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Abstract: DC microgrids, along with existing AC grids, are a future trend in energy distribution
systems. At the same time, many related issues are still undefined and unsolved. In particular,
uncertainty prevails in isolation requirements between AC grids and novel microgrids as well as
in the grounding approaches. This paper presents a critical technical analysis and an overview of
possible grounding approaches in DC systems and the feasibility of avoiding isolation between AC
and DC grids.
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1. Introduction

Due to environmental problems and global warming, and on the other hand, the
need for more energy, the share of renewable resources in the distribution network is
increasing [1]. Since renewable resources are intermittent and unpredictable, storage
systems are commonly used [2]. In such a situation, the distribution network is not
only a consumer but also a producer, and since there is storage capability, it can operate
independently as a microgrid [3,4]. Considering the nature of most renewables that produce
most of the DC electricity and, on the other hand, the storage systems that are DC, a DC-
based system can be a more effective solution to achieve higher efficiency [5,6].

Regarding the advantages of using DC microgrids, i.e., high reliability and higher
efficiency, DC microgrids in the distribution network are attracting more attention [7–10].
Although some DC nano/microgrids are designed for off-grid operation, in most cases,
these microgrids must be connected to the AC grid [11]. Connecting to the main AC grid
not only increases the reliability of the electricity supply, but it also can transfer the excess
produced power into the grid and bring economic benefits.

There are different methods to connect DC microgrids to AC grids. In general, the
use of a transformer is suggested to increase reliability and isolate the two sides. In the
initial structures, it was suggested to use a low-frequency transformer followed by an
AC–DC interface converter [12]. Due to the high volume and weight of the low-frequency
transformer, attention was directed to the use of a high-frequency isolation structure. With
a high-frequency transformer, an AC–DC interface is used first, and then a high-frequency
isolated DC–DC converter structure is applied [13–15]. In these cases, galvanic isolation is
used to increase reliability and eliminate leakage currents. In isolated cases, the transformer
increases the size and cost and reduces the overall efficiency. While many studies have
considered it necessary to use isolation for connecting the LVDC microgrid to the AC grid,
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there is no obligation to use an isolation method, especially if it is defined as a hybrid
DC/AC system [16].

Transformerless solutions are possible as well. In the structure without a transformer,
only one AC–DC interface converter is used. Figure 1 shows a generalized schematic of this
connection. According to the desired features, the interface converter can be full-bridge,
NPC, ANPC, T-type, etc. Different isolated and non-isolated structures have been studied
in the literature [17,18]. In the transformerless mode, it is especially important to pay
attention to protection issues and elimination of leakage current. Different solutions have
been attempted to eliminate or reduce the leakage current by providing novel structures or
modified modulation techniques that decouple AC and DC sides [19–24].
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Recent studies about DC grounding have examined only the types of grounding, its
configurations in DC microgrids, and the effect of the type of grounding on the types of
faults [25–27]. In [28], in addition to examining the types of grounding in the DC microgrid,
fault detection methods and protective devices are discussed.

In [6], a more comprehensive study of DC microgrids, various types of DC microgrid
architectures, and their grounding and protection issues, etc., are presented. In this study,
the permissible states of grounding in the non-isolated connection mode to the AC grid are
described, and fault states are investigated. However, the leakage current at the connection
point has not been studied.

Regarding the lack of sufficient studies and standards for a DC microgrid, the issue
of grounding in the DC system, particularly at the connection point of the DC microgrid
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to the AC grid, and its challenges have not been comprehensively examined in a single
study. In the current study, the DC microgrid grounding is described in detail, and its
challenges at the connection point with the AC grid are investigated. The leakage current
at the connection point, which is directly related to the type of grounding on both sides,
is also examined. More specifically, the issue of the DC leakage current and various
grounding methods to eliminate or reduce it in the DC microgrid or at the connection point
are all studied to clarify and solve the basic hidden challenges in the DC microgrid as
much as possible. Finally, a sustainable solution at the connection point that minimizes
the challenges related to grounding and leakage current in the non-isolated mode has
been proposed.

This paper is organized as follows: Section 2 focuses on the protection and safety
zones in the DC microgrid. Leakage current and its formation are described in Section 3.
Then, different grounding configurations in the AC system are briefly reviewed in Section 4.
Section 5 presents the grounding methods in the DC microgrid. In Section 6, possible
solutions for grounding at the connection point and leakage current issues are analyzed,
and solutions are proposed. Finally, Section 7 concludes the outcomes of this paper.

