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Abstract 

Two of the most crucial substation components related to safety and reliability are the station battery 
and ground grid. If they do not function correctly, personnel safety and equipment reliability are at risk. 
With the focus on FERC PRC guidelines, the battery receives plenty of attention, while the ground grid 
mostly remains ‘out of sight, out of mind.’ 
 
Utilities and plants use various grounding strategies and designs, all of which require fundamental 
testing to ensure the primary objectives of the substation ground grid are being met. Those objectives 
are to provide low resistance paths for current to flow while maintaining personnel step and touch 
potentials and equipment bonding are at safe levels. This paper touches on essential ground grid 
components, common problems, basic maintenance and performance test practices, and examples of 
identifiable issues. 
 
 

Introduction 

Substation ground grid designs vary greatly as basic electrical components are implemented regardless 
of the specific design. These components usually include conductive cable runs, grounding rods, and 
connectors. Components are connected according to the specific design, so all substation power 
equipment and ancillary components are bonded together. This allows any stray, unbalanced, or fault 
current to flow through the ground conductors while maintaining step and touch potentials at safe 
levels, and protecting sensitive digital instrumentation and controls from failure. The ground mat will 
perform as designed if the ground grid remains intact and the equipment bonded. 
 
Safety 

The effectiveness of the substation ground grid is directly related to employee safety. Since the grid 
condition is unknown until proven, it is imperative to exercise caution when performing ground grid 
testing, especially in energized stations. For example, standards should require test technicians to wear 
HV Class II rubber gloves, safety-rated glasses, hard hat, and FR clothing when handling test leads and 
probes while conducting tests. All testing procedures should adhere to prudent utility safe work 
practices 
 
Problem Statement: The most frequently incurred problem with a ground grid is that most 
components are buried underground, remaining ‘out of sight, out of mind’. As a utility or plant owner, 
understanding the importance of routine testing of ground mat performance is vital. However, testing is 
rarely performed, and when it is, the data is either unreliable, lost, or unreviewed. Sometimes this 
occurs because repair orders get created but are relegated to “low-priority” in the budgeting process. 
The compliance box gets checked, but actual repair work doesn’t happen. 
 
A typical ground mat consists of parallel runs of 4/0 copper, copper clad steel (CCS), or equivalent low 
resistance electrical conductors bonded underground with either thermal or mechanical connectors in 
an X and Y grid layout. The grid usually undercovers the entire station and extends several feet outside  
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the fence line and gate(s) (Fig. 1). If a substation or switchyard is adjacent to an industrial plant or power 
station, multiple conductor runs may be used to bond the respective yards together. All power  
 
equipment, control houses, and fences are electrically bonded to the ground mat. An insulating layer of 
gravel may also be an integral component of the substation grounding design. 
 
 
 

 
FIG. 1 – Example of Typical Ground Grid Design from Client 

 
Again, most grid components are buried and not visually accessible for inspection, making it challenging 
to know the actual condition of your ground grid system. Important details such as knowing if it was 
installed and connected as shown on the station prints or if it has remained intact and functional 
throughout revisions/construction projects, are often uncertain. 
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Review of Step and Touch  

 

              
FIG. 2 – STEP AND TOUCH POTENTIAL 

IEEE Standard 80 (2013 Edition), “IEEE Guide for Safety in AC Substation Grounding” 
 
Step potential (Fig. 2) is the voltage difference between the feet of a person standing or walking through 
a substation or near an object. If a fault should occur, the ground mat must be effective enough to keep 
the step voltage at safe levels for employees. 
 
Touch voltage (Fig. 2) is the voltage difference measured when a person contacts a metallic conductive 
object in reference to the ground mat. Mesh voltage is when a more significant portion of a person’s 
body is in contact with the metallic object referenced to the ground mat. Again, if a fault should occur, 
the ground mat must be effective enough to flow current while maintaining voltage differences at a 
safe level. 
 
Problem Causes 

A ground grid consists primarily of conductors and connectors. When the ground grid fails to perform 
there are generally two reasons why:  
 
1) Current cannot adequately flow if conductors are either open-circuit or connectors are deteriorating, 
causing open or high resistance connections.   
 
