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Abstract—The integration of converter-interfaced distributed
generation in microgrids has raised several technical issues,
including the successful operation of protective devices during
faults. The protection issue is associated with the lack of large
current injection during a fault, due to limits imposed by the
semiconductor switches. This paper proposes a fault-detection and
clearing control strategy method for symmetrical and asymmet-
rical line faults in a looped microgrid. The protection devices are
simple overcurrent devices with the same settings, due to the looped
microgrid topology. The proposed method is applied without using
any kind of physical communication. The fault is detected by mea-
suring indirectly the microgrid impedance. After the fault identifi-
cation, the distributed energy resources (DERs) adjust their control
in order to inject a current proportional to the measured micro-
grid impedance, according to a droop curve. This means that the
DER closer to the fault injects a relatively larger current, achieving
by this way a selective coordination of the protection means. The
effectiveness of the proposed control strategy is evaluated through
detailed simulation and experimental tests.

Index Terms—Distributed energy resources (DERs), droop con-
trol, microgrid protection, overcurrent devices.

I. INTRODUCTION

HE microgrid is considered as a new approach of power
generation and delivery system that contains converter-
interfaced distributed energy resources (DERs) and loads, along
with traditional rotating machines, forming a small controllable
subsystem [1]. The subsystem should be able to operate either
grid-connected or isolated depending on factors, such as the un-
availability of the main grid or economic reasons. Due to the
renewable energy growth, the microgrids present a high prolif-
eration of dc/ac and ac/dc/ac converters [2]. In order to capital-
ize their benefits, the converter-interfaced DERs are required to
conduct several operations, including the proper voltage and fre-
quency control, the power demand sharing, the fault ride through
capability, and the seamless transition between the operation
modes. These requirements present new challenges to melio-
rate the control strategy and tackle with the protection issues in
microgrids consisting of converter-interfaced sources [3].
When the microgrid operates islanded in steady-state mode,
the active and reactive power of the connected DERs can be
determined by the frequency and the voltage magnitude of the
common ac bus, respectively, through the principles of the droop
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control philosophy [4]. Therefore, a high-quality voltage is en-
sured in each node of the microgrid, without any kind of extra
physical communication among the DERs [5].

In case of a fault within a microgrid, the converter-interfaced
DERs are not able to contribute with large currents, as rotating
machines do [6], [7]. The fault-current capability of a converter-
interfaced DER is limited by the short-time current carrying
capacity of the semiconductor switches. The protection problem
is even more severe in case of grid absence. In grid-connected
mode, a large current can be fed from the main grid in order
to detect and clear the fault [8], [9]. Previous published works
propose the disconnection of the distributed generation during
the fault [10], [11]. However, such a practice cannot be adopted
in the modern grids, due to the high penetration of the converter-
interfaced distributed generation.

In the literature, the available protection techniques are based
either on communication, local measurements, or the use of
external devices. The communication-based methods solve the
protection problem by adjusting automatically the relay settings
by means of online communication systems [12]-[16]. In [12],
an extensive communication infrastructure is needed in order to
update the relays’ settings in an adaptive way, while in [13] a
Central Protection Unit is also added. In differential protection
[14], [15], amethodology for setting the differential relays prop-
erly is proposed, while in [15], communication-assisted relays
are used. In overcurrent protection [16], the fault event is rec-
ognized by local measurements and is cleared by interbreaker
communication means. The settings of the relay are again up-
dated by a supervisory controller. The drawback of these meth-
ods is that the possible configurations of the microgrid should be
known before the protection implementation [17]. On the other
hand, other methods use new type of relays based on local mea-
surements, without the necessity of communication. In [18], the
voltage magnitude is used to recognize the fault, and in [19], the
current is measured by utilizing the principles of synchronized
phasor measurements. In [20], the distance from the fault is
calculated by measuring the line admittance, in order to change
the relay settings properly without any need for communica-
tion, while in [21], the coordination of digital relays based on
wavelet packet transform is used for detecting and clearing the
faults. Finally, there are methods that propose the use of external
devices, such as energy storage systems with high fault current
capability (e.g., flywheels) [22] and fault current limiters [23].
The latter methods, as well as the differential methods, are still
considered as very expensive protection solutions.

This paper proposes a novel symmetrical and asymmetrical
fault-detection and clearing process for looped microgrids with
converter-interfaced DERs, without using expensive protective
devices or physical communication link. The fault clearing is
carried out by the coordination of simple overcurrent protection
devices (OPD). Due to the looped topology of the microgrid,
the loads can be placed arbitrarily; thus, each OPD should have
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Fig. 1. Microgrid simulation model.

the same rating. As a result, selectivity during the faults cannot
be achieved through the settings of the OPDs. In order to intro-
duce some selectivity, the OPDs closer to a fault should sense a
current larger than the other OPDs. In order to achieve this, the
DERs closer to the fault should inject relatively larger currents
than the ones farther from it. According to the proposed method,
each DER identifies a fault by calculating indirectly the micro-
grid impedance at its terminals. When the calculated impedance
drops below a threshold, the fault is detected. Consequently,
the control strategy is switched from the steady-state operation
to the fault operation mode, where each DER is controlled to
inject a fault current proportional to the microgrid impedance
according to a new droop curve. Therefore, the DERs closer
to the fault (i.e., the DERs sensing a smaller impedance) in-
ject a relatively larger current. Since OPDs are assumed to be
equipped with either extremely inverse time-current [24] or It
characteristics [25], [26], the proposed fault-detection and clear-
ing method has certain limitations, which are clearly described
in the paper. The method for calculating the droop curve coeffi-
cient from the microgrid topology is also presented. In order to
ensure large enough current injection, even in case of using a re-
newable energy source, a supercapacitor energy storage system
is connected in the dc link of each DER.

The proposed technique is tested for line faults in a looped
converter-interfaced microgrid, as shown in Fig. 1. The loads
are implemented as three-phase and single-phase RL elements,
while the primary source of the DERSs is considered a renewable
energy (e.g., photovoltaic source). The control strategy imple-
mentation is described in detail in Section II, while Section 111
presents the simulation results, proving the effectiveness of the
proposed control for both symmetrical and asymmetrical faults.
Finally, in Section IV, the proposed control strategy is tested in
a small-scale laboratory microgrid for a three-phase to ground
and a two-phase to ground fault.

