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ABSTRACT 

MicroGrids are attracting substantial interest because they have the potential to 
increase the use of renewable generation and micro-CHP. They can also defer in-
vestment in distribution capital plant and can improve local power quality. How-
ever the primary operational requirement of power systems is that they must oper-
ate safely from a user point of view, even during contingencies. Yet electrical 
safety of MicroGrids has received little attention to date. This paper addresses this 
important area. The fault current distribution in a generic MicroGrid is investigated 
for different fault contingencies during grid-connected and islanded operation. 
Based on an extensive investigation of earthing systems, a grounding electrode 
system is then developed for the MicroGrid study-case so that safe step and touch 
potentials are obtained.  

 



1 INTRODUCTION 
Interest in the development of distributed generation has shown a significant recent 
increase. Formation of MicroGrids has been proposed as an evolutionary step in 
the promotion and widespread use of distributed generation. A MicroGrid consists 
of a cluster of power electronic based micro-sources connected at distribution level, 
providing both heat and power to its local loads [1]. Some form of energy storage 
is usually required. 

A MicroGrid aims to bring value to both the utility and the customer [1] – [4]. A 
MicroGrid appears as a single controlled system to the wider power system without 
any negative electrical impact on the distribution grid. Deferment of network in-
vestment, offsetting the need for new generation, reduction of congestion in the 
transmission system, and local voltage support, are some of the benefits Micro-
Grids may offer the power system. From the customer point of view, the potential 
to improve power quality, enhance local reliability and reduce Customer Minutes 
Lost (CML) makes the MicroGrid an attractive option. MicroGrids may also assist 
governments in achieving their environmental targets due to integration of renew-
able sources and heavy emphasis on the use of small-scale Combined Heat and 
Power (µCHP). The National Technical University of Athens (ICCS/NTUA) have 
defined a benchmark model for a MicroGrid as shown in Fig. 1. [4]. 

The MicroGrid is connected to the main distribution network through a transformer 
rated at 400kVA. A single feeder with micro-sources (micro-turbine, wind turbine, 
PV, and fuel cell) and loads (3-phase and 1–phase) is shown. A flywheel is con-
nected as the energy storage of the system. A MicroGrid is expected to operate in a 
non-autonomous way if interconnected to the main grid, and in an autonomous way 
if disconnected from it.  

Electrical safety of a MicroGrid is an overriding operationalh requirement and its 
earthing and protection are critical. A MicroGrid is subject to the same safety re-
quirements as a conventional utility power system. Therefore the neutral earthing 
of the MicroGrid is first discussed and the fault currents for different fault scenar-
ios are investigated. Then a grounding electrode system for a typical MicroGrid is 
designed and its electrical safety is analysed by calculating step and touch poten-
tials. 

 



 
Figure 1: NTUA benchmark model of a MicroGrid 

 

 

 



2 EARTHING OF A MICROGRID 
A fault in a MicroGrid may generate substantial ground potential rise, even if the 
energy sources operate at low voltage. Thus grounding of the distributed energy 
sources and the transformer connecting the MicroGrid to the utility network must 
be carefully analyzed and appropriate rules need to be developed. Also the earthing 
system of a MicroGrid must be able to deal with both interconnected and islanded 
operation. 

Low voltage (LV) earthing systems are defined according to the earthing tech-
niques of the secondary of the MV/LV transformer (supply source) and the frame 
of the load equipment.  LV neutral earthing is broadly categorized in to three types: 
TT, IT and TN [5]. In a TT system both the transformer neutral and the frame are 
earthed. An IT system has an unearthed transformer neutral and an earthed frame. 
The transformer neutral is earthed and the frame is connected to the neutral in a TN 
system. TN-C, TN-S and TN-C-S are three sub-systems within TN. In TN-C sys-
tems, neutral and protective functions are combined in a single conductor (PEN- 
Protective Earthed Neutral) throughout the system. A TN-S system has separate 
neutral and protective conductors throughout the system. In a TN-C-S system, the 
supply has TN-C configuration while the arrangement in the installation is TN-S. 

