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Keywords: This paper proposes a mechanism for time-frequency analysis of post-fault transient response in hybrid
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AC/DC microgrids. The proposed mechanism is based on the continuous wavelet transform of the elec-

Fault tromagnetic transient (EMT) simulation data in grid-connected and islanded modes of operation. The

Hybrid AC-DC Microgrid

proposed mechanism is used to evaluate the impact of fault parameters on the post-fault voltage recovery

Protection and to estimate the critical clearance time of the faults. Moreover, a simulation benchmark is developed

Transient
Voltage stability

that involves different types of distributed energy resources (DERs) including solar photovoltaic (PV),

wind, and battery energy storage systems. The developed microgrid benchmark is implemented in EMTP

software and extensive simulation results are analyzed to obtain insights into the voltage recovery and

transient response of hybrid AC/DC microgrid subject to faults.

1. Introduction

Microgrids are among the key components of the
smart grid technology that can provide consumers with
clean and sustainable energy even in the absence of the
main grid. As more renewables, distributed energy re-
sources (DERs), and electric vehicles (EVs) are deployed
in low-voltage distribution networks, new methods and
structures are developed to leverage reliable and eco-
nomic operation of microgrids [1]. In particular, mi-
crogrids are evolving into hybrid AC/DC microgrids to
accommodate higher penetration of renewables and to
supply power to AC and DC loads with a fewer number
of converters [2]. Hybrid AC/DC microgrids can reduce
the conversion losses and harmonics as compared with
their AC counterparts [2], [3].
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A typical hybrid microgrid consists of AC subgrids, DC
subgrids, and interlinking converters (ICs) that connect
the AC subgrids to the DC subgrids [4]. The ICs are capa-
ble of bidirectional power exchange between the sub-
grids to ensure voltage stability in the DC subgrid or
frequency stability in the AC subgrid [5]. In contrast with
traditional distribution systems, hybrid microgrids are
deemed to be complex systems in terms of energy man-
agement, control and protection strategies [6], [7].

The hybrid microgrids can be subject to different
types of temporary faults which may occur in either of
the subgrids while they operate in grid-connected or
islanded mode. Moreover, the subgrids may employ
different types of DERs with different control strategies
(e.g., PQ, PV) that affect their disturbance-ride-through
capability [8]. It is shown that a high penetration of
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renewables in the subgrids affects the protection relia-
bility and complicates the fault management [9]. Efforts
have been made to address some protection issues in
hybrid microgrids [8, 10, 11].

The study presented in [8] shows that hybrid mi-
crogrids with induction motors tend to exhibit post-
disturbance oscillations in the islanded mode of opera-
tion. A controller for energy storage systems is devel-
oped in [8] to damp low-frequency oscillations due to
severe disturbances. A simplified protection scheme is
proposed in [10] to detect and isolate the faulty side of
the IC. It employs discrete Fourier transform (DFT) of
the oscillating current measured at the DC side of the IC
to detect faults at the AC side. However, this scheme
may fail in hybrid microgrids that do not exhibit oscilla-
tions in the DC side voltage/current during the fault. The
study in [11] analyzes the impact of asymmetric faults
on the DC side voltage, and proposes a control strategy
for the IC to compensate for the negative and zero se-
quence components and attenuate the DC side power
fluctuations.

Despite the recent advances, a comprehensive analy-
sis of post-fault transients and voltage stability is re-
quired for resilient operation of hybrid microgrids. In
particular, the previous fault studies in the literature
lack a qualified mechanism for analysis of fault-induced
transients when either of the AC or DC subgrids oper-
ates in the islanded mode. In this regard, time-
frequency analysis methods can be helpful, for instance,
the wavelet transform has shown promising results for
different protection applications in AC microgrids in-
cluding: detection and feature extraction of disturb-
ances [12], fault classification [13], fault detection and
localization [14-17].

This paper presents a mechanism for analysis of the
post-fault transient response of hybrid AC/DC mi-
crogrids. The proposed mechanism consists of time-
domain electromagnetic transient (EMT) simulations
and the continuous wavelet transform. This mechanism
is used to assess the impact of fault resistance, location
and duration on the post-fault voltage stability. The
proposed mechanism facilitates numerical estimation of
the critical clearance time (CCT) when either of the
AC/DC subgrids operates in the islanded mode.