II. CONTROL STRATEGY

A. Steady-State Operation

When an islanded microgrid operates in steady state, the ac-
tive and reactive power of the DERs is determined by the droop
control method, emulating the operation of a synchronous gen-
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erator. According to this control strategy, the frequency and
magnitude of the output voltage is controlled by the active and
reactive power, respectively, as described in (1) and (2):

dP
f:f**m‘P*de (D

d
V,L=V*—n~Q—ndd—Cf (2)

where f* and V* correspond to the frequency and magnitude of
the output voltage at no load, m and n to the droop coefficients,
P and Q to the average active and reactive power, and m, and
nq to the derivative droop coefficients, respectively. The active
and reactive power are calculated by the d,q parameters of the
measured three-phase current and voltage at the output filter of
the dc/ac converter according to Park transformation, as it is
illustrated in Fig. 2.

The droop control methodology consists of a voltage and cur-
rent controller [5], shown in Fig. 3. Initially, the reference volt-
ages Virer and V,.r are generated from the virtual impedance
control, as presented in Fig. 2, in order to minimize the circu-
lating currents among the connected DERs [27], [28]. These



4630
DER
Il
5’_’ 20
V2, Ssin(29)
Fig. 4. Thevenin equivalent circuit for the double-frequency component.

voltage references (Vy,er and Vi) serve as inputs in the volt-
age controller. The outputs of this controller are actually the
references Ij.er and 1., which are inserted in the current con-
troller as inputs. It should be mentioned that under steady-state
conditions, the signal “fault” = 0. Finally, the output of the cur-
rent controller Sy and .S, are transformed through dg/abc Park
Transformation to S, j, ., which are the pulse width modulation
(PWM) signals.

B. Fault-Detection Algorithm

The fault detection is based on the indirect calculation of
the microgrid impedance at the output of each DER. Each
DER injects intentionally—by changing the control angle
—a disturbance signal in the current and measures its feed-
back in the voltage at the point of connection with the microgrid
bus, through a phase-locked loop (PLL). When a fault occurs
inside the microgrid, the feedback signal takes a value below a
predefined threshold A, resulting in the fault detection.

The magnitude of the disturbance signal is equal to the mag-
nitude of the injected current, while its phase is selected so as not
to affect its zero-crossing. The initial control angle is calculated
from the droop control as a function of frequency f

0= /27det. 3)

The new control angle 6. can be calculated by adding to the
initial angle # a quantity proportional to sinf, as described by

0. = 0 + ksind. “

The gain & is selected to be quite small in order not to increase
the harmonic content of the current. The angle distortion control
scheme is implemented as in Fig. 3(b). This angle distortion has
also been used in [29] as an active antiislanding method, imple-
mented in a grid-connected single-phase photovoltaic converter.
The equation of the current of phase a can be defined as

I, =2 Limssin(6 + ksind). 5)

Assuming that the quantity ksinf is very small, then
cos(ksinf) ~ 1 and sin(ksind) ~ ksinf; thus, (5) can be
transformed to

I, = V2@ (sin 6 + g sin 26). (6)

As it can be deduced, the current consists of two components:
the first is the same as in normal operation, while the second
assigns to the disturbance. The effect of this disturbance on the
equivalent Thevenin circuit (as seen from the inverter terminals)
is shown in Fig. 4. The disturbance signal virtually creates a kind
of second harmonic voltage (due to angle 26). The magnitude of

k
this voltage (5\/§LmsZth) should be smaller than 2.5% of the
magnitude of the basic frequency (\/ﬁlrmsZth), according to
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EN 50160 Standard for weak island networks [30]. Therefore,
the gain k should take values smaller than or equal to 0.05.

The feedback value of the disturbance can be calculated by
a d-q PLL [31] through the Park transformation of the d-axis
component of the voltage, Vi, qq, as

V;ngd 2
Vmgq - g
V;ngO
2 2
costpr, COS(GPLL — ?ﬂ-) COS(QPLL + ?ﬂ-)
. . 2m 0 Va
x | sinfpry, sin(@prr, — ?) sin(fpr1, + ?) Vi | (D)
vz vz V2 "
2 2 2
V2V, ssind,
‘/(L . 271'
Vv, | = \/i‘/rmsSln(ec - ?) ) (8)
Ve 2
V2Vosin (0, + )

By using (7) and (8), the dg PLL transforms the three-phase
voltages V, ;. . in dq reference frame, where V. corresponds to
the magnitude of the phase voltage and V},,,q takes the following
form:

Vmgd = \/gv;msSin(ec - QPLL)- (9)

Assuming that 6. — 6ppp, ~ 0, then sin(6. — Oprr) =~ 0. —
Oprr. As it is presented in Fig. 3(b), the angle fpr1, results
from the error of the d-axis component of the voltage V;,,q. The
following transfer function in Laplace domain is obtained after
some mathematical manipulations, taking into account (9) and
the aforementioned assumptions:

82
Vm S) = \/g‘/;ms '
gd( ) <32 +Kp\/§v;mss+Ki\/§V;'ms>
w
“\ 2

n k-w
52 +w?

where w = 27 f, and K, and K; are the proportional and in-
tegral term of the PI controller. By setting a step change 0.2
p.u. on the magnitude of V},,q and on the response time (less
than three cycles), K, and K; can be calculated from (10).
Therefore, the detection time is also restricted to less than three
cycles. During this small time period, the control of the DERs
remains in droop control mode but senses a low voltage, which
in turn forces the converter to inject large currents. However,
under droop control mode, limiters restrict the converter output
current, in order to protect the semiconductor switches. Since
Vims 18 proportional to the equivalent Thevenin impedance Z;),
as in Fig. 4, then according to (9), the rms value of V44 is
also proportional to Z;;,. The time-domain function of (10) is a
sinusoidal signal with frequency equal to the fundamental and
magnitude proportional to the impedance. As a result, by mea-
suring the V44 rms at the fundamental frequency, any relatively
large variation in the topology of the microgrid can also be
detected. It should be mentioned that Vi, 4q,ms 1S not sensitive
to load variations, because Z;y, is formed by the parallel com-
bination of the line impedances, the fault impedance, and the

(10)
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equivalent load impedance, with the latter being much larger
than the former. Thus, when the measured value drops below
a threshold Ay, a faulty situation is identified and the signal
“fault” is generated, in order to switch the control strategy from
droop control to current control mode. The threshold A, can
be calculated by (10) by taking into account that a fault corre-
sponds to a voltage Vs < 80% of the nominal. Node voltages
80% < Vims < 100% of the nominal can be considered as volt-
ages sags and not faults.