The earthing methods for the LV neutral differ globally. TT is the most common 
system, while TN is used mainly in Anglo-Saxon countries. IT is mainly used 
when continuity of service is essential (hospitals) or due to geographical reasons 
(Norway). The primary factors to be considered when selecting the MicroGrid 
earthing are: the existing practice in the country, the legislation to be adhered to 
and the MicroGrid customer requirements.  

A TT system is the most common and simplest to implement.  The utility compa-
nies make use of the underground metallic gas and water pipe network to earth the 
customer installations. Since these metal pipes are increasingly being replaced by 
plastic, individual earthing conductors have to be provided at each customer. This 
has led many countries to recently switch over from TT to TN system. A TN sys-
tem provides a low impedance return path for fault currents (PEN conductor) and 
could be operated with simple overcurrent protection. However due to the fact that 
the source ground and the customer installation grounds are interconnected, faults 
at a higher voltage level may transfer to the LV grid and also a LV network fault 
could cause touch voltages at other customers.  Based on these considerations, TN-
C-S is determined to be the first choice for MicroGrid earthing and the second 
choice would be TT, Fig 2.  
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Figure 2: Proposed earthing systems for a MicroGrid (a) TN-C-S (b) TT  

Investigations are carried out only on TN-C-S and TT systems since IT systems are 
rarely used at present in public low voltage distribution systems. IT requires so-
phisticated equipment to detect and eliminate ground faults making it an expensive 
option.  However IT can be the preferred type of grounding where reliability is 
concerned. The currents in an IT system for a first fault are very low and the result-
ing voltages are not dangerous. Hence an IT system does not present any electrical 
safety problems as long as the first fault is tracked and eliminated before a second 
fault occurs. In the event of a second fault occurring before the first fault is cleared, 
the electric shock hazard is similar to a TN system.  

The protection guidelines for a MicroGrid propose that the MicroGrid should be 
disconnected from the main grid only by opening the circuit breaker upstream of 
the transformer [6]. Therefore the MicroGrid micro-sources could be operated 
safely without earthing their neutral points locally, as the source earth at the distri-
bution transformer would be present during and after any event. Protective earthing 
of the micro-sources should be achieved by connecting the generator frame and all 
conductive parts to a main earthing terminal.  

 

3 FAULT CURRENTS IN A MICROGRID 
It is important to examine fault currents within the MicroGrid during both grid-
connected and islanded operation. This knowledge is essential to plan for protec-
tion in a MicroGrid as well as to determine the step and touch voltages, which de-
termine the safety of personnel.  

 

3.1 Fault current contribution from converters 
Almost all micro-sources require power electronics to interface with the power 
network and its loads. Thus a MicroGrid could also be described as an inverter 
grid. This is in contrast to the traditional grids based on rotating machines, the iner-
tias of which were considered to be essential for the inherent stability of the sys-
tem.  



Most conventional distribution protection is based on short-circuit current sensing. 
Conventional rotating generating plants provide considerable fault currents in the 
event of a short circuit. However power-electronic based micro-sources cannot 
normally provide the high levels of fault current required to operate traditional 
over-current sensing devices. A MicroGrid is required to operate when islanded as 
well as when grid-connected. In the grid-connected mode, the main distribution 
system would contribute to the short-circuit current and the use of traditional pro-
tection relays should not pose a problem. Using current based fault detection in an 
islanded MicroGrid would be difficult due to the low short circuit currents from 
converters.  

A typical converter may only be capable of supplying twice the load current or less 
to a fault, unless it is specifically designed to provide high fault current. Overrating 
all the converters to provide sufficient fault currents necessitates incurring higher 
cost. Therefore it is proposed to utilise the flywheel energy storage system to sup-
ply fault currents in an islanded MicroGrid, since this has a large current rating 
already, and would require only that one central device to be overrated rather than 
every power electronic interface.  

