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Abstract—Distributed energy resources and new loads such as
fast charging stations for electric vehicles are often dc-based. By
using low-voltage dc microgrids to connect such systems to the
grid, conversion stages can be omitted and higher efficiencies can
be achieved. Challenges exist with respect to the protection of
dc microgrids, where dc fuses are a viable solution but selective
tripping must be ensured. The grid-forming converter must be
able to supply the fault current in the case of a line-to-line
short-circuit in a feeder without tripping due to over-current. To
avoid expensive over-sizing, this paper proposes to use a virtual
resistance in the control of the grid-forming converter to limit its
output current. The range of the virtual resistance is discussed for
normal grid operation and the effect of the virtual resistance on
limiting the bus current during a short-circuit fault is discussed.
In addition, the impedance models of the source and load systems
are presented. Based on this, the influence of the virtual resistance
on the system stability is analyzed. To validate the theoretical
part, a switching model is simulated and the results show a good
agreement with the theoretical analysis.

Index Terms—dc microgrid, fault protection, dc fuse, voltage
source rectifier, droop control

I. INTRODUCTION

The emerging use of dc loads, such as dc fast charging
stations for electric vehicles, supports the change from com-
pletely ac based grids to a mix of ac and dc distribution. In grid
areas with a high number of dc loads, potentially in combina-
tion with battery energy and photovoltaic systems, low voltage
(LV) dc microgrids offer higher efficiencies in comparison to
ac solutions due to the reduced number of conversion stages
[1]. Such grids require power electronics converters for dc
grid-forming and interfacing with the upstream ac grid. A
common solution is to use a voltage source rectifier (VSR) as
ac interfacing device. Depending on the ac grid voltage level,
the voltage rating of the VSR and the requirement to provide
galvanic isolation, a distribution transformer is needed between
ac grid and VSR. A promising solution in dc grid applications
without additional distribution transformer is the solid-state
transformer (SST) [2], which provides galvanic isolation and
medium voltage connectivity at lower volume and reduced
losses.

The advantages of dc distribution and the increasing avail-
ability of grid-forming dc solutions are driving the need to
overcome challenges that still exist with respect to detection
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and tripping time as well as selectivity and coordination of
LV dc protection [3]. Stating that the required performance is
not achieved by traditional dc fuse-based protection schemes,
it is proposed in [4] to implement dc protection based on
communication and a combination of ac and fast electronic-
based dc protection. However, solid-state circuit breakers are
not readily available and costly. In [5] it is shown that dc fuses
are viable for protection of radial dc grids and can be used
as an intermediate, cheaper solution with lower steady-state
losses. A minimum output capacitance of the grid-forming
unit is required to provide adequate fault current for selective
tripping of feeder fuses. Sympathetic fuse tripping of parallel
feeders is avoided by limiting the input capacitance of the load
converters.

For clearing short-circuit faults at feeder level, it is impor-
tant to avoid tripping of the grid-forming converter. Especially
in dc microgrid configurations with a single grid-forming
converter this would lead to a complete bus outage. A simple
but expensive solution is to over-size the current rating of the
grid-forming converter to provide the required fault current.
This work proposes a virtual resistance in the converter control
to limit the converter current for achieving selective fuse
tripping. The stability and influence of fault conditions such
as fault resistance and dc voltage reserve are discussed for a
dc microgrid that consists of a VSR as grid-forming converter
and two dual-active bridge (DAB) load converters.

In SectionIl, the VSR control in normal operation is
presented. SectionIIl explains the current limiting control
technique in case of a linie-to-line fault at the point of
load. The parameters of the considered dc microgrid are
given in SectionIV and the stability is analyzed in Section V.
Simulation results are shown in Section VI. Conclusions are
finally drawn in Section VII.

II. CONDITIONS FOR NORMAL OPERATION OF DROOP
CONTROLLED GRID-FORMING VSR

In this section, the consideration of parameters selected for
normal operation of the droop controlled grid-forming VSR
is elaborated, under the hypothesis that the system is always
individually stable. An example of a dc microgrid with a single
grid-forming VSR and DAB converters as loads is depicted in



Fig. 1, where the impedance of bus cable and filter capacitor
are shown.

