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ABSTRACT This work introduces a residual-based adaptive threshold for detecting faults in
grid-forming inverters in AC microgrids islanded from the main grid. The inverters are modeled
as a nonlinear system with one-sided Lipschitz nonlinearities and modeling uncertainties. The
adaptive threshold response is evaluated using unwanted events such as busbar and sensor faults.
An inequality for the upper bound on the £5 norm of the residual is derived and used for designing
the adaptive threshold. The upper bound is obtained via semidefinite programming with two linear
matrix inequality constraints. In the numerical tests, we consider an islanded-mode AC microgrid
with two grid-forming inverters, one grid-following inverter, and one synchronous machine with the
governor and excitation control. Primary and secondary control layers regulate the operation of
the inverters in the microgrid. The performance of our proposed adaptive threshold clearly edges
over a fixed threshold method.

INDEX TERMS Microgrids, grid-forming inverters, adaptive threshold, fault detection.

Nomenclature

o Rotating angle of the i-th inverter

Vdi,qi d-axis and g-axis auxiliary state variables for the
PI current controllers at the i-th inverter

Wh Nominal frequency of the microgrid

Wei Cut-off frequency of the low-pass filters for the
active and reactive power at the i-th inverter

wj Frequency of the i-th inverter

Whi Nominal frequency of the i-th inverter

Wy Frequency of the common reference frame

¢di,qi d-axis and g-axis auxiliary state variables for the
PI voltage controllers at the i-th inverter

Cs Capacitance of the LC filter at the i-th inverter

ibdibgi d-axis and g-axis current magnitude of the i-th
branch

ilailgi d-axis and g-axis output current magnitude of
the i-th inverter

Lgi1q d-axis and g-axis output current magnitude of

the PI voltage controller at the i-th inverter

ilodi,logi d-axis and g-axis current magnitude of the i-th

lodi,oqi

load
d-axis and g-axis current magnitude of the LC
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Kic;
Krv,
Kpc
Kpv,
Ly,
Lg

Llo
mp;4

R/ci

filter at the i-th inverter

Current PI controller’s integral gain at the i-th
inverter

Voltage PI controller’s integral gain at the i-th
inverter

Current PI controller’s proportional gain at the
i-th inverter

Voltage PI controller’s proportional gain at the
i-th inverter

Inductance of the i-th branch

Output connector’s inductance at the i-th in-
verter

Inductance of the LC filter at the i-th inverter
Inductance of the i-th load

Active power droop coefficient at the i-th in-
verter

Reactive power droop coefficient at the i-th
inverter

Active power of the i-th inverter

Reactive power of the i-th inverter

Resistance of the i-th branch

Output connector’s resistance at the i-th inverter



IEEE Access

G. Intriago et al.: Real-Time Power System Event Detection: A Novel Instance Selection Approach

Rg Resistance of the LC filter at the i-th inverter

Rio Resistance of the i-th load

Vhdi,bqi d-axis and g-axis bus voltage magnitude at the
PCC of the i-th inverter

Vbi Total bus voltage magnitude y /v{ g + vi; of the

i-th inverter
Vigiiq d-axis and g-axis output voltage magnitude of
the PI current controller at the i-th inverter
Vi Nominal voltage magnitude of the i-th inverter
Vodi,oqi d-axis and g-axis output voltage magnitude of
the i-th inverter
Vodioq d-axis and g-axis voltage magnitude references
for the PI voltage controller at the i-th reference
frame

Voi  Total output voltage magnitude /vy 4 vi; of

the i-th inverter

I. INTRODUCTION

Distributed energy resources (DERs) with power
electronics-based interfaces are evolving from grid-
following (GFL) to grid-forming inverters (GFM).
GFMs will be an essential asset for future microgrids
because they form the grid and offer better control at
different timescales. The GFMs provide voltage and fre-
quency support to the microgrid by resembling the role
of a synchronous generator (SG) but with a clean energy
source. The most important feature of GFMs is their
embedded cascaded controller that establishes the grid’s
reference voltage and frequency in grid-connected and
islanded modes. However, undesirable internal events,
such as busbar or sensor faults, can lead to an unstable
operation of the grid-forming inverters, affecting the sys-
tem’s overall stability. Threshold-based fault detection
is a workhorse in practice. In a naive way, a designer
can set a constant threshold to determine the presence
of a fault. However, a constant threshold may lead to
misdetection if its value is too high or false alarms if it is
too low. Moreover, islanded microgrids are considered in-
dependent systems that must ensure the supply-demand
power balance while providing voltage and frequency
support. The operation of an islanded microgrid is more
challenging than that of a grid-connected microgrid
regarding stability. To cope with these challenges, this
paper focuses on finding an adaptive threshold for grid-
forming inverters operating in an islanded-mode AC
microgrid.

A. PRIOR WORK

In general, fault detection algorithms for power convert-
ers can be categorized as data-driven, signal-processing,
and model-based techniques. Data-driven techniques
rely on various system measurements to extract fault
signatures, thereby implementing fault diagnosis with
intelligent algorithms [1]-[7]. In [1], the authors combine
the information change in SCADA data with a recurrent
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neural network (RNN) to compute a residual and adap-
tive threshold for fault detection in inverters for wind
turbines. In [2], a new spatio-temporal multiscale neural
network provides an end-to-end fault diagnosis for wind
turbines using imbalanced SCADA data. The approach
uses multiple thresholding to isolate faults. The authors
in [3] design a fixed threshold and a novel fault diagnostic
method for three-phase multilevel converters using 2-D
convolutional neural networks and a window-based fea-
ture extraction technique. Another approach presented
in [4] combines a short-time wavelet entropy calculation
method with long short-term memory networks (LSTM)
and support vector machines (SVM) for fault detection
in multilevel converters. In [5], the authors propose a
convolutional neural network (CNN) for fault diagnosis
of open-circuit failure in three-phase inverters with mul-
tiple thresholds. Despite the merits of these works, data-
driven models usually suffer from issues such as high
computational burden, low interpretability, complicated
weights initialization, and sensitivity to input data.