In case of a harmonic polluted voltage, the d-axis voltage
component is also polluted. However, the fault-detection method
is based on the magnitude of the fundamental component of
the d-axis component, which is derived after filtering. For this
reason, the fault-detection method is not affected by harmonics.

C. Fault-Protection System Design

When a fault is identified with the aforementioned method,
the protection device closer to the fault should be activated first,
in order to disconnect only the faulty part. The protection devices
can be circuit breakers (CBs) with simple overcurrent tripping,
which are triggered by measuring a current larger than the rated
one. However, in a converter-dominated islanded microgrid, the
injected currents are limited to only a few times the nominal
one for protecting the semiconductor switches. Another prob-
lem with low-voltage microgrids is the relatively large voltage
drops and power losses during the fault due to the large line
impedances. During the fault, the RL-type loads still absorb
current and a significant active power is needed to cover the
increased losses. The situation is even worse in case of a high-
impedance fault. Therefore, mainly active power is required
during the fault due to the large ohmic losses on the distribution
lines and for the remaining active power absorbed by the loads
under reduced voltage. The required reactive power is much
less than the active one and corresponds to the consumption
on the inductive parts of the distribution lines and loads under
reduced voltage. In case the available active power from the
DERs is not sufficient, an appropriately sized supercapacitor
ESS is assumed to be connected in the dc link of each DER. The
supercapacitor bank with the dc/dc converter and its respective
cost per energy unit are analytically presented in [32], while its
cost can be assumed to be of the order of €25/Wh. The sizing
of the supercapacitor depends on the nominal power of each
DER and the time duration of the fault clearing. In low-voltage
grids, the fault is cleared within 1-3 s. The supercapacitor will
start discharging in order to keep the dc-link voltage constant
if the active power available from the renewable source is not
sufficient. Obviously, the discharge current of the supercapac-
itor ESS is determined by each DER during the fault, as it is
explained later, keeping the dc-link voltage constant. Thus, it
acts as replacement of the missing renewable active power for
the 1-3 s of the fault. In case such an energy storage device is
absent, the proposed protection system will not function prop-
erly, because the active power needed to feed the fault will not
be available, leading to a collapse of the dc voltage of the DERs
and, thus, the collapse of the whole microgrid.

Furthermore, it should be mentioned that in low-voltage dis-
tribution networks, there might be line faults with currents lower
than the rated CB currents. Such faults cause very limited vari-
ation in the impedance seen by the DERs, which is similar to
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Fig. 5. Source current contribution to the fault.

the switching of loads. For this reason, the proposed protec-
tion method cannot be applied in such cases. Instead, advanced
fault-detection devices (e.g., differential current measurement at
each branch) and additionally a communication system among
the protection devices and the microgrid inverters are necessary.
In case of a line fault within an islanded looped microgrid, the
DERs should inject a large enough current, so that 1) the CBs
at both ends of the faulty line are activated and 2) the current in
these two CBs is larger than the current in the remaining micro-
grid CBs. Since the load still absorbs current during the fault,
this current should be taken into account, when determining the
injected by the DERs current. The worst case occurs when the
total microgrid load is assumed to be aggregated at just one
node. The contribution of each DER is considered separately,
taking into consideration the relative position of the DER with
respect to the load and the fault, as shown in Fig. 5. In this
case, the current that flows through CB; is calculated by con-
sidering two subcases. In the first, presented in Fig. 5(a), the
DER is closer to CBy, while in the second [see Fig. 5(b)], the
load is closer to CB; . The magnitude of the corresponding fault

currents is calculated from (11) and (12)
= Zi(Ziv + Zrs)+ Zrs(Zuy + Ry) -

I = I,
! Zvot(Zp + Zur + Ry) — 225 !

= ZspZr — Ry Zps =
Iy, = st
Zvoo(Zy, + Ziw + Ry) — Zi'p

Y

(12)

where Iy is the injected current by the source, Z is the
impedance of the aggregated load, Z,, is the aggregated line
impedance, Z1,r is the impedance among the load and the fault,
Zgr 1s the impedance among the source and the fault, Zy g is
the impedance among the load and the source, and Ry is the
fault impedance. In general, the aggregated fault currentl;, as-
suming that N sources contribute to the CB with current Iy, and
M sources with Iy, can be calculated as

I, — i Zri(Zrri + Zrsi) + Zrsi(Zori + Rf)I— _
! i1 Zvot(Zp + Zrpi + Ryp) — Z7 s o
M
Zsi; 21 — Ri Zrg: 7
+ SFj4L f4LSj Isfj~ (13)

o Zvot(Zp + Zrrj + Ry) = Z1 g,

The rms value of this current should exceed the rated current
of the CB, in order for the CB to be tripped according to the



4632
Y
Chi
Cio
As Vmgdrms
Fig. 6. Droop control curve.

employed overcurrent characteristic. The current injected by
each DER during the fault can be calculated by the coefficient
¢, which indicates the ratio between the fault and the nominal
current of each DER

Isfac =cC- Inom.T, (14)

where I, r, is the fault current and I,y is the normal nominal
current of the x-DER, respectively. The nominal current of each
DER is determined by the nominal active power, power factor,
and voltage. The coefficient c takes values between c;, and cy,;,
as it appears in Fig. 6. The lower value ¢;, is calculated by
combining (13) and (14) and considering the current |I_ f ] equal
to the rated current of the CB. It can be proved that one of
the worst cases is to consider the fault and the aggregated load
close to the node of the DER with the smaller rating. According
to this assumption, the several impedances in (13) can also be
calculated.