Fig. 1. Example of a dc microgrid with a single grid-forming converter

Fig.2 shows the grid-forming VSR applied with droop
control, where V,,, Vi, and V., are the phase voltages of
the grid, I,, I, and I. are the grid currents flowing into the
VSR, L,, Ly, and L. are the filter inductances of the VSR,
while R,, Ry, and R. are the filter resistances. Cqy. is the
output capacitor of the VSR, V3 and V,, are the output of the
inner current controller, V. and I, are the output voltage and
output current of the VSR, [Ij. is the output current of the
VSR, R, is the virtual resistor for droop control, and 6 is the
phase angle generated by the phase-locked loop (PLL). The
active output power of the VSR is maximized by controlling
the current on g-axis to be zero.
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Fig. 2. Structure of a grid-forming VSR applied with droop control

Assuming that the grid is ideal, the grid voltage with
positive sequence in d-q frame can be obtained as (1).

v 9 cos 6 —sinf T Van
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Hence, the open loop model of the grid-forming VSR in d-q
frame can be figured out as Fig. 3, where w is the fundamental
frequency of the grid, Ry and L¢ are the diagonal equivalent
resistance and inductance of the L filter in d-q frame, Dy and
D, are the corresponding duty cycle of V4 and Vj,.

By applying Kirchhoff’s Voltage Law, the voltage equations
can be obtained as (2).

Vd = — (Rf + SLf) Id + ngfIq + ng (2)
Vyg=— (Rf + SLf) Iy —weLilq + Vigq
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Fig. 3. The open loop model of grid-forming VSR in d-q frame

In steady state (i.e. I, = 0,Iy. = I,), the equation of active
power can be simplified as (3).

P = (Va.* — IicRy) Iae = 1.514Vy 3)

Hence, to make sure that Ij. has real solutions, or, the
controller has constant output in steady state, the determinant
of (3) needs to satisfy

A= (V") —4R,P >0 “)
Then, the range of active power can be obtained as
(Vdc*)2
<P<-— 5
0=sPs 4R, )

Besides, by replacing V5 in (3) with (2), the equation of active
power can be expanded as
Ved > 3Vd®
P=—-15R{(Iq — =% &
i(la 2Rf) + 8R¢
According to (6), the range of active power P can be obtained
as

(6)
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Therefore, with the hypothesis that the grid-forming VSR
is always stable regardless of its parameters, to make sure
that it can work in the normal operation theoretically, or, the
controllability of itself, it must satisfy

0<P<L

)

(Vdc$)2 3‘/;“12
4R, = 8RRy

III. ACTIVE RECTIFIER CONTROL BASED PROTECTION
TECHNIQUES FOR DC MICROGRID

0 < P < Ppax, where Prax = min( ) (8)

In this section, two control based protection techniques are
proposed for dc microgrids. Fig. 4 shows a dc microgrid con-
sisting of a grid-forming VSR and two DAB converters, where
Vg is the grid voltage, Z, is the dc-side output impedance of
the grid-forming VSR, Zj,,s is the total impedance of filter
capacitors and cables at the dc bus, Zpranch,1 and Zpranch,2
are the impedance of filter capacitors and cables at each
feeder/branch. So, in steady state it exists
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where Ppap,1 and Ppag,2 is the power of the DAB converters,
which behave as constant power loads. Ry anch,1 and Rbranch,2
are the cable resistances of each branch. Assuming that DAB
converter 2 has a short circuit fault at one moment, the
equation of the bus current becomes

2
I Poasi + (Zae — Lac,2)” Rbranch,1
dc —
Idc,2(Rbmnch,2 + Rshort)
where Rghort 1S the equivalent short-circuit resistance

of DAB converter 2. Considering that Ppap: >
(Iqe — Idcg)szranChJ, the equation can be simplified as

+lgc2, (10)
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Deriving above equation yields

(1)
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where it can easily be found
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o de § =0 (13)
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Hence, I3, reaches minimum value when I3 =
PpaB,1

T s Fonont” However, with the pre-conditions of the
grid-forming VSR for normal operation, there are limits given
by the grid voltage and the voltage utilization factor given by
modulation method:

(Vae) min = 2Vea, if use SPWM
(Vae) min = Vad, if use SVPWM

In this paper, Sinusoidal PWM (SPWM) is adopted. There-
fore, the minimum power consumed on branch 2 can be given
as

(14)
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Fig. 4. The equivalent circuit of a dc microgrid consisting of a grid-forming
VSR and two DAB converters

Considering that Pshort,min 1S larger than Ppap 1, the mini-
mum value of I4.2 can be calculated as

(I ) Pshort,min > PDAB,l
dc,2)min =
Rbranch,2 + Rshort Rbranch,2 + Rshort

(16)
And then, the minimum value of 4. can be calculated as
Ppas 2Ved
(Idc)min = 1 & (17)
2ng Rbranch,2 + Rshort

