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Introduction

Between 80-90% of all power system faults involve 

ground. Many protective relaying schemes depend on 

ground distance protection to accurately sense and locate 

ground faults on multi-terminal MV transmission and HV 

transmission lines. 

In addition to the need of dependable ground fault 

detection, protective relaying must provide adequate 

selectivity to avoid over tripping for faults outside of its 

zone of protection as well as under tripping, both of which 

cause unintended grid operations.
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Introduction

Due to continuing power system disturbances in North 

America, such as the major Northeast blackout of 2003, 

misoperations are always scrutinized. 

Correct application, setting, and testing of protective 

devices, particularly distance relays, are now mandated 

by NERC/FERC with new standards now in force. 

Application of distance relay settings has been a major 

topic inside and outside electric power utilities as well as 

standards making groups such as the IEEE Power 

Systems Relaying Committee and IEC. 

It is apparent that the accuracy of our Power System grid 

parameters affect our network models and quality of our 

work in this business.

32014



System Settings and Distance Relays

 Why do the grid parameters change? 
Growth, Expansion, Infrastructure Changes

 Ground Distance Relays (using Zone Schemes) are 

critical to modern power system stability and operations

 Proper line parameters and protection settings are critical 

for reliable and secure zone protection

 Correct K-Factors are Critical for Ground Settings so what 

problems can influence these settings?

 K-Factors can be derived from Measurements!
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Infrastructure+Growth+Expansion

(factors in ground resistance measurement)
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Sugarland 1950 - Today
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Galleria Area 1950 - Today
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South Loop 1950-Today
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Ground Distance Relay
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Although ground distance relay design, characteristics, 

and implementations vary, some of the typical parameters 

required to set a ground distance relay include the 

following:

> Zone impedance reach and characteristic angle

> Blinder positions, (resistive reaches and angles)

> Directional supervision limiting angle

> Polarizing current (3I0, I2)

> Supervising element (3I0) 

> Z0/Z1 (zero-sequence compensation)

> Z0M/Z1 (zero-sequence mutual coupling compensation)
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This means that determining the following parameters 

are key for the Ground Distance element to operate 

correctly.

> ZGnd Reach and Gnd Angle

> Supervising element (3I0) and limit angle

> Z0 Zero Sequence Impedance

> Z1 Positive Sequence Impedance

> Z0M Zero Sequence Mutual Coupling Impedance
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Ground Distance Relay - Idealized
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Ground Distance Relay Zone Scheme
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• DR 3 and DR 4 see the fault in Zone 1.

• DR 3 and DR 4 Trip to Clear the Fault.
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Ground Distance Relay Zone Scheme
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• Fault cleared no time delay minimizing the disturbance.

• Consumer continues service via Line 1.
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What if the K-Factor is in Error by + 20%? 

Overreach Occurs 
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• DR 1 also detects the Fault on Line 2.

Line 1 Line 2

DR 4

DR 2

DR 1

DR 3

Customer



What if the K-Factor is in Error by + 20%? 

Overreach Occurs 
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• DR 1, 3, and 4 see the fault in Zone 1, and Trip.
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What if the K-Factor is in Error by + 20%? 

Overreach Occurs 
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• DR 1, 3, and 4 see the fault in Zone 1, and Trip.
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DR 4
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Customer

• Consumer loses service as both Line 1 & 2 are isolated.

Customer



What if the K-Factor is in Error by -20%? 

Under-reach Occurs
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• System potentially suffers longer fault exposure.

• Potential relay coordination problems if backups don’t work.

• Consumer may experience Power Quality issues. 

Customer

Line 1 Line 2



K- Factor  Calculation

• A "k- factor" is a constant of the Line

• Ratio between Line and Earth impedance

• A critical setting of a distance relay!
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K- Factor Affects the ZL Ground Setting
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Line Parameters
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Transmission line impedances are typically calculated by a 

line constants program. Line parameter calculations are 

prone to error, particularly in the zero-sequence impedance 

value of the line. 

There are a large number of variables, including:

> Soil Resistivity values (10Ωm-100Ωm, etc.) ?

> Line Geometry (typically known)

> Construction (typically known)

> Materials (typically known)

> Tower Grounding Method (typically known, quality ??)
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Soil Resistivity

> The soil resistivity value is subject to great variation, due 

to moisture, temperature and chemical content. Typical 

values are:

> Usual values: from 10 up to 1000 (Ω-m)

> Exceptional values: from 1 up to 10000 (Ω-m)

Two methods are typically used for measuring:

Wenner method or the Schlumberger method
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Wenner method                    Schlumberger method
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Determining Soil Resistivity
[

RW = Wenner resistance as "V/I“                 RS = Schlumberger resistance as "V/I"

ρE = measured apparent soil resistivity (Ωm)
a = electrode spacing (m)

b = depth of the electrodes (m)
c = electrode spacing (m)

https://en.wikipedia.org/wiki/Soil_resistivity#cite_note-Andolfato1997-6


Depth of the electrode is key to both method’s accuracy.

The soil resistivity measurements will be affected by existing 

nearby grounded electrodes. Buried conductive objects in 

contact with the soil can invalidate readings made by these 

methods if they are close enough to alter the test current 

flow pattern. This is particularly true for large or long parallel 

objects.

Because of the variability of soil resistivity, IEEE/IEC  

standards recommend that the seasonal variation in 

resistivity be accounted for in transmission system design.

When there is no other available information, in cold regions, 

a “winter” scaling factor of 5 to 6 times the "summer" 

resistivity value should be adequate.