The other important issue is the selective operation of the
CBs. Due to the looped topology of the examined microgrid,
the current flowing through each CB can have an arbitrary di-
rection and magnitude, as the distribution of the DERs and the
loads is also arbitrary. For this reason, each CB should have rated
current [,., which is equal to the aggregation of the nominal cur-
rents of all DERs. This rating prevents triggering under normal
operation, while allows the operation of the microgrid after the
fault clearing and switching of the topology from looped to ra-
dial. Therefore, the selectivity of the protection means cannot
be achieved by the difference in the rating of the CBs. To tackle
with this problem, this paper proposes a new method for control-
ling the DERSs during the fault, so that the selectivity is carried
out indirectly by the DERs themselves. The proposed control
strategy aims to make the CB closer to the fault sense a larger
current than the rest of the CBs. Thus, the DERs closer to the
fault should inject relatively larger currents than the ones far-
ther from it. In order to achieve this, each DER injects a current
proportional to the measured microgrid impedance, according
to a droop curve. In this way, the DER closer to the fault will
measure a smaller Z;, and will inject a relatively larger current.
The measured Thevenin impedance is indirectly measured by
the calculated V}; 44 rms. The droop curve is described in (15)
and shown in Fig. 6

C = Chi — ﬁ : ‘/mgdrms~ (15)

The higher value ¢,; depends on the short-time maximum
current capability of the semiconductor switches of the dc/ac
converter. In this paper, the parameter cy,; is assumed to be equal
to 3. The parameter § is determined by the maximum value
of Vingdrms during a high-impedance fault, which corresponds
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to the threshold A;. The following procedure is suggested for
determining the slope 3 of the droop curve:

Step 1: Set the threshold A, to the value determined from K,
and K in (10) as mentioned above.

Step 2: Assume the entire microgrid load aggregated at the node
of the DER with the smaller rating and consider a line fault
closer to that DER.

Step 3: Initially set ¢, = ¢y = 3. The maximum fault
impedance R; can be calculated for /; equal to the smaller
tripping current of the CB from (13) and (14).

Step 4: Slightly reduce ;. A new value for ¢;, can now be
calculated from (13), assuming ¢ = ¢;, for all DERs in (14).

Step 5: Calculate the currents in all branches by applying the
proposed current control method.

Step 6: Check if the currents through the CBs guarantee suffi-
cient time discrimination, which depends on the tolerances of
the time—current characteristics of the CBs.

Step 7: 1f the time discrimination is not sufficient, /2y should be
reduced. Repeat steps 4-6.

Step 8: If step 6 is satisfied, the highest impedance fault and the
required droop curve have been defined.

It is evident from the aforementioned procedure that both the
maximum fault impedance that can be cleared and the resulting
droop curve depend on the time—current characteristic of the
CBs. Therefore, this procedure should be repeated for every
type of time—current characteristic.

The transition from the droop control strategy to current mode
can also be seen in Fig. 3(a), which is activated by the signal
“fault.” When the signal “faulf” is equal to O (steady-state op-
eration), the DER operates in droop control mode. On the other
hand, when the DER identifies a fault, signal “fault” is set equal
to 1 and the DER switches to current control operation mode.
In this mode, the references of the currents are calculated ac-
cording to the proposed algorithm and serve as inputs in the
current controller, as shown in Fig. 3(a). The frequency of the
injected current during the fault is set equal to the nominal
of 50 Hz. In case of a symmetrical fault, the d-axis reference
current Igpef fault 18 set equal to Igp, while Iyref taure 18 set equal
to zero.

D. Asymmetrical Fault Control Strategy

The detection of an asymmetrical fault can be implemented
with the above presented fault-detection method, by using an
orthogonal signal generator second-order generalized integrator
(OSG-SOGI) PLL for each phase [33], [34]. The faulty phase
is identified by the reduction of the representative indirect
measured impedance through the Vi,zqims: (for i =a,b,c
phase) parameter. The output d-axis voltage component of the
single-phase PLL is v/3 smaller than the three-phase PLL; thus,
the threshold A, is /3 times smaller, compared to correspond-
ing threshold A of the symmetrical fault. In order to clear the
fault, a combination of positive-, negative-, and zero-sequence
reference currents is produced. When the measured impedance
of a phase is lower than the threshold A, the control stores the
rms value of the currents of the “healthy” phases. In this way, the
reference current of the faulty phase is calculated by the coeffi-
cient ¢, while the reference current of the other phases takes the
stored value. The coefficient c is calculated by using (15), where
the upper bound of Vi,¢d,ms,; is replaced by A,. Therefore,
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a larger current is injected only in the faulty phase, while the
healthy phases continue operating as in the prefault situation.
The frequency of the injected currents is again set equal to
50 Hz. The reference positive-, negative-, and zero-sequence
currents are calculated according to Park transformation

2 o
|:Idref:| o g COS(wt) COS(Wt - ?) cos(wt + ?)
I, B ] . 9 . 5
qref 3 Sln(wt) Sln(wt — ?ﬂ-) SIH(Wt — ?ﬂ-)
Iaref
X Ibref (16)
Icref
(?ref
n 2
qref | — g
I()rcf
2 2
cos(—wt) cos(—wt — ?W) cos(—wt + _W)
i 1 2m . 2 Iaref
x |sin(—wt) sin(—wt — ?) sin(—wt + ?) I 17)
ICI'E
V2 V2 V2 f
2 2 5
where  w = 2750 [1/s] 5 Laret fautts Lgref fantts Lot faults

I;lmf fautts And Torerfauy are the positive-, negative-, and
zero-sequence reference currents; and I, ef, Lpref, and I..o¢ are
the reference currents in the abc-rotating system. The control
strategy is also shown in Fig. 7. The measured three-phase
voltages V, ;. and currents I, op 0. are transformed into the
negative- and zero-sequence quantities, respectively, by means
of Park transformation with the negative control angle —6..
The zero-sequence control consists of proportional-resonant
(PR) controllers, because both the zero-sequence voltage and
the current components vary sinusoidally. The negative- and
zero-sequence control strategy is also used in normal condition,
in order to zero the respective sequence components of the
voltage, in case of asymmetrical loads.