Signal processing based methods generally sample
voltage, current, and auxiliary signals without an accu-
rate system model [8]-[12]. In [8], the authors propose a
detection method based on topology symmetry analysis
in healthy and faulty conditions for two-level three-
phase pulse-width modulating rectifiers. Although the
method is low-cost, robust, and uses a fixed threshold,
the method has poor rapidity and requires significant
tuning effort. The zero current in each phase current is
combined with different features to detect open-circuit
transistor faults in a type three-level rectifier, as referred
to in [9]. However, the proposed method uses fixed
thresholding and is specific to the inverter’s type. The
authors in [10] propose an improved diagnosis method
for open-circuit faults using a fixed threshold and AC
current distortion characteristics for voltage source rec-
tifiers. In [11], the authors propose a detection method
of calculating the mismatch among current paths using
solely existing current measurements. The authors in
[12] present an open-circuit fault detection method by
using fixed thresholding and checking the arm voltage
magnitude errors with no additional transducers or
measurements. However, the method inevitably delays
five control cycles to detect the faults.

Model-based methods are appropriate when the sys-
tems under study can be modeled accurately and allow
interoperability with existing control layers [13]-[19].
In [13], the authors propose an adaptive fast voltage-
based detection method for open-switch faults with an
adaptive threshold. However, the method is sensitive to
noise in measured currents. A detection method with
an adaptive threshold is designed for open-circuit faults
using a phase voltage vector residual [14]. Nonetheless,
the approach has a narrow diagnosis time. The authors
in [15] use a combination of a current observer, filter
circuits, and an adaptive threshold to detect open-switch
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faults of voltage source inverters. In [16], high-fidelity
model-based detection and isolation filters are employed
for open-circuit and current sensor faults. However, the
method is sensitive to communication latency. Refer-
ences [17], [18] leverage H_ /H,, optimization to design
fault detection filters with fixed thresholds for busbar
and line faults for inverter-based resources. The meth-
ods, however, are limited to system-level solutions that
do not scale. In [20], the authors present a model-based
method for designing adaptive thresholds for fault detec-
tion. However, the designed threshold is limited to linear
systems, has a narrow adaptive operation, and does
not consider the control input for its computation. The
authors in [21] propose a superimposed phase-current
scheme with a voltage restraint element to detect faults
in an islanded microgrid with grid-forming inverters.
Although the method correctly identifies faults, the
speed of detection is considerable.

From the review of the prior works, an internal fault
detection solution for grid-forming inverters operating
in islanded AC microgrids that is robust against distur-
bances and exhibits a fast detection response is still miss-
ing. To fill this gap, we develop a model- and residual-
based fault detection threshold that evolves according
to the input dynamics of the grid-forming inverter and
requires no additional sensors. First, we derive the math-
ematical model of the grid-forming inverter considering
the state space framework. The model considers external
disturbances and parametric uncertainties. Based on the
inverter model, we select a nonlinear H.,/H_ observer
to compute the discrepancy between the output of the
grid-forming inverter and the model’s output. Then, a
reliable adaptive threshold is obtained by solving a semi-
definite program with linear matrix inequalities. Finally,
we study the performance of our design considering a
busbar and sensor fault with modeling errors, nonlinear
loads, and input delays.

B. CONTRIBUTIONS

Protecting grid-forming inverters against internal faults
is essential for improving islanded AC microgrids’ tran-
sient stability and operation. The low inertia charac-
teristic of the inverters makes fault currents increase at
high rates. Such a situation demands fast fault detection
and clearance of a few milliseconds. Otherwise, severe
and permanent harm may occur to the inverter and
microgrid components. The novel contributions of our
work are summarized as follows:

1) To the best of the authors’ knowledge, this is
the first attempt to propose an adaptive threshold
for detecting faults in grid-forming inverters. The
adaptive threshold is evaluated in an AC microgrid
with a technology mix to show the practical merits
of our method.

2) The proposed method exhibits fast fault detection
and clearance response times, minimizing to zero

VOLUME 11, 2023

GFM Busbar Fault
r— -~ _o _______ ',_|
utput
1 ot : MICROGRID
I onnector ) )
iodirlogi
L ] PodtrPoat | pyp NG point of
1 Filter | common
1 [ T I i
I idi > Ligi coupling
v
I| bC L | @i| Power €V,
| Lsource | &; | Controller — oy
* *
: Vidi > Vigi Sensor / I
| Pl e Fault I
| Current DO |
| 4 I
| ai > bgi I
| PI ‘v;dilv:qi [
| Voltage | I

FIGURE 1: Block diagram of grid-forming inverter [22].

the false alarm and missed detection rates for the
faults considered in this study.

3) The threshold design shows considerable sensitiv-
ity to the studied faults and excellent robustness
against disturbances and parametric uncertainties.