A. droop Control Based Current Limiting Technique

Generally, the droop control is used to achieve power
sharing among the sources in multi-source systems. Yet, more
than that, the droop control can be used to limit the bus
current by choosing a proper virtual resistance value during
the short-circuit fault, which can avoid tripping of the grid-
forming converter itself. When there is no fault, the system
power is nearly constant regardless of R,. The value of R, is
constrained according to (5). The following inequality should
always be kept true for real solutions of Ij:

(Vae")?
V'~ 4(Ppap1 + Poap.2)
Once the short-circuit fault occurs, the total power of the
system is not constant anymore and can be influenced by R, .
The effective range of the virtual resistance to limit the bus
current during short circuit fault is given by
Vae™ — 2Vga
(IdC)min

B. Modeling of Fuse Tripping

R

- Rbus - Rbranch (18)

R, < (19)

Fuses are widely used in electrical power distribution system
for protecting power electronics devices. Due to physical limi-
tations e.g. self-heating of fuses that may prevent tripping in dc
[6], the time constant must be considered when implemented
in a dc microgrid. Fig. 5 shows the fuse model, where I and
I_ are the bus currents and Igygs is the rated RMS current
and a the pre-arc value of the fuse given by datasheet [7].
It is important to note that the proposed approach is limited
by the physical constraints of the fuse and the bus current
can be limited only within the range of fuse operation. If the
operating conditions in terms of current rise, maximum current
and maximum temperature are exceeded, the fuse may not be
able to break the current.
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Fig. 5. Modeling of fuse tripping mechanism.



TABLE I

PARAMETERS FOR SIMULATION

Symbol Definition Value
Vg Grid voltage (RMS) 230 V
R¢ Filter resistance of VSR 0.01
L¢ Filter inductance of VSR 100 pH
fvsr Switching frequency of VSR 10 kHz
Gy Current controller of VSR Kp = 0.2513, K = 25.1327
Gy Voltage controller of VSR Kp = 0.205, K; = 27.3278
Gy Filter of droop control N/A
Vie DC bus voltage 1500 V
Cac Output capacitance of VSR I mF
Ip Over current protection value of VSR 1000 A
Rpus Resistance of DC bus cables 0.02
Lyus Inductance of DC bus cables 20 pH
Chus Filter capacitance on DC bus 0.5 mF
Rpranch,1/2 Resistance of cables for branches 0.0618 ©
Lyranch,1/2 Inductance of cables for branches 0.0269 mH
Cbranch,l/? Parasitic capacitance of cables for branches 0.204 pF
Ci71/2 Input capacitance of DAB converter 2 mF
foas Switching frequency of DAB converter 50 kHz
L Leakage inductance of DAB converter 10 pH
N Turn ratio of transformer of DAB converter 0.5
Vo Output voltage of DAB converter 750 V
Co,1/2 Output capacitance of DAB converter 2 mF
Gy DAB Voltage controller of DAB converter K, =0.02,K; =1
PDAB,1/2 Power of DAB converter 150 kW
Rshort Short circuit resistance of DAB converter 1Q
Irms Rated RMS current of virtual fuse [7] 250 A
a Pre-arc value of virtual fuse [7] 21900 A2s

IV. SPECIFICATIONS

The parameters of the grid-forming VSR, dc bus capacitors,
cables and DAB converters are listed in TableI. With these
specifications, the limits of the virtual resistance can be
calculated according to (19) and (18):

e

V. THE INFLUENCE OF VIRTUAL RESISTANCE ON SYSTEM
STABILITY

1.007, for effective range of current limiting
1.793, for real solutions of 14
(20)

According to (20), it can be seen that the bus current
can be reduced as much as possible by increasing R, in
a specific range. However, it is also necessary to check the
influence of the virtual resistance on the system stability. In
this section, the impedance model of the grid-forming VSR
and DAB converters are derived, and then the system stability
is analyzed.

Gt(8)RyGy(8)Gi(s) [1.5Vq — 1.5(Rs + sL¢)Ia] + (Vac™ — IacRy) [Gi(s) + Re + sLg]

A. The DC Side Output Impedance of Grid-forming VSR

The model of the grid-forming VSR is very similar to the
model of a permanent magnet synchronous generator (PMSG),
which has been derived and verified in [8]. Its individual
stability has been analyzed in [9]. The main difference between
the control of a PMSG and the grid-forming VSR is that the
control is field-oriented or voltage-oriented. Since the PLL is
nonlinear, and it is found that the dynamics of the phase angle
caused by the PLL can influence the system impedance in d-
q frame [10], [11], the effect of the PLL is neglected in this
paper. Moreover, if the droop control is considered, the transfer
function block scheme will not change a lot, because the droop
control only influences the dynamics of the transferred power
but does not change the logical sequences of transfer functions.
The transfer function block scheme of the grid-forming VSR
with droop control can be derived as Fig. 6, where G (s) and
Gi(s) are the transfer functions of the voltage controller and
current controller, G4(s) is the first-order time delay function
with time constant of a switching period, G¢(s) is the filter
added to the virtual resistor for droop control. As for the
controller design, the ’symmetrical optimum’ method in [12]
is adopted. The detailed computation process is given in [8],
[9].