2. Protection and Safety in the DC Microgrid

Although DC microgrids have advantages, such as higher efficiency, without a proper
protection system, they will face problems and will not be practical. DC system protection
is different from that of an AC system. There are many active sources in the DC system,
and each of these sources has a different power level that should be considered in the
comprehensive protection system. In case of a fault in the DC microgrid, the DC current
fault increases suddenly, and since it does not have a zero crossing, it is not possible to
cut it easily; it needs extra equipment [29]. Therefore, from the protection point of view,
several aspects should be considered. In recent years, only a few studies have focused
on the protection of DC systems [30–40]. Due to the lack of necessary standards and
sufficient experience, the DC system is still developing at a slow pace. As mentioned,
the DC microgrid can operate independently or in the grid-connected mode and work
bi-directionally. These operation modes also introduce more challenges to the protection
system. The diagnosis of high impedance faults and issues related to grounding and the
ground current are other concerns that should be considered [28]. In the DC system, the
short circuit current depends on the source current. Some sources, such as batteries, have
a high-rated current and, subsequently, a high short-circuit current, and others, such as
PV, have a low short-circuit current. It should also be pointed out that the DC microgrid is
decentralized, and each production operates independently. All of these points make the
protection operation more complicated. Therefore, a risk classification according to voltage
and current level and protection type is recommended in NPR 9090 [41,42].

The NPR 9090 standard includes parts that are intended to describe classification,
protection, and grounding in low-voltage DC systems. According to the hazardous level,
this classification is divided into five classes from zone 0 (high risk) to zone 4 (low risk).
Figure 2 shows this classification. According to each zone and the level of voltage and
current, different protection and safety requirements are defined.

As can be seen in Figure 2, unprotected resources, including batteries, grids, large
solar power plants, synchronous machines, etc., are placed in zone 0. The characteristics of
this zone are a relatively high capacity, the absence of protection, and a current limiter.

In Zone 1, the sources have short-circuit protection, and several sources could also be
the case. The voltage level is less than 1500 V, and extra low voltage (ELV) can be less than
120 V.

Zone 2 also has short-circuit protection, with the difference that the short-circuit
current level is limited (lower). Other characteristics of this zone are bidirectional operation,
a current of less than 50 A for each device, and the use of the residual current device (RCD).
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Production and consumption can exist in Zone 3. The voltage level of the line to the
ground can be a maximum of 400 V line-to-ground and line-to-line 800 V. The overload
current is limited, and the maximum current for each device is 50 A.
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In Zone 4, only consumers are present, and it is also called a safe zone. The maximum
voltage level is the same as in Zone 3, and all types of consumers with a current of less than
50 A are present in the zone only as consumers.

Based on this classification, the protection method should be chosen according to
each zone. As mentioned in this standard, it is possible to ignore zones 2 and 3. However,
attention should be paid to the current limits of circuit breakers and fuses and the minimum
short-circuit current of each zone. In NPR 9090, voltage levels of 350 V and ±350 are
suggested. This voltage level is comparable to a single-phase 230 V AC system, and in the
line-to-line mode, 700 V can be similar to a three-phase 400 V AC and can also transmit
similar power using existing AC cables.

The voltage level in DC microgrids should conform with the power level, length of
the cable, and the type of system protection. While in the AC grid, the slight frequency
deviation shows the overload or underload, in the DC microgrids, it is the voltage value
that determines the underload or overload. Therefore, the voltage level is involved in
energy management.

3. Leakage Current in DC Systems

Another important issue in the DC system protection is related to the leakage current.
There are two types of leakage current: AC leakage and DC leakage. These leakage currents
can cause serious issues or even endanger the safety of personnel. Therefore, it is important
to understand how they form and how they can be removed and limited.

3.1. AC Leakage Current

AC leakage current is mostly caused by common mode voltage (CMV). CMV induces a
voltage fluctuation with respect to the ground and produces an undesirable leakage current
when there is a conduction path. The path of the leakage current is formed through the stray
capacitors between the live conductor of equipment (such as PV and batteries, etc.) and their
grounded body on the DC side and the filters of the grounded AC grid or stray capacitance
of EMI filters [43,44]. The stray capacitance may be intentional (such as in EMI filter
capacitors) or unintentional. Examples are spacings on printed boards, insulations between
semiconductors and grounded heatsinks, and the primary-to-secondary capacitance of
high-frequency isolating transformers.

Figure 3 shows the general condition of creating the leakage current. Due to the
presence of stray capacitance (CP) between the DC system and the grid ground, the high-
frequency varying CMV can produce a leakage current through the parasitic capacitors
and inverter filters connected to terminals 1 and 2 [44].
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Differential-mode voltage Vdm is expressed by

Vdm = V1N − V2N (1)

which defines the useful current injected into the grid.
Figure 3b illustrates the equivalent circuit of the leakage current, which is defined by

the common-mode voltage Vcm:

Vcm =
V1N + V2N

2
(2)

Using Equations (1) and (2), the paths of high-frequency elements can be extracted. It
can be deduced that differential voltage can also include high-frequency elements, which is
effective in creating leakage current. These additional high-frequency elements from Vdm
can be written as Vcm−dm in Equation (3).

Vcm−dm = Vdm.
L2 − L1

2(L2 + L1)
(3)

In the asymmetric condition of the output inductances (L1 not equal to L2), the differ-
ential voltage can also affect the CMV and can lead to extra leakage current. In this case,
the total high-frequency CMV can be written as Vtcm as Equation (4).

