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1	 Introduction – All-Electric Society

The “All-Electric Society” describes the vision of a 
future global society fully based on electricity. 
The initial idea was formulated already in the
1970s, and continuously further developed [1].

To meet the UN Sustainable Development Goals 
(SDGs), electricity was defined to be indispens-
able. It is seen as a “prerequisite” to mitigate 
global warming and thus limit the incidence of 
many future natural disasters [2].

The transition to an All-Electric Society relies 
upon the phasing out of fossil fuels (coal, oil and 
gas), which will need to be replaced by sustain-
able Renewable Energy Sources (RESs), such as 
hydropower, wind, marine energy (which includes 
wave, tidal and other water current converters), 
geothermal and solar power. 

The intermittent nature of some RESs (wind and 
sun) will require expanding and improving the 
technology for energy storage.
Since both power generation as well as storage 
and more and more consumers are based on di-
rect current (DC), DC technology will play a sig-
nificant role in an All-Electric Society. 
ABB has clear mission and purpose, which is to 
enable a more sustainable and resource-efficient 
future with our technology leadership in electrifi-
cation and automation [3]. To deliver components 
for a reliable and safe DC grid, including protec-
tion is part of that mission.
When it comes to DC applications, it is already 
well-known how to integrate them in an existing 
Alternating Current (AC) system. 
For example, connecting a Photovoltaic (PV) gen-
eration to the Low-Voltage (LV) AC grid through a 

Figure 1 AC coupling of DC applications

MV AC

AC  +  DC DC

LV AC

400V AC
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Figure 2 DC distribution grid

string inverter or integrating a battery energy 
storage system, again to an AC network, is mainly 
a point-to-point power delivery, as shown in Fig-
ure 1. In such networks, some of the main chal-
lenges are frequency regulation and reactive 
power flow management. Considering the AC-
side protection, the fault current is alternating 
and crosses zero, thus the well-known interrup-
tion technologies come in handy.
More details on DC-side protection instead, can 
be found in dedicated technical application papers, 
like in [4].

On the other hand, when several distributed gen-
eration resources and loads are connected as in 
Figure 2, the grid requires coordination and man-
agement (commonly done by droop control*) and 
fast protection. These networks, named active DC 
systems, are converter-dominated and behave 
rather differently in the case of a fault than the 
system in Figure 1. Hence, the protection require-
ments are peculiar and require particular attention.

Further classification of the DC grids can be made 
in passive and active, as in IEC TR 63282. 

In passive DC systems, the integrated sources can 
be either voltage or current sources and they need 
control objectives defined from external control-
ler. Usually, there is a central controller that sends 
command signals to all the converters and the 
power balance margin relies only on the voltage 
source capabilities. At normal operation, the sys-
tem voltage can vary only in a narrow range [5].

An active DC system instead, is a distribution net-
work where almost all sources and loads are con-
nected to the DC bus by electronic devices that 
define and adjust the droop control curves. In this 
way, the energy balance is accomplished. The sys-
tem voltage can fluctuate in a wider range, which 
is called nominal  voltage band [5]. 

In this technical application paper, active DC net-
works will be described, strongly focusing on 
fault analysis. Consequently, all the protection de-
vices and accessories that ABB offers for this type 
of networks will be presented, as well as some 
guidelines on how to choose the suitable protec-
tion device in some specific applications.

AC DC

MV AC LV AC

Up to 1500V DC

* Droop control is a strategy that regulates the output power of 
distributed energy resources based on the deviation of the system 
voltage to maintain voltage stability and power balance.
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2.1 	Notes on the DC current
Direct current refers to an electric current that flows 
always in the same direction. It can be constant (e.g., 
supplied from batteries) or time varying (e.g., pro-
vided by a rectifier), as we will explain later; however, 
the DC current can flow only in one direction [6]. Dur-
ing charging and discharging a battery or any other 
energy storage system, the current flows in opposite 
directions with respect to the battery terminals. How-

Figure 3 Electric current in a conductor

ever, this does not change the key characteristic of 
the DC current, i.e., it flows in only one direction at a 
time. An example of a DC current due to flow of elec-
tronic charge in a conductor is shown in Figure 3. 
Direct current is typically provided by RESs such as 
photovoltaic, wind and also battery systems. Addi-
tionally, it is possible to convert alternating current 
into direct current through a process called rectifica-
tion. However, when converting AC to DC current, 
periodic fluctuations can occur. 

In a DC system, the direction of the current is crucial. 
Therefore, it is important to connect loads and 

sources according to the correct polarities. Wrong 
connections can lead to operational and safety is-
sues. For instance, connecting a DC motor with re-
versed polarities would cause it to rotate in the op-
posite direction. Similarly, supplying electronic 
circuits with a mismatched polarity  can result in ir-
reversible damage.

Understanding the electrical characteristics of di-
rect current and its differences from alternating 
current is essential for using DC effectively.

The effective value, i.e., the root-mean-square (rms) 
of a periodic current 

(2.1)

where Tp is one period, is the equivalent constant 
DC current that delivers the same average power 
to a resistor. 
The rms value of an alternating current is the di-
rect current value that causes the same thermal 
effects in the same time interval. 
For example, a direct current of 100A in Figure 4 
delivers the same power (and therefore, gener-
ates the same thermal effects) as a sinusoidal 
current with approximately 141A peak value. An-
other approach of interpreting the result is to 
have in mind that an AC current with Irms effective 
value causes the same power losses as a DC cur-
rent with the same value.

For pure sinusoidal current, the relationship be-
tween the peak and the rms value is:

(2.2)

Figure 4 AC and DC current parameters
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2.2 DC current generation
2.2.1	 Generation from AC circuits
2.2.1.1 Diode-bridge rectifier
The simplest three-phase rectifier consists of six di-
odes, two for each phase of the AC input (Figure 5). 
It generates six pulses of output voltage during one 
period of the input voltage. The power flow is unidi-
rectional only, from the AC to the DC side.  The out-
put voltage is a function of the input AC voltage, 
which is usually fixed; hence, the rectified voltage 
cannot be controlled further by the rectifier. To re-
duce the output voltage ripple, a suitably designed 
capacitor on the DC side is necessary. 

2.2.1.2  Six-switch voltage-source converter
The voltage-source converter, classified as active 
rectifier according to [8], consists of six control-
lable switches (Insulated Gate Bipolar Transistors 
IGBTs or similar power transistors) that are con-
trolled in a way which provides the desired DC out-
put voltage with fixed AC input. The structure is 
shown in the Figure 8. This converter allows bidi-
rectional power flow and its main functions are to:

•	 Control the DC voltage at a desired level.
•	 Maintain the line current sinusoidal with lim-

ited current ripple.
•	 Guarantee the desired power factor on the AC 

input side.

Consequently, there is controlled active and reac-
tive power exchange between the AC and the DC 
side.

The line current ia  (Figure 7) consists of a fundamen-
tal component and superposed odd harmonics (h = 
5, 7, 11, 13,...). 

The amplitude of these current harmonics de-
pends on the input line inductance Ls. To decrease 
the current ripple, an input filter is often required.

Figure 5 Three-phase diode-bridge rectifier 
supplying resistive load [7]

Figure 7 Phase voltage and line current in the case 
of three-phase diode-bridge rectifier [7]

Figure 8 Six-switch converter supplying passive 
load

Figure 6 Three-phase AC supply voltages and 
rectified DC voltage waveform [7]

The waveform of the output voltage vdc, as shown in 
Figure 6,  contains six pulses in one fundamental pe-
riod Tp of the input voltage. To smooth the ripple in 
this waveform, an output capacitor Cd is needed.

+

+

+

vdc

+

+

+

+VLL vdc
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The waveforms of the AC-side voltage and line cur-
rent in both power flow directions, as seen in Figure 
9, contain very limited harmonic content.

Main harmonics in the line currents are related to the 
modulation technique employed to control the con-
verter switches. Hence, the high-frequency ripple is 
related to the switching frequency, which is com-
monly chosen from 2kHz to 20kHz in case of IGBTs.

Figure 9 Phase voltage and line current waveforms 
in six-switch converter in rectification mode (top) 
and generation mode (bottom) [9]

2.2.2	 Generation from DC circuits
2.2.2.1 Photovoltaic (PV) generation
Photovoltaic (PV) systems are technology prod-
ucts that convert light into electricity. PV systems 
typically consist of solar arrays, which are made 
up of individual cells that generate electricity 
when exposed to light. PV systems are a clean and 
sustainable energy source, as they do not produce 
greenhouse gas emissions or air pollutants dur-
ing operation. Moreover, PV systems are becom-
ing increasingly popular as the costs of solar pan-
els continue to decrease, and the technology 
becomes more efficient.

The photovoltaic cell is the most elementary pho-
tovoltaic device, according to the standard IEC 
61836 [10]. A photovoltaic module is a group of in-
terconnected and environmentally protected pho-
tovoltaic cells. Several modules, which are me-
chanically integrated, pre-assembled and 
electrically connected is called a PV panel.
The circuit of series-connected PV panels is called 
PV string. Mechanical and electrical assembly of 
modules, panels or sub-arrays and its support 
structure is called PV array. An assembly of arrays 
connected in parallel to obtain the required power 
is called a photovoltaic generator.

Figure 10 From a PV cell to a PV array
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Figure 11 I-U characteristics of series and parallel-
connected PV cells

Figure 12 I-U and P-U characteristic of a PV 
generator

Figure 13 Equivalent electrical circuits of a PV generator in normal operation a), partial shadow b) and
reversed operation c) [11]

The details of the PV equivalent electrical circuit 
and formulae for computing the relevant currents 
can be found in [4]. Here we will highlight some 
aspects related to the operating curves and fault 
conditions.

In a series connection of cells / modules (Figure 
11a), the system finds an equilibrium such that 
the same current flows through all the PV cells / 
modules, while the voltages add up.

In a parallel connection of cells/modules (Figure 
11b), the voltage across all PV cells/modules is the
same, while the total output current is the sum of 
the currents generated individually by each PV 
cell / module.     

The operating characteristic of a PV generator at 
standard conditions (cell temperature 25oC, irra-

Taking into consideration the area occupied by 
the modules of a PV plant, part of them (one or 
more cells) may be shaded by trees, fallen leaves, 
chimneys, dumps, clouds or by PV modules in-
stalled nearby. In case of shading, the affected PV 
cell stops producing energy and becomes a pas-
sive load (Figure 13b). This cell behaves as a diode 
which blocks the current produced by the other 
cells connected in series and thus jeopardizes the 
whole production of the module. Besides, the di-
ode is subject to the voltage of the other cells; 
this may cause perforation of the junction be-
cause of localized overheating (hot spot), and 
damage the module (II quadrant in Figure 14).

diation 1 kW/m2) has a maximum power point pro-
duction Pm when the PV operates at a voltage Vm 
and current Im (Figure 12). 
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Figure 14 I-U operating characteristic of PV 
generator in normal and faulted conditions

Figure 15 Array, sub-array and string cable faults.

shadowed cell
operating point

operating point at
normal conditions

faulted circuit
operating point

Due to shading or faults, a string could start be-
having like a passive load. In this case, it absorbs 
and dissipates the power generated by the other 
strings connected in parallel. The current flows 
through such a string in the opposite direction 
with respect to the one in normal conditions, thus 
it is called reverse current. The voltage applied to 
the module Vfault exceeds the open-circuit voltage 
Voc and the operating point is shifted to the IV qua-
drant (Figure 14).

To avoid shaded cells thwarting the whole string 
generation, some bypass diodes are installed at 
a module level (Figure 16). The bypass diode is 
blocked when all cells are illuminated and conducts 
when one or several cells are shadowed. To prevent 
from any reverse current flowing, each string is 
protected by a string (blocking) diode, which is 
carefully chosen. More details on the protection 
requirements for the DC side of a PV generator can 
be found in [4]. 

+ –+

String

Nsa
Ns

String String

PV string
cable

PV string
combiner box

PV string
combiner box

PV array
cable

PV array
combiner box

parallel point
with the grid

PV sub-array
cable

Isc3

Isc2

Isc1

Isc4

Fault 1

Fault 2
B

A 

+ –+

+ –+ + –+

+ –+

PV string
combiner box

For example, in the case of Ns strings connected 
in parallel, when one module is short-circuited, 
the healthy Ns-1 strings feed the faulty one. The 
highest reverse current Irev,max that can flow through 
this module is

I(rev,max)= (Ns-1) . Isc,	 (2.6)

where  Isc is the short-circuit current of each 
module. If Irev,max < Irev,module,  Irev,module being the maxi-
mum reverse current that the PV modules allow as 
indicated in their datasheet, protection of strings 
against reverse current is not necessary. Other-
wise, if Irev,max  > Irev,module, strings protection against 
reverse current is strictly necessary in accordance 
with  IEC 62548 clause 6.5.3. Further details on 
faults in PV systems can be found in many scienti-
fic papers, like [12] and [13].
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Figure 16 Bypass and string diodes illustration

Figure 17 From a battery cell to a full energy storage device [14]

2.2.2.2 Battery energy storage system 
(BESS)
The basic role of energy storage is the same 
across all applications: to absorb energy gene- 
rated at one time and to discharge it to supply 
power later. Introducing a BESS between the gen-
eration and the consumers allows the grid to bal-
ance electrical demand with the supply from the 
generators.

Batteries are devices that transform chemical en-
ergy directly into electrical energy through an 
electrochemical oxidation-reduction reaction. 
They have a high total energy storage capacity, 
but the rate at which the energy can flow out of 
batteries is low compared to supercapacitors. 
However, stress and high levels of heat genera-
tion can cause damage and limit the batteries’ 	
life cycle,  a measure of how many times a battery 
can be charged and discharged before losing per-
formance.

Batteries are usually used in a stack of connected 
individual cells to gain the desired voltage and ca-
pacity as shown in Figure 17. 
This sets requirements for the system operating 
the stack because the cells need to be in balance 
with each other to avoid malfunctioning.

Module

n x cells connected 
in series 

Total voltage of 
module and 
capacity Ah

Racks connected in 
parallel n x Ah

Modules connected
in series

n x voltage of module

ES voltage level
Rack, Sring, Pack

ES energy
Bank, Array

–
++

Bypass
Diode
(fitted to
panels as
standard)

Blocking
Diode

A short-circuit overcurrent within a PV array can 
occur on the DC cables in the case of:
•	 Fault between the terminals of the PV system,
•	 Fault between a terminals and earth in earthed 

systems,
•	 Double fault between each terminal and earth in 

isolated systems.

PV modules are current-limited sources: their 
short-circuit current Isc is slightly higher than the 
operating current Im. Let us consider some fault ca-
ses through the system in Figure 15, where Ns and 
Nsa are the number of parallel-connected PV strings 
in the array and in the sub-array, respectively. A and 
B are protective devices installed in the PV string 
and array combiner boxes, respectively.

In case of a short-circuit affecting the string cables 
or connectors (fault 1 in Figure 15), the string cable 

is supplied by the string itself (Isc1= 1.25 Isc) and by 
all the other (Ns-1) strings (Isc2 = 1.25 (Ns-1) Isc). 

In the case of short-circuit affecting the cable 
between a PV string combiner box and the PV array 
combiner box (fault 2 in Figure 15), the cable is 
supplied by the PV sub-array string (Isc3= 1.25 Nsa Isc) 
and all the other (Ns-Nsa ) strings (Isc4 = 1.25 (Ns-Nsa ) 
Isc).
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Additional information on battery types and their 
application in uninterrupted power supply (UPS) 
systems can be found in [15]. Regardless of the 
technology, batteries are typically modelled in the 
literature by a voltage source with a resistance in 
series, which describes the galvanic circuits in the 
battery. More accurate models include one or 
more resistance-capacitance pairs connected in 
series (Figure 18). 
The component values of the R/C pairs are a func-
tion of several parameters such as temperature, 
state of charge, etc., and the number of these 
pairs depends on the desired dynamic accuracy.

The BESS may be integrated in the power system 
in various configurations depending on the appli-
cation. The following part describes integration 
to a DC grid.
•	 As shown in Figure 20, the battery is connected 

to a DC-bus through a DC/DC converter. Com-
pared to the AC integration of batteries, DC 
provides a more efficient solution when the en-
ergy consumer is connected to the same DC-cir-
cuit. In this case, the DC-bus voltage is different 
from the battery voltage, hence the DC/DC con-
verter. The converter matches the battery and 
the DC-bus voltage, controls the current for 
smoother operation and may come with built-in 
protection features like over- and under-volt-
age, overcurrent, etc.

•	 Otherwise, the battery can be connected di-
rectly to a DC-bus in the power system. In this 
case, it will define the voltage of the DC-bus. 
Consequently, all other equipment must be se-
lected according to the voltage span of the bat-
tery (up to 25% variation). The main advantages 
of a converterless connection are energy effi-
ciency and a smaller footprint as there is less 
hardware required. However, the disadvantage 
is less control over the power flow because the 
current flow is primarily determined by the load 
on the DC bus. This can lead to current fluctua-
tions, which may be not acceptable for sensitive 
applications.

An example of the short-circuit current when a 
fault happens at the battery terminals (no conver-
ter involved, as the fault at location F1 in the Fig-
ure 20) is shown in Figure 21. We can note that the 
fault current rises to a high value and reaches the 
peak in a relatively short time frame. This high 
current persists at steady state as well.

As an example, Figure 19 gives an idea of the bat-
tery's complex impedance over the frequency for 
a Li-ion battery. Note that the trace in the figure 
depends on the state of the battery. The short-
circuit current peak is limited only by the ohmic 
resistance (and the leakage inductances) of the 
circuit, thus it can be very high.

Figure 18 Equivalent electrical model of a battery [14]

Figure 19 Impedance characteristic of a Li-ion 
battery [14]

Figure 20 BESS integration in a DC grid
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Figure 21 Short-circuit current in the case of 
three different batteries [16]
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2.3 Fault current in DC grids
Traditional AC systems are dominated by the induc-
tance of all the synchronous generators, transform-
ers and motors. On the contrary, LV DC systems 
nowadays include many power electronics convert-
ers, so the critical phenomenon  to be considered in 
the case of faults is the behavior of these convert-
ers.

Initially, in this Section we will present how the 
short-circuit current is computed according to the 
existing IEC standards. Then we will analyze in depth 
a pole-to-pole and pole-to-earth fault in non-iso-
lated front-end (AC/DC) converter. The last part will 
be dedicated to fault cases with DC/DC converters, 
where we will go through the buck/boost, buck-
boost and dual-active bridge converters.

Figure 22 General approximated short-circuit 
current waveform [17]

2.3.1 Short-circuit current 
calculations according to 
existing standards
The study of short-circuit currents is fundamental 
for correct design of the plant components. In 
fact, erroneous calculations could lead to selec-
tion of undersized protection devices at short-cir-
cuit conditions.

The evaluation of the short-circuit currents in DC 
installations is described in the IEC 61660-1 stan-
dard, entitled “short-circuit currents in DC auxil-
iary installations in power plants and substa-
tions”. Although this standard refers to auxiliary 
installations, it provides some insights applicable 
to DC grids in general.

According to IEC 61660-1, the short-circuit current 
from passive AC/DC rectifiers, stationary lead-
acid batteries, smoothing capacitors and DC mo-
tors with independent excitation can be approxi-
mated by the function in Figure 22.

IEC 683/97

0

(t)

0
Tktp

i1

Ik

ip

i
τ1

τ2

t

The relevant quantities in Figure 22 are:
Ik 	 is the quasi steady-state short-circuit current 

(the value of the DC-side short-circuit current 
1s after the fault occurrence)

ip 	 is the peak short-circuit current (maximum 
possible instantaneous value of the prospec-
tive short-circuit current)

Tk 	is the short-circuit duration (time between the 
short-circuit occurrence and the breaking of 
the DC short-circuit current)

tp 	 is the time to peak
τ1 	 is the rise-time constant
τ2 	 is the decay-time constant

The short-circuit current waveform in Figure 22 
can be described mathematically by:

(2.7)

This approach gives rather conservative indica-
tions on how to compute the short-circuit current 
in the case of different sources. However, it does 
not address all the relevant aspects of active DC 
networks:

•	 Converter’s behavior in the case of a fault and 
their effect on the fault current.