 

3.2 Fault current distribution in a MicroGrid 
Step and touch potentials are directly proportional to the magnitude of the fault 
current component discharged into the soil by the grounding network. It is there-
fore important to study the fault current distribution in the system. Fault current 
distribution between the neutral and the ground and their magnitudes depend on the 
earthing system, the fault location and the operating mode of the MicroGrid (grid-
connected or islanded). 

3.3 Study system 
A simple MicroGrid system derived from the NTUA benchmark model in Fig. 1 is 
used for the simulation study. This consists of a single aggregate micro-source and 
a single load, Fig. 3.  

Three levels of faults could occur in a MicroGrid network: a fault on the main dis-
tribution network (F1), a fault on the MicroGrid network (F2) and a fault at a load 
(F3). If a fault occurs on the main distribution network (F1), the MicroGrid will 
continue to operate in an island. The 20/0.4 kV distribution transformer secondary 
is earthed and this earth resistance is equal to a typical value of 3Ω. It is assumed 
that the MicroGrid would be disconnected from the main grid by opening the cir-
cuit breaker upstream of the main distribution transformer (CB2 in Fig. 3), thus 
retaining the transformer neutral earth in islanded operation.  

The flywheel is connected to the 0.4kV bus bar only during islanded operation. It is 
considered as the main fault current source in the event of a fault in an islanded 
MicroGrid and would supply either 3 p.u. or 5 p.u. of its rated current during faults. 
The flywheel system is modeled as a voltage source behind reactance. The actual 



flywheel system is a permanent magnet synchronous AC machine fed by a back-to-
back (AC–DC-AC) PWM inverter pair. The power electronic switches would be 
rated for powers in the order of 200 kVA for a 1 MVA connection transformer. 
Typically such an inverter system would have switches rated at an overcurrent 
value several times this. In our case, 3 p.u. or 5 p.u. overrating was chosen to allow 
it to supply the required current to trip the overcurrent protection. 

The state of the art software package, CDEGS (Current Distribution, Electromag-
netic Fields, Grounding and Soil Structure Analysis) is used for the computer mod-
eling in this study. It is a specialist grounding software package consisting of a 
powerful set of integrated engineering software tools designed to accurately ana-
lyze problems involving grounding/earthing [7]. The subsystem SPLITS within 
CDEGS was used to calculate fault currents presented in the next section [8] – [9]. 

A single-phase-to-ground fault is simulated at these three locations in grid-
connected operation and in islanded operation. The grounding systems TN-C-S and 
TT are applied to the MicroGrid network for each of the above fault scenarios.  
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Figure 3: Reduced model of a MicroGrid used in the study 



3.4 Simulation results and discussion 
When a fault occurs on the main distribution network, F1, both the main grid and 
the MicroGrid feed into that fault. The total fault current magnitude and individual 
contributions from the main grid and MicroGrid are shown in Fig. 4. If a fault oc-
curs within the MicroGrid while it is connected to the main grid, fault currents are 
supplied by the main distribution network and the micro-sources. The fault current 
sources in islanded operation are the flywheel system and the micro-sources.  

The fault currents for faults F2 and F3 when a TN-C-S earthing system is applied 
to the MicroGrid are illustrated in Fig.5 (grid-connected mode and islanded mode). 
The islanded results are shown for the case where the flywheel converter supplies 
3pu of the flywheel rated current. The fault current distributions in a MicroGrid 
with a TT network are depicted in Fig. 6 for grid-connected operation and isolated 
operation. The flywheel converter is set to provide 3 pu of rated flywheel current in 
islanded mode. 
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Figure 4: Fault current magnitudes for fault F1 

 

The major fault current contributor in grid-connected operation is obviously the 
main distribution network while the micro-sources provide only a small fraction of 
the total fault current, Figures 4 - 6. It is apparent that the micro-sources alone can-
not provide high enough fault currents to operate conventional overcurrent protec-
tion devices in islanded mode. The flywheel inverter system acts as the main 
source of fault currents in islanded operation.  
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Figure 5: Fault current distribution for a TN-C-S grounding system 
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Figure 6: Fault current distribution  for a TT system 

 

As expected fault currents in the TN system are high due to the low impedance of 
the fault loop impedance (the fault return path being the neutral conductor). The 
fault current values in a TT system are very low compared to TN systems, due to 
the high earthing impedance in the fault loop. 