Vtcm = Vcm + Vd−to−c =
V1N + V2N

2
+

V1N − V2N
2

L2 − L1

(L2 + L1)
. (4)

If L1 = 0 or L2 = 0, Vtcm is simplified by

Vtcm = Vcm + Vd−to−c =
V1N + V2N

2
+

V1N − V2N
2

= V1N (5)

Vtcm = Vcm + Vd−to−c =
V1N + V2N

2
− V1N − V2N

2
= V2N (6)

When the DC–AC converter has an asymmetrical inductor configuration (L1 = 0 or
L2 = 0), the sufficient condition to cancel the leakage current is that the terminal voltage
V1N or V2N keeps constant. If L1 = L2, Vtcm is simplified by

Vtcm =
V1N + V2N

2
= Vcm (L1 = L2) (7)

Then, in the symmetrical inductor, the total common-mode voltage will be constant
and has no high-frequency variation. This is the condition to cancel the AC leakage current.

3.2. DC Leakage Current

Besides the AC leakage current, the DC leakage current is the DC current passing
through the insulation resistance of the conductor [24,44–47] or in situations where there
is a potential difference between the grounds of the DC system. The DC leakage caused
by the insulation resistance is usually insignificant compared to the AC leakage. The
insulation resistance of the conductor decreases over time or due to humidity and dust,
and this can increase the DC leakage current. As mentioned, to eliminate the AC leakage
current, CMV should be fixed. In this case, the parasitic capacitor is open-circuited. But
still, a constant voltage falls on the insulation resistance, and the DC leakage current passes
through the insulation resistance and the grounds of the system. The value of the DC
leakage current can easily be calculated by Ohm’s law, as in Equation (8). But the point is
in the estimation method of insulation resistance. Some methods for testing and estimating
insulation resistance have been reviewed in the literature [39,48].
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idc =
Vconductor−Gnd

Riso
(8)

Figure 4 shows a simple representation of two modes of creating DC leakage current in
a DC system. In the first case, the leakage current passes through the insulation resistance
of the conductor and the ground of the DC system. The path of the leakage current is
shown by the dashed line in Figure 4a. For the second case, as mentioned earlier, the DC
system is decentralized and has several resources. To have an effective grounding, usually,
each source has a separate ground. As shown in Figure 4b, the DC leakage current, in this
case, is caused by the voltage drop in the current-carrying conductor (due to the resistance
of the conductor) and the grounds of the two sources. The path of the leakage current can
also be seen in this case.
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Based on the standard IEC-60950 for the leakage current, the value of the total leakage
current should be lower than 3.5 mA for a non-handheld device to ensure that the current
is very low and cannot harm the person who touches the case of the device. In the case of
a handheld device, this current should be lower than 0.25 mA [49]. Also, the injected DC
current into the AC grid should not be greater than 0.5 percent of the nominal current [50].

Until now, many structures and control methods have been provided to eliminate or
reduce the leakage current. One of the factors that has a direct effect on the leakage current
is the way of grounding at the DC or AC system, especially at the connection point of the
DC system to the AC grid. In the following, different states of grounding and leakage
current will be investigated in different states.

4. Grounding in the AC System

Though DC grounding has its own features and requirements, it is not possible to con-
sider it without consideration of AC grid grounding because of the possible coupling with
AC. Therefore, it is helpful to review the different types and configurations of grounding
methods in the AC system. In this part, grounding in the AC system is briefly reviewed.

The primary purpose of using earth in AC systems is to protect the personnel and
equipment, prevent overvoltage due to any imbalance, etc. In the AC system, the neutral
point of the transformer/generator is connected to the earth in different ways, and regarding
the way of connection, different configurations can be defined. Each of these methods
and configurations has advantages and disadvantages, and the best option should be used
according to the conditions (power level and protection system) [51].

4.1. Grounding Type

As mentioned, the earthing of AC systems is usually performed through the neutral
point in the Y connection of the transformer or generator. The different states of connecting
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the neutral point of the transformer/generator to the earth are shown in Figure 5. Table 1
summarizes the basic features of these methods.
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Table 1. Advantages and disadvantages of different grounding types in AC grids [52].

Grounding Device Advantages and Disadvantages

Ungrounded
- No cost
- Continuity of operation in case of fault
- Hard fault detection

Solidly grounded

- Simple grounding
- No voltage fluctuation problem
- High fault current
- Easy fault detection

Resistance grounded

- Relatively simple
- Limited fault current
- Ability of continuity of operation in case of fault
- Large installation area

Reactor grounded

- Absorbs reactive power and weakens AC voltage regulation ability
- High cost
- Large installation area
- DC bias component in AC side voltage

Zigzag Grounded - High reliability
- Low reactive power consumption and small installation area

4.2. Grounding Configurations

In the distribution low-voltage grid, different configurations are provided according
to the ground of the neutral point of the transformer/generator and the way of the ground
on the consumption (building) side. By considering different grounding types in Figure 4
and whether there is an earth connection on the transformer/generator side or not, based
on IEC 60364, different configurations can be defined as TN, TT, and IT [6,53]. It should
also be mentioned that in the protection and grounding system, a protective earth (PE)
conductor is also considered to connect the enclosure of the equipment to the earth. In case
the equipment is exposed to the electric potential for any reason, the PE conductor connects
this potential to the ground and prevents shock to the human body.