•	 Distributed nature of the sources and the 
loads.

•	 Effect of all the capacitors interfacing the DC 
bus in the case of a fault.

•	 Active rectifier as an interlinking converter be-
tween the AC and the DC grid.

•	 Relevance of the earthing scheme and the type 
of fault.

In the following, we will try to describe the short-
circuit phenomenon in active DC networks, high-
lighting some peculiarities the designer must 
have in mind when choosing the suitable protec-
tion devices.
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2.3.2 Pole-to-pole fault in non-
isolated FEC
As an example, let us illustrate the short-circuit 
current waveform trend in an AC/DC Front-End 
Converter (FEC). For correct operation of this ac-
tive non-isolated bidirectional front-end conver-
ter, Vdc must be larger than the peak value of the 
line-to-line AC voltage VLL (Figure 23). In the case 
of a pole-to-pole fault, this condition is not met 
anymore.

+

+

+

Note that Rgrid and Lgrid are the equivalent AC-grid 
parameters, while Rcable and Lcable represent the ca-
ble resistance and inductance between the con-
verter terminals and the fault, respectively.

The fault current goes through three different 
stages after the fault has happened: capacitor 
discharge, diode freewheeling and steady state.

Figure 23 Pole-to-pole fault in a non-isolated FEC

—
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First stage: capacitor discharge
The first stage occurring immediately after the 
pole-to-pole fault is dominated by the DC filter 
capacitors discharge (Figure 24). It is character-
ized by very rapidly rising fault current and de-
creasing DC-bus voltage. 
This stage lasts in a time range between µs and 
ms. As the capacitor discharges, the cable induc-
tance, on the other hand, accumulates the re-
leased energy.

Depending on the application, the protection sys-
tem may be required to detect, locate and clear 
the fault during this stage. In this way, grid stabil-
ity and availability are ensured. A sudden DC-bus 
voltage drop to a very low value is likely to hap-
pen, hence there is a risk of the whole DC grid go-
ing out of service and a black start will be neces-
sary. However, ensuring selectivity between the 
protection devices in such a short time interval is 
very challenging. Thus, the installation designer 
should evaluate and prioritize the requirements 
the protection system must meet at this fault 
stage. Typically, six-switch AC/DC converters have 
limited ability to withstand a fault current (IGBTs 
controllability, thermal ratings, etc.), usually 2-3 

Figure 24 Fault current path during the first 
stage in the case of pole-to-pole fault in non-
isolated FEC

Figure 25 Equivalent circuit for the first stage in 
the case of pole-to-pole fault in non-isolated FEC

+

+

+
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Figure 26 Over- and underdamped fault current 
waveform in FEC

where R is the total circuit resistance, including 
the cable, the capacitor series resistance as well 
as the fault resistance. Increased cable induc-
tance means lower fault current peak value, but 
also reduced damping and slower transient evolu-
tion. This implies that a fault occurring closer to 
the converter terminals causes larger current 
peak with a very fast rate of rise.

Based on the relationship between the magni-
tudes of α2 and ω2

0, the fault current response can 
be overdamped (α2>ω2

0), critically damped (α2=ω2
0) 

or underdamped (α2<ω2
0), as in Figure 26.

•	 	Overdamped response α2>ω2
0 (ζ=α2/ω2

0>1): the 
third fault stage follows directly after the first 
one.

•	 	Underdamped response α2<ω2
0 (ζ<1): both volt-

age and current have oscillating waveforms. 	
The second stage, diode freewheeling, is un-
avoidable.
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ζ = 1.0
ζ = 1.5
ζ = 2.0
ζ = 3.0i [
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]
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2

0
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During the transition from stage 1 to stage 2, Vdc 
drops below the maximum AC voltage: alternation 
between capacitor discharge and diode conduc-
tion takes place.

times the nominal current for a few tens of µs.
This stage can be avoided if the converter manu-
facturer has already implemented a semiconduc-
tor-based protection on the DC side inside the 
converter.
The fault current in the time domain at this stage 
can be calculated from the equivalent circuit in 
Figure 25 and it is described as [18]:

 ,

 

(2.8)

where VC (0) and iL (0) are the capacitor voltage 
and cable current at the time instant the fault 
happens, respectively. 
The roots of the characteristic equation are: 

, 
 

(2.9)

where the damping factor and the resonant fre-
quency are:  

 and 

 

, (2.10)

Second stage: diode free-wheeling
The capacitor has discharged completely through 
the cable at the first stage. Its energy has been 
stored in the cable inductance, that starts dis-
charging in the following time instants. There 
might be a significant inductive energy in the sys-
tem and very low dissipative losses. The cable cur-
rent commutates to the converter freewheeling 
diodes (Figure 27). If this stage lasts for a long 
time, the diodes are at high risk of damage. 
Therefore, it may be required to prevent from this 
stage by detecting and isolating the fault during 
the first stage.

Figure 27 Fault current path during the second 
stage in the case of pole-to-pole fault in non-
isolated FEC

Figure 28 Equivalent circuit for the second stage 
in the case of pole-to-pole fault in non-isolated 
FEC

+

+

+

The fault current at this stage is computed from 
the equivalent circuit in Figure 28 [18]: 

, 
 

(2.11)

where I  is the value of the fault current at the 
end of stage one. The current through the conver-
ter diodes is: 

. 
 

(2.12)
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Third stage: grid-side current feeding
The final fault stage is known as grid-side current 
feeding, and it occurs when the fault has not been 
detected and cleared during the first stage.
 
The third stage depends on the converter topol-
ogy as well: some converters, as we will see later, 
have the capability to limit the fault current and 
isolate the converter output from the input. 
On the other hand, some of them, like the six-
-switch AC/DC converter do not have this capabil-
ity. This converter acts as an uncontrolled di-
ode-bridge rectifier and the fault current is 
supplied by the AC grid through the freewheeling 
diodes (Figure 29). 

The fault reaches its steady state, and the DC-bus 
voltage equals the product of the fault current 
and the fault resistance (typically low value). The 
equivalent fault circuit is first-order RL transient 
(Figure 30).

Figure 29 Fault current path during the third 
stage in the case of pole-to-pole fault in non-
isolated FEC

Figure 30 Fault current path during the third 
stage in the case of pole-to-pole fault in non-
isolated FEC

The fault current in the time domain at this stage 
is described as [18]: 

 ,
 

(2.13)

where the positive value of the phase current 
passing through the diodes is [19]: 

 ,
 

(2.14)

where ωs is the grid angular frequency, α is the 
grid voltage phase angle at the end of the previ-
ous stage. The phase angle and the time constant 
are: 

 and , 

 

grid

grid cable f

cable (2.15)

the grid current is: 
 ,

 

(2.16)

where Ig (0) and φ0 are the initial grid current am-
plitude and phase angle. 

+

+

+
An example of the fault current , the DC-bus volt-
age and AC-side grid current waveforms is shown 
in Figure 31:
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Figure 31 Current and voltage waveforms in the case of a pole-to-pole fault in FEC
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Figure 32 Pole-to-ground fault in a FEC with 
earthed AC-side transformer

Figure 33 Steady-state fault current with pole-
to-earth fault in FEC

2.3.3	 Pole-to-earth fault in non-
isolated FEC
The fault analysis in the case of non-isolated 
front-end converter depends strongly on the type 
of earthing on both the AC and DC side of the sys-
tem. More details on this topic are available in the 
Chapter 6. 

Let us consider here an example of a pole-to-
earth fault when the secondary of the AC-side 
transformer is connected to earth, as in the Fig-
ure 32.

+

+

+

VLL Vdc

The fault analysis methodology is the same as we 
showed for the case of a pole-to-pole fault. How-

The waveforms of the DC-bus voltage, fault cur-
rent and AC-grid currents are illustrated in the 
Figure 34. We can see that all the three stages 
described previously are present, and the diode-
freewheeling lasts longer than in the case of a 
pole-to-pole fault.

+

+

+

Vdc

ever, the fault current path is slightly different at 
steady state. 

Based on whether the positive or the negative 
polarity conductor is faulted, different group of 
diodes will conduct during the third stage. 
In our example, the fault at steady state affects 
only the diodes connected to the upper (ca-
thodic) star, as we can see in the Figure 33. 
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Compared to the pole-to-pole fault on the same 
converter topology (Figure 31 versus Figure 34), 
we can notice the peak fault current in the pole-
to-earth case is much lower because of the higher 
impedance in the fault path. 

The diode-freewheeling stage lasts longer; hence 
the DC-bus voltage remains zero during this inter-
val as the fault current decreases, discharging the 
inductances. 
 

Figure 34 Voltage and current waveforms in the case of a pole-to-earth fault in FEC
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In any case, an earth fault creates a loop with the 
grounding points and the converter will eventually 
operate as uncontrolled diode-bridge rectifier. 
The ground resistance cannot be ignored because 
it usually varies from less than 1Ω to hundreds of 
ohms.
Additional scenarios of faults in LVDC networks 
engaging a non-isolated FEC, with detailed simu-
lation results, can be found in [20].
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2.3.4	 Pole-to-pole fault with a 
DC/DC converter 
The behavior of DC/DC converters in the case of a 
fault depends mainly on the converter topology, 
but also on the capacitors employed, grid param-
eters, control strategy, etc. In this section, we will 
analyze some of the basic configurations to high-
light their differences. 
Let us first clarify the nomenclature related to the 
DC/DC converter topologies:
•	 Buck (step-down) converter reduces, i.e., steps 

down the input voltage to a lower output volt-
age. 

•	 Boost (step-up) converter increases, i.e., steps 
up the input voltage to a higher output voltage. 

•	 Buck/Boost converter can operate in either buck 
or boost mode, but not simultaneously in the 

same circuit. It is always the same converter 
side that has a higher voltage than the other 
converter side.

•	 Buck-Boost converter can simultaneously step 
up or step down the voltage. It inherently allows 
for both functionalities in one circuit design, 
producing output voltage that can be either 
higher or lower than the input voltage.

2.3.4.1 Buck/boost converter

Let us consider a buck/boost converter, as in 
Figure 35. 
This converter consists of two controlled 
switches, so the power can flow in both direc-
tions. In any case, V1 > V2. 

Figure 35 Buck/boost converter with a fault on the LV side
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Assuming a fault occurs on the low-voltage side, 
the discharge of the capacitor C2 is likely to hap-
pen in the few microseconds after the fault. 
The energy accumulated in the capacitor is dis-
charged to the cable inductance Lcable. 
If the voltage falls below zero, the diode 
free-wheeling stage follows (stage 2) and the di-
ode D2 starts conducting the fault current.

In the second stage, the converter inductance L 
counteracts the reverse current buildup, thus the 
current flowing through the diode D2 will be much 
lower than the initial fault current.
We can observe the different fault current path in 
the two stages in the Figure 36.

Figure 36 Fault current paths during stages 1 and 2 in a buck/boost converter

Figure 37 Fault current path when the DC grid supplies the LV-side fault in a buck/boost converter

Immediately after the fault happens, it gets sup-
plied by the DC network as well, for example 
through the switch S1, as shown in the Figure 37. 
Considering that this current is much higher than 
the nominal one, the control system of the con-
verter will detect it as an overcurrent and act ac-
cordingly. It can continue supplying the fault with 
a limited current, e.g., two times the nominal one 
for a few milliseconds, so that the protection de-
vice downstream interrupts the fault current. 
On the other hand, the control system can decide 
to turn off both switches S1 and S2, in a time inter-
val of hundreds of nanoseconds to a few micro-
seconds, so that the converter does not supply 
the fault any longer.
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Figure 38 Buck/boost converter with a fault on the HV side

Figure 39 Fault current paths during stages 1, 2 and 3 in a buck/boost converter

Let us analyze the same converter when fault hap-
pens on the high-voltage side, as in the Figure 38.

In this case, the capacitor C1 discharges at the 
first stage and, if the voltage falls below zero, 
both diodes D1 and D2 enter in conduction mode. 
The source will continuously supply the fault as 
well (stage 3) because even if the control system 
turns off both switches S1 and S2, the current will 
flow through the diode D1.

We can distinguish the fault current path in the 
three stages as in the Figure 39.

In the Figure 40, we can observe the fault currents 
on either side of the converter. We have assumed 
rated power of 30kW, with 210V on the LV side 
and 700V on the HV side at rated conditions. 
When a fault occurs on the LV side (as in the Fig-
ure 35), after the capacitor discharge resulting in 

a high peak current, the converter control system 
limits successfully the fault current to 2In for 
10ms (Figure 40a). When the converter stops op-
erating after this time, the fault current de-
creases to zero.

On the other hand, when a fault occurs on the HV 
side (as in the Figure 38), even though the conver-
ter control system tries to limit the current to 2In, 
we can see that this is not successful: the DC grid 
supplies a fault current of about 1kA at steady 
state (Figure 40b).

We understand now that the buck/boost conver-
ter can limit the fault current when it happens on 
the low-voltage side. If the fault occurs on the 
high-voltage side instead, the source will keep 
supplying it, as the converter cannot limit the 
fault current because of its configuration.
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Figure 40 Fault currents in a buck/boost converter, when the fault happens on the LV side a) 
and HV side b)
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2.3.4.2 Buck-boost converter

Another commonly used topology is the one 
shown in the Figure 41, i.e., a buck-boost 
converter. It means that this converter can 
operate as both step-up and step-down in both 
directions , i.e., the voltage V1 can be higher or 
lower than the voltage V2. 

Note the difference with the buck/boost 
converter, where V1 is always higher than V2, 
regardless of the power flow direction. Let us 
consider a fault happening on the load side, as 
indicated in the Figure 41. 

Initially, the capacitor C2 discharges and if the 
voltage falls below zero, the diodes D3 and D4 start 
conducting (Figure 42). 

The DC network initially supplies the fault, for 
example, through the switch S1 and the diode D3 
as in the Figure 43. When the control system 
detects such a high overcurrent, it may decide to 
limit it to a few times the nominal current, or it 
may turn off all the switches. In both cases, this 
converter can limit the fault current inherently 
because of its topology. 

Similar analysis can be done for a fault on the DC 
microgrid side. 

The results will be the same because the 
converter is symmetrical: it can inherently limit a 
fault happening on both microgrid and source/
load side.

Figure 41 Buck-boost converter with a fault on the load side

Figure 42 Fault current paths during stages 1 and 2 in a buck-boost converter
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Figure 43 Fault current path when the DC grid supplies the load-side fault in a buck-boost converter
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2.3.4.3 Dual-Active Bridge (DAB)

Let us now consider a dual-active bridge (Figure 
44). Again, this is a symmetrical bidirectional 
converter, thus the side on which the fault 
happens is irrelevant for the analysis. The main 
difference with the buck-boost converter is that 
the DAB provides galvanic isolation between the 
input and the output.

The capacitor discharge and the diode free-
wheeling stages are shown in the Figure 45. The 
former one concerns the capacitor C2, the cable 
(Rcable and Lcable) and the load. In the latter one, 
the fault current flows through the diodes D5 - 
D8, and again through the cable and the load. In 
the same way as for the buck-boost converter, 
when an overcurrent flows through the 
semiconductors, the control system turns them 
off or continues operating at limited current 
value. Therefore, the DAB can inherently limit the 
fault current.

In conclusion, the DC/DC converter topology 
affects significantly the converter’s behavior in 
the case of a fault. Simple buck and boost 
converters can limit fault currents only on the 
low-voltage side. Galvanically isolated topologies 
can limit fault currents on both sides.

To avoid output capacitor discharge, pseudo-
buck stage, i.e., half-bridge not actively used, 
could be added in many converter-based systems, 
which can limit the fault current.

Converter components choice and system 
parameters are of paramount importance in fault 
scenarios. For example, if the capacitor 
discharging immediately after the fault has low 
accumulated energy, which is typically the case 
with small filter capacitors, the fault current peak 
is rather limited. Otherwise, if it is a DC-bus 
capacitor with significant energy accumulated, 
the peak current is very high.

Figure 44 Dual-active bridge converter with a fault on the load side
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Figure 45 Fault current paths during stages 1 and 2 in a dual-active bridge converter
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2.3.5 Characteristics of the fault 
current in DC networks
As we have seen in the previous Sections, the DC 
fault current has two distinguished characteris-
tics compared to the AC fault current:

•	 There are no consistent 50Hz zero-crossings in 
DC fault currents, and

•	 The fault current rising slope is much faster 
than AC fault currents, especially due to DC ca-
pacitors and batteries present in the network.

The main challenges to protect an active DC grid 
are:

•	 Low system energy: faults in DC system are 
dominated by capacitor discharge, which can 
be very fast and results in high peak current 
with a very short duration (in order of µs). 	
Nevertheless, the energy stored in the capaci-
tor is limited and traditional circuit breakers 
or fuses may not be activated.

•	 DC fault current rate rise: because of the very 
little inductance in the DC system, the rate of 
rise di/dt of the fault current is very high. Con-
sequently, the fault current reaches high peak 
value (could be tens of kA) in just a few µs.

•	 Undervoltage: the high fault current and the 
little energy stored in the capacitor cause fast 
drop of the DC-bus voltage. If the voltage 
drops below the system’s minimum value, the 
grid goes out of stability and a blackout is 
likely to happen.

•	 Bidirectional power flow: given the decentral-
ization of the sources and loads, identifying 
the flow of the fault current and all the sources 
that contribute is not straightforward. There-
fore, bidirectional protection becomes a must.

All these aspects are illustrated through the ex-
ample network in Figure 46.

Figure 46 An example of a DC grid consisting of several PV sources
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Figure 47 DC-bus voltage and current waveforms in the case of a fault downstream the FEC in Figure 46
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As we can see in Figure 47, the fault current 
reaches 10kA in about 100µs. The DC-bus voltage 
drops down to zero and even decreases further to 
a few volts below zero. After about 350ms, the 
fault reaches a steady state, characterized by 4V 
on the DC bus and 750A fault current. Both these 
waveforms imply that the front-end converter has 
lost its controllability, i.e., its switches cannot be 
controlled anymore, and behaves like a diode
-bridge rectifier.

For a fault occurring at short distance down-
stream a converter, the fault current is dominated 
by the discharge of the capacitors in that conver-
ter. As the fault inductance is very low, the current 
waveform exhibits a narrow peak, with rate of rise 
(di/dt) that can be in the order of tens A/µs and 
peak value up to hundreds of times the nominal 
current, whereas the voltage collapses in a time 
that can be as short as a few tens of µs.

Therefore, the main requirements for active DC 
network protection are:

• Low fault energy threshold,
• Fast fault detection,
• Fast fault interruption
• Bidirectional fault protection.

The current derivative di/dt and the time to fault 
peak tpeak are crucial to define the required inter-
ruption time.
Some of the critical points in choosing suitable 
protection in DC systems are:

• Because of non-zero crossing in DC fault cur-
rents, traditional electromagnetic AC circuit 
breakers cannot be directly employed in DC 
systems.

• Converter-based networks have capacitive out-
put filters whose fault energy must be ac-
counted for in the protection design.

• Ensuring selectivity is challenging because of 
the different switching technologies available 
for protection, as we will explain in Chapter 6.  
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2.3.6 Direct current interruption 
methods
There are several methods that can be used for di-
rect current interruption. 
In the Table 2.1, we are showing a summary of the 

DC interruption methods and inviting the inter-
ested readers to check [21] for details.
In the following chapters of this document, we 
will explain in depth the conventional interrup-
tion and he semiconductor technology, as the 
most commonly used methods nowadays.

Table 2.1 Circuits for direct current interruption

Method for DC current interruption Characteristics
Conventional interruption with direct  suppression

i

Rcable

U

L

• When the circuit breaker opens, an arc is created at voltage Ua.

• The interruption is successful only if Ua > U and if the circuit
breaker can support energy Wa, which can be about 1.5 times
higher than the initial energy.