2) The design or installation is inadequate to safely mitigate available fault current. 
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Conductors and connections get compromised for a variety of reasons: 
 

• Ground conductors shown on prints were not installed properly or may not exist. 
• Grading or construction in and around the substation can damage the ground grid.  
• Grounds get cut or damaged when replacing failed equipment (Fig. 3). 
• When equipment failures occur, fault currents can be of a high enough magnitude to       

damage ground connections and/or melt conductors. The actual condition is unknown 
unless verified. 

• Copper theft. Thieves steal copper ground risers (Fig. 4). 
• Connectors deteriorate with age. Older style mechanical connectors are especially prone      

to deterioration. Even thermal connectors can deteriorate over time if not applied 
correctly. 

 

                            

     FIG. 3 – Broken 4/0 Copper Conductor at Client Site            FIG. 4- Copper Theft (Cut Ground on Regulator Neutral) 

 
The testing process injects current to measure voltage drops at specific reference points to identify 
open conductors and poor connections.  
 

Testing Strategy  

Testing can vary widely due to some utility operators using handheld impedance meters to spot-check 
the ground risers. The best practice is by far more complex but still begins with the basics. Once a job 
is initiated, prints should be reviewed to understand the specific ground mat installation. Often through 
the life of a substation, the grid has been modified/added to or ‘overlayed’ to meet present-day 
requirements. Therefore, when developing a test plan to satisfy requirements, it is crucial to understand 
what should be in the ground and how it is connected.  
 
From this information a test plan is developed. For the first step, it is important to tag and label all test 
points. For example, Fig. 5 shows ground risers and reference points labeled with durable brass tags or 
an equivalent, allowing for concise documentation and reference for future maintenance testing. 
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FIG. 5 – Example of Labeling Ground Risers from Client Site 

 
Maintenance Testing – Grid Integrity  

Basic testing (Fig. 6) of the ground mat employs a high current DC power supply (300A continuous 
rating), calibrated digital voltmeter, and a DC clamp-on ammeter to perform Integrity (Point-to-Point) 
measurements (Fig. 7). Testing can be performed while the substation is energized; since measured 
voltage drop is sensitive, clean connections are imperative and every ground riser must be tested. 
Voltage drops are recorded from the riser test point to a preselected reference point. The magnitude of 
current flow is recorded in both directions registering the magnitude of current flow supplied by the 
300A source. It is recorded up the riser into the steel and down the riser into the ground mat. 
Depending on adequate equipment grounding, the current split should make sense. Additionally, the 
voltage drop must meet specific guidelines depending on the size and type of grounding conductors 
used.  
 
All riser current and voltage values are entered into a spreadsheet for evaluation, and localized mat 
issues are identified during this time, allowing for simple repairs to be made on-site if desired. However, 
more systemic problems often become apparent, requiring budgeting for more significant repairs or 
perhaps even an entire station ‘overlay’ or redesign project (Fig. 8).  
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Fig. 6- Technician conducting a routine maintenance test at client site 

 
Fig. 7- DC clamp-on ammeter 
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FIG. 8 -Shows Typical Integrity Test Report from Client 

 

Performance Testing 

Basic testing (Fig. 6) of the ground mat employs a high current DC power supply (300A continuous 
rating), calibrated digital voltmeter, and a DC clamp-on ammeter to perform Integrity (Point-to-Point) 
measurements (Fig. 7). Testing can be performed while the substation is energized; since measured 
voltage drop is sensitive, clean connections are imperative and every ground riser must be tested. 
Voltage drops are recorded from the riser test point to a preselected reference point. The magnitude of 
current flow is recorded in both directions registering the magnitude of current flow supplied by the  
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300A source. It is recorded up the riser into the steel and down the riser into the ground mat. 
Depending on adequate equipment grounding, the current split should make sense. Additionally, the  
voltage drop must meet specific guidelines depending on the size and type of grounding conductors 
used.  
 