In the TN mode, the neutral point of the transformer is connected directly to the
earth. In this case of single-phase loads, the neutral conductor (N) and the protective earth
conductor (PE), which is connected to the body of the equipment, are connected to the
earth on the transformer side. In the case of TN-S, N, and PE, conductors are separately
connected to the earth of the transformer. If a common conductor is used for the N and
PE conductors, it is called the TN-C model. In some cases, on the load side, the PE and N
conductors are used separately, and on the transformer side, it is combined, which in this
case is called TN-C-S. Figure 6 shows different cases of TN configuration for AC systems.
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In the TT connection, the neutral point in Y of the transformer is directly connected
to the earth, and on the load side, the body of the equipment is connected to the ground
through the local earth. In this case, the two grounds are independent of each other. This
model of grounding is very suitable for eliminating EMC interference.

In the IT mode, the neutral point of the transformer is not connected to the earth but
only on the load side; the body of the equipment is connected to the local earth through the
protective ground. In this method, in case of a fault, the system has a higher capacity, and
the relays do not work immediately.

High resistance grounding (HRG) can be considered another AC grounding configura-
tion, and when the resistance value is infinite, it is the same as in IT. As compared to the IT
configuration, using the HRG method can reduce overvoltages caused by faults and make
fault detection easier. Also, in comparison to solidly grounded, the HRG method reduces
high fault current and its damages [54].

Figure 7 shows the configurations of TT, IT, and HRG. Table 2 compares the advantages
and disadvantages of various types of grounding configurations in the AC system.
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Table 2. Comparison of different configurations of AC grounding.

Topology Advantage Disadvantage

TN - Effective for EMC
- Fast fault detection

- Large fault current and inability to continue
operation

TT - Effective for EMC
- Fast fault detection

- Large fault current and inability to continue
operation

IT - Availability under fault conditions - Large transient voltage may occur during the
ground fault

HRG
- Availability under fault conditions, Limited fault

current, reduced overvoltage stress in TT. - It is difficult to determine the resistance value
- Causes power losses
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It is worth mentioning that the residual current device (RCD) protector shown in the
Figures consists of a core on which the phase and neutral conductors are wrapped, and it
works based on the magnetic field. If the system works properly and there is no leakage
current, the phase and neutral currents are equal and opposite to each other. In such a
case, the magnetic field produced by each conductor is equal, has opposite directions, and,
finally, has zero output.

In case of current leakage due to any reason (for example, the contact of the human
body with the phase), the neutral current will be lower than the phase current. In this case,
the resulting field in the core will not be zero, and it will generate a voltage in the existing
coil in the core so that the command to disconnect the circuit is applied. It has the same
function in the three-phase mode. The problem with RCD is that if there is a connection or
leakage in the phase and neutral at the same time, it will not be able to detect the fault.

5. Grounding in DC Microgrids

Despite the advantages of DC microgrids, including flexibility in integration with
renewable sources and higher efficiency, it requires high protection. The issue of protection
in the DC system is still one of the challenges, and the grounding solution has a direct
impact on protection aspects. In this regard, to solve the challenges of the DC system, it is
important to provide proper grounding to be able to detect the fault in time and protect
personnel and equipment along with disconnection circuits to remove the fault. Therefore,
grounding configuration plays an important role in protection systems. The purpose of
grounding in microgrids is to protect personnel and equipment, detect ground faults, and
reduce stray currents [25].

Before addressing the grounding in the DC systems, the general configuration of the
DC system should be described; a DC system can be provided based on two conductors
or three conductors. In a two-conductor structure with positive and negative poles, the
negative line is usually connected to the earth. When there is a middle point (M) either
in two or three conductor cases, the middle line will be earthed. Figure 8 shows these
structures. It should be noted that although PEL and PEM carry current, they are not active
conductors.
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 Figure 8. Different configurations in DC systems: (a) unipolar without a middle point; (b) bipolar,
and (c) unipolar.

In the case of using a three-conductor structure, line-to-line or line-to-ground with
half voltage can be used to feed loads, and this gives redundancy and more flexibility to
the configuration. However, in this structure, the voltage balance between the lines to the
ground can be challenging, and it needs to be addressed [55].