The main contributions of this paper are as follows:
1) It is shown that the interactions between the DERs
and the IC may lead to major post-fault disturbances or
oscillations in the islanded subgrid. As a consequence, if

the fault clearance time exceeds a critical value, then
the voltage of the islanded subgrids cannot be stabi-
lized. 2) Since many local controllers are involved in the
post-fault transient response of the hybrid microgrids,
theoretical assessment of the CCT is not a mathemati-
cally tractable problem. To overcome this important
challenge, a mechanism is developed which numerically
estimates the CCT based on the continuous wavelet
transform of the EMT simulation data. In the proposed
mechanism, the CCT estimation is independent of the
microgrid topological conditions. Hence, it can be ap-
plied to large-scale hybrid microgrids with arbitrary
number of DERs and multiple ICs.

2. Post-Fault Transient Response of Hybrid AC/DC
Microgrids

The post-fault transient response of hybrid mi-
crogrids can have a significant impact on the operation
of the protective devices such as relays, and also affects
the voltage stability in the islanded AC/DC subgrid.
Therefore, it is necessary to analyze the transients that
emanate from temporary faults in order to ensure the
stability and resiliency of the microgrid. In general, the
transient response of hybrid microgrids to temporary
faults depends on:

1) Location, duration and resistance of the fault

2) Operation mode of the subgrids

3) Type and operating conditions of DERS

4) Control parameters of DERs and the IC

The simulation results presented in Section 4 reveal
that the location and resistance of the fault within a
subgrid may significantly affect the extent and volatility
of the voltage transients. Moreover, a low resistance
fault which creates major post-fault voltage disturb-
ances may also lead to voltage transients in the healthy
subgrid. For a given fault location, time-domain EMT
simulations can be carried out to assess the impact of
fault duration and resistance on the post-fault disturb-
ances.

The operation mode of the subgrids plays a crucial
role in their post-fault behavior as the islanded subgrids
have lower inertia which is translated to a higher degree
of sensitivity to disturbances. In the islanded mode, the
voltage stability not only depends on the grid-forming
DG systems but also on the power transfer capability of
the IC. The DC subgrid may employ battery devices for
the load sharing and voltage control [18] while the AC
subgrid may use droop-controlled DG systems that uti-
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lize reliable DC sources such as energy storage system
(ESS) [19].

The type and control parameters of the DERs and the
IC have remarkable impacts on the voltage and current
transients that emerge after the fault clearance, particu-
larly when a subgrid operates in the islanded mode. For
example, wind and solar PV systems can be controlled
based on the maximum power point tracking (MPPT)
method which leads to variable real power injection and
limited reactive power. Moreover, the droop gain of the
IC affects the maximum real power that can be ex-
changed between the subgrids [20, 21], which in turn
limits the contribution of the IC in the voltage/frequency
recovery.

It is known that the fault duration has an impact on
the post-fault behavior of AC microgrids that operate in
the islanded mode [22]. In the case of hybrid microgrids,
analysis of the impact of the fault resistance and dura-
tion is a more complicated task [7]. For example, the
fault-induced disturbances in the grid-connected sub-
grid can also disturb the islanded subgrid (which has a
lower inertia) via the IC. Therefore, the protective de-
vices in the islanded subgrid may trigger a false trip. It is
thus necessary to identify the source of faults in a timely
manner before false trips take place in the healthy sub-
grid. Once the faulty node is identified, preventive ac-
tions such as disconnection of the IC can be launched by
the backup protection system.

3. Estimation of the Critical Clearance Time

The analysis of the fault-induced transients and the
subsequent post-fault voltage stability require detailed
modeling of different components of the hybrid mi-
crogrid. It should be highlighted that this analysis is not a
mathematically tractable problem due to complex inter-
actions between different DERs, the ICs and the loads.
Elaborate simulation-based methods are required to
overcome this challenge. In this paper, it is shown that
EMT simulations are effective tools that provide the
necessary data for time-frequency analysis of fault-
induced transients. Moreover, they pave the way for
numerical assessment of the post-fault voltage recovery
in hybrid AC/DC microgrids. Estimation of the CCT,
sensitivity assessment based on the fault location and
resistance are among important applications of the simu-
lation-based methods.

The CCT is an important parameter that should be
taken into account in the design of protection schemes.

