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Abstract—Over the past years, there has been an increasing
scientific interest in LVDC microgrids as an alternative for AC
microgrids. Ongoing research mainly focusses on the two-wire
unipolar architecture and, although the bipolar structure may
offer several advantages, it is often regarded as just a double
version of its unipolar equivalent. This paper compares the
behaviour of unipolar and bipolar LVDC microgrids under fault
conditions to demonstrate that this generalisation is not always
valid. The differences in the fault behaviour of a unipolar and
bipolar structure are first introduced by calculating the first
fault transient in a fundamental example of both structures.
Subsequently, PSCAD simulations of faults in a unipolar and
bipolar LVDC microgrid are compared to demonstrate the
differences between the two structures in a realistic LVDC
microgrid context. These simulations are then applied to show the
potential impact of generalising conclusions from one structure
to the other on the protection algorithm of the LVDC grid.
It is shown that a protection algorithm designed for one of
the structures does not necessarily work in the other structure.
Finally, an experimental validation of the differences observed
regarding the fault behaviour of both structures is presented.

I. INTRODUCTION

In recent years, scientific interest in LVDC grids has been
growing, driven mainly by their higher efficiency, transmission
capacity and compatibility compared to traditional LVAC grids
[1], [2]. A three-wire, bipolar LVDC grid architecture has the
potential to further enhance the advantages of an LVDC grid:
It allows increase the power transfer capability and reduce
conduction losses compared to a unipolar equivalent, while
also potentially increasing reliability [3]–[5]. Furthermore, a
bipolar grid offers two voltage levels, allowing to connect
load-side converters to the most appropriate voltage [6]. De-
spite these advantages, most current research on LVDC fault
behaviour and protection focusses mainly on the unipolar
LVDC grid architecture [7]–[13]. If the bipolar structure is
considered, often no distinction is made between unipolar and
bipolar short circuit fault behaviour [7], [8] or research is only
evaluated for one of the two structures [13], [14]. This paper
will compare the fault behaviour of a bipolar LVDC grid with
its unipolar equivalent to demonstrate that a bipolar LVDC
grid cannot always simply be regarded as a ‘double’ unipolar
grid. To this end, Section II introduces the differences between
the unipolar and bipolar structure w.r.t. fault behaviour using a
fundamental mathematical example. Subsequently, Section III
presents PSCAD simulations of a unipolar and bipolar LVDC
microgrid in fault conditions to illustrate these differences

and confirm the trends observed in Section II in a realistic
LVDC microgrid. In Section IV, the potential impact of these
differences on protection algorithms designed for one of the
two structures is investigated. Section V presents the results
of a fault experiment in a scaled, single-branch unipolar and
bipolar LVDC lab setup to validate the differences and trends
observed in the calculations and simulations. Finally, Section
VI summarises the conclusions of the paper.

II. FAULT BEHAVIOUR DIFFERENCE

In order to introduce the differences in the fault behaviour of
unipolar and bipolar LVDC microgrids, this section compares
the first fault current peak caused by the discharge of the DC
bus capacitance in both structures in the simplified example of
Figure 1, applying the approximation described in [15], [16].
The figure shows the simplified unipolar and bipolar structure
of a small LVDC grid connecting a DC load to a DC source
protected by circuit breakers. The capacitive discharge upon a
fault with Rf = 40 mΩ close to the load is calculated based
on the mesh equations (1) to (2) for the unipolar and (3) to (5)
for the bipolar structure, with La = 11.8 µH, Lb = 0.24 µH,
Ra = 24.4 mΩ, Rb = 0.49 mΩ, C = 1 mF, Vdc = 375 V.
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As can be seen in Figure 1, there is an additional path (i3) for
the current to flow in the bipolar structure through the midpoint
and negative conductor, which is not present in the unipolar
structure. Figure 2a shows the resulting fault current after solv-
ing equations (1) to (5), which coincide rather well, especially
during the first fault peak. Figure 2b, on the other hand, shows