5.1. Grounding Types

Various methods have been proposed for grounding means in DC systems [26].
Figure 9 shows the general connection states for a unipolar case. These methods include
the following states: ungrounded (floating), solidly grounded, high resistor grounded,
diode grounded, and thyristor grounded. In the case of bipolar configuration, these devices
will be connected to the middle point.
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Each of these types of grounding gives a unique feature to the protection system.
At low voltage levels, ungrounded mode is usually recommended [27]. In this case, the
common mode voltage cannot be too high to harm personnel or equipment. If a single
line-to-ground (LG) fault occurs, the system can continue to operate without problems. But
if a ground fault is the case in both lines, it will cause a line-to-line (LL) fault and will cause
serious damage [56].

In the solid ground device, one of the conductors is connected to the earth directly
(in the unipolar case, it is usually the negative pole, and in the bipolar, the middle point).
The advantage of this method is the quick detection of the fault current. However, when a
fault is detected, the system is unable to continue, and the functioning stops. Corrosion is
also unavoidable due to the existence of stray currents in a path without impedance [57].
Other methods also have general features between these two modes. In the ungrounded
case, there is no path for current, and in the solidly grounded method, the ground current
is high. The high resistance method can limit the fault current, and subsequently, it will
prevent the failure of equipment. On the other hand, the operation of the system does not
stop during the fault [35].

In the diode ground type, the negative pole is connected to the ground using diode(s).
Under normal operating conditions, the system will be ungrounded, and this will reduce
leakage currents. In case of a fault or transient condition, when the voltage applied to the
diodes exceeds the permissible threshold, the diode conducts, and the system changes to
the grounded type. Using a thyristor in the ground path also has the same function as the
grounded diode type. The only difference is that by using a thyristor, there will be an active
control on its conduction so that the system can be changed from ungrounded to grounded
based on a preset threshold [25]. Table 3 summarizes the advantages and disadvantages of
each method for grounding devices [25,58,59].

Table 3. Advantages and disadvantages of different grounding types in the DC microgrid [25].

Grounding
Type Advantage Disadvantage

Ungrounded

- Low LG fault current
- Power supply continuity at an LG fault
- Minimized DC leakage current and corrosion
- Simple implementation
- No grounding power loss
- No grounding cost

- Difficult to detect and locate LG faults
- Possibility of significant system damage

under LG fault evolving to LL fault
- Sensitive to noise and disturbances
- Small leakage currents cause large

common-mode voltage
- Requires high insulation level

Solidly Grounded

- High safety due to low common mode voltage
- Limited overvoltages
- Low insulation level requirement
- Low grounding cost
- Easy to detect and clear LG faults
- Absorbing and filtering disturbances

- High LG fault current
- Lower power supply reliability
- Risk of damage to equipment
- Interference with communication systems

due to larger LG fault currents
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Table 3. Cont.

Grounding
Type Advantage Disadvantage

High-Resistance
Grounded

- Limiting resonant overvoltages by absorbing
the energy of the resonance

- Low leakage current
- Low LG fault current
- Capability to operate under LG faults
- Power supply continuity
- High system reliability
- Greater safety for equipment

- High overvoltage on the unfaulted line
- Risk of damage to the system insulation
- Power supply reliability due to the effects

of faults
- Difficult to detect LG faults
- Susceptible to noise and disturbances
- Considerable costs associated with the

high-voltage grounding resistors

Low-Resistance
Grounded

- The leakage current and LG fault current levels
are high, and the common mode voltage is low

- Reduced overvoltage at the unfaulted line
during the LG fault and low-grounding cost

- Absorbs and filters disturbances more easily
than high-resistance-grounded systems

- Large LG fault current
- Disturbances such as switching harmonics,

nonlinear loads, and electromagnetic
interference can inject currents into the
DC system

Diode Grounded

- Under normal operating conditions, the
system is ungrounded, and leakage current
is minimized

- Both the leakage current concern and the
common-mode voltage issue are addressed

- Requiring periodical maintenance as
corrosion due to the leakage current is not
completely eliminated

Thyristor Grounded

- Under normal operating conditions, the
system is ungrounded, and leakage current
is minimized

- Both the leakage current concern and the
common-mode voltage issue are addressed

- Active control based on preset value

- Requiring periodical maintenance as
corrosion due to the leakage current is not
completely eliminated

Voltage level and grounding method have a direct impact on safety in the DC sys-
tem [60]. The types of grounding devices presented for the unipolar structure can be
applied to the bipolar structure, and grounding is performed through the middle point.
Grounding based on the middle point is a highly recommended solution in the DC system
grounding [61]. By middle-point grounding at high-voltage levels, in case of a fault or elec-
tric shock on a person, the voltage on the body will be half of the nominal voltage [35,62,63].
This itself can be a form of protection.

5.2. Grounding Configurations in DC Microgrids

Similar to an AC power system, there are different configurations of earthing in
the DC systems [33,41,63]. These configurations are TN, IT, and TT configurations. TN
configuration can be divided into TN-S, TN-C, or a combination, such as TN-S-C. TN
systems are typically connected to the earth through a low impedance path, and in this
method, detection of the line fault is easy to implement.

