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70-90 1.67  0.28 0.87 0.31 0.14 0.03 0.03 1.63 0.03 0.00
50-70 0.38  0.07 0.07 0.03 0.00 0.14 0.07 0.38 0.00 0.00

10-50 0.17  0.00 0.00 0.00 0.00 0.07 0.10 0.17 0.00 0.00

<10 0.03  0.00 0.00 0.03 0.00 0.00 0.00 0.03 0.00 0.00

Minimum 
Sag 

Voltage 
(%)

Average Aggregate 
Events/Month 

(Minimum Voltage 
below threshold using 
1 minute aggregation)

Fault on 
customer 
feeder (or 
in plant) SLGF

Two
Phase
Fault

Three
Phase
Fault SLGF

Two
Phase
Fault

Three
Phase
Fault

Instantaneous
(less than 
30 cycles)

Momentary
(30 cycles-3

seconds)

Temporary
(greater than
3 seconds)

Events per month by duration of the worst
measurement event within the aggregate event

Transmission
System FaultsSARAEFI

West Bus
1 minute aggregate voltage sag summary performance statistics

West Bus Distribution
System Faults
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(Power Quality Improvement Technologies)

Application)

Category of Event Weighting for

 Economic

 Analysis

Interruption 1.0

Sag below 50% 0.8

Sag between 50% and 70% 0.4

Sag between 70% and 90% 0.1

70-90 1.53  0.28 0.87 0.31 0.00 0.07 0.00 1.49 0.03 0.00

50-70 0.21  0.07 0.07 0.03 0.00 0.03 0.00 0.21 0.00 0.00
10-50 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

<10 0.07 0.03 0.00 0.00 0.03 0.00 0.00 0.00 0.03 0.00 0.03

Minimum 
Sag 

Voltage 
(%)

Average Aggregate 
Events/Month 

(Minimum Voltage 
below threshold using 
1 minute aggregation)

Fault on 
customer 
feeder (or 
in plant) SLGF

Two
Phase
Fault

Three
Phase
Fault SLGF

Two
Phase
Fault

Three
Phase
Fault

Instantaneous
(less than 
30 cycles)

Momentary
(30 cycles-3

seconds)

Temporary
(greater than
3 seconds)

Events per month by duration of the worst
measurement event within the aggregate event

Transmission
System FaultsSARAEFI

East Bus
1 minute aggregate voltage sag summary performance statistics 

East Bus Distribution
System Faults

     Minimum voltage at Customer

Category of Distance Data <10% 10-50% 50-70% 70-90% Total

  East Bus Data 0.4    0.4

Interruptions West bus Data 0.0    0.0

  (Customer Feeder or Substation) Assumed Data for Analysis 0.5    0.5

  East Bus Data 0.0 0.0 0.4 0.8 1.3

Sags due to Faults on Parallel Feeders West bus Data 0.0 0.8 1.7 2.1 4.6

   SLGF or Two Phase Fault Assumed Data for Analysis 0.0 0.5 1.0 2.0 3.5

  East Bus Data 0.0 0.0 0.0 0.0 0

Sags due to Faults on Parallel Feeders West bus Data 0.0 1.3 0.8 0.4 2.5

   Three Phase Fault Assumed Data for Analysis 0.0 0.5 0.5 1.0 2.0

Sags due to Transmission Faults East or West  Bus Data 0.0 0.0 1.7 13.8 15.4

   SLGF or Two Phase Fault Assumed Data for Analysis 0.0 0.0 2.0 14.0 16.0

Sags due to Transmission Faults East or West  Bus Data 0.4 0.0 0.4 3.8 4.6

   Three Phase Fault Assumed Data for Analysis 0.0 0.5 0.5 4.0 5.0

   Annual Operating

  Typical Cost Costs    

Power Conditioning Technology ($/kVA) (% of Total Cost)          Comments

   

UPS $700 25% Full protection

Synchronous M/G with ywheel $500 25% 2 second ride through without diesel option

Energy Storage Technologies $800 15% shorter ride through than UPS

Secondary static switch $100 5% requires independent supply

   Annual Operating

  Typical Cost Costs    

Power Conditioning Technology ($/kVA) (% of Total Cost)          Comments

   

Feeder reactors  2% prevent sags due to parallel feeder faults

Primary static switch $60 5% requires independent supply

Electronic voltage regulation technology $200 10% shorter ride through than UPS

   Base 
   Performance 
Type of Condition Affecting Customer Weighting (events/year)