U

τ
I, U

0

to ts ta

t

t0 – the fault happens
tS – circuit breaker contacts 
start separating
ta – the current is extinguished
τ = L/R – time constant 

Isc

Ua

Interruption with injected current

i

Rcable

U
CC

CS

L
CB

–
+

L

Rcable

•

•

•

An Lc Cc circuit with a switch CS is conected in parallel 
to the main circuit breaker's contacts CB.

The CS switch is operated at the Lc Cc resonant frequency. 
This generates an AC current that is injected in the 
CB branch and superposed to the DC current.

Now the current flowing through the main circuit 
breaker CB contains an AC component and it can 
be easily interrupted at its zero crossing.

Interruption with forced oscillation

i

Rcable

CC

LC

Le

CB

L

Rcable

U

• Forced oscillations are generated by an external source.

• These oscillations overlap the DC current that needs  
to be interrupted, forcing it to cross the zero.

• The external voltage source amplitude should be high and the
oscillation frequency relatively low.

Interruption with semiconductor technology

iLdC

L

T

U Varistor

Rcable

• It interrupts the fault current without waiting / forcing it to
cross the zero.

• The absence of mechanical parts makes it very fast

• A disconnector must be connected in series to ensure galvanic
isolation.

• The let-through energy (gray area) is much lower than the
case with traditional circuit breakers (red area).

i [kA] 

t [ms] 
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3	 Earthing  schemes

3.1 	Unipolar vs bipolar 
distribution

Unipolar systems (Figure 49) have one line normally 
operating at DC positive or negative voltage in rela-
tion to earth. In this configuration, the mid-point 
conductor M is typically earthed (Figure 50) and only 
one voltage level, i.e., Vdc, is available.

Bipolar systems (Figure 51) have two lines normally 
operating at DC voltages of opposite polarity in rela-
tion to earth. In this configuration, the mid-point 
conductor M can be distributed along the network or
not, and in each case, it can be connected to or iso-
lated from earth (Figure 52).

In principle, loads in bipolar systems can be con-
nected either between the positive or the negative 
polarity and the mid-point if available (hence, at Vdc/2 
voltage level) or between the two polarities (hence, 
at Vdcvoltage level).

In any case, the implementation of bipolar distribu-
tion is more complex because the voltages between
each polarity and the mid-point may not be always 
the same: in this case circulating currents will flow
and a suitable balancing circuit is required.

In the following, we will describe the types of faults 
for each network topology and evaluate their sever-
ity. We will analyze both pole-to-pole and pole-to-
earth faults.

Figure 49 Unipolar DC systems with positive 
polarity a) and negative polarity b) voltage

Figure 51 Bipolar DC system without distributed 
mid-point a) and with distributed mid-point b)

Figure 52 Bipolar DC system: mid-point earthed 
but not distributed a), mid-point earthed and 
distributed b), no mid-point c), mid-point not 
earthed but distributed d)

Important aspects when designing the protection 
system for a DC network are the type of 
distribution and the earthing scheme. We will 
discuss these topics in the following pages, 
assuming the DC side is galvanically isolated from 
the AC side and the front-end converter provides 
ideal constant voltage Vdc.

Figure 50 Earthing of unipolar DC systems with 
positive polarity a) and negative polarity b) 
voltage
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3.2 	DC grid with one 
polarity earthed

This topology is obtained by connecting one polarity 
to earth. Either the positive or the negative polarity
can be earthed, and in both cases leakage currents 
will be introduced, which may result in corrosion is-
sues.

This network allows static electricity overvoltages to 
be discharged to earth.

In the following examples, the negative polarity is 
earthed.

3.3	DC grid with earthed 
mid-point

This network topology is created by connecting the 
mid-point of the DC supply to earth. The mid-point
conductor can be distributed along the network or 
not: it does not affect the requirements on the pro-
tection device.
The main disadvantage of this connection type is 
that a fault between a polarity (regardless of 
whether it is the positive or the negative) and earth 
gives rise to a fault current at a voltage Vdc/2. This 
type of network reduces the static overvoltages, 
which could, for example, be present at full voltage 
in an isolated network.
Let us look at the possible faults in a network with 
earthed mid-point.

The fault between the two polarities , as for example 
in the Figure 53, is a short-circuit fed by the full volt-
age Vdc. In this network, the circuit breaker may be 
chosen to protect only the positive polarity or both 
polarities. In any case, the breaking capacity of each 
protected pole must be higher than the maximum 
short-circuit current at Vdc.

A fault on the earthed polarity instead, as for exam-
ple in the Figure 55, might seem harmless for the 
system at a first glance. However, it poses a fire risk 
and should be protected by a Residual Current De-
vice (RCD). The value of the fault current depends on 
the soil impedance and, moreover, the supply volt-
age is almost zero. Additionally, there is a voltage 
drop on  the connected loads, leading to extremely 
low value of the fault current.

In a network with one polarity earthed, double fault 
is not possible if an RCD is present: the protection 
device trips on the first fault.  Without an RCD, the 
first fault on the earthed polarity remains unde-
tected until a double fault happens.

The worst-case scenario for this network type is 
fault A (pole-to-pole), which directly affects the cir-
cuit breaker choice and its poles connection. How-
ever, fault B (non-earthed pole-to-earth) must be
considered as well.

Figure 53 Pole-to-pole fault in a DC grid with one 
earthed polarity

Figure 55 Fault between the earthed polarity and 
earth in a DC grid with one earthed polarity

Figure 56 Pole-to-pole fault in a DC grid with 
earthed mid-point

Figure 54 Fault between the non-earthed 
polarity and earth in a DC grid with one earthed 
polarity

load

A

load

B

load

C

load

A

3.2.1 Pole-to-pole fault

3.3.1  Pole-to-pole fault

3.2.2  Pole-to-earth fault
In the case of a pole-to-earth fault on the non-
-earthed polarity in this network, the fault current 
flows through the soil and its maximum occurs at 
the full DC-supply voltage Vdc. It is difficult to assess 
the fault current value because it depends on the soil 
impedance. Therefore, it is necessary to connect in
series all the poles of the circuit breaker on the non-
-earthed polarity.
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3	 Earthing schemes

The pole-to-pole fault in this configuration is a 
short-circuit fed by the full voltage Vdc. Both polari-
ties are affected by the fault. The breaking capacity 
of the circuit breaker should be chosen according to 
the relevant maximum short-circuit current Isc. In any 
way, the circuit breaker must be inserted on both 
polarities and all the poles of the breaker must be 
able to withstand Isc at the full supply voltage Vdc.

3.3.2  Pole-to-earth fault
The fault between a polarity and earth, like the one 
in the Figure 57, causes a short-circuit current fed by 
only half the DC voltage Vdc/2. It means this current 
has lower value than the pole-to-pole fault and it de-
pends on the soil impedance only.

If the fault happens between the positive polarity 
and earth, only the positive polarity is concerned, 
and all the poles of the circuit breaker must with-
stand Isc at Vdc/2.

In any case, double fault in a mid-point earthed net-
work is not possible because the breaker will trip on 
the first fault.

When the mid-point is earthed, the most dangerous 
situation is a pole-to-pole fault (A). However, also a 
pole-to earth fault will cause short-circuit current 
flowing through the network and must be ac-
counted for. 
The circuit breaker must be inserted on both polari-
ties.

Figure 57 Positive pole-to-earth fault in a DC 
grid with earthed mid-point

Figure 58 Negative pole-to-earth fault in a DC 
grid with earthed mid-point

Figure 59 Pole-to-pole fault in an isolated DC grid

Figure 60 Pole-to-earth fault in an isolated DC grid

load

B

In a similar way, when a fault occurs between the 
negative polarity and earth as in the Figure 58, only 
the negative polarity is concerned. Again, the circuit 
breaker used on this polarity must withstand Isc at 
Vdc/2.

load

C

3.4 Isolated DC grid
When the DC system is isolated from earth, the in-
stallation is relatively easy and service continuity is 
guaranteed, as we will explain later.

On the other hand, static electricity could cause dan-
gerous overvoltages between the exposed conduc-
tive parts and earth. In this case, we can use overload 
dischargers to limit the hazards.

Let us go through the possible fault cases in isolated 
DC networks.

load
A

3.4.2  Pole-to-earth fault
A fault between one polarity (either the positive or 
the negative) and earth does not have a reclosing 
path for the fault current, as we can see in the Figure 
60. However, it increases the voltage difference be-
tween one polarity and earth to the full voltage Vdc.

load

B

3.4.1  Pole-to-pole fault
A fault between the two polarities in an isolated net-
work is fed by the full DC supply voltage Vdc and it af-
fects both poles , as we can see in the Figure 59. The 
circuit breaker chosen must have breaking capacity 
higher than the maximum short-circuit current at Vdc. 
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However, according to IEC/EN 60364, this fault must 
be indicated by a suitable insulation monitoring
device (IMD) and cleared because otherwise a sec-
ond fault may cause problems.

3.4.3  Double pole-to-earth fault
In the case of a double fault between a polarity and 
earth, there might be fault current supplied by Vdc,
as shown in the Figure 61. To prevent this from hap-
pening, an IMD should be installed, which can detect
a first earth fault as well as a decrease of the isola-
tion between a polarity and the earth. Consequently,
after the IMD has detected a fault, appropriate ac-
tions should be taken to clear the fault.
In isolated dc networks, the most critical fault is the 
one between the two polarities. Hence, the circuit 
breaker should be chosen accordingly, so its maxi-
mum breaking capacity Isc is at Vdc.
At the same time, an insulation monitoring device is 
required, so that problems related to a second

Figure 61 Double pole-to-earth fault in an 
isolated DC grid

load

BC

Table 3.1 Fault scenarios

Type of system One polarity earthed Earthed mid-point Isolated

Fault cases

+
– Vdc load

A

C B

+
–

+
–

Vdc /2

Vdc /2

load

A

C
B

+
– Vdc load

A

C B

Fault analysis (the resistance of the earth electrode is neglected)

Pole-to-pole fault
(fault A)

-
-

-

Fed by Vdc

The CB must protect the non-
earthed polarity or both 
polarities
Breaking capacity of each 
protected polarity ≥ max 
Isc at Vdc

-
-
-

-

Fed by Vdc

Both polarities are affected
The CB must protect both 
polarities
Breaking capacity of each 
protected polarity ≥ max Isc at 
Vdc

-
-
-

Fed by Vdc

Both polarities are affected
The CB must have breaking
capacity ≥ max Isc at Vdc

Pole-to-earth fault
(fault B)

- Fed by Vdc - Fed by Vdc/2 - Does not affect the system

-

-

-

Fault current depends on
the soil impedance
All the poles of the CB on
the non-earthed polarity
must be connected in series
Breaking capacity of each
CB pole ≥ max Isc at Vdc

-

-

-

Fault current depends on
the soil impedance
Only the positive polarity
is affected
All the poles of the CB
must withstand Isc at Vdc/2

- Must be detected by a
suitable insulation 
monitoring
device (IMD) and
cleared

Pole-to-earth fault
(fault C)

- Does not affect the system - Fed by Vdc/2 - Does not affect the system
Must be indicated by a 
suitable insulation 
monitoring
device (IMD) and cleared

- Fault current depends on
the soil impedance

- Only the negative polarity
is affected

- All the poles of the CB
must withstand Isc at Vdc/2

Double fault Not possible (the breaker
trips on the first fault)

Not possible (the breaker
trips on the first fault)

-
-

Fed by Vdc

The CB must interrupt the
fault current with Vdc applied
to a single polarity

Most severe case Fault A (pole-to-pole). Fault
B (non-earthed polarity to
earth) must be considered
as well.

Fault A (pole-to-pole). Fault
B (pole-to-earth) must be
considered as well.

Double fault.

earth fault are prevented. In the case a second pole-
to-earth fault occurs, the circuit breaker must inter-
rupt the fault current with the full voltage applied to 
a single polarity. 

In Table 3.1, we will summarize the possible fault 
scenarios in the three network types presented and 
consider some characteristics of the protection de-
vice needed.
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4 Conditions in DC networks

In DC systems, in as similar way as in AC networks, 
four different conditions may occur. We will explain 
them briefly in this Chapter, exploiting the defini-
tions from IEC 60364-4-43, which is the standard 
that specifies the protection against overcurrent in 
low-voltage electrical installations. 
We will also clarify the nomenclature typically used 
for some of the crucial technical parameters of the 
circuit breakers in their catalogs.

              

4.1	 Rated current levels 
and below
A circuit breaker is characterized by its rated current. 
The lifetime in terms of opening maneuvers holds 
for such rated current, as specified in applicable 
standards.

The circuit breakers are also tested at low DC load 
current levels according to IEC 60947-2. These so-
called critical DC currents are chosen based on the 
rated current of the breaker. 

4.2	Overload conditions
An overcurrent is the electric current whose value ex-
ceeds a specified limiting threshold. For conductors, 
this threshold is equal to their current-carrying ca-
pacity. An overcurrent is an overload current or a 
short-circuit current. 
Overload is an operating condition in an electrically 
undamaged circuit, which causes an overcurrent. 
The overload may produce damage because of ex-
cessive heating if continued for too long time. It is 
characterized by slow overheating of the devices 

and leak of insulation characteristics in the cables.

Overload conditions are multiples of the nominal 
current levels. In the IEC 60898-2 standard they are
called “reduced DC short-circuit currents”. 
Ideally, the tested current levels represent a broad 
range from slightly higher than nominal current to 
low short-circuit levels. Note that in the present 
product standards this is not always given due to 
historic reasons (standards are based on an AC his-
tory and experience).

Beside the higher current level, also a slightly higher 
voltage level can represent an overload condition. In
battery energy storage systems, for example, the 
voltage can vary between 0.8 and 1.15 times the 
nominal voltage depending on the actual state of 
charge (SOC).

4.3	Short-circuit conditions
Short circuit is an accidental or intentional conduc-
tive path between two or more conductive parts 
forcing the electrical potential differences between 
these conductive parts to be equal to or close to 
zero. In other words, the short circuit is a low-imped-
ance path between conductive parts which by de-
sign are at different potentials. It results in very high 
current which causes strong electrodynamic forces, 
i.e., stress of the components. 

For  correct selection of a protection device, every 
circuit must be investigated for potential faults. It is 
crucial to be aware that only downstream faults can 
be cleared by a protection device. 
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Every fault that is upstream (in front of the protec-
tion device) cannot be cleared. Some faults, e.g., 
short-circuit to earth, may exclude protection de-
vices or poles from the actual electrical network.

4.4	Endurance
The endurance, or lifetime, listed in the catalogs 
does only refer to the lifetime in nominal conditions 
at both rated voltage and nominal current level. 
The guaranteed lifetime in other conditions is al-
ways less than the one specified at rated conditions.

4.5 Definitions 
To read correctly the technical specifications  
listed in the catalogues of various ABB products 
that will be presented in Chapter 5, some com-
mon ground on understanding the nomenclature 
is needed. Here is a list of the commonly used pa-
rameters, accompanied by a short description.

•	 Rated operational voltage Ue: the voltage as-
signed by the manufacturer to the circuit 
breaker (or other component) and to which op-
eration and performance characteristics are re-
ferred.

•	 Rated uninterrupted current Iu: the value of the 
current which the equipment can carry for an in-
definite time (uninterrupted duty). This parame-
ter is used to define the size of the electrome-
chanical circuit breaker.

•	 Rated current In: the value of current which 
characterizes the protection trip unit mounted 
on the circuit breaker and determines the pro-
tection characteristic according to the available 
trip unit settings. This current is often referred 
to as rated current of the load protected by the 
circuit breaker.

•	 Rated ultimate short-circuit breaking capacity 
Icu: the maximum short-circuit current value 
which the circuit breaker can break twice (ac-
cording to the sequence O – t – CO) at the corre-
sponding rated operational voltage. After the 
opening and closing sequence the cir-
cuit-breaker is not required to carry its rated 
current.

•	 Rated service short-circuit breaking capacity 
Ics: the maximum short-circuit current value 
which the circuit breaker can break three times 
according to a sequence of opening and closing 
operations (O - t - CO - t – CO) at a defined rated 
operational voltage (Ue) and at a defined time 
constant (for direct current). After this se-
quence, the circuit breaker is required to carry 
its rated current.

•	 Rated short-time withstand current Icw: the 
current that the circuit breaker can carry in 
closed position during a specified short time at 
defined conditions of use and behavior. The cir-
cuit breaker shall be able to carry this current 
during the associated short time delay to en-
sure coordination between the circuit breakers 
in series.

•	 Fault current rise rate di/dt: the rate at which 
the fault current increases during a fault event.

•	  Maximum switchable inductance Lmax: the max-
imum inductance that can be part of the electric 
circuit downstream the breaker. If the equiva-
lent downstream circuit inductance Leq is lower 
than Lmax, the circuit breaker can guarantee cor-
rect operation.   
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5 Protection devices for DC networks

Table 5.1 Miniature circuit breakers for DC 
networks

Table 5.2 Molded-case circuit breakers and air 
circuit breakers for DC networks

Product

Max rated 
voltage 

[V]

Rated 
current 

[A]

Short-circuit 
current  Icu 

[kA]

S200 125 100 10
S200M UC
S200MT-UC

440 63 10

S200 MTR 440 63 10
S800 PV 1500 125 5

S800S-UC
1000
750

50
125

5

S800P 500 125 30
S800PV-SP 1500 125 5
S200 MTUC 440 63 10

Product

Max rated 
voltage 

[V]

Rated 
current 

[A]

Short-circuit 
current  Icu 

[kA]

Tmax 1000* 800 50

Tmax XT
500 250 100
750
800

630
100

36

Emax DC 1000 5000 100

Product
Ratedvoltage 

[V]
Rated current 

[A]
Maximum 
di/dt [A/µs]

SACE Infinitus 1000 2500 No limit

* 1500 V DC per T4N/PV-E

Icu is the rated ultimate short-circuit breaking current.

In this section, we will give an overview of the 
protection devices, certified according to the IEC 
standards, that ABB offers for DC networks pro-
tection. 
Let us begin with a general overview of these de-
vice groups:

•	 miniature circuit breakers (MCBs);
•	 molded-case circuit breakers (MCCBs);
•	 air circuit breakers (ACBs);
•	 solid-state circuit breakers (SSCBs);
•	 switch-disconnectors;
•	 switch-fuses and fuse gear;
•	 contactors;
•	 surge protective devices (SPDs);
•	 accessories.

In the following tables, we will present the basic 
characteristic parameters of these devices. 
Details for each product can be found in the cor-
responding catalog.

Table 5.3 Solid-state circuit breakers

Table 5.4 Switch-disconnectors for DC networks

Product

Max rated 
voltage 

[V]

Rated 
current 

[A]

Rated 
short-time 
withstand 

current
Icw [kA]

S800PV-M-H 1000 100 1.5
S800PV-SD 1500 125 1.5
Tmax XT switch-
disconnectors 750 1250 20

Tmax T-PV switch-
disconnectors 1500 1600 19.2

Emax DC switch-
disconnectors 1000 6300 65

Emax 2 MS-1500V DC 1500 4000 100
OTDC switch-
disconnectors  16A to 1kA 1500 1000 63

OT disconnectors 1.6kA 
to 4kA 1500 4000 100

Enclosed OTDCP 
switches 1000 32 0.8

Table 5.5 Switch-fuses and fuse gear for DC 
networks

Product

Max rated 
voltage 

[V]

Rated 
current 

[A]

Fuse bases OFAZ and OFAX 1000 1250
OS manual operated 1000 1250
Fuse switch disconnectors: 

EasyLine
440 630

Fuse switch disconnectors: 

SlimLine XRG
500 630

E90 32PV 1000 30
E90 32PV 1500e 1500 32
E9F PV 1000 30
E9F PV 1500 1500 32

Product
Max voltage 

[V]
Rated current 

[A]
GF contactors 1500 1325
GAF contactors 1000 2050
AF contactors 850 2650
Installation contactors 220 100
Contactor relays for auxiliary 
circuit switching 600 1000

Table 5.6 Contactors for DC networks

Product
Voltage 

[V]
Impulse current  

[A]

OVR PV T1-T2 QS
1000
1500

12.5
10

OVR PV T2 QS 1500 40

Table 5.7 Surge protective devices for DC 
networks
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5.1	 Miniature Circuit 
Breakers (MCBs)

5.1.1 S200M UC range

Miniature circuit breakers series S200M UC be-
longs to the most compact design class. They are 
designed for DIN rail mounting and comply with 
IEC 60947-2 standard. 