4) The proposed design is reliable under the effects of
modeling errors, nonlinear loads, and input delays.

C. NOTATION AND ORGANIZATION

R is the set of real numbers. Vectors are represented
by bold letters. a' is the transpose of vector a. |a|
represents Euclidean vector norm. (a,b) denotes the
inner product of vectors a and b. A > 0 (A < 0) means
that matrix A is positive (negative) definite. The symbol
x represents the Cartesian product. A zero matrix of
appropriate dimensions is expressed as 0. A; is the i-th
column of matrix A.

The organization of this manuscript is presented as
follows. Section II presents the modeling of the grid-
forming inverter. Section III introduces the mathemat-
ical representation of nonlinear systems, the fault de-
tection scheme, and the proposed adaptive threshold
approach. The simulations and discussion are presented
in Sections IV and V, respectively. The conclusions and
final remarks are presented in Section VI.

Il. GFM MODELING

The grid-forming inverter model considered in this work
is described in the block diagram shown in Fig. 1. We
assume that the GFMs are connected to a stable DC
source. The voltage, current, and power controllers are
tuned such that the GFM can form the microgrid’s refer-
ence voltage magnitude and frequency. The power con-
troller sets the operating frequency (w; = wy; — mp, P;)
of the inverter bridge, provides the voltage magnitude
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references (Vi = Vi — nq,Qi, Vo = 0) to the voltage
controller, and contains the droop curves for power-
sharing coordination. Using a PI control strategy, the
voltage controller aligns the output voltage magnitude
perpendicular to the g-axis and provides the current
references to the current controller. The current con-
troller uses a PI control strategy to charge/discharge the
capacitor of the LC filter such that the desired voltage
magnitude is achieved. Both PI controllers introduce
auxiliary variables to simplify the state space modeling
where ¢qi = V;qi — Voqis ¢ai = V;di — Vodi, ;}/qi = iikqi - ilqh
and Jqi = ijjy; — i1ai- The output connector smoothens
the output current of the GFM and couples it with the
microgrid at the point of common coupling (PCC) [22],
[23].

The dq frame of one of the microgrid’s generators is
selected as the common reference frame rotating at the
frequency w,. Under ambient conditions, the rotating
frame of the microgrid’s power injection technologies
overlaps the common reference frame. However, when a
disturbance occurs, the disturbance introduces a phase
difference 6; = f wj — wy between the power injection
technologies and the reference generator where w; is the
rotation frequency of each technology’s frame. Conse-
quently, the frame of each technology no longer overlaps
with the common reference frame. According to [24], a
rotation matrix is used to map the reference frame to
the frame of each technology as follows

] = [ot) o] pm] g

Xbqi — sin(éi)

where x represents voltage (v) or current (i) magnitude.
For example, the voltage magnitude at the point of
common coupling, denoted as vyp; and vi,q;, is converted
to the frame of the i-th GFM as vpqi = cos(d;)vppi +
sin(d;)vpqi, and vpg = —sin(d;)vepi + cos(di)vhqi. A
similar conversion is applied for the current magnitude
in the dq domain.

The ideal model of each GFM in the absence of faults
and disturbances can be expressed in the following state-
space form

%X = Ax + Bu+ ¢(x,u) @)
y = Cx + Du,

where y € R™ is the measurements vector, x € R"~ is
the state vector, u € R™ is the input vector, defined as

y= [V:di] )

.. . aT
x=1[0; Pi Qi ddi dgi Ydi Vqi lidi ligi Vodi Vogi lodi loqi] -

T
u= [wr Whni Vni Vbdi Vbqi]

The state space is formed by collecting and manipu-
lating the equations (1)-(20) from [23]. The nonlinear
function and state space matrices are shown in (3). The
dynamic equations that govern the GFM state space
representation are given in the Appendix. Moreover, the

4

GFMs incorporate a distributed secondary control layer
for the voltage magnitude and frequency. The objective
of the secondary voltage controller is to set the input V;
such that the voltage magnitude components converge
t0 Voqi — 0 and veqi — Vyer. Similarly, the secondary
frequency controller chooses the input wy; such that
w; reaches w,. The distributed secondary control layer
details can be found in [22].

IIl. METHODOLOGY
This section presents the residual generation, evaluation,
and adaptive threshold design. The ideal state-space
model of a nonlinear system subject to faults can be
presented as follows

%X = Ax + Bu+ ¢(x,u) + E¢f (@)
y = Cx + Du + F¢f,

where the terms E¢f and F¢f exist during the fault
occurrence. E¢, F¢, and f are formed by appropriately
manipulating and reorganizing the dynamic equations
and the state-space matrices.

A. STATE-SPACE REPRESENTATION FOR NONLINEAR
SYSTEMS

The state space model of a nonlinear dynamical system
with parametric uncertainties can be expressed as fol-
lows

{5{ = Ax + Bu+ E,w + E¢f + ¢(x, u) %)

y = Cx + Du+ Fyw + F¢f
where,

A=A+AA
C=C+AC
E, = E, + AE,

B=B+AB
D=D+AD
Fy =Fy + AFy

and ¢(x,u) captures the nonlinearities in the system.
f is the vector of faults, and w is the vector of distur-
bances. The model’s matrices are obtained based on the
system’s dynamical equations. Ef and Fy are the matrix
representation of faults, while Ey and Fy correspond
to the matrix representation of disturbances. The model
uncertainties AA, AB, AC, AD, AE,, and AF, belong
to the polytope defined as