C

La Ra La Ra Lb Rb

C

La Ra La Ra Lb Rb

Rfi1 i2

(a) unipolar

C

La Ra La Ra Lb Rb

C

C

La Ra La Ra Lb Rb

C

La Ra La Ra Lb

Rb

Rfi1 i2

i3

(b) bipolar

Fig. 1: Fundamental example of uni- and bipolar fault be-
haviour

the current measured by the circuit breakers during the fault
in both structures. The bipolar measurement indeed shows
a (comparatively small) current flowing through the negative
conductor (in black) and consequently, the positive (red) and
midpoint (blue) current measurements in the bipolar structure
differ from the unipolar measurements. Specifically, the peak
of the fault current in the bipolar positive pole is slightly higher
than the unipolar peak and is reached significantly faster,
while the bipolar midpoint current transient is slowed down
compared to the unipolar midpoint current. These differences
indicate that, although the fault current flowing through the
fault in the unipolar and bipolar structure is approximately
equal, there may be a substantial difference between the
unipolar and bipolar currents measured at other locations in
the grid.

III. PSCAD SIMULATIONS

The aim of this section is to investigate how the different
fault behaviour of unipolar and bipolar structures described
in Section II may impact real LVDC microgrids. To this end,
a unipolar and a bipolar version of the multibranch LVDC
microgrid shown in Figure 3 have been modelled in PSCAD.
The microgrid is connected to the AC grid through an AC/DC
full bridge converter, the DC loads are connected through
DC/DC buck converters. The AC/DC converter is rated for
I1nom = 100 A, while the DC/DC load converters are rated
for I2nom = 10 A. Figure 4 depicts the technical model of the
bipolar structure, including the converter and cable models.
Table I gives an overview of the cable and converter charac-
teristics. As clear from Figure 3a, the unipolar model can be
derived from the bipolar model by using a two-wire structure
instead of three wires and connecting unipolar AC/DC and
DC/DC converters instead of bipolar (parallelised) converters.
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Fig. 2: Calculation result of the uni- and bipolar fundamental
example
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Fig. 3: Example of uni- and bipolar LVDC microgrid
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Fig. 4: Technical overview of the bipolar grid structure

TABLE I: Microgrid characteristics

CABLE INDUCTANCE CABLE RESISTANCE

L1 5.9 µH R1 12.2 mΩ

L2 0.47 µH R2 0.98 mΩ

L3 5.9 µH R3 12.2 mΩ

L4 6.14 µH R4 12.69 mΩ

L5 7.26 µH R5 31.1 mΩ

AC/DC CONVERTER DC/DC CONVERTER

C1
s 1 mF C2

s 0.1 mF

R1
s 1 mΩ R2

s 1 mΩ

I1nom 100 A I2nom 10 A

The unipolar cable and grid characteristics are identical to
those of the bipolar structure. The protection devices that are
of interest for this paper have been marked Protection Location
(PL) 1 and 2 in Figures 3 and 4. For clarity, the other protection
devices are not shown in the detailed structure of Figure 4. A
short circuit fault protection strategy designed for the bipolar
LVDC grid, which relies on a communicationless protection
algorithm based on a combination of overcurrent and current
derivative detection, is implemented on the circuit breakers in
both grids. To compare the fault behaviour of the unipolar and
bipolar structure, fault a and fault b, as shown in Figures 3a
and 3b, are simulated in PSCAD with the protection algorithm
disabled.

A. Fault a

Fault a represents a fault close to the AC/DC converter,
which is the source of the microgrid. Figure 5a shows the fault

current flowing due to a short circuit fault with Rf = 40 mΩ
at fault location a in the unipolar (purple) and bipolar (yellow)
microgrid. The fault current consists of a rapid and high first
fault current peak, caused by the discharge of the capacitors
in the grid, and the steady state fault current fed mainly by
the AC grid. It is clear that the fault currents in the unipolar
and bipolar structure are nearly identical during the first fault
transient, which corresponds to the conclusions from Section
II. Because it is the most important protection device to react
in case of fault a, the current and the derivative of the positive
pole current measured by PL 1 during the fault are shown for
both structures in Figures 5b and 5c, respectively. The results
show that the current and derivative measurements at PL 1
due to fault a approximately coincide as well.