252014

Limiting Factors / Other Considerations



Utility’s would typically perform soil resistvity measurements 

as spot checks during the site survey of transmission right of 

ways. (ROW)

These were performed about every 10-20 miles of ROW 

surveyed and recorded on the platen.

These values would be averaged over the ROW length and 

then converted to Ohms/mile for use in the line constants.

Soil resistivity measurements declined starting in the early 

1990’s when utility growth exceed their resources available 

or no new ROW’s were made due to limits or restrictions.

Utilities then began to use data from USGS, FCC, and even 

USDA.
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Utility Practice for Soil Resistivity



Example USDA Map used:
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Utility Source for Soil Resistivity



Example USGS Data used: 
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Utility Source for Soil Resistivity



Model Suspect?

(Direct Site to Site Measurement)
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Site A Site B

* Inclusive of all infrastructure and 
soil composition

*

Measuring Line Impedance



• Overall, seven measurements per system are made, 3 for 

each L-L and L-N loops and one 3L-N.

• Currents range from 10-100A depending on line length.

• Off frequency injection allows smaller currents without 

interference from system frequency.

• Selective digital filter measuring ensures high accuracy.

• Redundancy in measurements allow reliability crosschecks 

and calculation of individual k-factors for each phase.

• Results are post-processed in Excel for quick calculations 

and flexible reporting templates.
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Measuring Line Impedance



Example Test Results
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1st US Utility Experience

> Utility‘s Sub-transmission system experienced nusiance trips

> Distance relay settings were suspect

> Opted for actual measurements to determine settings

> Out of 16 lines measured, 15 had higher zero sequence 
magnitudes than previously calculated

> Average difference was 51% between Calculated vs. Measured, 
with range of 10% to 107%

> Positive sequence Calculated vs. Measured within 3.5%

> Overall, K-Factor error range was -15% to +147%

> Program underway to measure all remaining Sub-transmission
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Utility Results 69kV System



B-

262
U-

151
O-

301
D-

212
V-

568
L-

272
O-93 G-

163
Z-

182
U-

411
A-27 O-67 I-269 Z-26 A-

573
Q-

225

k0 Meas

0.00

0.50

1.00

1.50

2.00

2.50

M
a

g

Line Name

Comparison of k0 Meas to Calc

k0 Meas

k0 Calc

352014

Utility Results 69kV System



Utility Conclusions 

> Right of Way: is there a new water pipe, gas line, railway 

or other parallel/crossing infrastructure?

> Parallel line influences

> Measurements showed definite differences between 

calculated and measured impedances

> Measurements were simple to perform and based on 

comparisons of the positive sequence, reliable

> Costs are comparable to total modeling costs but of less 

overall effort

> New relay settings have been implemented awaiting 

Murphy to test them (Update: no misoperations todate)

> Definitely recommended for new construction
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Case Study #1 – Overhead Line
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• Utility had experienced some nuisance trips after 

upgrading some of their 230kV lines and suspected 

incorrect ground settings

• One line segment was available, part of a overall 230kV 

corridor. They decided to try and measure the circuit 

parameters

• Tests were conducted at the end of the line segment 

upgrade.The process was completed within a 3 hour 

window

• The line was put into service a few days later

• Test results were peer reviewed as valid
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Case Study #1 – Overhead Line



230kV system segments from Apache PP to Bicknell Sub.
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Case Study #1 – Overhead Line



ROW, Tower Construction, Surrounding facilities, Topology contributes to 

earth ground return paths, so does following a major freeway and rail.
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Case Study #1 – Overhead Line



Measurement Results - Overall
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Case Study #1 – Overhead Line Results



Measurement Results - Overall
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kL > +66% Error

k0  > +36% Error

Case Study #1 – Overhead Line Results
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• Utility wanted to measure the parameters of a new 230kV 

UG Cable that had a double conductor per phase

• The UG line is 5.8 miles of 2x3500k cmil Cu XLPE cable

• There are 16 splices in the length / single bonded sheath 

with a 3-phase ground box at each splice connected to a 

dual 4/0 ground conductor EtoE.

• Calculations showed an expected Z1 of 1ohm@85deg 

and a Z0 of 2.76 ohm@74deg

• The test results were peer reviewed and validated

Case Study # 2 – U.G. Line



New installation as shown, easy access to all apparatus
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Case Study # 2 – U.G. Line



Cable terminations to OH Bus, (1 set) / Arrestor /  Ground Box
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Case Study # 2 – U.G. Line



Construction Detail / 16 splices / Grounding / Ground Box
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Case Study # 2 – U.G. Line
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Test Setup
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Case Study # 2 – U.G. Line
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Vari (f) 
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Connections / Verify Safety Grounds & Switches
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Case Study # 2 – U.G. Line



Case Study # 2 – U.G. Line

Measurement Results L1-L2
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Measurement Results L1-E
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Case Study # 2 – U.G. Line



Measurement Results - Overall
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Case Study # 2 – U.G. Line



Measurement Results - Overall
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Case Study # 2 – U.G. Line

k0 > -27.7% Error

kL > -37.4% Error
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• The source of line parameter data in our network models 

is well understood but is subject to error

• Once accurate model data can change rapidly due to 

growth and infrastructure expansion

• Understanding the potential sources of data error is 

critical to evaluating the PAC system performance

• Obtaining accurate and correct line parameters is easier 

than ever with modern field testing techniques

• Network models are critical to our modern protection 

systems being applied correctly and securely, but require 

accurate and up to date parameters that match reality.

Conclusions