AA AB AE, — —
[AC AD AFW]zCo{:l,...,:p}, (6)

— _|Ai Bi Egui -
—=i — |:C1 Di Fwi:| ) Vi= 17 s Py (7)

where Co denotes the convex hull. A;, B;, C;, Dj, Equji,
and Fy;, Vi = 1,...,p are known matrices of appro-
priate dimensions. The region of bounded operation
of the system is defined as the Cartesian products of
the convex sets U and D. Each set is formed by the
Cartesian product of the system’s states’ and inputs’
maximum and minimum values [25]. The sets are defined
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0 0 0 0 0 0 0 0 0 o 0o 0o 0 ]
—mp, —ws 0 0 0 0 0 0 0 o 0 0 0
0 0 —ws -ng 0 —Kpyng, 0 - Kro Kpyng, 0 0 0 0 0
0 0 0 0 0 Ky 0 EKpe Ky, 0 0o 0 0 0
0o 0 0 0 0 0 Kiv, 0 & Kpe Ky, 0O 0 0 0
0 0 0 0 0 0 0 =Kic, 0 0o 0 0 0
AT — 0 0 0 0 0 0 0 0 =Kic, 0o 0 0 0 7
o 0 0o 0o 0o -1 0 (R4 LKeo,) w N
o 0 0 0 0 0 -1 —u, (B4 tKee) 0 & 0 0
0 0 0 -1 0 “Kpv,  w@Ci  — + £ KeoKpy, = KpownCh 0 0 o 0
0 0 0 0 -1 -wCi -Kev, -fKeewCs o - (h+hKeeKev) 00 0 0 L
0 00 0 0 F; 0 =Kpg Fi 0 &= 0 B 0
Lo 0o 0o 0 o0 0 B0 L Kpo,Fi 0~ 0 B
11 0 00 0 0 (3)
0 0 0 0 0 0 Wei (Vodilodi + Vogilogi)
0 0 0 0 0 —ng, Wei (Vogilodi — Vodilogi)
0 0 1 0 0 0 0
0 0 0 0 0 0 0 0
0 0 Kpv, 0 0 0 0 0
B =10 o 0 o o, Cl=]o0o|, DT =[1], ¢kxnu = 0
0 0 £KpcKpy, 0 0 0 0 Wnillgi — mp, Piilgi
0 0 0 0 0 0 0 —Whilla; + mPiPiildi
0 0 0 0 0 0 WniVogi — Mp, Piveqi
0 0 0 0 0 0 —WniVodi + mp, Pivogi
0 0 0 -= 0 0 Wnilogi — Mp, Pilogi
LO 0 0 0 - L 0 ] L —wnilodi + mp,Piioai |
as U = [uPuP®] x --oox [uit ] and D= be characterized as
B, ] - ] & = (A-LO)e+ By~ LPy)w+ (B — LE)E

A Luenberger observer for the dynamical model (5)
can be posed as follows

NS

x =Ax+Bu+L(y—y)+¢(%Xu)
y =Cx+Du

where y and X represent the vector of estimated mea-
surements and states respectively. L corresponds to the
matrix gain of the observer. We assume the following
two conditions hold true

1) The system is observable.
2) The signals w and f are finite and square-integrable
in EQ .

Remark 1. The design of an observer robust against
disturbances is not the aim of this work. Hence, the
observer matrix gain L is obtained following the prin-
ciples presented in [26], [27] while considering the non-
linearities of the grid-forming inverters as one-sided
Lipschitz continuous (refer to Appendix), enabling a less
restrictive design [28].

B. GENERATION OF THE RESIDUAL

Let us define the measurement error r = y — y and
state error e = x — x. Define ® £ ¢(x,u) — ¢(%X, u) and
® = ¢(%,u). Then, the dynamics of the state error can
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+® + (AA — LAC)x + (AB — LAD)u
r = Ce+F,w+Fif + ACx + ADu.
9)

Let us rewrite the error dynamics as

[é] _ {A —LC AA- LAC} {e} {AB - LAD]

X 0 A+ AA X B+ AB
C[Be LR [E TR [
Ew W Ef (b ’

r=[C AC] L‘j + [AD)] [u] + [Fu] [w] + [F1] [£].
Also, let us define

- e - -
e= , W=w, u=u,

X
i_[A-LC AA-LAC] g _ [AB-LAD
o 0 A+AA |7 | B+AB |’
~ ~ ~ [®
C=[C AC], D=IAD], ‘I’:M,
~ [Ey-LF,] = [Ef—LF;
S R
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Thus, the error dynamics and residual vectors are given

as
é =Aé+Bu+E.Ww+Ef+® 10)
r =Cé+Da+F,w+Fdf

which will be used for fault detection [29].

C. ADAPTIVE THRESHOLD DESIGN

The following theorem establishes an adaptive threshold
for fault detection in nonlinear systems.

Theorem 1. Given a scalar o € Ry, if there exist v € R
and a positive definite matrix P, such that the following
inequalities hold

P 0 0 CT
0 I o0 FI
WVl -0 11
0 0 I DT (11)
C F, D
ATP+PA+aP PE, PB P
E/P 0 0 0
Tw =<0 12
BTP 0 -1 0 (12)
P 0 0 0

Then, an adaptive threshold for the residual vector r is

Tunaap(®) = /v x (e xaTa+d+ara).  (13)

Proof. Define V=6"Pé, W =w'w, and U =a'1u.
We propose an upper bound for the residual norm square
r'r with v >0

r'r<yx(V+W+U)
el [P 0 0] [e
—yx |w| [0 T of |w]. (14)
al [0 o 1| |a

&' [CT &
rr=|w| |FI||C B D] |w (15)
u DT u
Combining (15) and (14), we get
~q T . ~
e P oo ,|C" e
W 010—7@{6&13] w| >0,
i oo Il 7|pT i
(16)

which is equivalent to (11) by the Schur complement
[30].