Interruption due to t on customer ckt 1 0.50

Interruption due to other faults (e.g. substation) 1 0.00

Sag due to 1 or 2 phs fault on par. fdr ckt (<50%) 0.8 0.50

Sag due to 1 or 2 phs fault on par. fdr ckt (50-70%) 0.4 1.00

Sag due to 1 or 2 phs fault on par. fdr ckt (70-90%) 0.1 2.00

Sag due to three phase t on par. fdr ckt (<50%) 0.8 0.50

Sag due to three phase t on par. fdr ckt (50-70%) 0.4 0.50

Sag due to three phase t on par. fdr ckt (70-90%) 0.1 1.00

Sag due to transmission 1 or 2 phs t (<50%) 0.8 0.00

Sag due to transmission 1 or 2 phs t (50-70%) 0.4 2.00

Sag due to transmission 1 or 2 phs t (70-90%) 0.1 14.00

Sag due to transmission three phase t (<50%) 0.8 0.50

Sag due to transmission three phase t (50-70%) 0.4 0.50

Sag due to transmission three phase t (70-90%) 0.1 4.00

TOTAL EVENTS AFFECTING PLANT  27.00

Total Events Weighted for Severity  5.40

Service Entrance Technologies

Distribution System Technologies
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  Base Expected Improved

Type of Condition Affecting plant Weighting Performance  Reduction Performance 

Interruption due to t on customer ckt 1 0.50 100% 0.00

Interruption due to other faults (e.g. substation) 1 0.00 100% 0.00

Sag due to 1 or 2 phs fault on par. fdr ckt (<50%) 0.8 0.50 100% 0.00

Sag due to 1 or 2 phs fault on par. fdr ckt (50-70%) 0.4 1.00 100% 0.00

Sag due to 1 or 2 phs fault on par. fdr ckt (70-90%) 0.1 2.00 100% 0.00

Sag due to three phase t on par. fdr ckt (<50%) 0.8 0.50 100% 0.00

Sag due to three phase t on par. fdr ckt (50-70%) 0.4 0.50 100% 0.00

Sag due to three phase t on par. fdr ckt (70-90%) 0.1 1.00 100% 0.00

Sag duetransmission 1 or 2 phs t (<50%) 0.8 0.00 0% 0.00

Sag duetransmission 1 or 2 phs t (50-70%) 0.4 2.00 0% 2.00

Sag duetransmission 1 or 2 phs t (70-90%) 0.1 14.00 0% 14.00

Sag duetransmission three phase t (<50%) 0.8 0.50 0% 0.50

Sag duetransmission three phase t (50-70%) 0.4 0.50 0% 0.50

Sag duetransmission three phase t (70-90%) 0.1 4.00 0% 4.00

TOTAL EVENTS AFFECTING PLANT  27.00  21.00

Total Events Weighted for Severity  5.40  3.20

Evaluation of improved performance from primary static switch

      Annual
      Operating
 E pected E pected Cost for Size Total Solution Costs Total 
Power Conditioning Technology Saving ( Ci) Saving ($) Solution Re uired Cost ($) (% of Total Annual Cost
   ($/kVA) (kVA)  Cost) Cost Ratio

        

Feeder reactors 1.70 $170,000   $1,000,000 2% $283,797 0.60

Primary static switch 2.20 $220,000 $60 10000 $600,000 5% $188,278 1.17

Electronic voltage regulator 4.10 $410,000 $200 10000 $2,000,000 10% $727,595 0.56

        

UPS 5.40 $540,000 $800 2000 $1,600,000 25% $822,076 0.66

Synchronous M/G with ywheel 5.15 $515,000 $400 2000 $800,000 25% $411,038 1.25

Energy Storage Technologies 5.15 $515,000 $800 2000 $1,600,000 15% $662,076 0.78

Secondary Static switch 2.20 $220,000 $100 2000 $200,000 5% $62,759 3.51

        

Protect controls with CVTs 3.26 $326,000   $50,000 5% $15,690 20.78

Protect controls and selected drives 3.90 $390,000   $150,000 8% $51,570 7.56

        

Service Entrance Technologies

Cost Saving   2.2        times the momentary interruption cost for the plant (Ci)

Assumed Cost per Interruption (Ci)  $100,000    

        

Total Load for Facilities to be Protected (kVA)   10000

Assumed Portion of Plant Load that re uireds protection (%)  20%            (Production Line is 2000 kVA)

        

Number of ears to Amortize Investment 5  

Assumed Interest Rate for Capital   10% 



is short-circuited, and voltage at rated 
frequency is applied to the other winding and 
adjusted to circulate rated current in the 
winding.