They differ from AC-only versions and are marked 
with a “UC” extension, standing for “Universal 
Currents”, which means that they are applicable 
for both AC and DC networks. To achieve that, 
they are equipped with permanent magnetic ele-
ments on the internal arc extinction system.

The presence of these permanent magnetic ele-
ments determines the capability of the breaker to 
clear currents flowing in one direction. Accord-
ingly, wiring must comply with the indications re-
ported on the breaker. Multiple poles in series en-
ables also polarity independent/bidirectional 
functionality.

Circuit breakers of series S200M UC are available 
with characteristics B, C, K and Z. Rated opera-
tional voltage is up to 440V DC and rated ultimate 
short-circuit breaking capacity Icu = 10kA.

System voltage Current rating

up to 440V DC up to 63A

Global Product Catalogue 2024 - MCBs (abb.com)

5.1.2 S200MT-UC and 
S200MTR-DC

The miniature circuit breakers S200MT UC and 
S200MTR-DC are specially developed for traction 
applications, and validated according to the IEC 
standards. 
Their operational voltage is up to 440V DC and 
breaking capacity is 10kA.

System voltage Current rating

up to 440V DC up to 63A

S200 MTR. Endurance and safety for rolling stock 
applications

5.1.3 S800S-UC and S8004U-UCZ

The S800S-UC and S8004U-UCS ranges are non-
-polarized high-performance DC MCB with break-
ing capacity of Icu = 50kA and Icu= 10kA, respec-
tively. They are suitable in a wide range of DC 
applications.

For the circuit breakers series S800S UC the avail-
able characteristic curves are B and K: both have 
rated currents up to 125A.

System voltage Current rating

up to 1000V DC up to 125A

High performance circuit breakers 

Global Product Catalogue 2024 

https://library.e.abb.com/public/ac7ba9f0b2fe4959848cfa4f6e8a7e2e/A_ELSB_Catalogue_2024_1st_Edition%202%20_MCB.pdf?x-sign=WHRBrrM6vsLqw44sfstUIs7WM0W7rTFAwcmR2yyBFFEt0cyikjb1Eq650%2bxu6ao%2b
https://library.e.abb.com/public/ac7ba9f0b2fe4959848cfa4f6e8a7e2e/A_ELSB_Catalogue_2024_1st_Edition%202%20_MCB.pdf?x-sign=WHRBrrM6vsLqw44sfstUIs7WM0W7rTFAwcmR2yyBFFEt0cyikjb1Eq650%2bxu6ao%2b
https://library.e.abb.com/public/ac7ba9f0b2fe4959848cfa4f6e8a7e2e/A_ELSB_Catalogue_2024_1st_Edition%202%20_MCB.pdf?x-sign=WHRBrrM6vsLqw44sfstUIs7WM0W7rTFAwcmR2yyBFFEt0cyikjb1Eq650%2bxu6ao%2b
https://new.abb.com/low-voltage/products/system-pro-m/miniature-circuit-breakers/s200-mtr
https://new.abb.com/low-voltage/products/system-pro-m/miniature-circuit-breakers/s200-mtr
https://new.abb.com/low-voltage/products/system-pro-m/high-performance-circuit-breakers
https://new.abb.com/low-voltage/products/system-pro-m/high-performance-circuit-breakers
https://new.abb.com/low-voltage/products/system-pro-m/high-performance-circuit-breakers
https://new.abb.com/low-voltage/products/system-pro-m/high-performance-circuit-breakers
https://new.abb.com/low-voltage/products/system-pro-m/high-performance-circuit-breakers
https://new.abb.com/low-voltage/products/system-pro-m/high-performance-circuit-breakers
https://new.abb.com/low-voltage/products/system-pro-m/high-performance-circuit-breakers
https://new.abb.com/low-voltage/products/system-pro-m/high-performance-circuit-breakers
https://library.e.abb.com/public/ac7ba9f0b2fe4959848cfa4f6e8a7e2e/A_ELSB_Catalogue_2024_1st_Edition%202%20_MCB.pdf?x-sign=WHRBrrM6vsLqw44sfstUIs7WM0W7rTFAwcmR2yyBFFEt0cyikjb1Eq650%2bxu6ao%2b
https://library.e.abb.com/public/ac7ba9f0b2fe4959848cfa4f6e8a7e2e/A_ELSB_Catalogue_2024_1st_Edition%202%20_MCB.pdf?x-sign=WHRBrrM6vsLqw44sfstUIs7WM0W7rTFAwcmR2yyBFFEt0cyikjb1Eq650%2bxu6ao%2b
https://library.e.abb.com/public/ac7ba9f0b2fe4959848cfa4f6e8a7e2e/A_ELSB_Catalogue_2024_1st_Edition%202%20_MCB.pdf?x-sign=WHRBrrM6vsLqw44sfstUIs7WM0W7rTFAwcmR2yyBFFEt0cyikjb1Eq650%2bxu6ao%2b
https://library.e.abb.com/public/ac7ba9f0b2fe4959848cfa4f6e8a7e2e/A_ELSB_Catalogue_2024_1st_Edition%202%20_MCB.pdf?x-sign=WHRBrrM6vsLqw44sfstUIs7WM0W7rTFAwcmR2yyBFFEt0cyikjb1Eq650%2bxu6ao%2b
https://library.e.abb.com/public/ac7ba9f0b2fe4959848cfa4f6e8a7e2e/A_ELSB_Catalogue_2024_1st_Edition%202%20_MCB.pdf?x-sign=WHRBrrM6vsLqw44sfstUIs7WM0W7rTFAwcmR2yyBFFEt0cyikjb1Eq650%2bxu6ao%2b
https://library.e.abb.com/public/ac7ba9f0b2fe4959848cfa4f6e8a7e2e/A_ELSB_Catalogue_2024_1st_Edition%202%20_MCB.pdf?x-sign=WHRBrrM6vsLqw44sfstUIs7WM0W7rTFAwcmR2yyBFFEt0cyikjb1Eq650%2bxu6ao%2b
https://library.e.abb.com/public/ac7ba9f0b2fe4959848cfa4f6e8a7e2e/A_ELSB_Catalogue_2024_1st_Edition%202%20_MCB.pdf?x-sign=WHRBrrM6vsLqw44sfstUIs7WM0W7rTFAwcmR2yyBFFEt0cyikjb1Eq650%2bxu6ao%2b


36 PROTEC TI O N D E V I CE S FO R D I R EC T CU R R E NT A PPLI C ATI O N S

—
5 Protection devices for DC networks

5.1.4	 S800PV-SP

 
The S800PV-SP series are non-polarized 
high-performance DC MCBs with rated current up 
to 125A and breaking capacity of Icu = 5kA, accord-
ing to IEC 60947-2 Annex P.
This series is specially developed for photovoltaic 
system applications and offers reliable protec-
tion for PV modules and lines against reverse cur-
rents from defective strings.

System voltage Current rating

up to 1500V DC up to 125A

Global Product Catalogue 2024 - MCBs (abb.com)

5.1.5	 Smissline TP

Smissline TP is a pluggable socket system that 
allows load-free devices and components to be 
plugged on and off under voltage with no need 
for additional personal protective equipment to 
guard against electrical hazards.
A specific MCBs range, named S400 M UC, is 
available for the Smissline TP system.

System voltage Current rating

Up to 440V DC MCCB up to 250A
MCB up to 63A

SMISSLINE TP 

5.2 Molded Case Circuit 
Breakers (MCCBs)

5.2.1	 Tmax T

Tmax T is a range that provides protection perfor-
mance in 1000V DC and 1500V DC systems, com-
pliant with the standard IEC 60947-2 and 
equipped with thermal magnetic trip units. The 
Tmax T circuit breakers for DC applications have 
four poles, which are connected in series to pro-
vide rated ultimate short-circuit breaking capac-
ity up to 50kA. 
Their rated current is up to 800A and come only in 
fixed version.

System voltage Current rating

Up to 1500V DC up to 800A
	

CATALOG SACE Tmax for special applications

5.2.2	 Tmax XT

Molded-case circuit breakers series SACE Tmax 
XT, complying with the IEC 60947-2 standard, and
equipped with thermal magnetic trip units, are di-
vided into six basic sizes, with rated uninter-
rupted current from 160A to 800A.

https://library.e.abb.com/public/ac7ba9f0b2fe4959848cfa4f6e8a7e2e/A_ELSB_Catalogue_2024_1st_Edition%202%20_MCB.pdf?x-sign=WHRBrrM6vsLqw44sfstUIs7WM0W7rTFAwcmR2yyBFFEt0cyikjb1Eq650%2bxu6ao%2b
https://library.e.abb.com/public/ac7ba9f0b2fe4959848cfa4f6e8a7e2e/A_ELSB_Catalogue_2024_1st_Edition%202%20_MCB.pdf?x-sign=WHRBrrM6vsLqw44sfstUIs7WM0W7rTFAwcmR2yyBFFEt0cyikjb1Eq650%2bxu6ao%2b
https://library.e.abb.com/public/ac7ba9f0b2fe4959848cfa4f6e8a7e2e/A_ELSB_Catalogue_2024_1st_Edition%202%20_MCB.pdf?x-sign=WHRBrrM6vsLqw44sfstUIs7WM0W7rTFAwcmR2yyBFFEt0cyikjb1Eq650%2bxu6ao%2b
https://library.e.abb.com/public/c18bbf2f9bd548079ef7c8e395107c83/9AKK107680A1146%20SMISSLINE%20TP%20Touch%20proof%20system%20final.pdf?x-sign=x2kD69KfleF0gIOxYkfMfK1vmcxLGD0BozH3X0CdRxvA2%2fv02GcMLn97UW6Q%2fqcR
https://library.e.abb.com/public/c18bbf2f9bd548079ef7c8e395107c83/9AKK107680A1146%20SMISSLINE%20TP%20Touch%20proof%20system%20final.pdf?x-sign=x2kD69KfleF0gIOxYkfMfK1vmcxLGD0BozH3X0CdRxvA2%2fv02GcMLn97UW6Q%2fqcR
https://new.abb.com/low-voltage/products/circuit-breakers/tmax/tmax-t-special-applications
https://new.abb.com/low-voltage/products/circuit-breakers/tmax/tmax-t-special-applications
https://library.e.abb.com/public/ac7ba9f0b2fe4959848cfa4f6e8a7e2e/A_ELSB_Catalogue_2024_1st_Edition%202%20_MCB.pdf?x-sign=WHRBrrM6vsLqw44sfstUIs7WM0W7rTFAwcmR2yyBFFEt0cyikjb1Eq650%2bxu6ao%2b
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The Tmax XT trip units are designed to be used in 
a wide range of applications, providing a suitable 
solution for protection against both overloads 
and short-circuits. The new X version assures Icu 
up to 100kA at 750V DC. 

For the protection thresholds against short-cir-
cuits, correction values (Km) must be used, ac-
cording to the type of distribution network and to 
the number of poles to be connected in series no 
impact on the thermal threshold.

System voltage Current rating

500-750V DC up to 800A
 

SACE Tmax XT IEC Low voltage molded case circuit 
breakers

5.3	Air Circuit Breakers 
(ACBs)

5.3.1	 Emax DC

The SACE Emax range of low voltage circuit break-
ers is completed by the new SACE Emax DC series 
of circuit breakers for direct current applications 
complying with the IEC 60947-2 standard. Thanks 
to the exclusive technology applied to the new 
SACE PR123/DC and PR122/DC trip units, the 
SACE Emax DC range allows all installation re-
quirements to be met and guarantees protection 
up to 1000V DC / 5000A. This series is a viable op-
tion not only for photovoltaic plants, but also for 
industrial, marine and data center applications. 
The withdrawable circuit breakers must be associ-
ated with the fixed parts in a special version for 
applications at 750/1000V DC.

 
System voltage Current rating

up to 1000V DC 800-5000A
	

ACE Emax DC Low voltage air circuit-breakers
for direct current applications

5.4	DC high-speed circuit 
breaker

Gerapid is a single pole, DC high-speed circuit 
breaker designed for use in DC traction power 
substations. It provides high interruption capac-
ity and has current limiting characteristics.

System voltage Current rating

750 – 1500 – 3000V DC up to 8000A

Gerapid - Circuit Breakers - Medium Voltage (Appa-
ratus) | ABB

5.5	Solid-State Circuit 
Breakers (SSCBs)

Solid-State Circuit Breakers (SSCBs) use semicon-
ductor devices, like Integrated Gate-Commutated 
Thyristors (IGCTs) and Insulated-Gate Bipolar 
Transistors (IGBTs) or MOSFETs, as switching 
mechanism. Unlike traditional circuit breakers, 
SSCBs eliminate arcs and offer much faster 
switching speed, typically less than 100µs, lead-
ing to reduced maximum fault currents. 
These characteristics make SSCBs attractive for 
applications where the circuit breakers are lo-
cated close to the protected equipment, such as 
in electric vehicle battery packs. 

Main components of the SSCBs (as in Figure 62 
and Figure 63) are:

•	Low-loss semiconductor device (IGCTs or IG-
BTs), which can turn off in a few 100µs range.

•	Voltage-clamping circuit (typically MOVs) to 
limit the overvoltage peak on the semiconduc-
tors and to dissipate the magnetic energy 
stored in the network, similarly to the arc in 
electromechanical circuit breakers.

•	Mechanical contacts in series with the semicon-
ductor device to provide the same isolation 
characteristic as electromechanical circuit 
breakers, according to the IEC 60947-2 stan-
dard.

•	Cooling system, either liquid or air-based, often 
required to avoid overheating and ensure stabil-
ity of the semiconductor devices.

https://library.e.abb.com/public/946efedf6071472681c39488ef6b2f12/1SDC210100D0206_Tmax%20XT_IEC_EN_08_2024.pdf?x-sign=0LQfFQM1AYihwiPVF%2bNN%2bmD8QVAAu81CjJVaH8oCB2D72R2bnmBKLDD9h49sv7lq
https://library.e.abb.com/public/946efedf6071472681c39488ef6b2f12/1SDC210100D0206_Tmax%20XT_IEC_EN_08_2024.pdf?x-sign=0LQfFQM1AYihwiPVF%2bNN%2bmD8QVAAu81CjJVaH8oCB2D72R2bnmBKLDD9h49sv7lq
https://library.e.abb.com/public/946efedf6071472681c39488ef6b2f12/1SDC210100D0206_Tmax%20XT_IEC_EN_08_2024.pdf?x-sign=0LQfFQM1AYihwiPVF%2bNN%2bmD8QVAAu81CjJVaH8oCB2D72R2bnmBKLDD9h49sv7lq
https://library.e.abb.com/public/946efedf6071472681c39488ef6b2f12/1SDC210100D0206_Tmax%20XT_IEC_EN_08_2024.pdf?x-sign=0LQfFQM1AYihwiPVF%2bNN%2bmD8QVAAu81CjJVaH8oCB2D72R2bnmBKLDD9h49sv7lq
https://library.e.abb.com/public/946efedf6071472681c39488ef6b2f12/1SDC210100D0206_Tmax%20XT_IEC_EN_08_2024.pdf?x-sign=0LQfFQM1AYihwiPVF%2bNN%2bmD8QVAAu81CjJVaH8oCB2D72R2bnmBKLDD9h49sv7lq
https://library.e.abb.com/public/946efedf6071472681c39488ef6b2f12/1SDC210100D0206_Tmax%20XT_IEC_EN_08_2024.pdf?x-sign=0LQfFQM1AYihwiPVF%2bNN%2bmD8QVAAu81CjJVaH8oCB2D72R2bnmBKLDD9h49sv7lq
https://library.e.abb.com/public/946efedf6071472681c39488ef6b2f12/1SDC210100D0206_Tmax%20XT_IEC_EN_08_2024.pdf?x-sign=0LQfFQM1AYihwiPVF%2bNN%2bmD8QVAAu81CjJVaH8oCB2D72R2bnmBKLDD9h49sv7lq
https://library.e.abb.com/public/946efedf6071472681c39488ef6b2f12/1SDC210100D0206_Tmax%20XT_IEC_EN_08_2024.pdf?x-sign=0LQfFQM1AYihwiPVF%2bNN%2bmD8QVAAu81CjJVaH8oCB2D72R2bnmBKLDD9h49sv7lq
https://library.e.abb.com/public/946efedf6071472681c39488ef6b2f12/1SDC210100D0206_Tmax%20XT_IEC_EN_08_2024.pdf?x-sign=0LQfFQM1AYihwiPVF%2bNN%2bmD8QVAAu81CjJVaH8oCB2D72R2bnmBKLDD9h49sv7lq
https://library.e.abb.com/public/946efedf6071472681c39488ef6b2f12/1SDC210100D0206_Tmax%20XT_IEC_EN_08_2024.pdf?x-sign=0LQfFQM1AYihwiPVF%2bNN%2bmD8QVAAu81CjJVaH8oCB2D72R2bnmBKLDD9h49sv7lq
https://library.e.abb.com/public/946efedf6071472681c39488ef6b2f12/1SDC210100D0206_Tmax%20XT_IEC_EN_08_2024.pdf?x-sign=0LQfFQM1AYihwiPVF%2bNN%2bmD8QVAAu81CjJVaH8oCB2D72R2bnmBKLDD9h49sv7lq
https://library.e.abb.com/public/676fe10fedcd484280466863ab50a791/1SDC200012D0202.pdf?x-sign=FilwH1Qp8L0frEA%2fL%2fpO1AiIKFk9romjBZz0Ya%2faFRFZbddoLrEZkfeQma4rOOv4
https://library.e.abb.com/public/676fe10fedcd484280466863ab50a791/1SDC200012D0202.pdf?x-sign=FilwH1Qp8L0frEA%2fL%2fpO1AiIKFk9romjBZz0Ya%2faFRFZbddoLrEZkfeQma4rOOv4
ACE Emax DC Low voltage air circuit-breakers for direct current applications
https://library.e.abb.com/public/676fe10fedcd484280466863ab50a791/1SDC200012D0202.pdf?x-sign=FilwH1Qp8L0frEA%2fL%2fpO1AiIKFk9romjBZz0Ya%2faFRFZbddoLrEZkfeQma4rOOv4
https://new.abb.com/medium-voltage/apparatus/circuit-breakers/gerapid
https://new.abb.com/medium-voltage/apparatus/circuit-breakers/gerapid
https://new.abb.com/medium-voltage/apparatus/circuit-breakers/gerapid
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Liquid cooling
system

Power electronic
Low loss IGCT technology 
Energy absorbing MOV
Fully bidirectional

Protection unit
Advanced protections
(LSG, UV, OV, UP, OP, ...)
Network analyzer
Metering
Communication

Withdrawable frame:
Rack in/out of 2 sections
indipendently.

Isolation switch

Inductance
0-3.5 - 16µH

Figure 62 Components of the SACE Infinitus solid-state circuit breaker: external view

ABB launched on the market the first SSCB, SACE 
Infinitus, which is compliant with IEC 60947-2, 
the EC “Low voltage directive” (LVD) No 2014/35/
EC, the EC Electromagnetic compatibility direc-
tive 2014/30/EC as well as DNV shipping register.

Figure 63 Components of the SACE Infinitus 
solid-state circuit breaker: internal view
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The SSCB architecture has 1 protected pole and 2 
isolated poles. The required fault current han-
dling capabilities depend on the earthing. 
Considering the fault analysis of isolated sys-
tems presented in Chapter 3, the short-circuit 
current will always flow in both poles (or there is 
no current flow in case of single fault to earth). 
Therefore, the basic configuration of SACE Infini-
tus, having a semiconductor switch in one pole 
only, is adequate for fault handling in isolated 
systems.

On the other hand, galvanic isolation after cur-
rent interruption, also in normal operation, must 
always be applied on both poles to ensure 
people's safety and provide adequate impulse 
withstand voltage protection of the discon-
nected circuit.