The control strategy for both symmetrical and asymmetrical
faults is summarized in the flowchart in Fig. 8.

III. SIMULATION RESULTS

The control strategy is tested in a looped microgrid, consist-
ing of four converter-interfaced DERs with aggregated active
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Fig. 8. Control strategy for symmetrical and asymmetrical faults.
TABLE I
SYSTEM PARAMETERS
Ttems DER, DER, DER; DER,
Nominal line voltage 400 V 400 V 400 V 400 V
Rated power P 10 kW 3kW 12 kW 15 kW
Nominal power 0.9 0.9 0.9 0.9
factor
Nominal current 16.04 A 4.81 A 1925 A 24.06 A
Il] om
Filter inductance L ¢ 2 mH 0.6 mH 2.4 mH 3mH
Filter capacitance 15 uF 50 uF 12.5 uF 10 uF
Cr
Droop coefficient m 2x 107 6.67 x 107*  1.66 x 107* 133 x 107*
Droop coefficient n 325 x 1073 10.83 x 1073 27 %1073 216 x 1073
Coefficients m 4, ng 1073 10-3 10-3 103
Supercapacitor bank 11.2 Wh 3.36 Wh 13.44 Wh 16.8 Wh

energy

power 40 kW and three RL loads, as in Fig. 1. Each converter
is assumed to be able to operate also under 0.9 power factor at
400-V line voltage at the ac side. The dc voltage is the same
for each DER and equal to 800 V. The switching frequency
of the converters equals 9.75 kHz, while the rest parameters
of the DERs appear in Table I and the load parameters in Ta-
ble II. The nominal current of the DERSs is calculated from the
nominal values of the active power, power factor and voltage.
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TABLE II
ELECTRICAL PARAMETERS OF LOADS

Items R[] L [H] P[W]at Q [Var] at
nominal voltage nominal voltage
Three-phase load L 12.307  0.0783 13 000 6 500
Single-phase load L, 35.267  0.1981 1500 850
Three-phase load L 3 9.143 0.0636 17 500 8000
DER1.Vmgdrms DER2.Vmgdrms DER3.Vmgdms DER4.Vmgdrms
50
—_——————
= 40 / Fault Fault
2 30 Fault detection clearance
g 20 occurrence
g 1: L—— g o | -
0.4 06 08 1.0 1.2 1.4 1.6 18 2.0 22 24
Time (s)
Fig. 9. Feedback d-axis voltage Vi, gd rms [V] from the PLL.

The parameters of the LC filter is selected so that the voltage
drop across L is <1% with nominal current and THDy <5%.
The distribution lines within the microgrid are assumed to be
overhead ACSR 16-mm? electrical lines with R = 1.268 Q/km
and X = 0.422 Q/km. The lengths of the respective connection
lines are Llincl =400 m, Llinc? = LlincB = Llin04 =100 m,
Liines = 200 m, and Li;,.¢ = 50 m. The line CBs are assumed
to be equipped with extremely inverse time—current character-
istics. The time—current equation of each CB is described by

28.2
(Ip/1)? =1
for 1.1-1, < Iy <3-1,

t= 0.03- +0.1217|

(18)

where ¢ is the trigger time and I, is the rated of the CB [24].
In this case, the rated current equals to 64.15 A for Siota1 =
40 kVA. The maximum fault duration ¢, for Iy = 1.1 - I,., ac-
cording to (18) is 4.032 s. For this time duration, the supercapac-
itor energy bank for each DER can be calculated (P, o - tmax)s
as it is presented in Table I. Generally, it can be said that the
introduction of the supercapacitor ESS will add approximately
10% 1in the cost, volume, and weight [35] of the dc/ac converter.

Alternatively, CBs equipped with S-type characteristics can
be used. Since the nominal current is calculated to 64.15 A,aCB
equipped with current sensor similar to ABB PR 222 DS/P [25]
with nominal current I, = 100 A can be implemented. The
S-characteristic is adjusted to I = 0.65- I, = 65 A and the
time response is adjusted to 0.05 s (itis an option given by the CB
manufacturer). The quantity of ?¢ is calculated by considering
eight times the nominal current [, (this is defined by the CB
manufacturer); thus

I’t = (8-1,)* = (8-100)% - 0.05 = 32,000[A” - s]. (19)

The tripping time of this CB is calculated by dividing the
quantity ¢ of (19) with the square of the fault current that flows
through the CB.

The proportional and integral parameters of the PI con-
troller of the PLL are calculated from (10) to be K,, = 0.3 and
K; = 300 by setting the following constraints: Vi, ¢4 rms = As =
32.5V (i.e., 10% of the peak value of the nominal phase voltage),
while the time response for a 0.2-p.u. step change of Vs (step
change from the nominal voltage to 80% of the nominal, which
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Fig. 10. Three-phase voltage profile [V] at the point of connection of load.
TABLE III
RMS VALUE OF DER CURRENTS [A] IN PHASE A
ts] DER; DER; DER; DER,
1.02-1.826 46.34 14.36 55.74 69.14
(2.89 p.u.) (2.99 p.u) (2.89 p.u.) (2.87 p.u.)
1.826-1.988 44.01 14.32 54.78 66.16
(2.74 p.u.) (298 p.u.) (2.84 p.u.) (2.75 p.u.)

can be perceived as fault) is set equal to three cycles of 50 Hz.
This is the minimum response time to calculate in a reliable
way the Vi,4d rms» since the calculation of the rms value takes at
least one cycle. The corresponding threshold for an asymmetri-
cal fault is A,; = 18.76V. Following the procedure mentioned
in Section II-C, in order to achieve the necessary fault current
for tripping the CBs and obtain the time discrimination for the
examined microgrid, a high-impedance fault is calculated as the
one corresponding to short-circuit power equal to eight times
the nominal aggregated active power of the DERs, i.e., 8-40 kW
= 320kW; thus, Ry = 0.5 Q2. The lower value of the parameter
c1, 1s calculated by assuming that the aggregated nominal load
is connected at the node of the smaller DER, i.e., at DER5. The
fault takes place in Line 1. The distance between CB; and the
fault is 100 m, while between CB» and the fault is 300 m. From
(13), the currents at both ends of the line are 31 A for CB; and
29.63 A for CB2. Therefore, the parameter c;, can be calculated
by dividing the rated current with the current of CBy, i.e., it is
equal to 2.07. Thus, 5 = 0.0283, and consequently, the resulting
droop curve is ¢ = 3 — 0.0283 - Vjgd rms- The simulation tests
are conducted with PSIM Software.