B. Fault b

Fault b represents a fault close to one of the DC/DC
converters, which act as a load. Figure 6a shows the fault
current at fault location b in the unipolar and bipolar grid. The
figure shows that the fault currents are again nearly identical
during the first fault current peak, but start to deviate slightly
after the first peak. Figures 6b and 6c, on the other hand,
show the current (6b) and positive pole current derivative (6c)
measured at PL 2, which is the most important protection
location for this fault. It is clear that the measurements by the
responsible protection device in the unipolar and bipolar grid
differ more in this case than in case of fault a. Similar to the
findings of Section II, the bipolar positive pole current initially
increases faster than in the unipolar positive pole, while the
waveform in the bipolar midpoint conductor is slowed down
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Fig. 5: PSCAD simulation results of fault a

compared to its unipolar equivalent. As a result, the size of
the current derivative at PL 2 during the first fault transient is
significantly lower in the unipolar structure than in the bipolar
structure, as illustrated by Figure 6c. As will be explained in
Section IV, this may pose a problem for a protection algorithm
which is designed while considering only one of the two
structures.

These simulation results show same trends as encountered
in the mathematical example of Section II for both fault a and
b, although it is barely noticeable in case of fault a because
the unipolar and bipolar waveforms are very similar. However,
the differences between the unipolar and bipolar simulation
are smaller than in the simplified example. It is also clear that
for different fault situations and measurement locations, the
differences in unipolar and bipolar fault behaviour may vary:
For fault a there is only a very small difference between the
unipolar and bipolar measurements at PL 1, while for fault b
the difference measured at PL 2 is substantially larger.

IV. EFFECTS ON PROTECTION ALGORITHM

As mentioned in Section III, a protection strategy has been
designed a priori for the bipolar LVDC grid structure of Figure
3b, without taking the unipolar structure into account, to illus-
trate the issues that may arise when generalising conclusions
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Fig. 6: PSCAD simulation results of fault b

on the fault behaviour from one architecture to the other. It is
comprised of a local, measurement-based protection algorithm
that is installed on each of the protection devices in the grid
without using communication, such as the examples presented
in [8], [9], [11], [12]. An overcurrent and current derivative
limit for the fault detection were determined based upon a
characterisation of the fault behaviour of the bipolar structure.
Specifically, the limits i ≥ 500 A and di

dt ≥ 1 × 107 A s−1

were found to be sufficiently sensitive and selective to protect
against faults in this bipolar microgrid. To illustrate the po-
tential problems when a bipolar LVDC grid is viewed simply
as a ‘double’ unipolar grid w.r.t protection, the reaction of
the protection algorithm to fault a and b in both structures is
compared in this section.

A. Fault a

Figure 7 shows the response of the protection algorithm to
a PSCAD simulation of fault a in the unipolar and bipolar
structure. As discussed in Section III-A, the fault transient as
a result of fault a is very similar in both structures and hence,
as expected the figure demonstrates that the algorithm detects
the fault in both cases and sends a tripping signal to PL 1
after 39 µs. In other words, these simulation results show that,
in case of fault situation a, a protection algorithm designed
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Fig. 7: Protection algorithm response to fault a

and validated for the bipolar grid will also be able to protect
against fault a in the unipolar grid.