While in TN configuration, there is one ground for the source side and load side, in
TT systems, there are two separated earths for each side. Like TN, in TT configuration,
fault detection is easy, and this method is a good solution for EMC mitigation. As different
from TN systems, in IT systems, there is no earth on the source side. In this case, the
fault current is very low, and fault detection is not an easy task. It requires separate
measuring equipment, including measuring insulation conditions [39]. Figures 10–13 show
the different configurations of grounding for unipolar and bipolar modes in the DC system.
Table 4 compares the different features of these methods.
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(bipolar).
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Table 4. Comparison of different grounding configurations in DC microgrids [28].

Grounding
Configs

Safety of
Personnel Safety of Equipment Continuity of

Service EMC

TN-S Good
• Poor
• High fault current Average

• Excellent
• Less equipotential problems
• Requirement to manage devices

with high leakage currents
• High fault current (transient

disturbances)

TN-C Good
• Poor
• High fault current Average

• Poor
• High fault current (transient

disturbances)

TT Good

• Good
• Fault current less than a

few dozen amperes
Average

• Good
• Risk of overvoltage/ voltage

imbalance
• Equipotential problems
• Requirement to manage devices

with high leakage currents

IT Good

• Very good
• The fault current is less

than a few dozen mA but
high for the second fault

Excellent • Poor (to be avoided)
• Risk of overvoltage

It should be added that the TN-S-C, which is the combination of TN-S and TN-C
configuration, can also be considered, as in some parts, the PE wire is separate, and in other
parts, it is implemented jointly.

Regarding these configurations and their general characteristics in the table, the
following consideration can be made:

1. In the TN-C grounding mode, if the PEL or PEM wire is loose or has a weak connection,
the body and metal parts of the equipment will be under line voltage. Therefore, re-
gardless of the type of function, the TN-C structure should not be used in DC systems;

2. In the TT mode, the resistance of the two ground paths limits the fault current.
Therefore, if the body comes into contact with the line with potential and electric
shock, short-circuit protection cannot be used as protection against electric shock.
Neither is overcurrent protection a suitable option for protection against electric shock
due to its slow response time;
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3. On the other hand, the use of the IT structure is usually preferred due to the continuity
of operation in the event of a fault. This structure is suitable for skilled and trained
personnel because it is not easy to detect and fix errors in this structure. The IT
structure is also far from touch safety due to the presence of capacitors in EMC filters
and existing cables and the creation of capacitive coupling with the ground;

4. Based on the above, the risk classification in Figure 2, and the types of ground
structures, the TN-S grounding structure is preferred in zones 1 to 3 and 4a;

5. Systems in DC zone 4B are usually implemented as IT systems in practice because of
the USB-C connection.

5.3. Impact of Grounding on the DC Leakage Current

As discussed in the leakage current section, part of the leakage current is related to the
DC leakage current. Using common grounding methods, this DC leakage current will flow,
and it has adverse effects such as corrosion in metal and concrete parts or injection into
the AC grid. In the case of solid ground, for instance, the voltage on the conductors will
be fixed. In this case, due to the constant voltage on the ungrounded conductors, the DC
leakage current can pass through the insulation resistance and the ground of the system.
Also, as mentioned previously (Figure 4b), when there are several sources and grounds in
the DC system, the DC leakage current can flow between different grounds.

To solve this problem, several capacitive grounding methods have been proposed,
which can greatly reduce or eliminate DC current despite the existence of low impedance
grounding on the DC side.

The first solution, which is shown in Figure 14a, uses capacitors and anti-parallel
diodes in the ground path [41]. The capacitor is like a short circuit for high-frequency
components, and it creates a low-impedance path and will be an open circuit for DC
components. Passing the DC leakage current through diodes also requires overcoming the
forward voltage of series diodes.
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capacitor solution in [41]; (b) Zener diode and capacitor solution in [64]; (c) RLC circuit solution
in [65] (In the case of bipolar form, these grounding networks will be connected to the middle point).

Another similar structure shown in Figure 14b is the use of a capacitor in parallel with
Zener diodes [64]. In this case, the Zener diodes are used to avoid a high number of diodes
in series. Based on the pre-defined values, the Zener diode can be chosen. In this case, by
creating a low-impedance path for high-frequency components, AC and transient current
will pass, while there is no path in the ground structure for the DC component.

A similar solution to remove and limit the DC leakage current introduced in [65]
is shown in Figure 14c. This grounding structure consists of an R, L circuit parallel to
the capacitor. This structure also has a capacitive path that has low impedance at high
frequencies and a resistive path to prevent the DC current from passing through. This
grounding network is also designed in a way to have a low equivalent impedance and,
subsequently, a low voltage in a wide range.
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In these capacitive solutions, the design of the components should be such that it
prevents the passage of the DC leakage current. In Figure 14a,b, it should be performed
through the design of the diode forward voltage value (Figure 14a) and the Zener voltage
value (Figure 14b). For Figure 14c, it should also be performed through the design of
resistance and an inductor.