A. Solid Three-Phase Fault

At the beginning of the first simulation test, the microgrid
operates without the three-phase load L;, which is connected
att = 0.5 s. The impact of the sudden load connection appears
as voltage sag (see Fig. 10), while the feedback V44 rms has a
small transient effect. The voltage component V44 ,ms i not
reduced below the lower threshold, as it is presented from Fig. 9.
Thus, with the proper selection of threshold A, even large load
variations can be correctly detected as such and not as faults.
In case of a load disconnection, which leads to a voltage swell,
the microgrid impedance increases. Therefore, it cannot be per-
ceived as a fault. Subsequently, at t = 1 s, a three-phase solid
fault takes place. The equivalent fault impedance is Ry = 0.001
). In the prefault condition, the DERs operate according to their
droop coefficients. The fault is identified at t = 1.02s, because
Vingdrms < Ag, as it is illustrated in Fig. 9. The fault-detection
time can be considered as quite small, compared with other
fault-detection methods, where is calculated as a few cycles
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TABLE IV
RMS VALUE OF CURRENTS [A] AT SOLID THREE-PHASE FAULT WITH THE
PROPOSED CONTROL STRATEGY AND TRIPPING TIME WITH CBS EQUIPPED
WITH EXTREMELY INVERSE-TIME CURVE (18) OR WITH /¢ RELEASE!

Row CB; CB; CB3gs CBses CBrgs CBogio CBiigi2
1 Current [A] 91.37 90.26 76.18 77.46 78.25 21.83 42.73
atr= 1.1s
2 Trip time [s] 0.826 0.867 2.066 1.85 1.737 - -
with (18)
3 At [ms] - 41 1240 1024 911 - -
4 Trip time [s] 3.833 3.928 5.514 5.333 5.226 - -
with P
5 At [ms] - 95 1,681 1,500 1,393 - -
6 Current [A] 0 161.64 147.9 150.15 151.61 97 43.67
att=19s
7 Trip time [s] - 0.162 0.200 0.193 0.188 0.661 -
with (18)
8 At [ms] - - 37.7 31 26 499.3 -
9 Trip time [s] - 0.030 0.446 0.399 0.371 34 -
with ¢
10 At[ms] - ; 416 369 341 3370 -

' At: time discrimination between a CB and the tripped one, Trip time: the time it takes a
CB to trip after sensing a certain current.
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24 | | |
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<« 30 | l
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= e }bc\‘\'
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Fig. 11.  (a) Parameter ¢ of the proposed droop curve. (b) Reference currents

Lgrer and Iy ot of current control of DER; . With I;,41, is denoted the nominal
current of DER; .

(e.g., 15 cycles in [19]). During the fault, the rms value of CB;
is 91.37 A, which is larger than the rated current, and conse-
quently, it is triggered at ¢ = 1.826s, i.e., the response time of
this CB is 0.806 s. After the trigger of CB;, the fault current
that flows through CB, becomes 161.64 A, and finally, it trips at
t =1.988 s (i.e., 162 ms after the triggering of CB;), isolating
the faulty segment of the microgrid. The triggering time of each
CB can be verified by (18). Thus, CB; and CB, are correctly
tripped first, as being closer to the fault. This proves that the se-
lectivity coordination is carried out by the injected currents from
the DERs. The rms values of the output currents of phase a of
each DER are presented in Table III (the per unit values are also
given in parenthesis), while the respective rms values of the CBs
are listed in Table I'V. Table IV also presents the tripping time
of CBs adopting the extremely inverse time curve of (18) (rows
2 and 7) and the alternative type of I’t characteristic (rows 4 and
9).Itis obvious from Table I'V that the selectivity is ensured, first
for CB; and then for CBs, while the respective time difference
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Fig. 12.  (a) Current [A] through the CBs at the transition from normal to fault

operation. (b) Current [A] through the CBs at the transition from fault to normal
operation. (c) Output current [A] of phase a of each DER at the transition from
normal to fault operation. (d) Output current [A] of phase a of each DER at the
transition from fault to normal operation.

is larger in case of using CBs equipped with I’¢ release. Further-
more, the tripping time is larger in case of implementing CBs
equipped with ¢ release, requiring larger supercapacitors. The
instantaneous current waveforms are illustrated in Fig. 12. From
these figures, it can be noticed that the DERs switch from droop
control to current control mode in approximately one period of
the fundamental frequency, increasing the injected currents to
¢ times the nominal ones. The parameter c is different for each
individual DER [see Fig. 11(a)], since it depends on the location
of the DER with respect to the location of the fault. It can be
deduced that the desired selectivity is achieved successfully.
When the fault is cleared, the microgrid voltage returns to
the steady-state operation. The control of the DERs remains in
current control mode, until parameter V;, 44 rms Surpasses the A
threshold att = 2.03 s, as shown in Fig. 9. Thus, at this moment,
the DERs switch to droop control again (see Fig. 11), which is
reflected in new steady-state currents, as illustrated in Fig. 12(d).
The variation of the reference currents Ij..; and I,,.f of DERy
during the simulation test can be seen in Fig. 11(b). When
DER; operates in droop control mode, the reference currents are
calculated from the output of the voltage controller. During the
fault, the DER control switches from droop to current control
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Fig. 14.  Parameter ¢ of the proposed droop curve.
TABLE V
RMS VALUE OF CURRENTS [A] AT HIGH-IMPEDANCE FAULT
‘WITH THE PROPOSED CONTROL STRATEGY
tls] CBy CB, CB3ea  CBsgs  CBrgs  CBogig  CBiigie
0.6 76.62 71.74 58.20 66.24 69.29 17.34 32.48
2.7 0 131.63 101.72 108.93 111.85 60.98 18.89

mode, injecting a current /;..f, which is ¢ times the nominal
current I, , While Iy, is set to zero. When the fault is cleared,
the DER returns to droop control, while the reference currents
return to the respective values of the prefault operation.