Measurement of Soil Resistivity 
Soil resistivity can vary widely from region to region across the continent. Therefore, knowing accurate 
soil resistivity values at a specific substation location is essential in determining that safe step and 
touch potentials are met, and grid design is optimal. Using the SGM, simultaneous measurements are 
made on nine probes located along a line on the soil surface, as illustrated in Fig. 9. The measurements 
obtained from the nine pins (several tests are run at varying pin spacings) are processed by error 
correction and estimation algorithms to construct a two or three-layer soil model (Fig. 10).   

 

 
 

FIG.9 – Typical Soil Resistivity Connection 
Meliopoulos, A. P. (Sakis), February 2020, “Smart Ground Multimeter (SGM) Operating Manual” 
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FIG. 10 – Ex. of Typical Three Layer Soil Resistivity Report with 90% Confidence Interval 

 
Ground Mat & System Impedance Test Method 
The overall substation ground mat impedance is measured to ’remote earth.’ A source current is 
injected into the ground mat referenced to the return electrode some distance away (in some 
instances, as far as one mile) while the voltage drop is measured at prescribed probe distances. A 
typical measurement arrangement is depicted in Fig. 11 below, along with examples of reports (Fig. 12-
17). 

 

 
FIG. 11 – Ex. of Ground Mat Impedance Test Connections 

Meliopoulos, A. P. (Sakis), February 2020, ‘Smart Ground Multimeter (SGM) Operating Manual’ 
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                      Fig. 12- Ex. of Probe Performance from client site        Fig. 13- Ex. of Data Acquisition Performance from client site  

 

FIG. 14 – Example of Ground Mat Impedance from Client Report 

 
When performing a system study, obtaining an accurate ground mat impedance value is a vital input 
component for the SGM intelligence to model step and touch potentials. Switching modes on the SGM 
and using the same test connections can also measure a ‘system’ impedance. The ground impedance 
measurement function can be applied to any existing grounding system of an energized or de-energized 
facility. From this data, the impedance of the grounding system under test is extracted using SGM 
program intelligence. The measured impedance of the grounding system is obtained as a function of 
frequency. The estimated impedance is reported in a plot of impedance magnitude and phase versus 
frequency. Note the measured ground impedance is the combination of the impedance of the 
grounding system under test, in parallel with the impedance to ground of all the shield wires, neutral  
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wires, and other grounded metallic structures connected to the grounding system under test. An 
estimation algorithm ‘fits’ the measurements to the model of the grounding system, shield wires, 
neutrals, etc. No knowledge of the type and number of shield wires, neutrals, etc., is required. 

 

             

               Fig. 15- Ex. from client site              Fig. 16- Ex. from client site     
 

 

FIG. 17 – Example of System Impedance from Client Report 
 
 

Once soil resistivity, substation ground mat impedance, and ‘system’ impedance are known, those 
values will be entered into the program model, along with other factors provided by the utility, such as 
maximum available fault current and IEEE Std.80 reduction factors and safety parameters. Ground 
Potential Rise (GPR) and Equipotential Plots can then be projected and displayed. 
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Conclusion 
Ground grid integrity is one of the most critical factors in the safe and reliable operation of the 
substation. However, it is often overlooked because many of its components are underground. 
Unfortunately, the station ground grid gets attention when sensitive digital controls or equipment 
continuously fail during switching events and storms or when a safety incident occurs. As explained in 
this paper, the grid components are rather basic, and integrity testing can be performed with a high 
current source and handheld instruments. However, it is difficult for untrained personnel to take 
measurements, collect data in an organized format, and review it to make informed decisions.  

 
Using specifically trained and experienced crews to routinely perform ground grid testing is a prudent 
practice to maintain the ground grid integrity. Also, using the SGM or equivalent to conduct the more 
elaborate soil resistivity, ground mat, and system impedance testing and modeling to determine 
adequate design and substation grid performance is best accomplished with trained personnel. A 
detailed final report will help the utility client justify cost-effective repair options to maintain the safety 
and reliability of their ground grid. 
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