The simulation results of fault current magnitudes and their division between the 
neutral conductor and the ground are shown in Table 1. The fault current magni-
tudes have also been manually calculated using sequence networks [10]. The fault 



return path in a TN system is the neutral conductor and only a small fraction of the 
current is directed in to the earth. The return path for fault currents in a TT system 
is the ground and the total fault current flows in to the earth. 

 

Table 1: Fault currents in a MicroGrid for single-phase-to-ground faults 

Total Fault current (A) CDEGS results Operating 
mode 

Earthing 
system 

Fault 
loca-
tion CDEGS 

simulation 
result 

Manually 
calculated 

value 

Total 
earth 

current 

Neutral 
current 

TN F1 3,073 3,073 - - 

F2 14,828 14,778 0 14,828 TN-C-S 

F3 858 864 8.7 850 

F2 77 77 77 0 

Grid con-
nected 

TT 

F3 18 18 18 0 

F2 889 887 0 889 TN-C-S 

F3 452 452 5 452 

F2 71 71 71 0 

Islanded 

(3 pu fly-
wheel 

current) TT 

F3 17 17 17 0 

F2 1462 1458 0 1462 TN-C-S 

F3 558 557 6 553 

F2 73 73 73 0 

Islanded 

(5 pu fly-
wheel 

current) TT 

F3 17 17 17 0 

 
 

4 STEP AND TOUCH POTENTIALS AND SAFETY IN GROUNDING 
Potential gradients will be produced within and around a substation due to the flow 
of current into the earth during ground fault conditions. A grounding system has to 
be designed in such a way as to ensure that no electrical hazards exist outside or 
within the substation during normal and fault conditions. Touch voltage and step 
voltages could be used to evaluate the safety and adequacy of the design.  



4.1 Safety in grounding 
A safe grounding design has two main objectives, 1) to provide a path for electric 
currents into the earth under normal and fault conditions, and, 2) to ensure the 
safety of a person in the locality. The safety of a person depends on preventing the 
critical amount of shock energy from being absorbed before the fault is cleared and 
the system de-energised. To ensure safety, the magnitude and duration of the cur-
rent conducted through a human body should be less than the value that can cause 
ventricular fibrillation of the heart. Fibrillation current is assumed to be a function 
of individual body weight. The tolerable body current limits for body weights 50kg 
and 70kg are [11] 

( )
s

116
kg t

.0
50 =BI     and    ( )BI 70

 
s

kg t
157.0

=

st

BI

where is the duration of current exposure. 

An accidental ground circuit is established when a person is exposed to a potential 
gradient in the vicinity of a grounded facility. The tolerable body current, , de-
scribed above, is used to define the tolerable total effective voltage of the acciden-
tal circuit (touch or step voltage). 

 

4.2 Touch voltage  
ANSI/IEEE Standard 80-2000 [11] defines the touch voltage as “the potential dif-
ference between the GPR and the surface potential at the point where a person is 
standing while at the same time having a hand in contact with a grounded struc-
ture”. Figure 7 shows an accidental circuit where a person is exposed to a touch 
voltage.  
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Figure 7: Exposure to touch voltage 



This person is standing above the sub-station ground grid towards its centre and 
touching a grounded metallic structure at point H, which is at the same potential as 
the station grid. F is the small area on the surface of the earth that is in contact with 
the person’s two feet. The fault current, , is discharged to the ground by the 

substation grounding system and the human body. The current, , flows through 
the body of the person to the ground. The type of grounding is TT.  

fI

bI

 

The tolerable touch voltage in volts is defined as [5] 

(×= BR

BR

( )

Btouch IE  )ρ5.1+

 
The soil resistivity is assumed to be uniform and is denoted by ρ (Ω. m).   is the 
resistance of the human body and is taken as equal to 1000Ω. The mutual resis-
tance between the feet had been ignored, which would yield a conservative value 
for the touch voltage [12].  
 