The design of the capacitor should be such that it can have very low impedance for
high-frequency components. Otherwise, the high-frequency components will pass through
the diode or resistor/inductor path, and due to the voltage drop in these paths, the voltage
of the other conductor will fluctuate. This will create another path for the leakage current
through the stray capacitor of the other conductor(s).

5.4. Grounding Configuration for Several Decentralized Sources

Having several decentralized sources is one of the characteristics of the DC system.
As mentioned previously, the use of a grounding TN-S configuration is preferred in the
DC system. However, with several decentralized sources, the existence of one earth point
cannot be enough due to a long distance and the resistance of the conductor, which affect
the grounding system. In such cases, near any source, earthing will be implemented. Again,
according to Figure 4b, having several grounds will cause the DC leakage current due to
the voltage drop on the conductor. On the other hand, a solid grounding in different points
would result in DC ground currents flow due to the difference in the neutral potential. This
can cause corrosion and problems associated with the DC leakage current.

To solve this problem, grounding with capacitor networks is used as described earlier
(Figure 13) [59,64]. In these grounding networks, due to the very low impedance of the
capacitor for high-frequency elements, high-frequency and transient elements pass through
the capacitor and act like solid ground. Meanwhile, DC currents cannot pass through these
grounding networks. It should also be added that in the case of the presence of several
grounds, only one of the sources can have a solid ground, and the rest of the sources should
use capacitive grounding to prevent the leakage of DC currents through the grounds.

Regarding Figure 14, one method is to use anti-parallel diodes and capacitors in the
ground connection path of the sources [41]. As long as the voltage applied to them is
low, these diodes prevent leakage current and, in case of a fault, show normal behavior.
Therefore, in this case, two modes, TN-S-CD and TN-S-CDD, are proposed. Figure 15
shows this solution.
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In the first case, one source is directly connected to the ground and the other through
the diode–capacitor network. In the second case, all sources are connected to the ground
through the diode–capacitor network. The use of these modes is applicable for zones 2
and 3 in Figure 2, where the current of sources is limited. In this case, the components
should be designed according to the maximum fault current. Using this mode for zones 0
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and 1 requires a lot of accurate calculations to determine the maximum fault current for
component design.

6. Grounding in the Connection Point of the DC Microgrid to the AC Grid

Although in some cases, DC micro/nanogrids can be designed for the off-grid mode
in relation to the AC grid, in most cases, they should be connected to the main AC grid
to improve the reliability of the electricity supply. Regarding the dominance of the AC
grid from the generation, transmission, and distribution sectors, DC microgrids should be
connected to the existing AC grid and should interact power with that for self-balancing.
In this connection, protection, safety, and grounding methods should be considered on
both sides [52,66]. Different configurations of grounding for pure AC and pure DC systems
were discussed in previous parts. But at the point where the DC system is connected to
the AC system, some aspects should be considered, and the protection method should be
designed according to the grounding structure on both sides. At high power and voltage
levels, isolation between DC and AC is mandatory to guarantee reliability and safety. In
the LVDC, galvanic isolation is supposed to be recruited, but it is not obligatory. In the
isolated mode, the grounding method on each side is independent of the other side, and
the type of grounding is selected according to the above-mentioned configurations in the
AC and DC system grounding.

Figure 16 shows a simplified connection point in the isolated case, while both sides
have the grounding near the connection point as DC and AC sources.
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Figure 16. When both AC and DC sides have grounding, there will be a direct electric path for current
to pass between sides.

The way of grounding has a direct effect on the leakage current. Due to the use of an
AC–DC interface converter in all situations, leakage currents can be seen passing through
different paths. In this section, the aim is to investigate the path of the possible leakage
current in different states of connecting the DC system to the AC grid.

6.1. Isolated Case

In the case of high-frequency isolation, the important point is the existence of a stray
parasitic capacitor between the primary and secondary of the high-frequency transformer
CiW (interwinding capacitor). In different studies, different methods have been presented
to model this capacitor, which is in the picofarad range [67,68]. Stray capacitors in parallel
to insulation resistance are used here for a high-frequency transformer.

Two cases for grounding a DC microgrid are considered. The leakage current can flow
between the AC grid and the DC system through the stray capacitor and the insulation
resistance of the primary and secondary transformer, as demonstrated in Figures 17 and 18.
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Figure 17. Leakage current path of high-frequency isolated connection for the unipolar DC system:
(a) general circuit; (b) simplified equivalent common-mode circuit.
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Figure 18. Leakage current path of high-frequency isolated connection for the bipolar DC system
(grounded at the middle point): (a) general circuit; (b) simplified equivalent common-mode circuit.