6

Consider the first-order derivative of V
V=¢é"Pé+é Pe
= (éTTU +a BT +w'E] + iﬂ) P&
+é'P (Ké + B+ E,Ww + 3}5)

T"TATP+PA PE, PB

e P e
~ ~T ~
_ |V E,P 0 00 W gy
u BTP 0 0 of]|u
P P 0 0 0 P

Given an appropriate value for «, V can be upper-
bounded as

V<—aV+a'a, (18)
which can be rewritten as:
61" [ATP+PA +aP PE, PB P] [é
~ ~—|— ~
@ BP0 0 0| |%| g
u BTP 0 -1 of |4
o P 0 0 of[®
(19)
yielding (12). Furthermore, from (18) we get
t
V < e V(0) + / e =7 [aTq) dr
0
t
= / e =) [aq] dr
0
—e % yaa (20)
By setting w ' w < d, we have
r'r < v X (e_o‘t ¥ a+d+ ﬁTfl) .
Therefore, we obtain the adaptive threshold as
Jihdyn = \/7 x (et x @Ta+d+ ).
O

We can minimize the upper bound by solving the
following semidefinite program

minimize 7y
~vER,P>0

subject to  (11) — (12).

Due to the polytopic uncertainty of the nonlinear
system, the LMIs (11) and (12) represent infinite LMI
constraints, making the optimization problem infinite-
dimensional and not tractable. To deal with this prob-
lem, let us introduce the following theorem

Theorem 2 (see [31]). The following are equivalent for
any H, L;, R;.

H+ Y LAR; -0 VA€ Co(Ar,...,A) (21)
H+ > LiARi -0 Vj=1,... .k (22)
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The theorem says that the LMIs with polytopic uncer-
tainty only need to hold at the vertices of the polytope
[31]. To apply Theorem 2 to the LMIs in (11) and (12),
we set L = Ry = 1 with i = 1 in (22), and follow
a series of mathematical operations that transform the
LMIs into a finite set expressed as

P 0 o0 CJ

0o I 0 FJ,

0 o 1 DJ *
_Co Fowo Do Al
[0 0 0 ACT

0 0 0 AFL .

0 0 0 A]SV%! =0 Vi=1,...,p
|AC; AF,; AD; 0

AP +PA, +aP PE, PB, P
E] P 0 0 0
ot +
B/ P 0 -1 0
i P 0 0 0
[AAP + PAA; PAE,; PAB; 0
BT
AE}P 0 0 0| _,
ABP 0 0 0
i 0 0 0 0
Yi=1,...,p
where
A-LC 0] = 0
Ao = |: 0 A:| ) Bo = [B] )
Co=[C 0], D,=][0],
~ Ew — LF,] =
EWO - |: E :l bl FWO = [FW] bl
~ 0 AA; —LAG ~  [AB; — LAD;
Adi = {o AA; ] ABi = [ AB; }
AC;=[0 AG], AD;=[ADy],
~  [AEy — LAF; = 4
AE; = { AR, } . AFy; = [AF].

D. EVALUATION OF THE RESIDUAL

We follow the protocol presented in [32] to decide
whether a fault occurs. We define the function that eval-
uates the residual as J = ||r||2. Ideally, during a fault-
free scenario, the value of J must be zero and strictly
positive. Nonetheless, J is strictly positive even when a
fault is absent due to the presence of disturbances. The
adaptive threshold is set by considering the system is in
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TABLE 1: Parameters of the Grid-Forming Inverters.

Parameter Value
#1 GFM #3 GFM
Power rating (kVA) 45 34
Voltage rating (V) 380 380
mp; 9.4x107% 12.5x107°
ng; 1.3x107% 1.5x1073
Rai () 0.03 0.03
Le (mH) 0.35 0.35
Rs (Q) 0.1 0.1
Lg (mH) 1.35 1.35
Cg (uF) 50 50
Kpvi 0.1 0.05
Kivi 420 390
Kpci 15 10.5
Kici 20000 16000
wy, (rad/s) 314.16 314.16

TABLE 2: Parameters of the AC microgrid.

Parameter  Value
Branch 1 E‘; g1283;)H
Branch 2 IEE: (1)8?:157S/3H
Branch 3 EE: g1283;ﬁ{
Load 1 il;) Zg'?mH
Load 2 IL{IIZ 12’)(1]89 mi
load3 | 1 San
Load 4 ilz 421?7QmH

the absence of faults and subjected to disturbances. The
rule for detecting a fault is defined as

if J < Jiw,

Absence of faults, . (23)
if J > Jen.

Fault alarm,

An essential component in any scheme for detecting
faults is the threshold Ji,. A trustworthy threshold
reduces the chances of false alarms and missed detection
while enhancing the fault detection capability.