The CCT is related to the post-fault transient response of
the hybrid microgrids and is defined as the maximum
duration of fault that leads to sufficiently small post-fault
voltage transients in both AC and DC subgrids. The CCT
can be analyzed for a given fault resistance and fault
location, i.e., the CCT may change if the fault location or
resistance change.

The transients that exist in the post-fault volt-
age/current measurements are inherently non-stationary
signals. In fact, the post-fault voltage/current signals
consist of different components with variable magnitude,
frequency, and duration. The continuous wavelet trans-
form is an effective tool for high-fidelity analysis of such
transient signals. The wavelet transform is helpful in
tracing transients and oscillations that may exist in the
post-fault voltage and current signals. An advantage of
the wavelet transform over the windowed Fourier trans-
form is that it can accurately localize the short-duration
and high-frequency signal components such as fault-
induced voltage transients [23].

Suppose the fault occurs at the time instant ¢t = ¢ and
is cleared after T s. In EMT simulations, the fault instant
should be large enough to allow the DERs and the IC
operate under their steady-state conditions. The continu-
ous wavelet transforms of the post-fault voltages are
obtained as:
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where W(t) denotes the wavelet and the superscript (.)*
represents the complex conjugate. V. (t) and v, (t) in
(1) and (2) denote the instantaneous voltage signals of
the DC and AC subgrids, respectively.

The AC dispersion for the AC subgrid is defined as
follows
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where w; and w,, denote the lower and upper limits
around the fundamental scale s,, and V., denotes the



nominal voltage of the AC subgrid. The fundamental
scale satisfies the following relationship
Fe
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where F, is the center frequency and depends on the
associate wavelet W. f; in (4) denotes the nominal fre-
quency of the AC subgrid, e.g., 60 Hz. The limits w,, and
w; should correspond to a narrow range around the fun-
damental frequency f,. Since the sampling rate of the
EMT simulation results are known, the scale-to-
frequency conversion method can be employed to deter-
mine which scales are around f,. Therefore, the limits
can be estimated as:

w; = min{s|s > sy}
w,, = max{s|s < sy}

According to (3), the AC dispersion estimates the time-
series of the total energy of the transient components
excluding the fundamental component at f,. Therefore,
when the voltage of the AC subgrid becomes stable the
transient components vanish and the AC dispersion is
asymptotic to zero.

The DC dispersion for the DC subgrid is defined as
the following time-series:
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Where s, and s,,,, respectively denote the minimum
and maximum scales and can be calculated using algo-
rithms that account for the energy spread of the wavelet
over the time and frequency [24]. Based on (4), the DC
dispersion calculates the time-series of the total energy
of the transient components given that the DC compo-
nent is filtered by the wavelet transform in (1). The DC
dispersion approaches zero when the post-fault DC volt-
age has no oscillatory component.

An advantage of the AC/DC dispersion parameters is
that they can be used to decompose and quantify the
transient components of the post-fault voltage data. In
this setting, the CCT can be defined as:

CCT = max{Tf | Sacjac(®) < Bgcjae, VT > a+tp +Tr}  (6)

where the parameter a is the decay time and should satis-
fy:

a> Ty

The parameters A, and A4, in (6) respectively denote
the AC and DC dispersion thresholds.

The definition given in (6) is justified based on fol-
lowing observations: when the AC and DC voltages are
within their acceptable range the dispersion parameters
approach zero. When either of the AC or DC voltages
becomes oscillatory or does not return to the acceptable
range, the corresponding dispersion parameter recedes
from zero. Therefore, the post-fault voltage recovery
implies a small dispersion and vice versa. Moreover, the
dispersion parameters possess superior localization in
time domain (as the continuous wavelet transform does),
hence, they can accurately extract the interval of the
post-fault voltage disturbances.

The dispersion thresholds can be numerically evaluat-
ed to obtain accurate estimates of the CCT. To this aim,
a detailed EMT simulation is carried out where the AC
and DC subgrids initially operate under the nominal
conditions. When the network operates in the steady-
state, a load change occurs which yields the maximum
acceptable power mismatch. The AC and DC dispersion
parameters are then calculated for the post-event interval.
The calculated parameters represent the boundaries of
the tolerable voltage deviations. Hence, the dispersion
thresholds should satisfy the following:

Aa(:/dc > (Sac/dc(rlt > T,)

where t, shows the instant of the maximum power
mismatch.