Typical voltage and current waveforms are shown 
in the Figure 64.
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Figure 64 Voltage and current waveforms during 
fault current interruption with a solid-state 
circuit breaker

V pk

V dc

i pk

i 

fault fault
detection

IGCT i MOV

i dc

System voltage Current rating

up to 1250V DC 2500A

ABB reinvents the circuit breaker - Circuit Breakers 
Low Voltage - ABB

5.6 Switch-disconnectors 
Switch-disconnectors are mainly used as:

•	 	general disconnection devices in sub-switch-
boards

•	 	switching and insulation devices for lines, 
busbars, or group of apparatus

•	 	bus ties (connecting/disconnecting switch-
board sections).

In the open position, the disconnector guaran-
tees a sufficient insulation distance (between the 
contacts) to ensure safety and to guarantee over-
voltage withstand.
 
The making capacity Icm is highly important since 
a switch-disconnector must be able to withstand 
the dynamic, thermal and current stresses which 
can occur during closing operations without be-
ing destroyed, right up to short-circuit closing 
conditions.

Switch-disconnectors based on MCBs, MCCBs 
and ACBs range feature the same overall dimen-
sions, versions and can usually be fitted with the 
same accessories.

5.6.1	 S800PV-M-H

The S800PV-M-H, only available as 2-pole device, 
provides isolation protection up to 100A and 
1000V DC with Icw=1.5kA in accordance with IEC 
60947-3. These disconnectors have a nominal cur-
rent range up to 100A, covering a large range of 
applications. For example, it is used as a main 
switch for PV systems: the whole DC side can be 
safely isolated, either locally or remotely. S800PV-
M-H guarantees safe switching under load and is 
suitable for international use.

System voltage Current rating

up to 1000V DC up to 100A

S800PV-M-H Polarized Disconnector 

5.6.2	 S800PV-SD

The S800PV-SD provides isolation protection up 
to 125A and 1500V DC with Icw=1.5kA in accor-
dance with IEC 60947-3 and Annex D. This series 
has compact design for installation on the DIN 
rail.

System voltage Current rating

up to 1500V D up to 125A

S800PV-SD Disconnector - High performance cir-
cuit breakers

https://new.abb.com/low-voltage/products/circuit-breakers/abb-reinvents-the-circuit-breaker
https://new.abb.com/low-voltage/products/circuit-breakers/abb-reinvents-the-circuit-breaker
https://new.abb.com/low-voltage/products/circuit-breakers/abb-reinvents-the-circuit-breaker
https://new.abb.com/low-voltage/products/circuit-breakers/abb-reinvents-the-circuit-breaker
https://new.abb.com/low-voltage/products/circuit-breakers/abb-reinvents-the-circuit-breaker
https://new.abb.com/low-voltage/products/circuit-breakers/abb-reinvents-the-circuit-breaker
https://new.abb.com/low-voltage/products/system-pro-m/high-performance-circuit-breakers/s800pv-m-h-polarized-disconnector
https://new.abb.com/low-voltage/products/system-pro-m/high-performance-circuit-breakers/s800pv-m-h-polarized-disconnector
https://new.abb.com/low-voltage/products/system-pro-m/high-performance-circuit-breakers/s800pv-m-disconnector
https://new.abb.com/low-voltage/products/system-pro-m/high-performance-circuit-breakers/s800pv-m-disconnector
https://new.abb.com/low-voltage/products/system-pro-m/high-performance-circuit-breakers/s800pv-m-disconnector
https://new.abb.com/low-voltage/products/system-pro-m/high-performance-circuit-breakers/s800pv-m-disconnector
https://new.abb.com/low-voltage/products/system-pro-m/high-performance-circuit-breakers/s800pv-m-disconnector
https://new.abb.com/low-voltage/products/system-pro-m/high-performance-circuit-breakers/s800pv-m-disconnector
https://new.abb.com/low-voltage/products/system-pro-m/high-performance-circuit-breakers/s800pv-m-disconnector
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5.6.3	 Tmax XT switch 
disconnectors

Tmax XT-based switch-disconnectors allow re-
mote trip, remote operations and a full offer of 
accessories.
Tmax XT disconnectors comply with the utiliza-
tion categories defined by IEC 60947-3 standard.

System voltage Current rating

up to 750V DC up to 1250A
 	
SACE Tmax XT
Low voltage molded case circuit-breakers

5.6.4 	Tmax T-PV

SACE Tmax PV is the range of switch-disconnec-
tors for application up to 1500V DC and it is com-
posed by a complete set of switch-disconnectors 
up to 1600A, suitable for photovoltaic applica-
tions. 

System voltage Current rating

up to 1500V DC 1600A
		
SACE Tmax for special applications

5.6.5	 Emax DC switch-
disconnectors

ABB SACE has developed the SACE Emax/E MS 
range of switch-disconnectors for direct current 
applications up to 1000V complying with the IEC 
60947-3 standard. These circuit breakers are par-
ticularly suitable for use as bus-ties or main 
switch-disconnectors in direct current plants, 
such as electric traction applications.

System voltage Current rating

up to 1000V DC up to 6300A

Emax DC - Circuit Breakers Low Voltage - ABB

5.6.6	 Emax 2 MS- 1500V DC

The SACE Emax 2 MS/DC-E IEC range has been 
developed for installations up to 1500V DC and 
4000A, with short-time withstand current up to 
100kA. The SACE Emax 2 MS/DC-E is compliant 
with DC-PV2, the most demanding utilization cat-
egory according to IEC 60947-3 Annex D, since it 
requires the ability to connect and disconnect PV 
circuits where significant overcurrents may occur 
and where current flow can be in either direction; 
these are common characteristics of centralized 
PV systems.
	
System voltage Current rating

up to 1500V DC up to 4000A

SACE Emax 2 MS/DC-E. Air Switch-disconnectors 
at 1500V DC

https://library.e.abb.com/public/946efedf6071472681c39488ef6b2f12/1SDC210100D0206_Tmax%20XT_IEC_EN_08_2024.pdf?x-sign=7PL9pXVeuuVqhcLHnTUN%2fRTG0IWh5yhbL7CsHkGCG0rPs90tRMuMmNbLGA%2fwzzEB
https://library.e.abb.com/public/946efedf6071472681c39488ef6b2f12/1SDC210100D0206_Tmax%20XT_IEC_EN_08_2024.pdf?x-sign=7PL9pXVeuuVqhcLHnTUN%2fRTG0IWh5yhbL7CsHkGCG0rPs90tRMuMmNbLGA%2fwzzEB
https://new.abb.com/low-voltage/products/circuit-breakers/xt
https://library.e.abb.com/public/946efedf6071472681c39488ef6b2f12/1SDC210100D0206_Tmax%20XT_IEC_EN_08_2024.pdf?x-sign=7PL9pXVeuuVqhcLHnTUN%2fRTG0IWh5yhbL7CsHkGCG0rPs90tRMuMmNbLGA%2fwzzEB
https://new.abb.com/low-voltage/products/circuit-breakers/tmax/tmax-t-special-applications
https://new.abb.com/low-voltage/products/circuit-breakers/legacy-products/sace-new-emax/emax-dc
https://new.abb.com/low-voltage/products/circuit-breakers/legacy-products/sace-new-emax/emax-dc
https://new.abb.com/low-voltage/products/circuit-breakers/legacy-products/sace-new-emax/emax-dc
https://library.e.abb.com/public/6377211c650b4a969cfb734477d40a29/1SDC200045D0201_SACE%20Emax%202%20MS_DC-E_2024_12.pdf?x-sign=yhXgneltVJFyU3yf5tVrBp9miHUadeZPUeuQAQtQLmQf70fHITVBdmmANjlh3Xv4
https://library.e.abb.com/public/6377211c650b4a969cfb734477d40a29/1SDC200045D0201_SACE%20Emax%202%20MS_DC-E_2024_12.pdf?x-sign=yhXgneltVJFyU3yf5tVrBp9miHUadeZPUeuQAQtQLmQf70fHITVBdmmANjlh3Xv4
https://library.e.abb.com/public/9e58e0beca164276b172f16e41a04344/1SDC200045D0201_Ct%20Emax%202%20MS_DC-E_en_2021.07.pdf?x-sign=KmREsQN0cnxja2RudtYUaduo%2fkyE7vYxtiE%2bIufcMAnPSx4E9ivx7DykFI9fH7Q9
https://new.abb.com/low-voltage/products/circuit-breakers/tmax/tmax-t-special-applications
https://library.e.abb.com/public/6377211c650b4a969cfb734477d40a29/1SDC200045D0201_SACE%20Emax%202%20MS_DC-E_2024_12.pdf?x-sign=yhXgneltVJFyU3yf5tVrBp9miHUadeZPUeuQAQtQLmQf70fHITVBdmmANjlh3Xv4
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5.6.7	 OTDC Switch-disconnectors 
16A to 1000A

If operation under load is required, OTDC 
switch-disconnectors have a robust and high 
switching performance from 16A to 1000A, up to 
1500V DC. The utilization categories covered are 
from DC-21B up to DC-22B and DC-PV2. OTDC 
switches allow multi-circuit switching with a small 
footprint. OTDC switches have a high Icw up to 
63kA and have been tested with fuses up to 
100kA. 
They are certified according to DNV* GL.

 System voltage Current rating

up to 1500V DC 16 - 1000A 	

DC switch-disconnectors - Switches | ABB

* DNV stands for Det Norske Veritas, an international accredited 
registrar and classification society that provides services for several 
industries like maritime, renewable energy, etc.

5.6.8	 OT disconnectors 1.6kA to 
4kA

OT disconnectors are suitable for applications in 
DC-20 category that do not require operation un-
der load and where reliable isolation is needed.
OT Disconnectors have a high Icw up to 100kA and 
high maximum let-through peak currents. An 
electrical interlock enables safe operation for us-
ers.

System voltage Current rating

up to 1500V DC 1600 - 4000A
	
DC switch-disconnectors - Switches | ABB
requires the ability to c

5.6.9	 Enclosed OTDC switches

OTDCP from 16 to 32A (IEC 60947) offers DC volt-
age ratings up to 1000V DC and a control of up to 
two circuits within the same footprint area. 
Safety and protection are ensured with IP65 rat-
ing and the handle is pad-lockable.

System voltage Current rating

up to 1000V DC up to 32A

Enclosed DC switches OTDCP from 16 to 32 Am-
peres - DC switch-disconnectors (Switches) | ABB

5.7 	Switch-fuses and fuse 
gear 

5.7.1	 Fuse bases OFAZ and OFAX

Fuse bases can be used in combination with NH 
fuse-links according to IEC 60269-2 and DIN VDE 
0636-2 and solid links. Fuse bases offer a com-
pact and simple solution for protection against 
short-circuit and overcurrents. Fuses as protec-
tive elements are characterized by galvanically sil-
ver-plated contacts providing reliable and high 
performing contact characteristics. OFAZ and 
OFAX fuse bases are available as open types or 
fully protected IP20 versions.

System voltage Current rating

up to 1000V DC up to 1250A

Fuse bases - ABB Low Voltage Fusegear

https://new.abb.com/low-voltage/products/switches/dc-switch-disconnectors-16-1600-a
https://new.abb.com/low-voltage/products/switches/dc-switch-disconnectors-16-1600-a
https://new.abb.com/low-voltage/products/switches/dc-switch-disconnectors-16-1600-a
https://new.abb.com/low-voltage/products/switches/dc-switch-disconnectors-16-1600-a
https://new.abb.com/low-voltage/products/switches/dc-switch-disconnectors-16-1600-a
https://new.abb.com/low-voltage/products/switches/dc-switch-disconnectors-16-1600-a
https://new.abb.com/low-voltage/products/switches/dc-switch-disconnectors-16-1600-a/enclosed-dc-switches-otdc-from-16-to-32-amperes
https://new.abb.com/low-voltage/products/switches/dc-switch-disconnectors-16-1600-a/enclosed-dc-switches-otdc-from-16-to-32-amperes
https://new.abb.com/low-voltage/products/switches/dc-switch-disconnectors-16-1600-a/enclosed-dc-switches-otdc-from-16-to-32-amperes
https://new.abb.com/low-voltage/products/fusegear/fuse-bases
https://new.abb.com/low-voltage/products/fusegear/fuse-bases
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5.7.2	 OS manual operated

OS switch-fuses are suitable for marine applica-
tions. The OS range includes switch-fuses from 
20 to 1250A, available for most common fuses: 
DIN, BS, NFC, CC, JJ and L types. OS switch-fuses 
are DNV GL marine certified and come with a 
wide range of different accessories such as inter-
locking and fuse monitoring devices.

System voltage Current rating

up to 1000V DC 20 1250A

Manual operated switch-fuses - Switches | ABB

5.7.3	 Fuse switch-disconnectors
EasyLine range of fuse switch-disconnectors en-
sures high protection and reliable operation from 
160A to 630A. Variants up to 440V DC are avail-
able as 1- or 2-pole design.

System voltage Current rating

up to 440V DC 160-630A

EasyLine - XLP - ABB Low Voltage Fusegear

The SlimLine XRG switch-disconnector fuse drives 
high energy efficiency, reducing temperature rise 
and enabling higher performance across the panel 

5.7.4	 E90 PV fuse holders and 
fuses

E 90 PV fuse holders have been specifically de-
signed for photovoltaic applications. Thanks to 
their rated voltage up to 1000V DC  and 1500V 
DC, they are the ideal solution for protecting 
cells, inverters or surge arresters. In case of main-
tenance, they ensure isolation of circuits and 
strings up to 1500V in direct current, in total 
safety.

The 1000V DC E90 PV device has been tested in 
accordance with IEC 60947-3 (DC-20B), while the 
1500V DC fuse holder has undergone testing 
compliant with IEC 60269-1 standard.

System voltage Current rating

up to 1500V DC up to 32A
		
E90 PV fuse holder 1500V DC for solar applications

E 90 range of fuse disconnectors and fuseholders. 
Uncompromising performance (abb.com)

  

board. Variants with rated voltage 110V and 550V 
DC are available.

System voltage Current rating

up to 500V DC 125-630A

		
SlimLine XR - ABB Low Voltage Fusegear 

https://new.abb.com/low-voltage/products/switches/manual-operated-switch-fuses
https://new.abb.com/low-voltage/products/switches/manual-operated-switch-fuses
https://new.abb.com/low-voltage/products/fusegear/easyline---xlp
https://new.abb.com/low-voltage/products/fusegear/easyline---xlp
https://new.abb.com/low-voltage/products/fusegear/easyline---xlp
https://new.abb.com/low-voltage/products/system-pro-m/protection-and-safety-devices/fuse-holders/e-90/e90-pv-fuse-holder-1500-v-dc
https://new.abb.com/low-voltage/products/system-pro-m/protection-and-safety-devices/fuse-holders/e-90/e90-pv-fuse-holder-1500-v-dc
https://library.e.abb.com/public/2d659bd17d454cb7bb067c7e0c95b9d0/2CSC444002B0204%20RevD%20E%2090%20range%20final.pdf?x-sign=EPHW4uekDdH85XVvCMN9WvwJwQ93oGnu%2bvWUIDdhjIQYeK57zYOMbyy9UXZQLmYg
https://library.e.abb.com/public/2d659bd17d454cb7bb067c7e0c95b9d0/2CSC444002B0204%20RevD%20E%2090%20range%20final.pdf?x-sign=EPHW4uekDdH85XVvCMN9WvwJwQ93oGnu%2bvWUIDdhjIQYeK57zYOMbyy9UXZQLmYg
https://library.e.abb.com/public/2d659bd17d454cb7bb067c7e0c95b9d0/2CSC444002B0204%20RevD%20E%2090%20range%20final.pdf?x-sign=EPHW4uekDdH85XVvCMN9WvwJwQ93oGnu%2bvWUIDdhjIQYeK57zYOMbyy9UXZQLmYg
https://new.abb.com/low-voltage/products/fusegear/slimline-xr
https://new.abb.com/low-voltage/products/fusegear/slimline-xr
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5.8 Contactors 
5.8.1	 GF and GAF contactors

GF and GAF contactors are specifically designed 
for switching DC circuits up to 1500V. This prod-
uct is suitable for applications such as PV, Electric 
Vehicle (EV) charging, UPS and energy storage 
systems.

		
System voltage Current rating

GF: up to 1500V DC
GAF: up to 1000V DC

875-1325A
up to 2050A

Contactors for DC switching - Motor protection and 
control | ABB

5.8.2	 AF contactor range

ABBs AF contactor range can also be used for 
switching circuits up to 850V DC. 

System voltage Current rating

< 72  – 850V DC 16 – 2650A 	

Motor protection and control | ABB

5.8.3	 Installation contactors

ABB’s hum-free installation contactor designs of-
fer a wide range of ratings from 16A to 100A. 
They are widely used in buildings for switching 
and controlling lighting, heating, ventilation. With 
an innovative AC/DC design that eliminates hum, 

a selection of tool-free accessories as well as 
manual and automatic versions is available.

System voltage Current rating

up to 220V DC up to 100A

Installation contactors - Motor protection and con-
trol | ABB

5.8.4	 Contactor relays for 
auxiliary circuit switching

ABB’s contactor relays offer features a variety of 
products for different applications. NF contactor 
relays can be used in almost all network condi-
tions. The mini contactor relays range offers vari-
ous contact combinations and specific connec-
tion possibilities. The AS contactor relays allow 
users to optimize their equipment design appli-
cations.

System voltage Current rating

up to 600V DC up to 1000A

Contactor relays for auxiliary circuit switching - Mo-
tor protection and control | ABB

https://new.abb.com/low-voltage/products/motor-protection/contactors-for-dc-switching
https://new.abb.com/low-voltage/products/motor-protection/contactors-for-dc-switching
https://new.abb.com/low-voltage/products/motor-protection/contactors-for-dc-switching
https://new.abb.com/low-voltage/products/motor-protection
https://new.abb.com/low-voltage/products/motor-protection
https://new.abb.com/low-voltage/products/motor-protection/installation-contactors
https://new.abb.com/low-voltage/products/motor-protection/installation-contactors
https://new.abb.com/low-voltage/products/motor-protection/installation-contactors
https://new.abb.com/low-voltage/products/motor-protection/contactor-relays-for-auxiliary-circuit-switching
https://new.abb.com/low-voltage/products/motor-protection/contactor-relays-for-auxiliary-circuit-switching
https://new.abb.com/low-voltage/products/motor-protection/contactor-relays-for-auxiliary-circuit-switching
https://new.abb.com/low-voltage/products/motor-protection/contactor-relays-for-auxiliary-circuit-switching
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5.10 Relays and control 
5.10.1 Single-phase monitoring 
relays
For monitoring currents and voltages in sin-
gle-phase AC/DC systems, ABB's CM-range con-
tains a wide selection of powerful and compact 
devices, all in only 22.5mm wide housing. This 
product range includes current and voltage moni-
toring relays for over- and undercurrent and volt-
age protec-tion from 3mA to 15A, and from 3V to 
600V DC.

System voltage* Current rating*

up to 600V DC 0.003 to 15A

System voltage* Current rating*

up to 600V DC 0.1 to 200A

* Rated characteristics differ from model to model, please 
refer to the technical catalogue 

*Rated characteristics differ from model to model, please 
refer to the technical catalogue 

Single phase monitoring relays

5.10.2 Thermal overload relays
Thermal overload relays are electromechanical 
protection devices for DC motors. In combination 
with contactors, they provide reliable protection 
against overloads and phase failures. They allow 
for setting up customized motor starting solu-
tions according to individual needs. Thermal 
overload re-lays are rated as DC loads (e.g., for 
motors used in solar panel tracking systems).

Thermal overload relays

5.9 Surge Protective Devices 
5.9.1	 OVR PV QS

Combined Type 1 and Type 2 SPDs can guarantee 
overvoltage reduction to protect end-equip-
ment, whether the surge comes from a lightning 
strike or power grid perturbation. 
This is due to  its functions as Type 1 able to with-
stand 10/350µs waveform, as well as Type 2 for 
8/20µs waveform, to limit the voltage rise.