IV. NUMERICAL TESTS

The simulations were run using Matlab and Simulink.
We use the YALMIP toolbox and the SDPT3 solver
to solve the optimization problem in Theorem 1. All
simulations correspond to the grid-forming inverter se-
lected as the reference generator. Similar simulation
results were obtained for the remaining inverters in the
microgrid test system. Our proposed adaptive threshold
is compared with a fixed threshold approach described
in a recent work [29]. The disturbance matrices are
designed as Ey, = B and F,, = D. The busbar fault
is modeled as Ef = [B4Bs], and Ff = 0, whereas
the sensor fault is modeled as Ef = 0, and Fy = 1.
The parameter values for the residual thresholds are
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TABLE 3: Parameters of the adaptive threshold for the
busbar and sensor faults.

Busbar  Sensor
Fault Fault
¥ 0.493 0.026
o 1.290 0.121

Secondary ication link Secondary
frequency Communication lin frequency
and voltage and voltage
control control
A Load #1 Load, #4 2
3 oa oa 9
#1 GFM #3 GFM
Branch Branch
#1 #3
IJ Branch LI
#2 GFL |_l #2 f| #4.SM

Load #2 Load #3

FIGURE 2: Single line diagram of the AC microgrid test
system.
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FIGURE 3: Impact of the internal faults on the voltage
magnitude (p.u.) and frequency (p.u.). (a) and (c)
busbar fault during 0.2 seconds; (b) and (d) sensor fault
during 1 second.

presented in Table 3. We select the parameters of the
LC filter as the uncertain parameters. Consequently, the
vertices of the polytope {Z1,...,E,} are obtained by
uniformly selecting values of these parameters within
two percent of the nominal rating shown in Table 1.
The number of vertices of the polytope is set to p = 5.

8

A. MICROGRID TEST SYSTEM

We implement the islanded AC microgrid, shown in
Fig. 2, to test the proposed adaptive threshold. The
microgrid consists of two GFMs, one GFL, one SG, four
busbars, four loads, and three inductive RL branches.
The parameters and data of the GFMs and microgrid
are shown in Tables 1 and 2. GFM #1 is selected as the
reference generator. The GFMs are locally controlled
by the virtual synchronous machine technique (GFM
#1) and droop curves (GFM #2) [23]. In addition, the
voltage magnitude and frequency reference of the GFMs
are regulated by a secondary control layer as described
in [22]|. The parameters of the GFL can be found in [22].
We consider the classical fourth-order nonlinear model
for the SG [33] with a BPA-GG governor [34] and low-
order exciter [35].

B. BUSBAR FAULT

The bus at the point of common coupling, which is
the bus that connects the GFM with the microgrid,
may be subject to a busbar fault. The busbar fault is
implemented as a symmetrical fault corresponding to the
sudden change of the PCC’s voltage magnitude (vp;).
Fig. 3a and Fig. 3c present the impact of the busbar
fault in the inverter’s output voltage magnitude (vo;)
and frequency (wj). The figures show that the busbar
fault perturbs the voltage magnitude at the PCC by
decreasing it when the fault occurs and increasing it
when the fault is cleared. We observe that the inverter’s
frequency remains idle during the presence of the fault.
In other words, the effects of the busbar fault are decou-
pled between the voltage magnitude and frequency.

The following analysis explains the reason for this phe-
nomenon. The voltage magnitude droop w; = wy;—mp;P;
is equivalent to w; = wy; — Aw and a characteristic
swing equation Aw = ]i (Pi,uf — DiAw), where J;, D,
P;.ur are the equivalent synthetic inertia, damping, and
the unfiltered active power measurement for the i-th
GFM, respectively. Notice that the product %Pivuf is
exceedingly diminutive because the equivalent inertia J;
is inversely proportional to the droop coefficient mp;,
which is in the order of 107°. Hence, any change in the
unfiltered active power P; s due to the busbar fault does
not largely influence the dynamics of Aw.

Fig. 4a shows the adaptive threshold and residual
norm response when a busbar fault occurs at time t = 2
s at the PCC. After 0.2 seconds, the busbar fault is
cleared at time t = 2.2 s. Both thresholds remain
above the residual during the absence of the fault in the
entire simulation horizon. We observe that the adaptive
threshold decreases rapidly below the residual norm
when the fault happens, as shown in the left magnified
box. The fault is detected as early as 0.01 milliseconds.
Notice that the adaptive threshold quickly responds to
the fault presence, which makes the fault detection fast.
On the other hand, using a fixed threshold takes almost
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FIGURE 5: Residual norm, adaptive and fixed threshold comparison with modeling errors. (a) Busbar fault. (b)

Busbar fault with postprocessing. (c¢) Sensor fault in v} ;.

ten milliseconds to detect the busbar fault. In the right
magnified box, we observe the behavior of the thresholds
when the fault is cleared. Both thresholds yield similar
clearing times because it takes about 40 milliseconds to
restore the fault-free condition.

Postprocessing of the adaptive threshold can be used
to reduce the threshold’s fault-clearing time. In Fig.
4a, we observe that the adaptive threshold reaches a
maximum value of about six when the busbar fault is
cleared at time t = 2.2 s. This is because the threshold
is computed using the input vector u, which is severely
affected by the bus voltages vpqi and vig when the
busbar fault occurs. Fig. 4b presents the post-processed
response of the adaptive threshold and the residual
norm. The postprocessing consists of holding the value of
the dynamic residual for approximately 30 milliseconds
as soon as the maximum value of the threshold is
detected, i.e., immediately after the fault is cleared.
The threshold follows its original value afterward. A
limitation of such an approach is that a busbar fault
cannot be detected while postprocessing takes effect.