The CCT for a given fault location can be estimated
using Algorithm 1. In this algorithm, R denotes the fault
resistance, T,,, shows the maximum duration, and f is
the search tolerance. The algorithm starts with the max-
imum fault duration and evaluates the dispersion pa-
rameters after each round of simulation. If both of the
AC and DC dispersion parameters are less than their
thresholds, then the fault clearance does not lead to per-
sistent disturbances and the lower boundary of the search
interval, denoted by T, is updated. Otherwise, the upper
boundary of the search interval, denoted by T;, is updat-
ed. A new EMT simulation is carried out with the fault
duration equal to the average of the boundary times, as
stated in step 11 of Algorithm 1. This process continues
until the length of the search interval, i.e., T; — T, be-
comes less than the search tolerance (. The accuracy of
the CCT estimation is thus controlled by the value of B.
A lower B implies more accurate estimates, however, it
increases the estimation time. In practical AC mi-
crogrids, the maximum duration is normally greater than
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or equal to 100 ms, thus B = 1 ms yields reliable esti-
mates of the CCT without imposing a high computation-
al burden.

Based on Algorithm 1, the number of EMT simula-
tions required for the estimation of the CCT is given by:

Nim = [tog;™/* +1] (7)

According to (7), the estimation time which is propor-
tional to the number of EMT simulations is a function of
the logarithm of the maximum duration. While a fixed
value of T,,, can be used regardless of the fault location, a
more efficient strategy can exploit a dynamic T,,, depend-
ing on the fault location.

Algorithm 1: Estimation of the CCT for a given fault location

Inputs: tr, Ry, T, Bac, Bge, o, B

Initialize: Set Ty = T;,, T = 0, T; = Tyy,

1: Run EMT simulation with the fault instant t = t; and the
fault duration Ty . Save V. (t) and v,.(t).

Calculate the dispersion parameters using (3) and (5).
if 8ac/ac(t) < Agejae VT > a+tp + T, then

T, < T

else

T, <« Tf

End if

If T; — Ty, < B, then

CCT = Ty and terminate.

else

T < (T; + T;)/2 and go to 1.

12:  Endif
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Output: CCT

The computational burden of EMT simulations de-
pends on the size of the microgrid, the number of DERS
and ICs, and the estimation parameters T,, and (3. While
it is not possible to completely eliminate the burden of
the time-domain simulations, system designers can take
advantage of Algorithm 1 to significantly reduce the
burden of simulations. Moreover, the proposed mecha-
nism can help the network operators to adapt the protec-
tion system schemes to the worst-case scenarios, e.g.,
when the lowest CCT is observed.

4. Simulation Results

The performance of our proposed method is verified
based on a hybrid microgrid benchmark with the diagram
shown in Fig. 1. The DC and AC subgrids are connected
to a medium voltage (MV) AC grid at the nominal volt-
age of 12.47 KkVLL. Electromagnetic Transients Pro-
gram (EMTP) is used for accurate simulations of the

transients in the test microgrid [25]. The simulation
benchmark consists of detail models of DERs and their
control components, including switching devices and
inverters, dg-frame voltage and current control loops,
phased-locked loops, etc. The simulation parameters for
different components of the test microgrid are given in
Table 1. The time-domain EMT simulation data are
analyzed using the Morse wavelet with time-bandwidth
product equal to 120 and symmetry parameter equal to 3
[26]. This setting narrows the wavelet filter in frequency
and widens the central portion of the filter in time.