This range aims at covering the main needs of 
large-scale PV power plants: keeping the solar 
production running, whatever the atmospheric 
discharge. This being from 600V DC up to 1500V 
DC.

OVR PV | ABB

https://new.abb.com/low-voltage/products/electronicrelays/monitors/single-phase-monitoring-relays
https://new.abb.com/low-voltage/products/electronicrelays/monitors/single-phase-monitoring-relays
https://new.abb.com/low-voltage/products/motor-protection/3-pole-contactors-and-overload-relays-for-motor-starting/thermal-overload-relays
https://new.abb.com/low-voltage/products/motor-protection/3-pole-contactors-and-overload-relays-for-motor-starting/thermal-overload-relays
https://new.abb.com/low-voltage/products/surge-protective-devices/ovr-pv
https://new.abb.com/low-voltage/products/surge-protective-devices/ovr-pv
https://new.abb.com/low-voltage/products/surge-protective-devices/ovr-pv
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System voltage* Current rating*

250V DC up to 80A

Input voltage* Output voltage* Rated output power*

90-820V DC 5-24V DC 10-960W

System voltage Current rating

24V DC 0.5 to 12A

* Rated characteristics differ from model to model, please 
refer to the technical catalogue 

* Rated characteristics differ from model to model, please 
refer to the technical catalogue 

*Rated characteristics differ from model to model, please 
refer to the technical catalogue 

5.10.4 EPD24 
EPD24 is a selective protection device for 24V DC 
load circuits: it is a 4-channel electronic circuit 
breaker with an overall width of only 25mm. Its 
rated currents are adjustable from 1A – 10A (en-
try) or 0.5A – 12A (advanced). It is used for switch-
ing on capacitive loads up to 40mF at rated cur-
rent of 12A.

5.10.5 Manual motor starters 
This is a broad range of manual motor starters, 
for protection and control in many situations  
including hazardous areas, protecting installa-
tions from short-circuits, overloads and phase 
failures while also controlling the current flow 
through a simple ON/OFF switch. These manual 
motor starters are suitable for use with DC-5 utili-
zation category (DC-5 Series motors: starting, 
plugging, inching, dynamic breaking of DC mo-
tors) for loads like traction systems, cranes, and 
hoists.

5.10.6 Insulation monitoring 
relays
These CM-IWx insulation monitoring relays for IT 
systems provide continuous, reliable monitoring. 
The devices recognize insulation faults as they 
develop, tripping as soon as the value falls below 
minimum set thresholds.tors) for loads like trac-
tion systems, cranes, and hoists.

Power supplies

EPD24 - Selective protection of 24V DC load circuits

Insulation monitoring relays

Manual motor starters

5.10.3 Power supplies
Reliable power supply units are vital components 
in energy management and automation technol-
ogy. 
They are available in four different ranges to cover 
different application requirements; the CP range, 
for example, offers maximum value from eco-
nomic to high-end solutions.

System voltage*

up to 1500V DC

https://new.abb.com/low-voltage/products/power-supplies
https://new.abb.com/low-voltage/products/system-pro-m/protection-and-safety-devices/epd24
https://new.abb.com/low-voltage/products/electronicrelays/monitors/insulation-monitoring-relays
https://new.abb.com/low-voltage/products/motor-protection/manual-motor-starter
https://new.abb.com/low-voltage/products/power-supplies
https://new.abb.com/low-voltage/products/system-pro-m/protection-and-safety-devices/epd24
https://new.abb.com/low-voltage/products/motor-protection/manual-motor-starter
https://new.abb.com/low-voltage/products/electronicrelays/monitors/insulation-monitoring-relays
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5.11.4 Accessories for S800-
HPMCBs

5.11 Accessories 
5.11.1 Signal/Auxiliary contacts

 
These devices allow to choose between indication 
of the device’s contacts position and fault signal-
ing (overcurrent/short-circuit for MCBs and RC-
BOs, earth fault for RCCBs and RCBOs). They are 
suitable for MCBs S 200 series, SN 201 series, RC-
CBs F 200 series, RCBOs DS201, DS202C, DS 200 
series.

S2C-S/H6R | SmartLinks | ABB 

5.11.2 Shunt trip
The S 2C-A1 and S 2C-A2 shunt trips perform re-
mote opening of the device when a voltage is ap-
plied. They are suitable for MCBs S200 series and 
RCBOs DS 200 series, up to 250V DC voltage.

S2C-A1 | SmartLinks | ABB

5.11.3 Undervoltage release
The S2C-UA 24 DC undervoltage release has the 
function to protect the load in case of a voltage 
drop included between 70% and 35% of its rated 
value. Positive safety (device tripping when the 
voltage is disconnected) emergency stop is 
achieved by means of a button. It is suitable for 
MCBs S200 series, RCCBs F200 series and RCBOs 
DS201, DS202C, DS200 series, in circuits with 
rated voltage 24V DC. 

S2C-UA 24 DC | SmartLinks | ABB

S800-RSU S800-SOR

Remote Switching Unit Shunt Opening Release

S800-AUX-ALT S800-NT

Auxiliary + Signal Contact Disconnectable Neutral

CMS

CMS Sensor Auxiliary Contact

S800-AUX

—
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https://new.abb.com/products/2CDS200922R0001/s2c-s-h6r
https://new.abb.com/products/2CDS200922R0001/s2c-s-h6r
https://new.abb.com/products/2CDS200909R0001/s2c-a1
https://new.abb.com/products/2CDS200909R0001/s2c-a1
https://new.abb.com/products/2CSS200911R0007/s2c-ua-24-dc
https://new.abb.com/products/2CSS200911R0007/s2c-ua-24-dc
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S800-RT/CT

Interchangeable terminal adapter

DDA 800

RCD Block Factory Assembled RCBO

S800-RD 5.11.5 Jumpers

In DC applications, the performance of switch-
disconnectors and circuit breakers is strongly 
influenced by the wiring methods, especially 
when realizing the series of 2 side-by-side poles. 
To help the wiring, ABB supplies kits of jumpers 
shaped to fit suitably on the products.

The jumper's choice is based on the needs of the 
installation. It is possible to realize the connection 
of all poles on one single polarity (3 poles in series 
and 4 poles in series jumpers) or to divide the 
poles on both polarities with different wiring 
combinations possible. For example, two poles in 
series on the positive supply terminal and the 
other two poles in series on the negative supply 
polarity.  

Some of the jumpers are realized with heat sink to 
assure the right heat dissipation when required. 
The performances declared in the DC switch-dis-
connectors and circuit breaker tables are tested 
with ABB original jumpers.

S800-BB

S800 Busbar System

S802-LINK S802-SCL-SR

Pole Connector Self-resetting Short Circuit 
Limiter

S800-UVR

Undervoltage Release Rotary Drive

S800-RD
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6	 Guidelines for protection device 

selection
The most dominant parameter for the perfor-
mance of the protection device is the voltage 
level. A breaker must be capable to withstand the 
(maximum) voltage that occurs in the considered 
application. The second parameter is the current 
level.
In DC grids with converter sources, the converter 
may limit the fault current to two or three times 
the nominal current, so the downstream circuit 
breaker must be able to trip reasonably fast at 
these low currents. If the nominal current of the 
selected circuit breaker is too high, then the 
breaker will not see this overcurrent as a fault.
Too high rated current for the breaker requires 
suitable cables as well, which in case of low cur-
rent loads will be oversized. Therefore, it is very 
important to match the rated circuit breaker cur-
rent to the network current.
It is highly recommended to observe the individ-
ual applications for the different conditions listed 
in the Chapter 4.

6.1 Parameters relevant to 
selection 

Different protection devices trip within a specific 
time in case of a fault. This time is the sum of two 
main intervals: fault detection and breaking time:

	- fault detection can be done by various criteria 
and techniques; however, the time needed to 
complete this action is relatively constant, in-
dependently on the protection device chosen. 

	- breaking time significantly changes with re-
spect to the protection technology used. In 
the following, we will address the main param-
eters that influence breaker’s tripping time for 
each interruption technology.

6.1.1	 Conventional Thermal-
Magnetic Circuit Breakers
We can classify Miniature Circuit Breakers (MCBs), 
Molded-Case Circuit Breakers (MCCBs) and Air 
Circuit Breakers (ACBs) as electromechanical, i.e., 
thermal-magnetic protection devices. They use at 
least one pair of electrical contacts, one fixed and 
one moving contact, which provide a sufficiently 
wide isolation distance in open state. 
By that, a secure galvanic separation is provided 
even under high voltage impulses. These breakers 
act via conventional electromagnetic actuators, 
partly in combination with a bimetal as a thermal 
release. The fault detection is done in a passive 
way: by designing an adequate balance of me-
chanical spring force and electromagnetic forces. 
In case of a fault, the current increases drastically 
and thereby the electromagnetic forces overcome 
the mechanical spring forces, which starts the 
contact separation and arc extinction process. 
The common isolation media is air.

A simplified DC circuit with thermal-magnetic cir-
cuit breaker, as the one in the Figure 65, is charac-
terized by voltage and current waveforms like in 
the Figure 66. As soon as the contacts open (end 
of tV), the limiting of the prospective short-circuit 
current starts. 

Figure 65 Electrical circuit of a thermal-
magnetic circuit breaker in DC grid 

Rgrid

Vdc Varc

Idc Lgrid
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The arc, which occurs between the two contacts, 
commutes to the arc chamber, which can be seen 
in a drastic voltage increase by measuring the arc 
voltage. 

Figure 66 Arc interruption in electromechanical 
circuit breakers

Figure 67 Current rise at different time 
constants τ

The current limitation is at its maximum when the 
arc voltage is higher than the driving network volt-
age Vdc. When the current is zero, the arc is extin-
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guished, and the measured voltage over the 
breaker is equal to the driving network voltage.
In Figure 66, t1 is the response time, t2 the arc ex-
tinction time, t3 is the clearing time and tv is the 
mechanical opening time.
The clearing time of these circuit breakers is 
made of two major parts:
•	 	mechanical opening time, which ranges from 

approximately 1ms for smaller MCBs to about 
10ms or more for larger MCCBs and ACBs;

•	 	arc extinction time, which can last from milli-
seconds to tens of milliseconds and depends 
on the fault voltage and on the inductive energy 
stored in the circuit.

In current limiting devices, the arc extinction pro-
cess for AC and DC is very similar. In AC applica-
tions, some breaker designs do not limit the fault  
current by acting and influencing the arc, but 
simply withstand the current rise until the next 
zero crossing of the current. If the isolation dis-
tance is then high enough to prevent a re-ignition 
of the arc, the current stays zero, which means 
the current interruption process was successful. 
Devices which are awaiting the next zero cross-
ing cannot be applied in DC networks.

According to the IEC 60947-2, each breaker is 
characterized by a rated short-circuit capacity Icu, 
indicating the maximum prospective short-cir-
cuit current Ipros that the breaker can interrupt at 
a given time constant τ. The breaker is expected 
to interrupt any currents up to Icu.
According to the product standard IEC 60947-2, 
the Icu performance is evaluated with τ= 5 ms (for 
short-circuit conditions and Ipros <10 kA) The 
higher the prospective short-circuit current, the 
higher the τ. For short-circuit currents higher 
than 20kA, τ= 15 ms.

Figure 67 shows the rise of fault currents in 
different electrical circuits characterized by 
different time constants, but the same prospective 
short-circuit current of 10kA (assumption). 
The time “0” represents the point in time when the 
short circuit is assumed to happen. The total fault 
clearing times are usually constant for a certain 
breaker type (e.g., 2ms). 
Thereby, the figure illustrates that the fault current 
that needs to be handled by the breaker increases 
significantly when τ is lower. For example, at 

τ1 = 1ms, the current is about 9kA, while in a circuit 
with τ3 = 5ms, the current is about 3kA.  
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For the MCCBs and ACBs to trip effectively, it is 
necessary to determine a threshold current value 
Iset, which must be lower than Icu, yet sufficiently 
larger than the maximum expected current in nor-
mal operating conditions to avoid unwanted 
trips. The circuit breaker works properly when the 
fault current is higher than Iset for a time longer 
than the time needed to detect the fault. Typi-
cally, this happens when:

•	 	the short-circuit power of the system is quite 
large, i.e. the fault steady-state current value is 
larger than Iset, or 

•	 	the short-circuit current of the system is quite 
small (e.g., when the power converters limit the 
fault current to 2In with their control system, 
but the line inductance is large enough. 

These electromechanical devices may not work 
properly when the short-circuit power of the sys-
tem and the line inductance are small, as the ca-
pacitor discharge transient (stage one) might be 
too fast for fault detection, so the breaker cannot 
trip (particularly for large MCCBs and ACBs). If 
this is the case, the design of the protection sys-
tem is quite challenging.

On the other hand, due to their relatively slow re-
sponse with respect to solid-state circuit break-
ers, traditional circuit breakers typically interrupt 
the current after the capacitor discharge tran-
sient. Therefore, they do not necessarily need to 
have Icu exceeding the peak value of the fault cur-
rent.

Despite these challenges, the use of electrome-
chanical protection devices in active LVDC grids 
is possible with thermal-magnetic protection as 
the most suitable option. 

However, as the steady-state fault current in DC 
grids can be quite low, typical Time-Current 
Curves (TCC) are not suitable because the trip-
ping time would be too long. In this case, mag-
netic thresholds Iset can be set rather low, for ex-
ample, 2-3 times the nominal current In. Such low 
magnetic ratings are not used in commercial AC 
thermal-magnetic circuit breakers, so special de-
vices and designs are needed.

6.1.1.1  Arc extinction in thermal-
magnetic circuit breakers
The Figure 68 represents a simplified electrical 
network with a DC source, a load and a protection 
device. The load includes(*) the equivalent grid 
and cable parameters upstream the protection 
device. Therefore, it is represented by a resis-
tance Rgrid  and inductance Lgrid. The protection 
device is represented by its two contact points 
and a voltage drop VCB. Of course, also capacitive 
loads can be part of the network.

Figure 68 Electrical circuit using thermal-
magnetic circuit breaker in DC grid

From the voltage equation of the circuit in Figure 
68,

, (6.1)

we can express the current derivative:
(6.2)

To have the fault current crossing zero, its means 
that its derivative  di/dt must be negative and de-
crease, so the current eventually reaches zero. Ac-
cording to the right-hand side of (6.2), Vdc - VCB 
must be negative. We cannot rely on the Rgrid* I 
term because it might not be large enough to 
drive the current to zero. 

Therefore, to limit and break a DC current, the cir-
cuit breaker must build up an arc voltage VCB that 
exceeds the source voltage Vdc , i.e., VCB > Vdc.
 
This is simple in low-voltage DC networks below 
60V, but the higher the DC voltage, the more diffi-
cult the voltage build up is.

—
6	 Guidelines for protection device 

selection

(*) We assume the source converter provides ideally constant voltage Vdc.
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Figure 69 Arc chamber for splitting the arc

Figure 70 Series pole connection of circuit 
breakers in DC applications

Figure 71: Current interruption with SSCB: 
generic waveform 

An example of such waveform is in the Figure 66: 
notice the arc voltage is higher than the DC supply 
voltage, so the current interruption takes place.

There are multiple ways of increasing the arc volt-
age VCB. Following approaches are common:

•	 	Splitting the arc into multiple arcs. This is real-
ized by an adequate arc chamber design, as it 
can be seen in Figure 69.

•	 Connecting several poles/MCBs in series.

6.1.2 Solid-State Circuit Breaker
The typical SSCB response time is split into two 
stages (Figure 71):

•	 Limitation stage, i.e., the time interval between 
the onset of the short-circuit current and the 
moment when the limited peak current is 
reached. This interval is typically in order of mi-
croseconds, during which the SSCB detects the 
overcurrent and limits its flow by turning off the 
power semiconductor device . When compared 
to the thermal-magnetic breakers, the duration 
of this stage could be seen as an equivalent to 
the sum of tv and t1 in Figure 66.

•	 Current switching stage, that is the time inter-
val during which the current is commutated to a 
voltage clamping circuit (consisting of nonlin-
ear passive elements, usually a metal oxide 
varistor and/or transient voltage suppressor di-
ode), allowing the energy stored in the net-
work's inductance to be discharged. This stage 

can take from a few microseconds up to a few 
hundreds of microseconds, depending on the 
value of the circuit equivalent inductance.

LOAD

LOAD LOAD

Characterization according to the IEC 60947-2 
standard, with short-circuit capacity Icu evaluated 
by testing on RL circuits with a defined time con-
stant τ, is not applicable to SSCBs. Considering 
that the interruption occurs very fast, the peak 
fault current is always precisely defined and 
therefore, the fault energy is limited, so the arc 
does not have the time to develop. The fault inter-
ruption performances of a solid-state circuit 
breaker are better characterized by the:

•	 Maximum current rise over time (di/dt)c, deter-
mined so that during the limitation stage the 
fault current does not exceed the turn-off capa-
bility of the semiconductor device in the SSCB;

•	 Maximum energy the SSCB can dissipate during 
the current switching stage.

Independently of the prospective short-circuit 
current, if the maximum rate of rise of the fault 
current di/dt (assumed to occur at t = 0 s) is lower 
than the pre-defined (di/dt)c, the circuit breaker 
will be able to interrupt the fault.

The maximum di/dt can be estimated by:

(6.4)

By equation (6.4), the maximum di/dt occurs for 
faults with very low inductance value. This hap-
pens most often when the fault is very close to 
the converter capacitors, so that the maximum 
admissible current slope di/dt can be preliminary 
evaluated only if Leq is known. In the case Leq is too 
small, the rate of rise of the fault current is too 
large and, additional inductors are to be added to 
the circuit to limit the fault current derivative be-
low (di/dt)c.

When the limitation stage is concluded, the cur-
rent switching stage starts. In this stage, the 
SSCB can switch in safe conditions if the energy 
stored in the equivalent circuit inductance, given 
by

 (6.5)

does not exceed the dissipation capacity of the 
voltage clamping device. For a given short-circuit 
current value, the maximum energy value occurs 

limitation 
stage

fault

current switching
stage

i[kA]

In

t[πs]
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—
6	 Guidelines for protection device 

selection
for faults with high equivalent inductance, i.e., oc-
curring at a relatively long distance from the con-
verter. Since the energy in the clamping circuit is 
independent from the fault resistance, the most 
critical parameter for SSCB safe switching is the 
circuit inductance. Therefore, a maximum switch-
able inductance Lmax is defined, which represents 
another key indicator of the interruption perfor-
mance for a SSCB.

There is always a certain delay between the fault 
detection and the time instant when semiconduc-
tor switches are turned off. This time delay con-
sists of several elements:
•	 The protection device must ensure that a fault 

has occurred, and measured peaks are not just 
measurement noise.

•	 Calculation time, depending on the protection 
device used.

•	 Analog delay time.

During this total delay time (tdelay), the fault cur-
rent keeps increasing, as shown in the Figure 72. 
Therefore, from the initial fault current value Iinit 
at the time of fault occurrence (point A), the cur-
rent rises to final value Ifinal (point B, when the 
semiconductor switches are turned off) because 
of the overall time delay Tdelay.

Figure 72 Fault current increase from the fault 
occurrence till the semiconductors switch off

6.2	Selection procedure 
To choose the thermal-magnetic protection de-
vice suitable for a particular application, the fol-
lowing characteristics of the network should be 
known:

•	 Fault current path: it helps identifying the 
source of the short-circuit energy, the nearest 
protection device and the network components 
affected by the fault current.

•	 Type of network: (see Chapter 3) it helps you 
identify the worst type of fault in the network 
and the voltage level that the circuit breaker 
will be subject to. This information is later used 
to define the connection of the circuit breaker 
poles depending on the possible fault condi-
tions.

•	 Rated voltage of the plant Vdc: to define the op-
erational voltage Ue, based on the poles con-
nection. The circuit breaker chosen must have 
rated operational voltage higher or equal to the 
plant voltage: Ue≥Vdc. One should also have in 
mind that in DC systems with droop control, 
the normal operation voltage fluctuates in a so-
called nominal voltage band, spanning around a 
rated value. Thus, the maximum expected volt-
age in normal conditions is higher than the 
rated value Vdc and this must be accounted for.