C. SENSOR FAULT
The sensor fault is implemented as a sudden increase
in v’y the reference voltage for the GFM’s voltage

VOLUME 11, 2023

controller, corresponding to at least the 10% of its
steady-state value. A sudden change above 10% will
excite the residual norm sufficiently for our proposed
adaptive threshold to detect the fault. Fig. 3b and
Fig. 3d present the impact of the sensor fault in the
inverter’s output voltage magnitude (v,;) and frequency
(wi). We notice that the fault is observable in the voltage
magnitude rather than in the frequency. The explanation
for this phenomenon is the same as the explanation
given for the busbar fault in Section IV-B. Fig. 3b
shows that the inverter’s voltage controller immediately
reacts at t = 2 s in opposition to the detected increase
in v}y by reducing the output voltage magnitude vogq;
and maintaining it around its pre-fault value. A similar
situation occurs when the fault is cleared at t = 3 s.
Fig. 4c presents the responses of the residual norm,
dynamic, and fixed thresholds under a v ,; sensor fault.
The sensor fault occurs at time t = 2 s and is cleared at
t = 3 s. We observe that the adaptive threshold obeys
the desired detection logic during the entire horizon.
The adaptive threshold remains above the residual norm
during fault-free intervals and below the norm during
fault occurrence. The proposed adaptive threshold min-
imizes the rates of false alarms and missed detection
to zero. Notice that the adaptive threshold allows for

9
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a fast detection of around 0.01 milliseconds. Also, it
can be seen that the fixed threshold is tighter than
the adaptive threshold. However, the adaptive threshold
stays farther from the residual than the fixed threshold.
Such a distance may help to avoid false alarms and
missed detections under potential new disturbances.

D. MODELING ERRORS

To account for the influence of modeling errors, we
double the resistance (Rg), inductance (Lg), and ca-
pacitance (Cg) values of the LC filter. Also, we double
the resistance (R.i) and inductance (L¢;) values of the
output connector. Meanwhile, the adaptive threshold
parameters are the same as those presented in Table
3. Fig. 5a, 5b, and 5¢ show the response of the adaptive
threshold with modeling errors for the busbar fault and
sensor fault, respectively. The figures show that the
thresholds still follow the same response as the original
ones without errors. The adaptive threshold for busbar
fault exhibits a slight positive bias; see Fig. 5a and 5b.
The adaptive threshold for the sensor fault presents a
small negative bias; see Fig. 5c.

17, (b) v =[vig Vﬁqi]T7 (¢) v = [Vbdillod; Vbgillog;] "

E. NONLINEAR LOADS

We evaluate the merits of our proposed adaptive thresh-
old design using three types of nonlinear loads by
running experiments for both busbar and sensor faults.
In general, the dynamics of the loads in the dq domain
are expressed as i, = J i + v where i, = [il0ai iloqi]T,
vV = [Vbdi Vbqi]T and

_Rio
J= l Lo 9 1
Rio | *
—w, —Hie

Llo

We modify v as a two-dimensional vector with entries
nonlinear in terms of vig; and vyqi to model the non-
linear models. For these experiments, we consider three
types of nonlinear loads defined by v = [vi; v%qi]—r
v =[vig Vﬁqi]T, and v = [Vbdillodi Vbgillogi] | - Figures 6,
and 7 show that the response of our adaptive threshold
design remains almost invariant to the three types of
nonlinear load dynamics across all the experiments. Such
a result is congruent with the fault modeling and state-
space representation of the inverter that considers the
rest of the microgrid and its components as external
entities. Notice that, from the GFM side, the dynamics
of the nonlinear loads and other microgrid components

)
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FIGURE 8: Response of the residual norm, fixed threshold, and adaptive threshold with postprocessing and modeling
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FIGURE 9: Response of the residual norm, fixed threshold, and adaptive threshold with modeling errors under a

sensor fault with an input delay of (a) d = 1ms, (b) d = 5ms, (¢) d = 10 ms.

show up in the bus voltage magnitudes viq; and vpq;,
which are inputs of the state-space GFM modeling.
Despite these results, we acknowledge that other types

TABLE 4: Comparison of the proposed method with
other fault detection techniques.

. Methods | Focus on  Response Type of Type of

of nonlinear loads should be used to test.th'e robustness GFMs Time Threshold Faults

of our approach. Nonetheless, these preliminary results [36] No Medium  Adaptive Sensor

show that our adaptive threshold design achieves an [37] Yes Slow Fixed Busbar
Proposed Yes Fast Adaptive  Busbar& Sensor

accurate response in the presence of the considered
nonlinear loads.

F. INPUT DELAYS

In this section, we evaluate the performance of the
proposed approach when the input vector u is delayed d
units of time. Notice that three out of five input signals,
wr, wyi, and V; might be subject to delays because these
signals travel through the communication network es-
tablished by the secondary control layer. The other two
input signals, the dq bus voltage magnitudes (viq;) and
(Vbqi), are not influenced by the communication delays
because they are physical signals. Figures 8 and 9 show
the response of the residual norm, fixed threshold, and
adaptive threshold with postprocessing and modeling
errors under a busbar and sensor fault for input delays
of 1 ms, 5 ms, and 10 ms. We observe that the input
delay setbacks the response of the adaptive threshold
proportionally to the value of d. The higher the delay
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d, the longer the adaptive threshold responds to the
fault occurrence or clearance. Figures 8a and 9a show
that the response of the adaptive threshold and residual
norm preserve the accuracy of the fault detection logic.
However, as shown in Figure 9c, when the delay isd = 10
ms, both the observer residual and adaptive threshold do
not synchronize correctly, leading to unwanted outcomes
of the detection logic for almost 5 ms.