The DC subgrid has a nominal voltage of 600 V and
consists of a solar PV system connected to node D; and a
battery at node Ds. The loads in the DC subgrid are iden-
tical and have a resistance equal to 360 Q. The AC sub-
grid has a nominal voltage of 120 V and involves a
DFIG wind turbine at node Cg, two DG systems at noes
C; and C,,, and a solar PV system which is connected to
node C,. The DG systems in the AC subgrid use an ESS
as the source of power. In the islanded AC subgrid the
DG units play the role of grid-forming inverters by
adopting a droop control method to maintain the voltage
and frequency at their reference values [27], [28]. The
loads and the line parameters of the AC subgrid comply
with a commercial feeder proposed in the North Ameri-
can version of the CIGRE low-voltage distribution net-
work benchmark [29]. The constant power loads are
suggested in [29] for the low-voltage benchmark systems
that incorporate renewable and distributed energy re-
sources. Moreover, the proposed detection and estima-
tion mechanism is independent of the load models.
Hence, other types of microgrid loads, e.g., dynamic
loads, can be simulated without affecting the perfor-
mance of the proposed mechanism. Different scenarios
have been simulated for analysis of the impact of the
faults on the transient response of the test microgrid. The
parameters of the simulation scenarios are summarized
in Table 2. If applicable, the DC subgrid becomes is-
landed at ¢ = 1 sand the AC subgrid becomes isolated
fromthe MV gridat t = 1.5 s.
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Fig. 1: The single-line diagram of the hybrid AC/DC
microgrid benchmark

Table 1: THE CONTROL PARAMETERS OF THE TEST HYBRID
AC/DC MICROGRID

System/Node Parameter Value
PV/D, Capacity (kW) 3
Irradiance (W/m?) 500
ESS/Ds State of charge (%) 90
Capacity (kWh) 10
DG/C, Real power setpoint (kW) 10
Reactive power setpoint (k\VVAr) 22
Frequency droop gain (Hz/W) 10
Voltage droop gain (V/VAr) 10*
Filter inductor (mH), 1
Filter Capacitor (uUF) 1
Battery nominal voltage (V) 600
Battery capacity (kWh) 50
Wind/Cg Capacity (kVA) 50
Wind speed (m/s) 10
Control mode Q-control
Reactive power setpoint (k\VVAr) 0
DG/Cy Real power setpoint (kW) 10
Reactive power setpoint (k\VVAr) 22
Frequency droop gain (Hz/W) 10
Voltage droop gain (V/VAr) 10*
Filter inductor (mH) 1
Capacitor (UF) 1
Battery nominal voltage (V) 600
Battery capacity (kWh) 50
PVIC, Capacity (kVA) 30
Irradiance (W/m2) 1000
Control mode PQcontrol
Reactive power setpoint (KVAr) 0
Real power setpoint (kW) 30
IC/D,, C; Droop gain 3000
DC side capacitor (mF) 5
Filter inductor (mH), 15
Capacitor (UF) 1
Min allowed frequency (Hz) 50
Max allowed frequency (Hz) 70
Min DC voltage (V) 590
Max DC voltage (V) 610
Current regulator 10+ 62/S
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Fig. 2: The voltage magnitude vs. time in scenario I. (a):
voltage at node D (b): voltage at node C,

Table 2: PARAMETERS OF DIFFERENT SIMULATION SCENARI-

0os
Scenario Islanded Faulty Rs(Q) Ty (ms)
Subgrid Node
| DC Ds 10 50
T DC Ds 1 50
1l AC C, 0 50
v AC C, 0 100
\ DC & AC C, 0 100
Vi DC & AC Dg 1 87
Vi DC & AC Cio 0 70

In scenario I, the DC subgrid becomes isolated from
the MV grid while the AC subgrid remains in the grid-
connected mode. The fault inception time is t = 2 s and
the fault clearance time is T, = 50 ms. Fig. 2 demon-
strates the voltage magnitudes in scenario I. Scenario Il
is similar to scenario | where the fault resistance is re-
duced to Ry =1, and the corresponding voltage mag-
nitudes are shown in Fig. 3. The results reveal the impact
of fault resistance on the transient response of the sub-
grids. The high resistance fault results in damped oscilla-
tions such that the DC voltage returns to the normal
range at t = 2.15 s, as shown in Fig. 2. The low re-
sistance fault leads to large-scale oscillations in the DC
subgrid and small-scale oscillations in the AC subgrid, as
shown in Fig. 3. The wavelet-based time-frequency rep-
resentation of the DC voltage in scenario Il is shown in
Fig. 4. This scalogram reveals that the voltage oscilla-
tions in the DC subgrid are not damped and consist of a
sub-synchronous component at 35 Hz and a super-
synchronous component at 70 Hz. The magnitude of the
sub-synchronous component is much larger than the
magnitude of the super-synchronous component.
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Fig. 3: The voltage magnitude vs. time in scenario Il.
(a): voltage at node Dy (b): voltage at node C,