•	 Short-circuit current at the breaker installa-
tion point Ik: to define the circuit breaker ver-
sion. The device chosen must be able to break 
the maximum short-circuit current at this point 
(according to the sequence O – t – CO), i.e., Icu≥Ik 
must be satisfied.

•	 Rated current absorbed by the load IL is used 
to define the rated current In of the thermal-
magnetic trip unit of the DC electronic release 
(PR122-PR123/DC for Emax). Hence, In≥IL must 
be satisfied.

•	 Time constant τgrid of the network indicates 
how quickly the network responds to changes, 
while the time constant at which a circuit 
breaker is tested τCB tells us how quickly the 
breaker can respond to a fault. Thus, for a cir-
cuit breaker to be effective in protecting the 
network, it should respond faster than the net-
work can stabilize, i.e., τCB < τgrid .   

On the other hand, for the choice of a suitable SSCB, 
except the voltage Vdc and the load current IL, one 
must verify that the fault current rate of rise di/dt 
does not exceed the maximum rate of rise (di/dt)c 
the breaker can handle, i.e., (di/dt)c> di/dt.
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An essential parameter that determines the 
choice between a thermal-magnetic or a solid-
state breaker is the required interruption speed 
and the designer should clarify whether it is in or-
der of ms or μs. Faster clearing time means lower 
fault current, and consequently lower let-through 
energy and increased grid availability. However, it 
poses challenges related to selectivity and cost of 
the solution.

The following flowchart summarizes the steps to 
be followed for a correct selection of the circuit
breaker, based on the plant characteristics and 
the designer requirements.

How fast should the protection be?

μs ms

Type of network
earthing

Ue Vdc≥

In IL≥

(di/dt)cr di/dt≥

Type of network
earthing

Icu Ik≥

In IL≥

τCB τgrid≤

Ue Vdc≥

6.3 Examples
6.3.1 Example 1
Network characteristics:

•	 Type of network: one polarity earthed (the 
negative one).

•	 Network voltage: Vdc= 250V DC.
•	 Rated current absorbed by the loads IL= 180A.
•	 Short-circuit current: Ik=40kA.
•	 Time constant of the network: L/R = 22ms.

In this network, the designer requires protection 
device operating in the ms range.

Referring to the indications given in Section 6.3, 
to proceed with the circuit breaker choice the fol-
lowing requirements must be met:

•	 Ue ≥ Vdc

•	 Icu ≥ Ik

•	 IL ≤ In

•	 τCB < τ gid

Let us consider the technical specifications of 
the Tmax XT circuit breakers family, given in Ta-
ble A1.1 in the Appendix 1.

The first relevant parameter is the rated opera-
tional voltage of the breaker Ue. It must be higher 
than or equal to the plant rated voltage Vdc= 250V. 
In this case, it means breakers XT1, XT2 and XT3 
can be considered further, since their operational 
voltage is Ue= 500V. Larger breakers like XT5 and 
XT6 could be accepted as well, but it will intro-
duce unnecessary costs since XT5 and XT6 are 
designed for higher voltages and currents.
Therefore, we will focus on XT1, XT2 and XT3.

Now, the suitable version of the breaker should 
be chosen according to the relation Icu≥ Ik. 
In this example, since Ik= 40kA, version S can be 
used because its rated ultimate short-circuit 
breaking capacity is Icu= 50kA. All the three pos-
sibilities (XT1, XT2 and XT3) have the version S 
available at 500V.
The load current IL is the next parameter to be 
checked. The circuit breaker chosen must have 
uninterrupted rated current Iu higher than or 
equal to the load current IL; in this case, it is only 
XT3 that satisfies this criterion, since its rated 
current Iu= 250A. 

Last check point is the time constant suitability. 
Since the Tmax XT3 breakers are tested accord-
ing to IEC 60947-2, their Icu is guaranteed at a 
time constant τCB = 15ms. In this example, 
τgrid = 22ms and therefore, τCB < τgrid is satisfied.

Finally, the circuit breaker type SACE Tmax XT3 
with In= 250A can be used for this plant.

Within this choice, two possible schemes for the 
pole’s connection can be identified in Table A1.2 
in the Appendix 1. Assuming that also the 
earthed polarity is to be disconnected, the wir-
ing diagram to be used is the as shown in the Fig-
ure 73.

Figure 73 Circuit breaker poles connection for 
example network 1

LOAD

To summarize, a three-pole thermomagnetic cir-
cuit breaker XT3 250 TMD 200 shall be used con-
nected as shown in the Figure 73, i.e., with two 
poles in series on the polarity isolated from earth 
and the other one connected on the earthed po-
larity.
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6.3.2 Example 2
Network characteristics:

•	 Type of network: isolated
•	 	Network voltage: Vdc= 500V DC.
•	 Rated current absorbed by the loads IL= 1800A.
•	 Short-circuit current: Ik=45kA.
•	 Time constant of the network: L/R = 26ms.

The chosen circuit breaker must satisfy the fol-
lowing requirements: 

•	 Ue ≥ Vdc
•	 Icu ≥ Ik
•	 IL ≤ In
•	 τCB < τ gid

Regarding the type of network, the suitable table 
shall be identified in the Emax DC catalogue; in 
this case the table relevant to isolated network, 
provided again here in the Appendix 1, shall be 
chosen.

The column with performances referred to a net-
work voltage Vdc ≤ 500V DC in the Table A1.3 is 
considered.
From this column, the circuit breaker version 
must guarantee an ultimate short-circuit break-
ing capacity higher than Ik = 45kA. Therefore, the 
suitable version is N. The immediate solution 
seems to be the circuit breaker E2N with 
Icu= 50kA. Its rated current, as seen in the table, is 
In=  1600A.

However, since the current absorbed by the loads 
is IL = 1800A, E2N cannot be chosen since the 
third relationship IL ≤ In is not satisfied. There-

Figure 74 Circuit breaker poles connection for 
example network 2

LOAD

LOAD

—
6	 Guidelines for protection device 

selection
fore, looking further in the same column, the next 
suitable option is version N with Icu= 60kA and 
rated current In= 2000A, which leads to the choice 
of E3.

Let us check the time constants. The Emax DC cir-
cuit breakers are tested according to IEC 60947-2 
in circuits with a time constant τCB = 15ms. In this 
example, since τgrid = 26ms > τCB, the breaker is 
suitable for this network parameters.

Therefore, the suitable circuit breaker is a three-
pole circuit-breaker type E3N 2000 with PR122-
123/DC In= 2000A (the connection of the poles is 
carried out in the factory by ABB SACE).
The connection between three-pole circuit 
breaker, load and supply source is shown in the 
Figure 74.
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—
7	 Applications

7.1 	Marine systems 
The development of power electronics technol-
ogy has enabled wide use of Variable Speed 
Drives (VSDs) for the main propulsion and thrust-
ers in shipboard installations. One of the main 
advantages of using VSDs is reduction of the fuel 
consumed by the vessel.

The shipboard DC power system encompasses 
generation, distribution, power conversion, and 
ship loads:

•	 The gen-sets and ship loads are linked to the 
shared LVDC bus via power converters.

•	 Electric generators, powered by gas turbines 
(GTs) or diesel engines (DEs), supply power to 
the bus.

•	 Larger vessels utilize multiple generators to 
meet high power demands as well as to en-
sure redundancy.

•	 An energy storage system (ESS) is integrated 
to offset fluctuations in the DC bus voltage 
resulting from load variations.

•	 Ship loads typically include propulsion, ser-
vices, and pulsed power loads (PPLs).

To optimize the system's efficiency, multiple gen-
erator sets are linked to a common bus, supply-
ing power to both propulsion and service loads. 

In this way, the overall system efficiency in-
creases by operating some prime movers at high 
output power levels and deactivating others dur-
ing periods of low load demand.

Commonly used architecture is the radial bus 
configuration, as in Figure 75. It is cost-effective 
because it can deliver power to various loads 
through independent power lines. However, in the 
event of a fault, the ship's survivability is compro-
mised. To address this vulnerability, additional 
energy sources can be installed for service loads, 
though this is challenging due to space limita-
tions on ships.

In the shipboard DC distribution, isolated system 
type is favored due to its high survivability and 
reliability during line-to-earth fault occurrences. 
Additionally, it is a simple and cost-effective solu-
tion. The most critical faults in shipboard LVDC 
power systems are line-to-line faults.

The protection scheme for shipboard DC power 
systems often includes a solid-state circuit 
breaker, as in the Figure 75. It offers improved 
performance, reliability and safety over tradi-
tional mechanical circuit breakers. The main in-
formation to be known when choosing a suitable 
solid-state CB are:

•	 Operating voltage: the nominal voltage at 
which the SSCB is supposed to provide full 
functionality as well as the maximum voltage 
that the SSCB must withstand must be spec-
ified. 

•	 Load profile: the power flow profile between 
segments in different operation modes is 
used to select SSCB current rating. For exam-
ple, the load in the right segment in Figure 75 
can be run from generators on the left in fail-
ure situation. 

•	 Short-circuit current rate of rise di/dt: when 
the drive configuration and energy sources 
(e.g., battery) are known, it is possible to cal-
culate or simulate the short-circuit current 
rise and resulting peak value that is cut off 
by SSCB.

•	 Galvanic isolation: for bus ties is usually re-
quired by ship classification societies and 
registers. 

 

Note: The system integrator should verify the system stabil-
ity (i.e., oscillations), cooling requirements and a pre-charg-
ing method.

Figure 75 Simplified architecture of a marine DC 
distribution system
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Figure 76 Simplified architecture of a rail electric 
system [22]

7.2 Electric transportation 
systems 

7.2.1	 Railway applications
The torque-speed characteristic curve and the 
ease of speed regulation have led to wide use of 
DC motors in electric traction. Direct current sup-
ply also gives the great advantage of having the 
contact line consisting of a single conductor since 
the rails provide the return conductor.

Nowadays, direct current is used above all in ur-
ban transport, that is trolleybuses, trams, under-
ground railways with a supply voltage of 600V or 
750V, up to 3000V (according to EN50123-1).

An example architecture of a DC traction power 
supply is shown in Figure 76. It consists of:

•	 Medium voltage equipment like standard 
gas- or oil-insulated three-phase switchgear,

•	 Diode rectifiers or controlled bidirectional 
rectifiers that allow feeding back surplus en-
ergy into the MV grid,

•	 DC switchgear and voltage limiting devices 
as control and protection equipment and

•	 Energy storage systems used for peak shav-
ing and voltage stabilization.

—
7	 Applications

The use of direct current is not limited to vehicle 
traction only, but it represents a supply source for 
the auxiliary circuits on board vehicles. To this 
aim, batteries are installed on board, which con-
stitute an auxiliary power supply source to be 
used if the external one fails. Additionally, climatic 
systems in modern trains operate at 110V, and 
many USB sockets for DC power supply are avail-
able for the passengers.

At typical voltage levels of 750V for urban metro 
and tram systems, and 1.5–3kV for interurban and 
regional systems, the distance between 1 to 
10MW substations is between 3 and 20km, based 
on the operating voltages. The system is divided 
into sections using tie-breakers to contain faults 
within a limited area of impact. Generally, the 
zone of impact extends to approximately 8km for 
a 1.5kV DC substation with a current of 4kA [23].

The applications of circuit breakers in DC circuits 
for electric traction in general can be summarized 
as follows:

•	 	protection and operation of both overhead 
and rail contact lines.

•	 	protection of air compressors on board under-
ground and train cars.

•	 	protection of distribution plants for services 
and signaling systems.

•	 	protection of DC supply sources (batteries).
•	 	protection and operation of DC motors.

In DC railway networks, with large inductance due 
to the long lines, the fault current takes several 
milliseconds to reach its prospective value. This 
behaviour is characterized by the time constant 
τ=L/R, with the fault current achieving 63% of the 
prospective value at t=τ. Dedicated electrome-
chanical circuit breakers that can take wide range 
of time constants and high fault currents are spe-
cially designed for these applications.
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7.2.2	 EV wired charging
Some of the main drivers regarding the future EV 
charging are:

•	 High-powered and smart charging stations 
are being built to provide a faster charging 
time.

•	 Grid reliability upgrades will support more 
charger locations and provide local energy 
production and resources.
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Figure 77 Simplified electrical diagram of mode 
4 electric vehicle charging: including protection 
devices

The general requirements for EV charging equip-
ment for road vehicles are regulated in the IEC 
61851-1 standard. Additionally, requirements for 
DC chargers with a DC input up to 1.5kV DC are 
given in the IEC 61851-23. According to these stan-
dards, four different charging modes exist, 
named from 1 to 4. While the modes 1-3 are AC 
charging, mode 4 means DC charging.

There are two categories of mode 4 DC charging:
•	 DC fast charging: up to 920V DC, up to 180kW, 

60A, intended for public and workplace charging 
stations and charging time 15-60min.

•	 DC high power: up to 1200V DC, up to 360kW, 
500A, intended for public and e-charging sta-
tions and charging time 5-15min.

A possible architecture for Mode 4 DC fast charg-
ing is shown in Figure 77:

Figure 78 Electrical diagram of an EV charging 
station including RESs 

The EV charging architecture in the Figure 77 is a 
traditional DC integration. The upgraded concept 
of active DC networks incorporates RESs like PV 
generation and battery storage in the system 
shown in Figure 78.

Energy 
storage

MV/LV

MV
grid

PV

The protection requirements now are rather dif-
ferent: they must account for the worst-case sce-
nario when the other sources are feeding the fault 
current, increasing the complexity of the protec-
tion device choice.

7.2.3	 EV wireless charging
Wireless power transfer (WPT) is an innovative 
technology that enables EV charging without the 
need for physical cables and plugs. Instead of 
connecting the vehicle to a charging station using 
a traditional cable, WPT systems use electromag-
netic fields to transfer energy from the charging 
infrastructure to the vehicle's battery. 
A simplified example schematic of a WPT archi-
tecture, as in Figure 79, consists of:
•	 AC/DC converter, typically a diode-bridge recti-

fier, interfacing the main AC supply grid,
•	 High-frequency DC/AC converter (20kHz – 

100kHz) that controls the output AC voltage in 
the range between 0.03p.u. and 0.97p.u. of the 
input DC voltage,

•	 Passive compensation components used to in-
crease the overall power transfer efficiency,

•	 Primary and secondary coils, and
•	 AC/DC converter onboard which charges the ve-

hicle’s battery.

Figure 79 Components of a wireless EV charging 
system 

The transfer of power takes place between trans-
mitting coils located beneath the road surface 
and receiving coils installed under the vehicle 
chassis. Each coil has the capacity to transmit 
power up to about 30kW, so the total power re-
ceived by the vehicle will be determined by the 
number of receiving coils it is equipped with.

The wireless EV charging can be static or dy-
namic. When the transmitting coil or pad is em-
bedded in the ground and the vehicle charges 
while it is parked over the pad, we have static 
charging. On the other hand, dynamic charging 
means the transmitting infrastructure is embed-
ded in the road and the charging takes place 
while the vehicle moves along the road.
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—
7	 Applications

Let us consider an example of dynamic charging. 
The transmitting coils are activated exclusively 
when a vehicle equipped with a licensed receiver 
passes over them. At this juncture, the vehicle is 
charged by Management Units (MUs) positioned 
alongside the road, which facilitate the transfer of 
power from the grid to the transmitting coils (Fig-
ure 80). 

Each MU incorporates:
•	 inverters designed to convert DC into high-fre-

quency AC current
•	 protection devices
•	 communication systems with approaching ve-

hicles.

ABB participated in the first pilot project in Italy 
of this kind, named Arena of the Future, which 
validates the concept of dynamic WPT charging 
system. It is a 1 km ring, with architecture as 
shown in Figure 80, supplied by 800V DC distribu-
tion, that allows for various testing scenarios 
[24]. 

Adopting DC for this application enhances the 
transmitted power, extends the connection dis-
tance from the public distribution grid, and im-
proves overall efficiency due to more favorable 
cable sizing and the absence of rectifiers within 
each MU.

Figure 80 Simplified electrical diagram of the wireless charging distribution system [24]
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7.3 H2 generation
As a clean and efficient energy carrier, hydrogen 
(H2) has become an increasingly important focus 
of research due to its potential to address envi-
ronmental and energy challenges. There are sev-
eral methods for H2 generation, including steam 
reforming of natural gas, electrolysis of water, 
biomass gasification, and thermochemical pro-
cesses. 

‘Green hydrogen’ refers to H2 obtained through 
electrolysis, employing electricity derived from 
renewable energy sources. To make 1kg of H₂ via 
electrolysis, normally 9kg of water are required 
and, depending on electrolyzer type, efficiency 
and lifetime, around 50kWh of electricity. The 
overall efficiency of a hydrogen-fueled power 
plant is about 35% [25].

The main elements of a H₂ generation chain are 
transformer and rectifier, electrolyzer, electrolyte 
system, gas holder, gas/water separator, deoxi-
dizer, dryer, compressor, filters, pumps, motors, 
heating and refrigeration systems, oxygen stor-
age tanks, etc.

An electrolyzer is a device that produces hydro-
gen through an electrochemical process, namely 
electrolysis. It consists of a conductive electrode 
stack supplied by DC voltage, and a membrane 
that separates the electrodes.

Figure 82 RESs integration in a DC electrical 
system for H2 generation

Figure 81 Simplified power supply system for H2 
generation with several electrolysis stacks [25]

Electrolysis plants with sizes below 100MW typi-
cally connect to the medium-voltage grid (20–
30kV). To convert AC to DC, thyristor-based recti-
fiers (1) are often employed. These rectifiers 
operate at low input voltage (around 400V AC) 
and provide DC voltage levels of several hundred 
volts and sufficient current for the stacks. An ex-
ample of this architecture is shown in Figure 81: 
this is simple DC integration.

Rectifiers are typically connected to the stack, 
which is a series of electrolysis cells commonly 
connected in series. The voltage and current vary 
depending on the number of cells in the stack de-
sign.

As an example, for a 973 MW total plant output 
power, about 423 stacks are used with 2.3MW
 each. The stack is composed by 258 cells con-
nected in series, providing a stack voltage of 452V 
and stack current about 5kA. 

Depending on the plant design and stack configu-
ration, the rectifier may be designed for 400V DC 
and above, up to 1500V DC.

Protection for low voltage components is primar-
ily needed in the rectifier (on both the AC and DC 
sides), the compressor, the cooling system, the 
heaters, and the water purification system. 

Active DC network is created when RESs like solar 
and wind generation are integrated in the H2 plant 
(Figure 82). The main driver for this solution is the 
strong push for decarbonization, and DC micro-
grids are an enabling technology. The voltage 
level in this case is about 1500V to 3000V because 
of the high power required. 
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(1) Thyristor-based rectifiers have the same structure as diode-bridge 
rectifiers but they employ thyristors instead of diodes. The main dif-
ference is that thyristors need a control signal to be turned on and are 
turned off naturally when the current falls bellow a certain threshold.



60 PROTEC TI O N D E V I CE S FO R D I R EC T CU R R E NT A PPLI C ATI O N S

—
7	 Applications

7.4 Industrial application
Some of the main advantages of adopting DC dis-
tribution in industrial context are:

•	 Easy integration of energy storage and decen-
tralized RESs.

•	 Less losses since DC/DC converters have a 
higher efficiency than AC/DC converters.

•	 No losses in additional rectifiers.
•	 Almost complete reuse of recuperative energy 

within the DC grid.
•	 Less copper needed for the distribution lines.

Typical voltage level is about 540V or 650V. Radial 
or ring architectures are often used and the rated 
power ranges from 100kW to 4MW. Some of the 
commonalities of DC industrial applications, as 
explained in detail in the ODCA documents, are 
[26]:

•	 The whole installation is divided in so-called 
DC sectors,

•	 Power management is designed by droop 
curves to ensure stability,

•	 Bidirectional energy flow in all or parts of the 
installation (e.g., for energy recovery or stor-
age),

•	 Voltage ranges and defined timing within each 
range.