B. High-Impedance Three-Phase Fault

In this simulation case, the fault impedance is Ry = 0.5 Q.
The fault takes place at ¢ = 0.5 s. The difference between a solid
and a high-impedance fault is reflected in the variation of the
parameter ¢, which determines the injected currents during the
fault. The discretization is better in case of a high-impedance
fault, as the measured microgrid impedance is larger for all
DERs. The feedback voltage Vi, ¢4 rms and the respective impact
on the parameter c are illustrated in Figs. 13 and 14. In this test,
the current of CB; becomes equal to 76.62 A, causing its tripping
att = 2.5 s. Subsequently, the current of CB» becomes equal to
142.94 A, causing its tripping at ¢ = 2.76 s. The rms value of
the currents at each CB appears in Table V.

In order to show the effectiveness of the proposed method for
implementing the selectivity with the simple overcurrent CBs,
the same simulation is carried out, but now coefficient c is set
equal to 3 for all DERs. The rms values of each CB current are
presented in Table VI. First, CB; is correctly activated. How-
ever, consequently, the current through CB7 s is the larger one,
activating them incorrectly and isolating the microgrid segment
that includes the two loads and the DER>.

C. High-Impedance Phase-to-Ground Fault

The final case concerns a high-impedance phase a-to-ground
fault. In simulation terms, the fault resistance Ry is equal to
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TABLE VI
RMS VALUE OF CURRENTS [A] AT HIGH-IMPEDANCE FAULT
WITH CURRENT COEFFICIENT ¢ = 3

t [s] CB, CB, CB3gqs  CBsgs  CBres  CBggio  CBrigie
0.6 115.11 48.45 33.92 42.84 46.08 11.13 67.55
2.7 0 151.71 137.05 148.45 152.95 94.91 47.85
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=3 30 | Fault clearance d
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Fig. 15.  Feedback d-axis voltage Vi, ¢q rms [V] from the OSG-SOGI PLL of
phase A.
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Fig. 16.  Three-phase voltage profile [V] at the point of connection of load
L : (a) during all the simulation time period and (b) during the fault-detection.

0.35 €2 and the fault occurs at ¢ = 0.5 s. The objective dur-
ing an asymmetrical fault is that the healthy phases should re-
main unaffected. The fault-detection parameter Vi, gd rms, as it
is measured by the OSG-SOGI PLL of the voltage of phase a,
appears in Fig. 15. At ¢t =1.913 s, the CB; of phase a trips,
while at t = 2.123 s, CB» of phase a trips too, isolating the
fault. The overcurrent sensors of the healthy phases do not
sense any fault, because their currents continue to be as in the
prefault condition.

The three-phase voltage at the point of connection of load
Ly is presented in Fig. 16. The voltage of the faulty phase
a decreases during the fault, while the healthy phases remain
unaffected by the fault. Furthermore, after the fault clearance,
the voltage recovers very quickly, with a seamless transient.
The parameters c of the currents are shown in Fig. 17(a), while
Table VII indicates the rms value of phase a currents through
each CB. It is evident that proper selectivity has been achieved
for asymmetrical faults, too. Fig. 17(b)—(e) presents the DER
phase currents. The current of the faulty phase a is increased
when the fault is identified, while the currents of the healthy
phases remain unaffected after a short transient. Furthermore,
it can be noticed that the control system detects the fault after
approximately three cycles, while there is a transient period of
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all DERs. (b) Current of phase a at the transition from normal to fault operation.
(c) Current of phase a at the transition from fault to normal operation. (d) Current
of phase b at the transition from normal to fault operation. (e) Current of phase
¢ at the transition from normal to fault operation.

about four cycles to inject the faulty current. The currents of the
healthy phases are only slightly affected during this transition
period [see Fig. 17(d) and (e)]. After the fault clearing, the
transition from the current control to the droop control is similar
to the one presented for the three-phase fault.

IV. EXPERIMENTAL RESULTS

An experimental validation of the proposed control strategy
is carried out in a microgrid with two DERs of nominal capacity
500 W each, having as a primary source ten batteries Bosch
D126 of 12-V nominal dc voltage (120 V in total). The rms
value of the ac line voltage, produced by the PWM control
strategy, equals to 73.48 V/50 Hz. The LC filter parameters are
0.35 mH and 85 pF. The DERSs are connected in looped topology
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TABLE VII
RMS VALUE OF CURRENTS [A] AT HIGH-IMPEDANCE
PHASE-TO-GROUND FAULT
t[s] CB; CB; CB3eq4  CBsgs  CBrgs  CBogio  CBiigiz
0.6 76.83  74.22 60.1 67.55 70.56 18.66 32.25
2.1 0 149.39 135.17 143.71 147.42 92.77 46.52

with an RL load with parameters R = 12 2 and L = 80 mH.
The DERs are connected with ac low-voltage cable five-core
J1 VV 2.5 mm?. The distances among the DERs and the load
appear in Fig. 18(a). Two CBs with S-type releases of type
ABB XT?2 Ekip LSI 10 A [25] are placed on the two sides of the
line fault.