For transformers having more than two 
windings, the impedance voltage is a function 
of the test connections used. When making 
tests on multiple-winding transformers, the 
windings should be connected in such a 
manner as to provide the correct impedance 
data for the purpose intended.

Resistive and reactive components of the 
impedance voltage are determined by the 
use of the following equations:

where

Vr  is the voltage, in-phase component

Vx  is the voltage, quadrature component

Vz  is the impedance voltage

Pz  is the power in watts

I is the current in amperes in excited winding
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IEEE C57.13-2008
IEEE Standard Requirements for Instrument 
Transformers (μÍ¹·Õè 20)

distribution transformers. Impedance measure-
ments
terminology typically used for instrument 
transformers.

The voltage required to circulate the rated 
current of the transformer under short-circuit 
conditions is the impedance voltage of the 
transformer as viewed from the terminals of 
the excited winding.

The impedance voltage is comprised of an 
equivalent resistance component and a 
reactive component. It is not practical to 
measure these components separately, but 
after the loss and the impedance voltage are 
measured, the components may be separated 

by calculation.
 

current in the excited winding only, because 
the current in the short-circuited winding will 

excited winding is correct. The introduction of 
current-measuring equipment in series with 
the short-circuited winding may introduce 
large errors in the impedance measurements.

For two-winding transformers, one of the 

center of the scale and smoothly increase the 

pointer speed indicates that the region of 
saturation has been reached.

-

 
uses terminology typically used for power and 
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impedance measurement on this type of 
transformer.

The I2R losses of the two windings are 
calculated from the ohmic resistance 
measurements (corrected to the temperature 
at which the impedance test is made) and the 
currents that are used in the impedance 
measurement. These I2R losses subtracted 
from the impedance loss give the stray losses 
of the transformer.

I2R

I2R 

The temperature of the windings shall be 
taken immediately before and after the 
impedance measurements in a manner 

shall be taken as the true temperature.

 
8.3.1.2 Current transformer short-circuit 
impedance measurements 

The measured short-circuit impedance of a 
current transformer is the sum of the primary 
and secondary impedance. Since the second-
ary impedance cannot be determined from 

little value in the calculation of ratio and 

value in determining the burden imposed on 
main transformers by auxiliary transformers.

making impedance measurements on current 
transformers are extremely small and great 
care shall be exercised in order to obtain 
accurate results.

 

current transformers can be divided into the 

physical details:

leakage reactance is extremely small and the 
impedance may be considered to be the 
resistance of the whole winding or that part to 
be used if it is well distributed. The manufac-
turer should be consulted if the winding 
distribution is not known.

b) Type 2: Wound-type in which the high- 
current (primary) terminals are at opposite 
ends of the transformer.  Transformers of this 

type should be excited from the high-current 
winding with the low-current winding short 

high-current winding will introduce appre-
ciable error in the measurement due to the 
added impedance of the short-circuiting 
connections.

It is recommended that the three-voltmeter 

secondary winding wound on its core. The most common type is that wound on a 
toroidal core. The secondary winding is fully distributed around the periphery of 

any connection made would utilize the entire core periphery. Windings in this 

low-reactance design. The primary winding in most cases is a single conductor 

space between the window and the conductor on higher-voltage systems. Such 
use may be seen in isolated-phase bus compartments. There are some window 

round window opening but are also available with rectangular openings. This is 

bar inserted straight through the window. This bar assembly can be permanently 

it must be mechanically secured to handle high-level short-circuit currents 
without incurring damage. Uses are the same as the window-type.

-

 The expansion system for changing of oil volume to variation in oil 

acceptable.

transformer is not acceptable.

-

 

with its rated voltage class dictates the core and coil construction. There are 

and laminations. The distribution of the cut(s) and gap(s) helps control the 
magnetizing losses. The manner in which the windings are arranged on the core 

(a)

(a)  15-kV wound-type CT cast in epoxy resin.
(b)  High-voltage wound-type CT in combination steel tank, oil, and porcelain construction.
(c)  600-V, indoor-class auxiliary CT frame shell-type laminated “EI” core.

(b) (c)

Kuhlman Electric Corp.

(a)

(a)  15-kV wound-type CT cast in epoxy resin.
(b)  High-voltage wound-type CT in combination steel tank, oil, and porcelain construction.
(c)  600-V, indoor-class auxiliary CT frame shell-type laminated “EI” core.

(b) (c)

Kuhlman Electric Corp.
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LV Capacitor CLMD. Reliability for power factor 
correction.