A DC sector is intended as a group of DC devices 
that are directly connected to one another in 
terms of power flow and together constitute a 
logical and functional unit. Each sector is con-
nected to the DC grid via a so-called sector 
breaker that entirely cuts off the sector from the 
DC grid if a fault occurs within the sector. An ex-
ample is shown in Figure 83, where each DC sec-
tor is highlighted in gray-shaded areas.

The sector breaker should provide protection in 
case of an overcurrent, short-circuit or earth fault. 
A DC sector breaker can be a single device or a 
combination of devices which provide adequate 
protection capabilities plus monitoring of the 
voltage and current levels.

Depending on the earthing scheme, high-speed 
protective devices should be used on one or both 
polarities. Typically the breaker includes current 
measurement to provide protection against over-
loads and short-circuits, as well as mechanical 
contacts for isolation to ensure reliable discon-
nection of the circuit if required.

Some of the common issues the designer must 
pay attention to are related to the electromag-
netic compatibility of such installations, pre-
charging steps and earthing choice.

Figure 83 Simplified electrical diagram of an active DC industrial grid
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7.5 	Battery Energy Storage 
Systems (BESS)

Battery Energy Storage Systems can be divided 
into three categories, depending on their connec-
tion point to an AC grid. As illustrated in the Fig-
ure 84, this can be:

1. Residential Storage Systems (HSS)
	 a.	 Residential and small commercial PV 

storage
2. Industrial Storage Systems (ISS)
	 a.	 Commercial and industrial peak-shav-

ing
	 b.	 Stationary E-mobility for fast charging 

stations
3. Large scale storage systems (LSS)
	 a.	 Renewable integration
	 b.	 Frequency regulation
	 c.	 Arbitrage – difference between peak 

and off-peak electricity cost

Figure 84 Overview on BESS systems (based on [27])

Figure 85 Layout of a standard BESS system
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All systems have a similar fundamental layout: 
multiple battery modules are connected in series 
up to a certain system operation voltage. This 
setup is called a “battery bank”. Beside the appli-
cation in residential PV storages, very often sev-
eral racks are put in parallel to increase the overall 
capacity.

Commonly, BESS systems are built as IT systems, 
which are then equipped with an earth fault de-
tection device. In case of an earth fault, the sys-
tems either shut down automatically to a safe 
mode or demand a service.

A Battery Management System (BMS), as the one 
in Figure 85, continuously monitors system pa-
rameters like voltage and temperature and com-
municates with the converter. In case a fault oc-
curs, it trips the protection devices.
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7.5.1	 Residential Storage 
Systems
Home storage systems are very often connected 
with PV installations. Their standard voltage level 
is <600V DC and nominal current levels <63A. 
Most often they comprise a single battery rack. 
MCBs are suitable protection devices here.

7.5.2 Industrial Storage Systems
Beside protection devices, the offering of ABB 
comprises also industrial storage systems for dif-
ferent applications, as the ABB eStorage Flex. 
Their standard voltage level is 800 – 1500V DC 
and nominal current levels 90 - 256A. Most often 
they comprise several battery racks in parallel. 
MCCBs and fuses are suitable protection devices 
here.

Uninterruptable Power Supplies (UPS) are a fur-
ther application and belong to the ABB portfolio, 
as the ABB Megaflex UPS. Here the standard volt-
age level is <800V DC and nominal current levels 
~125A. Most often they comprise several battery 
racks in parallel. MCCBs and fuses are suitable 
protection devices here.

7.5.3 Large-Scale Storage 
Systems
Further offering of ABB comprises also large-
scale storage systems for applications like fre-
quency regulation. Their standard voltage level is 
800 – 1500V DC. Most often they comprise multi-
ple industrial storage systems in parallel (multiple 
racks and multiple converters). Again, MCCBs and 
fuses are suitable protection devices here.

—
7	 Applications

7.6 DC in Data Center
The rapid growth of cloud computing, artificial 
intelligence (AI), mobile communication and so-
cial media leads to the construction of numerous 
new data centers, which can consume megawatts 
of electric power. 
An IT rack1  for housing electronic chips used to 
be a small load, consuming only hundreds of 
watts in the past; nowadays these chips are mov-
ing to a few kilowatts range. It means that, 
shortly, an IT rack will require from 500kW to 1MW 
of power itself [28].

Data centers rely on advanced power distribution 
systems to ensure both reliability and power 
quality. Electric power is processed by power con-
verters multiple times: typically, 2 to 3 power con-
versions occur, depending on the system archi-
tecture chosen. 
This results in a high concentration of power elec-
tronics and consequently, the infrastructure sup-
porting these data centers must be carefully de-
signed to meet the increasing energy demands.

The IT racks with rated power between 10kW and 
100kW use 48V DC internally [28]: an example ar-
chitecture is shown in Figure 86, where PSU 
stands for power supply unit, and GPU for graph-
ics processing unit. However, adopting such a low 
DC voltage level for a 1MW rack would require 
about 200kg of copper solely for the rack busbar 
[29], which is not feasible from both mechanical 
and economical perspective. 
Similarly, the power infrastructure of the data 
centers is not designed for such high power lev-
els. Therefore, both the IT rack and the data cen-
ter infrastructure must be rethought.

Figure 86. Traditional power supply architecture for data centers. 
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1 IT rack, also known as a server rack or equipment rack, is a standardized frame or enclosure used to house and organize 
multiple hardware components, like servers, networking equipment, etc. The racks are designed to optimize space, improve 
airflow for cooling, and facilitate easy access for maintenance and upgrades.
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Figure 87. Power supply architecture for data centers: disaggregated approach. 

Figure 88. An example of data center power supply architecture using solid-state transformers. 

2 Solid-state transformer is a power converter that replaces traditional, low-frequency transformer. It consists of a rectifier 
and a galvanically isolated DC-DC converter. The later usually contains a high-frequency transformer. 

One of the possible solutions is to separate the 
single rack into a power rack (when disaggre-
gated like this, also known as sidecar) and server 
rack, each optimized for its primary function. In 
this way, space can be optimized, power conver-
sion efficiency increases, and this modular con-
cept is easily scalable. The disaggregated power 
rack (sidecar) can be parallelized to meet various 
power requirements from 800kW to more than 
1MW, while keeping the IT (server) rack the same.

An example of such architecture is the Mount Dia-
blo project (Figure 87). It results from the collabo-
ration between Meta, Microsoft and Google in the 
Open Compute Project (OCP), aiming at standard-
ized specifications for electrical and mechanical 
interfaces for the future data centers [30]. Mount 
Diablo is an AC-DC sidecar power rack that disag-
gregates power components form the IT rack, al-
lowing connection to existing AC supply infra-
structure. It consists of a galvanically isolated 
AC-DC converter, and an AC overcurrent and 
short-circuit protection and cabled power distri-
bution. 

Multiple AC-DC converters can be used, where ac-
tive current sharing can be adopted through volt-
age droop control. Supported AC input is 400V, 
415V and 480V, with rated power ranging from 
25kW to 30kW per rectifier [31]. The sidecar can 
also contain an energy storage block, i.e., a bat-
tery backup or a capacitor bank unit, to enhance 
computing availability. 

The AC supply is converted to a ±400V DC system 
with a mid-point. According to the most recent 
specifications, the mid-point can either be solidly 
earthed or connected to earth through a high re-
sistance, with both approaches having advan-
tages and disadvantages [31]. In any way, suitable 
overcurrent protection and switching devices 
must be installed on the DC side of the power 
rack. There cannot be a leakage current exceed-
ing 3.5mA (AC) and 10mA (DC).

The IT rack is connected to the sidecar by cables 
rated at 63A up to 125A [31]. Each output cable/
connection to IT rack must have a Ground Fault 
Detection (GFD) for either solidly earthed mid-
point or high-resistance mid-point earthing. In 
the latter case, a voltage balance detection cir-
cuit is necessary as well.
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These modifications of the data center and IT rack 
architectures are significant, but likely they are 
not enough to support the future needs of the AI 
industry. The next step is converting the AC power 
distribution to 800V DC distribution [29], which 
will be enabled by emerging solid-state trans-
former2 (SST) . 
The SSTs reduce the footprint of the connection 
to the MV grid and have high control capability 
[32]. 
When used together with DC distribution, the 
power delivery becomes very efficient, reaching 
up to 98.2% MV to load efficiency [33]. There are 
several different architectures employing SSTs 
that can be adopted for data center applications, 
like the example in Figure 88.

The protection of the LV DC system will need to 
evolve to contain potentially dangerous arc en-
ergy without compromising the power density 

and efficiency gains introduced by the higher volt-
ages and new technologies. 

The key design points for the protection equip-
ment in DC data centers are likely to be: 

	- Operating speed to prevent arc energy build 
up

	- Overvoltage coordination to protect sensitive 
IT equipment

	- Schemes ensuring high IT equipment avail-
ability

	- High power density of the components and 
resulting systems

	- High electric efficiency supporting the driver 
to lower power utilization efficiency.
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This technical application paper offered a com-
prehensive examination of the critical role of DC 
grids in the transition to an all-electric society. 
Let us summarize the key points highlighted in 
the document:

•	 Unique characteristics of fault in DC circuits:
-	 DC fault currents do not have zero crossings.
-	 DC fault currents can reach a significantly 

high peak within microseconds, creating 
challenges for traditional protection devices.

-	 The DC bus voltage decreases consequently: 
it can collapse to zero or even small negative 
values. 

•	 Limitations of traditional protection devices:
-	 Conventional AC circuit breakers (miniature, 

molded-case and air circuit breakers) are not 
directly applicable in DC grids unless they 
meet specific criteria related to their short-
circuit breaking capacity, arc voltage and 
grid time constant.

•	 Fault scenarios:
-	 The paper discussed pole-to-pole and pole-

to-earth faults in different network earthing 
types (one polarity earthed, earthed mid-
point and isolated grids).

-	 Each fault scenario has distinct implications 
for the selection of protection devices, ac-
cording to the network earthing.

•	 Converter topology:
-	 Different power electronic converter configu-

rations exhibit varying fault behaviors.
-	 Simple buck and boost converters can limit 

fault currents only on the low-voltage side. 
Galvanically isolated or input-output sym-
metrical topologies can limit fault currents 
on both sides. 

-	 A fault downstream of a converter is domi-
nated by capacitor discharge, potentially 
reaching hundreds of times the nominal cur-
rent.

—
8	 Conclusions

•	 Selection criteria for protection devices:
-	 Key parameters to consider for selecting a 

thermal-magnetic protection device include 
network type and fault current path, rated 
operational voltage, short-circuit current at 
the installation point, rated load current and 
grid time constant.

-	 For a solid-state circuit breaker selection, 
key information are network type and fault 
current path, grid voltage, maximum switch-
able inductance and fault current rate of rise. 

-	 The critical question is how fast the protec-
tion should be, i.e., depending on the appli-
cation, a fast (µs) or a slower (ms) protection 
may be required.

•	 Bidirectional fault protection:
-	 In the case of decentralized DC grids, where 

multiple sources and loads complicate fault 
current flow, bidirectional protection may be 
needed.

•	 Switching technologies:
-	 The paper compares the use of solid-state 

circuit breakers and thermal-magnetic cir-
cuit breakers in different applications.

In summary, this technical application paper aims 
to enhance the understanding of the complexi-
ties of DC systems and their protection require-
ments. As ABB continues to lead in electrification 
and automation, the insights provided will con-
tribute to the development of safer and more ef-
ficient DC systems, aligning with the broader 
goal of creating a sustainable energy future. 
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In this appendix, we present the basic technical characteristics and wiring diagrams for miniature, 
molded-case and air circuit breakers.

Table A1.1 Miniature circuit-breakers characteristics and wiring diagrams

S200 / S200 M(T) / S300P (AC) S200 MUC / MTUC

Voltage Un 72V DC 125V DC ≤ 220 ≤ 440V DC ≤ 440V DC

Rated current 1-63A 1-63A 0.5-63A 0.5-63A 0.5-63A

Short-circuit current 6/ 10/ 25kA 6/ 10/ 25kA 6/ 10/ 25kA 6/ 10/ 25kA 6/ 10/ 25kA

Characteristic B, C, D, K, Z B, C, D, K, Z B, C, K, Z B, C, K, Z B, C, K, Z

bidirectional bidirectional polarity dependent polarity dependent polarity dependent

Insolated 
network

Bipolar system

110V DC

110V DCLoad

Load

1 1

2

-
3 3

4

+

2+ 4-

+-

+- +-

+-

125V DC

125V DCLoad

Load

1 1

2

-
3 3

4

+

2+ 4-

+-

+- +-

+-

-+

220V DC

220V DCLoad

Load
- +

1

2

-

+

+ -

+

1
-

2+

- -+

440V DC

440V DCLoad

- +
Load

1 1

2

- -

+

+

3 3

4

+

-

-

+

2+

+

4-

-
-

-

-

-

+

+

+

+ -

31

1

2

2

4

440V DC

440V DC

Load
Load

-

-

+

-

+

+

+

75
6 8 - +

3

4-

+ +
5

6

-

+

7

8-

Network with one 
polarity earthed

Unipolar system

isolated
short bridge

isolated
short bridge

(1)

110V DC

110V DC

Lo
ad

Lo
ad

1

1

2

3

3

4

2 4

+-+-

+-+-

isolated
short bridge

isolated
short bridge

(1)

125V DC

125V DC

Lo
ad

Lo
ad

1

1

2

3

3

4

2 4

+-+-

+-+-

-+

220V DC

220V DCLoad

Load
- +

1

2

-

+

+

+

-

1
-

2+

-

isolated
short bridge

isolated
short bridge

(1)

440V DC

440V DC

Lo
ad

Lo
ad

1

1

2

-

-
+

+

3

3

4

+

-

-

+

2+

+

4-

-

-
+

-+

-

-

-

-

+

+

+

+ -

31

1

2

2

4

440V DC

isolated
short bridge

isolated
short bridge

isolated
short bridge

isolated
short bridge

440V DC

Load

Load

-

-

+

-

+

+

+

75
6 8

- +

3

4-

+ +
5

6

-

+

7

8-

(1)

 

Network with mid-
point earthed

Bipolar without 
distributed M
Note: "Bipolar" =Two 
sources in series with 
each 1/2*Un

72V
DC

DC

72V

72V 72VLoad

Load

1 1

2

-
3 3

4

+

2+ 4-

+-

+-+ -

+-

+-

+-

110V
DC

DC

110V

110V 110VLoad

Load

1 1

2

-
3 3

4

+

2+ 4-

+-

+-+ -

+-

+-

+-

220V
DC

DC

220V

220V 220VLoad

Load

1 1

2

-
3 3

4

+

2+ 4-

+ -

+-

+-

+ -

(1) It must be ensured that the bridge between the 2 poles is as short as possible and isolated to avoid a ground fault at 
that point (isolated busbar recommended)
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(1) XT1: a 4 poles in series connection is required to be used in 500V DC installations.
(2) XT1 plug-in In max=125A

(1) Power supply only from the top

Table A1.2 Tmax XT molded-case circuit breaker characteristics

Size XT1 XT2 XT3

Rated uninterrupted current [A] 160 160 250

Poles No.] 3, 4 3, 4 3, 4

Rated service voltage, Ue (DC) [V] 500 500 500

Rated insulation voltage, Ui (DC) [V] 800 1000 800

Rated impulse withstand voltage, Uimp [kV] 8 8 8

Versions Fixed, Plug-in (2) Fixed, Withdrawable, Plug-in Fixed, Plug-in

Breaking capacities according to IEC 60947-2 B C N S N N S H L V N S

Rated ultimate short-circuit breaking capacity, Icu

Icu @ 250V (DC) 2-pole in series [kA] 18 25 36 50 70 36 50 70 85 100 36 50

Icu @ 500V (DC) 2-pole in serie [kA] – – – – – – – – – – – –

Icu @ 500V (DC) 3-pole in serie (1) [kA] 18 25 36 50 70 36 50 70 85 100 36 50

Icu @ 750V (DC) 3-pole in serie [kA] – – – – – – – – – – – –

Rated service short-circuit breaking capacity, Ics

Ics @ 250V (DC) 2-pole in series [kA] 100% 100% 100% 100% 75% 100% 100% 100% 100% 100% 100% 75%

Ics @ 500V (DC) 2-pole in serie [kA] – – – – – – – – – – – –

Ics @ 500V (DC) 3-pole in serie (1) [kA] 100% 100% 100% 100% 75% 100% 100% 100% 100% 100% 100% 75%

Ics @ 750V (DC) 3-pole in serie [kA] – – – – – – – – – – – –

Size XT4 XT5 XT6

Rated uninterrupted current [A] 160/250 400/630

Poles No.] 3, 4 3, 4

Rated service voltage, Ue (DC) [V] 750 750

Rated insulation voltage, Ui (DC) [V] 1000 1000

Rated impulse withstand voltage, Uimp [kV] 8 8

Versions Fixed, Withdrawable, Plug-in Fixed, Withdrawable, Plug-in Fixed, Withdrawable

Breaking capacities according to IEC 60947-2 N S H L V X N S H L V X N S H

Rated ultimate short-circuit breaking capacity, Icu

Icu @ 250V (DC) 2-pole in series [kA] 36 50 70 85 100 100 25 35 50 70 85 100 35 50 70

Icu @ 500V (DC) 2-pole in serie [kA] 36 50 70 85 100 100 25 35 50 70 85 100 20 35 50

Icu @ 500V (DC) 3-pole in serie [kA] 36 50 70 85 100 100 – – – – – – – – –

Icu @ 750V (DC) 3-pole in serie [kA] – – – – 50 70 – – – – 85 (1) 100 (1) 18 24 36

Rated service short-circuit breaking capacity, Ics

Ics @ 250V (DC) 2-pole in series [kA] 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 50%

Ics @ 500V (DC) 2-pole in serie [kA] 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 50%

Ics @ 500V (DC) 3-pole in serie [kA] 100% 100% 100% 100% 100% 100% – – – – – – – – –

Ics @ 750V (DC) 3-pole in serie [kA] – – – – 100% 100% – – – – 100% 100% 100% 100% 75%
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Table A1.3 Tmax XT  circuit breaker connection diagrams of the poles in a network with one 
earthed polarity

Network with one earthed polarity

Note: in the considered connections, the earthed polarity is the negative one.
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Table A1.4 Tmax XT circuit breaker connection diagrams of the poles in an isolated network 
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Table A1.5 Tmax XT switch-disconnectors connection diagrams of the poles
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Table A1.6 Emax DC circuit breakers wiring diagram in case of network with one earthed polarity

Network with earthed negative polarity (1)
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Network with the mid-point earthed

Table A1.7 Emax DC circuit breakers wiring diagram in case of network with earthed mid-point
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Table A1.8 Emax DC circuit breakers wiring diagrams in the case of isolated network

Icu (2)

65(2)

[kA]

35

50

60

75

100

100

40

25

25
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3200
3200
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(1) the possibility of a double earth fault is considered negligible with this type of pole connections. For further information, see QT5: “ABB circuit-breakers for direct current applications”.
(2) Icu with L/R = 15ms according to IEC 60947-2 Standard. For Icu with L/R =30 ms, ask ABB
(3) 85kA only if supplied from lower terminals and specifyng the following extracode at the ordering stage: 1SDA067148R1. Ics=65kA.

[kA] [kA] [kA]

Rated voltage (Ue) ≤ 500 ≤ 750 ≤ 1000
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The information contained in this document is for general information purposes only.

While ABB strives to keep the information up to date and correct, it makes no repre-
sentations or warranties of any kind, expressed or implied, about the completeness, 
accuracy, reliability, suitability or availability with respect to the information, prod-
ucts, services, or related graphics contained in the document for any purpose. Any 

reliance placed on such information is therefore strictly at your own risk.
ABB reserves the right to discontinue any product or service at any time.

© Copyright 2025 ABB. All rights reserved.

—
Appendix 1

 

Network with the mid-point earthed

Table A1.9 Emax DC circuit breakers wiring diagram in case of network with earthed mid-point
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