Each DER uses a dSPACE DS1104 controller board for the
implementation of the control systems. Each controller houses
the droop control and the fault-detection control. The electrical
parameters of the results are measured with a Fluke 434 instru-
ment by using the transient operation and are collected in the
respective graphics by means of Fluke Power Quality Analyzer.
In the results, the selection X10 is activated, which corresponds
to ten periods per graphic. Due to the lack of many probes, the
same experiment is repeated several times in order to collect
all the data. According to the procedure mentioned earlier, pa-
rameters K, and K; of the fault-detection control are calculated
to be equal to 2 and 2000, respectively, by setting A, equal
to 6 and A, = 3.46. The proportional and integral parameters
of the PI controllers are: 0.3 and 1.5 for the positive sequence
voltage controller and 0.1 and 20 for the current controller. The
negative sequence control is deactivated, because the microgrid
operates with a symmetrical load. Finally, the droop coefficients
are m =4 x 107 and n = 0.012. The droop curve, as de-
scribed in (15), was set for both DERs equal to ¢ = 3 — 0.275 -
Vingd rms- The constant term and the slope of the droop curve are
precalculated, according to the procedure mentioned in Section
II for the specific microgrid.

A. Three-Phase Symmetrical Fault

In the first experiment, a three-phase symmetrical fault takes
place between the two DERs, closer to DER5. Fig. 18 illustrates
the experimental microgrid scheme and the corresponding re-
sults. The short-circuit is implemented by a switch connected
to the ground through a resistance equal to 0.1 ). According
to Fig. 18(b), the current at branch Ly becomes larger than the
others, leading to the tripping of CB, [see Fig. 18(c)]. After a
few seconds, the CB; is triggered and the fault is cleared [see
Fig. 18(d)]. When the fault is detected, DER, injects a larger
current, as being closer to the fault. However, this situation is
inversed when CBs is activated, and as a result, DER; becomes
closer to the fault [see Fig. 18(e)]. In this way, a selective coop-
eration of the CBs is successfully achieved.

B. Two-Phase to Ground Fault

In the second experiment, a two-phase to ground fault is in-
vestigated. Phases a and b participate in the short-circuit. The
microgrid under test is illustrated in Fig. 18(a) (denoted as exp.
2), while the results are presented in Fig. 19. When the fault takes
place, the voltage at the faulty phases suddenly drop, while the
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Fig. 18.  (a) Experimental microgrid scheme, where Exp. 1 and Exp. 2 cor-

respond to the first and the second experimental test, respectively. (b) Branch
currents [A] at the transition from normal to fault operation, (c) at tripping of
CB2, and (d) at tripping of CB and transition back to normal operation (blue
line: branch L1, red line: branch L9, green line: branch L3, black line: branch
Ly). (e) Output current [A] of each DER during fault (blue line: DER| , red line:
DERj.
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Fig. 19. (a) Phase voltages [V] measured at the load at the transition from
normal to fault operation, (b) at the transition back to normal operation (red
line: phase a, blue line: phase b, green line: phase c). (c) Phase currents [A] at
branch L at the transition from normal to fault operation, (d) at the triggering
of CB3 (red line: phase a, blue line: phase b, green line: phase ¢).

voltage at the healthy phase ¢ remains almost as in the prefault
condition. In Fig. 19(a) and (b) appear the phase voltages at the
load during the transition from the normal operation to the faulty
and vice versa. The line currents in branch L are illustrated in
Fig. 19(c) and (d). In the prefault operation, all branch-L; cur-
rents are equal to zero due to the topology shown in Fig. 18(a)
and due to the fact that the two DERs are of the same rating.
Thus, the circulating current among the DERs is zeroed. Dur-
ing the fault, the current of phase c is kept to zero, while the
currents of the faulty phases take a larger value, after a short
transient [see Fig. 19(c)]. The triggering of the CBs takes place,
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Fig. 20. (a) Branch currents [A] at the transition from normal to fault opera-
tion, (b) at tripping of CB2, (c) at tripping of CB; and transition back to normal
operation (blue line: branch L1, red line: branch L9, green line: branch L3,
black line: branch L). (d) Output current [A] of each DER during fault (blue
line: DER, red line: DERy).

as in Section I'V-A. First, the two poles of CB; (corresponding
to phases a and D) are activated, as the current of branch Ly is
relatively larger than the current of branch L;. Subsequently,
the respective two poles of CB; are triggered, and finally, the
fault is cleared. Fig. 20(a)—(c) shows the current of phase a in
all branches, while Fig. 20(d) presents the current injections of
the two DERs. It is evident that, with the proposed method,
the healthy phase remains unaffected and the required overcur-
rents to achieve selective protection are focused only on the
faulty phases.
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V. DISCUSSION AND CONCLUSION

A method to tackle with symmetrical and asymmetrical line
faults in a looped converter-interfaced microgrid is presented in
this paper. By implementing the proposed method, selectivity in
the operation of the line protection means can be achieved. All
the CBs are assumed to employ simple overcurrent devices with
time-inverse current characteristics, without any kind of phys-
ical communication among them. Due to the looped topology,
each CB has the same rating. When a fault takes place within the
microgrid, the control strategy detects the kind of fault in few cy-
cles and changes its inner control from droop to current control.
Each converter contributes to the fault with a current, propor-
tional to the indirect measurement of the microgrid impedance,
according to a proposed droop curve. In this way, the DER
closer to the fault injects a relatively larger current, creating a
selectivity, which is absent otherwise. An analytical method for
deriving the parameters of the droop curve is also provided. The
proposed method is effective for solid and high-impedance (up
to a level) three-phase and asymmetrical faults. In the case of
asymmetrical faults, the healthy phases remain unaffected. In
all cases, the microgrid returns back to normal operation after
the fault clearing with a seamless transient effect, although its
topology has changed from looped to radial.

The proposed method has the following limitations:

1) The maximum high-impedance fault that can be cleared
should be evaluated for each individual looped microgrid
like the one mentioned in the paper, taking into account the
constraints in the injection of overcurrents by the DERs,
the power of the DERs and also the load and the line
impedances. The procedure for making such evaluations
is presented in the paper.

2) If CBs with inverse time characteristics are used, the time
discrimination might be too short. Alternatively, CBs with
S-type characteristic (I’t release) can be used, since they
significantly improve the time discrimination. However,
since the use of S-type characteristics leads normally to
longer fault clearing times, larger supercapacitors ESS
will be required. The procedure to evaluate their size and
cost is presented in the paper.

The results are validated in a laboratory lower scale microgrid

for symmetrical and asymmetrical faults.
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