A useful case study is obtained where the IC is dis-
connected from the islanded DC subgrid shortly after the
fault clearance. In this case, the voltage magnitudes are
shown in Fig. 5. The results indicate the impact of the IC
on the post-fault voltages. In this case, the IC operates in
the current-controlled mode and injects a certain amount
of real power into the DC subgrid to regulate the DC
voltage. On the other hand, the ESS uses a voltage regu-
lator (PI controller) and a battery to regulate the voltage
at its connection point, i.e., Ds. In the presence of the
IC, the fault-induced disturbances lead to undamped
oscillations as shown in Fig. 3. Such oscillations stem
from the circulation of real power due to interactions
between the DERs and the IC. Disconnection of the IC
eliminates the controller interactions which in turn di-
minishes the oscillations in almost 40 ms.
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Fig. 4: Scalogram of the voltage at D, in scenario I1.
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Fig. 5: The voltage magnitudes in scenario Il with the IC
disconnected from the DC subgrid at t = 2:1 s (a): volt-
age at node D (b): voltage at node C,

In scenario 111, the AC subgrid is disconnected from
the MV grid, while the DC subgrid remains connected to
the MV grid. Fig. 6 demonstrates the voltage magni-
tudes in scenario Ill. Scenario IV is similar to scenario
111 where the fault clearance time is increased to 100 ms.
The voltage magnitudes in scenario IV are shown in Fig.
7. These results reveal the impact of the fault clearance
time on the post-fault response of the islanded AC sub-
grid. In Fig. 6 (b), the fault is cleared after 50 ms and the
voltage of the AC subgrid returns to its nominal value at
t =24 s, i.e, 350 ms after the instant of fault clear-
ance. However, when the fault clearance time is 100 ms,
the voltage of the AC subgrid does not return in the nor-
mal range and declines to 0.35 p.u. at t =4 s, as
shown in Fig. 7 (b). This implies that the late isolation or
clearance of the faulty node C, jeopardizes the voltage
stability due to lower inertia of the AC subgrid in the
islanded mode of operation.
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Fig. 6: The voltage magnitude vs. time in scenario lll.
(a): voltage at node D (b): voltage at node C,
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Fig. 7: The voltage magnitude vs. time in scenario IV.
(a): voltage at node D (b): voltage at node C,

Moreover, comparison of Fig. 6 (a) with Fig. 7 (a) re-
veals that a longer fault clearance time in the islanded
AC subgrid leads to larger voltage deviations in the grid-
connected DC subgrid. For instance, the case of Ty = 50
ms results in DC voltage variations in the range
[597,603] V, whereas the case of T = 100 ms corre-
sponds to DC voltage variations within the range
[594,604] V. It is observed that the maximum (mini-
mum) of post-fault DC voltage in case of Ty = 50 ms is
larger (smaller) than the maximum (minimum) of the
post-fault DC voltage in case of T, = 100 ms.

In scenario V, the DC and AC subgrids become iso-
lated from the MV grid. A zero-resistance fault occurs at
the node C, at the time t = 2 s. Fig. 8 shows the magni-
tudes of the voltages in scenario V. The results indicate
that the voltages of both subgrids are subject to major
disturbances after the fault inception time. The AC sub-
grid incurs severe under-voltage such that the voltage
does not return to the normal range after the fault clear-
ance. The DC subgrid, undergoes remarkable voltage
fluctuations after the fault clearance, however, the volt-
age is stabilized and returns to the acceptable range. The
ESS in the DC subgrid facilitates the voltage stabiliza-
tion in the islanded DC subgrid.

The dispersion parameters can be calculated based on
other types of time-frequency transforms. For compari-
son, the S transform [30] is applied on the DC voltage
under scenario V, and the resulting DC dispersion is
shown in Fig. 9 (b). In this test, the DC dispersion pa-
rameter based on the discrete S transform is obtained
using the following equation:

M-1
1
acs(k) = 75 D ISaclk, DI 8
j=1

where S, (k, j) denotes the S transform coefficient of the
discretized signal V. and M is the number of the fre-
quency bins. The discrete time index is related to the
wavelet time variable as T = k/F, where F, is the sam-
pling rate of the EMT simulation data. It is seen that the
DC dispersion parameters show similar behavior, i.e.,
they gradually approach zero after the fault clearance,
which indicates the DC voltage is recovered successful-
ly. It is concluded that time-frequency analysis methods
are promising tools for verification of the impact of
faults and the estimation of the CCT in hybrid AC/DC
microgrids.
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Fig. 8: The voltage magnitudes vs. time in scenario V.
(a): voltage at node D (b): voltage at node C,