For body weight of 50kg,   

touchE .1100050, +=  
st

116.05 ∗ρ

( )For body weight of 70kg,   
touchE .1100070, +=  

st
157.05 ∗ρ

 

4.3 Step voltage 
Step Voltage is defined as “the difference in surface potential experienced by a 
person bridging a distance of 1m with the feet without contacting any grounded 
object” [11].   Figure 8 illustrates an incident where a person is exposed to a step 
voltage while standing above the substation ground grid.  
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Figure 8: Exposure to step voltage 



F1 and F2 are the areas on the surface of the earth that are in contact with the two 
feet. The fault current, , is discharged to the ground by the substation grounding 

system. The current, , flows from one foot F1 through the body of the person to 
the other foot F2.  
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On the assumption of uniform soil resistivity, ρ, and neglecting mutual resistance 
between the two feet, the tolerable step voltage in volts is [11],  for a TT system. 
  ×= Bstep I BRE  ρ6+

 

For body weight of 50kg, and for Ω= 1000 (B )R ,  
stepE 6100050, +=   

st
116.0

∗ρ

For body weight of 70kg, and for Ω= 1000B ( )R ,  
stepE 6100070, +=  

st
157.0

∗ρ

 

 

5 GROUNDING SYSTEM DESIGN AND SAFETY ANALYSIS 
MicroGrid grounding system safety analysis is based on the step and touch voltage 
criterion. The maximum driving voltage of any accidental circuit (step or touch 
voltage) should not exceed the maximum limits defined in the above sections. 

 

5.1 Grounding system design 
The purpose of this exercise is to design a grounding system for a typical Micro-
Grid. The primary design requirement is to develop a distribution substation 
ground system with a resistance of 3Ω, as per the NTUA benchmark model, Fig. 1. 
The grounding design analysis on this new system , the MicroGrid, was carried out 
following the standard methodology practiced by utilities when designing substa-
tion grounding systems, i.e. IEEE Standard 80 - 2000 [11], [13]. After reviewing a 
few designs, the following ground system shown in Fig. 9 is proposed for this Mi-
croGrid. Its safety and adequacy is explored in the next sub-section.  



5m

0.5m
Horizontal grid

5m

Vertical ground rods

5m

Earth surface

25m
25m

Additional horizontal 
conductor

Additiona
condu

l horizontal 
ctor

A

Fault current 
injection 

point

 
Figure 9: Proposed grounding system for the MicroGrid 

 
 
 

5.2 Performance analysis of the Grounding system  
The safety of the substation ground is determined by ensuring that the actual step 
and touch voltages do not exceed the safety threshold values defined in section 4. 
The maximum allowable voltage limits must be calculated first and then the touch 
and step voltages in and around the substation need to be examined and compared. 

The MALZ sub-system of CDEGS is used for this study [13]. MALZ safety calcu-
lations are based on the IEEE Standard 80. A uniform soil model with a soil resis-
tivity of 100 Ωm is assumed.  

The fault currents for possible fault scenarios (different fault locations in grid-
connected operation and an islanded operation) have been calculated using the 
SPLITS sub-system of CDEGS in section 3 of this paper, Table 1. These SPLITS 
results show that the maximum possible earth fault current for either a TN-C-S or a 
TT system is in the order of 80A. Therefore 80A was chosen as the earth fault cur-
rent being discharged to the ground and this value is used to analyse the perform-
ance of the proposed grounding design. It is assumed that this current is injected in 
to the earth at point A of the grounding system, Figure 9.  
 
