/0 AWG
of 70 ft. See Table B for more information. The maximum limit of the VD = 3.5%.

Example

Determine:

(a) The steady-state VD in pu at the most remote 
consumer meter for the annual system load assuming 
pf = 0.9 lag.

(b) The VDIP in pu for motor starting at the most 
unfavorable location. The motor is three-phase 240-V, 
50A locked rotor current, with a 50% power factor 
locked rotor.



Motor-Starting and Voltage Dips
Example



Motor-Starting and Voltage Dips
 (a) The steady-state VD in pu at the most remote consumer meter for the annual system load

assuming pf = 0.9 lagging.

Solution

The Transformer Load
No. of customers = 12
Therefore, the Transformer Load = 12*4.4 =52.8 kVA

Transformer VD



Motor-Starting and Voltage Dips
 (a) The steady-state VD in pu at the most remote consumer meter for the annual system load

assuming pf = 0.9 lagging.

Solution

The Secondary Line Load
No. of customers = 4
Therefore, the SL Load = 4*6=  24 kVA

Secondary line VD

NOTE: 
The pu VD is calculated using “K” factor and actual current (A) and conductor length (ft). 
No need for current pu values.



Motor-Starting and Voltage Dips
 (a) The steady-state VD in pu at the most remote consumer meter for the annual system load

assuming pf = 0.9 lagging.

Solution

The Service Drop Load
No. of customers = 1
Therefore, the SL Load = 1*10=  10 kVA
Transformer VD

The load Total Voltage Drop is

NOTE: 
The pu VD is calculated using “K” factor and actual current (A) and conductor length (ft). 
No need for current pu values.



Motor-Starting and Voltage Dips
 (a) The steady-state VD in pu at the most remote consumer meter for the annual system load

assuming pf = 0.9 lagging.

Solution

The Service Drop Load
No. of customers = 1
Therefore, the SL Load = 1*10=  10 kVA
Service drop VD

The load Total Voltage Drop is

NOTE: 
The pu VD is calculated using “K” factor and actual current (A) and conductor length (ft). 
No need for current pu values.



Motor-Starting and Voltage Dips
 (b) The VDIP in pu for motor starting at the most unfavorable location.

Solution

The motor is three-phase 240-V, 50A locked rotor current, with a 50% power factor locked rotor.



Motor-Starting and Voltage Dips
 (b) The VDIP in pu for motor starting at the most unfavorable location.

Solution

The motor is three-phase 240-V, 50A locked rotor current, with a 50% power factor locked rotor.



Motor-Starting and Voltage Dips
 (b) The VDIP in pu for motor starting at the most unfavorable location.

Solution

The motor is three-phase 240-V, 50A locked rotor current, with a 50% power factor locked rotor.



Motor-Starting and Voltage Dips
 (b) The VDIP in pu for motor starting at the most unfavorable location.

Solution
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