Figure 17a shows the first condition when the DC microgrid is grounded at a negative
point. For this configuration, since the ground on the DC side is at the negative point, a
bias voltage proportional to the DC side voltage will be added to the equivalent circuit.
Therefore, in this case, the leakage current may have a DC component. Figure 17b shows
the equivalent circuit for the leakage current paths in this connection type.

Figure 18a shows the case where the DC microgrid has middle-point grounding.
Figure 18b shows the simplified equivalent common-mode circuit. Due to the middle-point
grounding on the DC side, there will be no bias voltage in the equivalent circuit (bias
voltage sources will cancel each other out). In this case, there is only a common-mode
voltage source, which can lead to high-frequency AC leakage current in this case.

In the case of using a low-frequency transformer, the AC grid is completely isolated,
and there is no significant AC leakage current component between DC and AC grids.

The path of the DC leakage current is the same due to the theoretical presence of insu-
lation resistance in parallel to this inter-winding capacitor. At the middle-point grounding
in the DC side, insulation resistance will not have a significant impact on the DC leakage
current. But at the negative-point grounding in the DC side, insulation resistance in the AC
side causes a DC component in the total leakage current.

If the secondary side of the transformer and the DC system are both without grounding
(or IT grounding), then there will be no path for the leakage current due to the absence
of ground. Although, in this case, the leakage current is eliminated, this method is not
recommended because of protection and fault detection problems.

6.2. Non-Isolated Case

To increase the efficiency and reduce the cost, volume, and weight, the connection
without isolation and solving the issues related to safety and protection in this connection
point can be a focus of future research and engineering considerations.
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At the same time, the absence of isolation applies a significant limitation on the
grounding possibilities on both sides. Depending on the condition of the switches, a direct
electrical path can be created through the grounds on both sides. Although the presence of
filters in the current path prevents short circuits, high-amplitude, high-frequency currents
can pass through two grounds.

The obvious solution in the case of a non-isolated connection is that only one side
should be grounded. This means having an IT configuration on the AC side in case the
DC side should be grounded, or if grounding in the AC side is mandatory, the DC side
should be ungrounded [6,69–71]. Table 5 shows different possible solutions for grounding
at the connection point in non-isolated cases. As can be seen in this table, when there is
grounding on the AC side (TN and TT), the only possible solution on the DC side is an
ungrounded case. On the other hand, for the IT case, the DC side can be grounded at the
negative or middle point or even remain ungrounded.

Table 5. Different solutions for grounding at the connection point.

DC GND
AC GND TN (Any Kind) TT IT

Negative point grounded Forbidden Forbidden Possible
Middle point grounded Forbidden Forbidden Possible

Ungrounded Possible Possible Possible

The best solution for the non-isolated connection of DC microgrids to the AC grids
can be the use of common-ground structures [43,72–79]. In this case, considering that the
negative pole of the DC system and the neutral of the AC grid are directly connected to
each other, a similar or even asymmetrical grounding method can be used for both sides.
In the common-ground structure, the common-mode voltage on the DC negative and the
AC neutral is clamped to zero, and their stray capacitors are bypassed. Therefore, the
AC leakage current can be eliminated. The DC leakage current can also pass through
insulation resistance ground on the DC side system. To solve this, a TN-S-CD type of
connection (Figure 15) should be used on the DC side. Figure 19 shows the general view of
this solution.
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Figure 19. Connection through a common-grounded inverter and elimination of the leakage current
path.

7. Conclusions

LVDC is increasing and developing in the distribution sector. However, there are no
sufficient standards and studies in the field of DC system protection and grounding. All
types of grounding methods in the DC system and at the connection point of the DC to the
AC grid were examined, and their advantages and disadvantages were analyzed. For any
structure at the connection point, the DC and the AC leakage current path was shown. The
following conclusions can be highlighted:

• In the connection with high-frequency isolation, there is still leakage current in differ-
ent parts, and in the case of having ground in the AC side (TN or TT), it can be injected
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from the DC side to the AC grid through the stray inter-winding capacitor between
the primary and secondary side of the transformer. A low-frequency transformer
eliminates this pass completely;

• In both high-frequency and low-frequency isolation, a DC component in the leakage
current can be created by DC voltage bias between the middle (or negative) point of
the DC system and the neutral point of the AC system. In order to eliminate this, the
configurations where there is no voltage bias between the neutral point of the AC
system and the middle point of the DC system are recommended;

• Grounding based on the middle point based on the TN-S-CD type is a highly recom-
mended solution in the DC system grounding. In addition to fault or minimization of
electric shock, it eliminates the DC leakage current between the AC and the DC system;

• A non-isolated common-ground solution for interlinking DC and AC grids can be
considered as an alternative cost-effective solution where the leakage current between
the AC and the DC grid can be completely eliminated.

Further research can focus on the analysis of common-ground structures that have
higher capabilities, such as high power range and higher output quality in bi-directional
operation to be used at the connection point. In addition, practical solutions to reduce or
eliminate the leakage current at the connection point, as well as methods for fault detection
according to the grounding configuration, are required.
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