B. Fault b

As explained in Section III-B, there is a significant dif-
ference between the fault transients measured in the unipolar
and bipolar structure at PL 2, which is the primary protection
device that should protect the rest of the grid against fault
b, especially regarding the current derivative measurement. It
can be seen in Figure 6c that, although a current derivative
threshold of di

dt ≥ 1 × 107 A s−1 worked well for the bipolar
structure, it is not crossed in case of fault b in the unipolar
structure. Figures 8 and 9 show the effect of this problem in
a PSCAD simulation of fault b in both structures with the
protection algorithm enabled. Figure 8 shows the response
of the protection algorithm to fault b, demonstrating that the
protection algorithm detects the short circuit and trips PL 2
after approximately 47 µs in the bipolar grid, but that the fault
remains undetected in the unipolar structure. Furthermore,
Figure 9a shows that, although the fault current in both grids is
nearly identical, only the bipolar fault current is cut off by the
tripping of PL 2. As a result, there is only a small disturbance
in the DC bus voltage in the bipolar LVDC grid, which is
able to remain operational by isolating the faulty branch,
as shown by Figure 9b, while the unipolar DC bus voltage
completely collapses. It can be concluded that in case of fault
situation b a protection algorithm designed and validated for
the bipolar grid is not capable of protecting the grid in an
equivalent unipolar grid structure. This also implies that, in
case one of the poles of the bipolar grids is isolated, for
instance because of a prior fault, and the grid operation is
continued in a unipolar configuration, its protection algorithm
may have problems detecting the faults it was designed for.

V. EXPERIMENTS

To validate the observations of the previous sections, the
scaled, single-branch unipolar and bipolar LVDC lab setup
shown in Figure 10 was built for fault experiments. The
setup consists of four Delta Elektronika units, of which two
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unidirectional units (SM 660-AR-11) act as the bipolar source
and two bidirectional units (SM 500-CP-90) act as the bipolar
load of the grid. The source and load are connected through
approximately 100 m cable and extra DC bus capacitance
was added to the relatively low source capacitance. The
experiments were performed at ±200 V. Figure 11 shows the
resulting current measurement at the locations depicted in
Figure 10 for the unipolar and bipolar short circuit experiment.
The unipolar experiment was performed by disconnecting the
negative conductor and the corresponding source and load
unit. The measurements confirms the observations presented
in paragraphs II and III: Compared to the unipolar measured
current, the bipolar positive pole current has a slightly higher
peak, which is reached faster, while the current transient
flowing through the midpoint conductor is slowed down.
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VI. CONCLUSION

The aim of this paper was to compare the fault behaviour
of a unipolar and bipolar LVDC microgrid with the same
specifications and grid characteristics, in order to demonstrate
the potential problems when regarding a bipolar LVDC grid
simply as a double version of its unipolar equivalent et vice
versa. The differences between the fault behaviour in both
structures was introduced by calculating the first short circuit
current transient in a fundamental mathematical unipolar and
bipolar example. The resulting short circuit current waveforms
showed that, due to the additional path for the current in the
bipolar structure, the bipolar positive and midpoint currents
flowing due to the short circuit differed from the currents
flowing in the unipolar structure. Specifically, the current
transient measured in the bipolar positive pole was higher and
faster than its unipolar equivalent, while the transient in the
bipolar midpoint conductor was slowed down. Subsequently,
PSCAD simulations of a short circuit at different locations in
a realistic LVDC microgrid were presented. When comparing
the simulations of the unipolar and bipolar microgrid in fault
conditions, the same trends were observed as in the mathemat-
ical example. Furthermore, it was concluded that the extent
to which the unipolar and bipolar currents differ depends on
the fault location and the measurement location. Based on
the simulations, the potential effect of these differences on
a protection algorithm were investigated. It was found that a

protection algorithm designed and validated for one of both
grid structures will not necessarily work in the other structure.
In other words, care should be taken when generalising con-
clusions on the fault behaviour from one structure to the other,
especially concerning protection algorithms that are based
on local measurements. Finally, experiments were conducted
on a scaled unipolar and bipolar lab setup to confirm the
observations of the mathematical calculation and simulations.
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