Therefore, according to Fig. 6, the dc-side output impedance
of the grid-forming VSR with droop control can be derived as
(21). Fig.7 shows the bode diagram of the output impedance
of the grid-forming VSR with conventional control and droop
control. Compared to conventional control, the bode diagram
of droop control behaves as virtual resistor rather than an
inductor at low frequencies.

B. The Input Impedance of DAB Converter

The input impedance of a DAB converter operating as
constant power load has been derived and verified in [8], [13],
given as (22), where C} and C, are the input capacitance and
output capacitance, G, pap is the transfer function of the
voltage controller, Rj,,q is the load resistance and Gi, G,
G5 and G4 are the small signal gains.

C. Stability Analysis

Fig. 8 shows the Nyquist plot of the minor loop gain of the
system and Fig.9 shows the poles location of system. Both
of them show that increasing the virtual resistance will make
system tend to instability. Hence, there is a trade-off between
current limiting and system stability when determining the
virtual resistance.

Zy =

[sCac(Vac" — IqcRy) + Ga(8) ] [Gi(s) + Re + sL¢] + Gq(s5)Gy(s)Gi(s) [1.5Vyq — 1.5(Rs + sL¢)14]

GSGV,DABRload + SCoRload +1

21

ZipAB =

G4R10ad (G2 — G1Gy paB) + sCi(G3Gy paBRioad + SCoRioad + 1)

(22)
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Fig. 6. Transfer function block scheme ofthe droop controlled grid-forming
VSR.

Bode Diagram

N
o

o

N
=]

N
o

4

Magnitude (dB)

o
Zo with droop control RV =0.1

Mag=0.1 at low freq.

2]
=]

&
S

©
o

IS
o

0
45+

Phase (deg)

-90

-135 L . . .
102 107" 10° 10! 10? 10°
Frequency (Hz)

Fig. 7. Bode diagram of the output impedance of grid-forming VSR with
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Fig. 10. Output voltage and output current of the VSR without droop control.

VI. SIMULATION RESULTS

In this section, the simulation results are given. Fig. 10
shows the output voltage and output current of the VSR
without droop control. The short circuit happens at ¢t = 1 s.
It can be seen that during the transients of the short-circuit
fault, the output current goes beyond 1000 A, meaning that
the control of the VSR will be tripped off according to the
specifications. Fig.11 shows the output voltage and output
current of the VSR with droop control. It can be seen that
the output current is diminished lower than 1000 A during the
transients of the short-circuit fault, avoiding the tripping of the
VSR. Besides, it can be seen that before ¢t = 1 s, the larger
the R,, the lower the output voltage and the higher the output
current due to the constant power behavior of the system. After
the short-circuit occurs, the system does not behave constant
power anymore. It can be seen that the output current of the
VSR can be reduced by increasing R, . In addition, the output
current reaches minimum when R, is equal or greater than
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Fig. 11. Output voltage and output current of the VSR with droop control.
(a) Full view and (b) Zoomed part.

1 €, while the output voltage is clamped to 2V,q, which
validates the effective range of current limiting in (20).

VII. CONCLUSION

This paper investigates the active rectifier control based
selective fuse tripping for a dc microgrid consisting of a grid-
forming VSR and two DAB converters. To ensure selective
tripping in the case of a line-to-line short-circuit fault at the
point of load, a virtual resistance in the droop control of
the grid-forming converter is used to limit the bus current
to avoid converter tripping due to over-current. The normal

operation conditions of the droop controlled grid-forming VSR
are derived. With these limitations, the range of the virtual
resistance can be calculated. It shows that increasing the virtual
resistance can effectively limit the bus current during the short-
circuit fault. In addition, the influence of the virtual resistance
on the system stability is analyzed based on the impedance
model of the grid-forming VSR and DAB converters. It can
be seen that the system tends to instability when increasing
the virtual resistance. Simulation results of the droop control
based current limiting approach validate the calculated range
of the virtual resistance.
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