In scenario VI, the DC and AC subgrids are islanded.
The post-fault transient response of the DC subgrid is
demonstrated in Fig. 10. It is seen that the fault clearance
brings about voltage oscillations that gradually diminish
such that the DC voltage is stabilized at around t =
2.5 s. Fig. 10 (b) points out that the DC dispersion can
properly quantify the intensity of the constituent compo-
nents that comprise the post-fault transient response.
This result confirms that the low value of the DC disper-
sion is a qualified indicator of the DC voltage stability
and can be used in computation of the CCT.

In scenario VII, the DC and AC subgrids become is-
landed and the fault is cleared after T, = 70 ms. The
post-fault transient response of the AC subgrid is depict-
ed in Fig. 11. The AC dispersion shown in Fig. 11 (b)
reveals the extent of the post-fault perturbations as its
value rises from 0 to 0.5 in almost 1 second. The
increasing value of the AC dispersion implies that the
voltage of the AC subgrid does not return to its nominal
value due to the late isolation of the fault in the AC sub-
grid.
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Fig. 9: Calculation of the DC dispersion parameter in
scenario V based on (a): Wavelet Transform and Eq.
(5), (b) Discrete S Transform
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Fig. 10: The post-fault transient response of the DC
subgrid in scenario VI. (a): voltage at node Dg (b): DC
dispersion

Figs. 12 (a) and (b) respectively demonstrate the esti-
mated CCT for different faulty nodes where the AC and
DC subgrids operate in the islanded mode. These results
are obtained using the decay time a= 1 s, and the
dispersion thresholds A, = 0.1 and Ap = 1. The max-
imum duration for the CCT estimation is T,,, = 100 ms
and T,,, = 200 ms for the DC and AC subgrid, respec-
tively. The search tolerance for both subgrids is B = 1
ms. According to (7), the number of simulations required
for the CCT estimation are 8 and 9 for the DC and AC
subgrid, respectively. In this test, the fault resistance in
the AC subgrid is 0 Q and the results shown in 12 (a)
indicate that node C, is the most sensitive node in the
islanded AC subgrid as it has the lowest estimated CCT (
33 ms). It should be emphasized that the minimum CCT
is highly important for the protection scheme of the mi-
crogrid and in particular for the IC connection. Backup

and supervisory protection systems can compare the fault
isolation time with the estimated CCT to take remedial

actions if required.
(a)

200
— 100 |
>
~ 0

=100 |
-200

(®)

1
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50 C
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Fig. 11: The post-fault transient response of the AC
subgrid in scenario VII. (a): voltage at node C, (b): AC
dispersion

The CCT in the AC subgrid shows large variations,
for example, the CCT for node C;, is 120 ms which is
much higher than the CCT for node C,. The fault re-
sistance in the DC subgrid is 5 Q and the results shown
in 12 (b) indicate that the CCT in the DC subgrid exhib-
its small variations with the lowest CCT equal to 86 ms.
The results presented in Fig. 12 point out that the CCT
can vary significantly depending on the fault location
within the islanded subgrid.

5. Conclusions

A wavelet-based mechanism is proposed for assess-
ment of the impact of fault duration, resistance and loca-
tion on the post-fault voltage recovery in hybrid AC/DC
microgrids. It is shown that the interactions between the
DERs and the ICs may lead to persistent post-fault dis-
turbances in the AC/DC subgrids. It is also observed that
if the fault duration exceeds a critical value, then the
voltage of the islanded subgrid cannot be recovered.
Moreover, time-frequency transforms are employed to
derive the AC and DC dispersion parameters for numeri-
cal assessments of post-fault voltage recovery. It is indi-
cated that, the nodes connected with a grid-forming sys-
tem are highly sensitive to the fault-induced disturbances
as they exhibit small critical clearance time. Numerical
results also point out that, under low-resistance faults,
the critical clearance time may vary significantly de-
pending on the fault location in the islanded AC subgrid.
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