A methodology to determine maximum acceptable values for touch voltage and 
step voltage is provided in [11] and could also be calculated using MALZ. If a 
worst case scenario with a 0.7 second fault clearing time is assumed [6], the safety-
threshold values for touch and step voltages are 160.3V and 225.3V respectively. 

In order to determine whether this design is safe, the actual step and touch voltages 
need to be compared against the above safety limits. The step and touch potentials 
in and around the substation are evaluated using MALZ. The examination of touch 
voltages can be restricted to the substation. However the step voltages are of inter-
est not just in the substation, but also in the immediate surrounding area of the sub-



station. Therefore in order to examine the step and touch voltages in and around the 
substation, the observation points were defined to cover an area extending 2m out-
side the substation. A profile containing observation points spaced 1m apart at the 
surface of the earth above the grounding system was defined and this profile was 
replicated every 1m along the grid. Thus eight profiles (P1- P8) were created for 
the analysis, Fig.10. These observation profiles correspond to the position of a 
person within reach of a grounded metallic structure at the substation.  
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Figure 10: Observation profiles in Malz (not to scale) 

 

Profiles 1 and 8 are outside the substation ground area. Profiles 2 - 7 consist of the 
observation points that fall within the substation ground area. In the profiles 2-7, 
the range 2m – 7m from the origin, encompass the substation ground system area. 
All the other points lie outside of the substation and have been included for further 
analysis of immediate area surrounding the substation. Within a substation and 
immediately outside the perimeter fence, step voltages are typically lower than 
touch voltages. Furthermore, the safety limits for step voltages are higher than for 
touch voltages. Consequently, satisfying the touch voltage safety criteria for the 
substation should automatically ensure satisfaction of the step voltage safety crite-
ria. However step voltages also have been calculated and illustrated. 

The actual touch and step voltages around the grounding system are shown in Fig-
ures 11 and 12. It is observed that profile 1 coincides with 8, 2 with 7, 3 with 6 and 
4 with 5. This equivalence of profiles is due to the symmetry of the grid design.  

Figure 11 shows the touch voltage profile. It could be seen that the maximum touch 
voltage within the substation occurs towards its centre and is approximately 44V. 
This is well below the maximum acceptable touch voltage of 160V.  The touch 
voltages range from around 12V to 44V within the substation. Although the touch 
potentials are considerably higher outside the substation, they are still well below 
the maximum allowable voltages.  



 

 

 
 

Figure 11: Touch voltages around the ground system 

 

According to Fig. 12 the maximum step voltage is approximately 33V and this 
voltage occurs at the corners of the grid. The maximum acceptable step voltage is 
225 V for the worst-case scenario of a 0.7 second fault clearing time. It is clear that 
there are no safety concerns regarding step voltages in and around this substation. 

Figures 11 – 14 show the variation of touch and step potentials for the defined pro-
files in Figure 10, parallel to the grounding system. If the observation profiles were 
defined at an angle to the grounding system, the touch and step voltage curves 
would not be symmetrical as in Figures 11 – 14. However the range of values for 
the touch and step potentials are similar to Figures 11 – 14 and well below the 
permissible limits. 

 



 
 

Figure 12: Step voltages around the ground system 

 

6 CONCLUSION 
TN-C-S or TT earthing systems are the most suitable for neutral earthing of a Mi-
croGrid. The micro-sources could be operated safely without earthing their neutral 
points locally, both in grid-connected operation and islanded operation. 

High fault currents from the micro-source converters could only be obtained by 
overrating their power module at a higher cost. The flywheel energy storage system 
is proposed as the principal fault current source to be used in islanded operation.  

A grounding system for a typical MicroGrid has been designed and its adequacy 
during fault conditions was studied from an electrical safety point of view. The 
safety criterion of touch voltage and the step voltage has been adopted.  The touch 
and step voltages in, and immediately around, the substation area are considerably 
lower than the maximum allowable voltages. Therefore the proposed ground sys-
tem complies with the safety requirements. It was shown that safe grounding sys-
tems could be designed for a typical MicroGrid following the conventional ap-
proach. 
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