V. DISCUSSION

A. APPLICABILITY OF THE PROPOSED METHOD

The observer and adaptive threshold can be merged into
one module that exchanges inputs and outputs with
the inverter’s sensor and controller. The module can be
implemented in real-time within the inverter’s embedded
microcontroller as code written in any programming
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language with appropriate software libraries. The pro-
cessing extra burden exerted over the microcontroller
is minimal due to the advancements in computational
processing power for microcontrollers. A significant ad-
vantage of our approach is that its implementation
requires no additional hardware because the module uses
signals already measured by the grid-forming inverter.
Such a solution is cost-effective, with the additional
benefit of making it an entirely internal solution where
other external information is not required.

B. COMPARISON WITH SIMILAR DETECTION
TECHNIQUES

Table 4 compares our proposed method with similar
fault detection techniques for inverters operating in
islanded AC microgrids. The comparison aims to assess
the efficacy and limitations of the techniques presented
in [36] and [37]. The authors in [36] develop a model- and
observer-based fault detection strategy with an adaptive
threshold to protect inverters. Although the strategy
exhibits a medium detection speed, the method is tested
on grid-side converters and is limited to sensor faults.
Also, the adaptive threshold shows low sensitivity to
faults, causing missed and false detections. In [37], the
authors develop a signal-based strategy that superim-
poses current components and combines them with a
voltage restraint quantity. Even though the method can
capture the presence of faults, it introduces a windowing
strategy to compute the restraint threshold, delaying the
detection of the fault. Our proposed method overcomes
the drawbacks of these works by effectively designing
an adaptive threshold that minimizes misdetections and
timely detects faults.

C. LIMITATIONS

The grid-forming inverters operate under the regulation
of a secondary control layer that relies on a com-
munication network. Our proposed approach will be
affected by network delays because it uses the state-
space input signals transported through the network’s
communication channels. Although the convergence of
the observer with input delays is guaranteed, its response
will be delayed, delaying the residual signal used to
compare it with the adaptive threshold. It is beyond
the scope of this work to design an observer robust to
input delays because our goal is to design an adaptive
threshold for residual-based fault detection. We assume
that such an observer has already been designed and
provided. The designed adaptive threshold performs well
with input delays of less than 10 ms but will exhibit
a slow response for longer delays. For this reason, we
suggest that our proposed adaptive threshold should be
chosen for secondary control layers running over a low-
latency communication protocol such as DNP3 Ethernet
[38], [39].

D. FUTURE WORK

Despite the merits of our proposed fault detection
adaptive threshold design for grid-forming inverters,
our method requires further analysis for its immedi-
ate application to inverter-dominant large-scale power
systems. The fundamental reason is that large-scale
power systems with high penetration of inverters bring
significant stability challenges [40]. The dynamics of
inverters and their controls operate on a similar time
scale as the line dynamics, which can result in resonance
phenomena and, ultimately, instability. In addition, the
imbalance in microgrids is a known power quality issue
that leads to harmful effects such as increased neutral
currents and voltages, power oscillations, and equipment
malfunctioning [41]. In this regard, we suggest additional
tests of our proposed method under asymmetric currents
in islanded microgrids. Furthermore, efforts to under-
ground power lines to reduce wildfire risk will require our
proposed method to handle capacitive lines. We leave
these investigations as part of future endeavors.

VI. CONCLUSION

This paper develops an adaptive threshold strategy for
GFMs in islanded-mode AC microgrids. The proposed
threshold is computed as an upper bound on the 5 norm
of the residual vector under a fault-free condition. The
bound parameters are successfully obtained by solving
a semidefinite program with two constraints of linear
matrix inequalities. A microgrid with two GFMs, one
GFL, and one synchronous machine is used to evaluate
the performance of the proposed threshold under a
busbar and sensor fault. The GFMs are synchronized
with a secondary control for the frequency and volt-
age magnitude. The numerical results show our pro-
posed approach’s practical contributions, effectiveness,
and implementation feasibility. Moreover, the proposed
adaptive threshold alleviates the issues of using a fixed
threshold, which may introduce false alarms or missed
detections.

APPENDIX.

A. GFM DYNAMIC EQUATIONS
The dynamic equations of the inverter’s auxiliary vari-
ables are given as

Pdi = Vi — Vodis (24a)
bai = —Voqis (24b)
Adi = Filoai — WhChavoqi + Kpvivig — Kpvivedai (24c)
+ Krvigdi — lidis
Yai = Filogi + whCavoedi — Kpvivogi + Kivigg — iigi-
(24d)

The dynamic equations governing the inverter’s power
angle, active power, and reactive power are presented as
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follows
5 = wy — Wr, (25a)
Pi = —weiPi + wei (Vodilodi + Vogilogi), (25Db)
Qi = —wei Qi + wei (Vogilodi — Vodilogi)- (25¢)

The differential equations of the inverter’s output cur-
rent magnitudes, voltage magnitudes, and LC filter
output current magnitudes are

: fi. . 1
iigi = ——1l1di + Whillqi + — (Vidi — Vodi), (26a)
Lg Lg
: Rﬁ . .
liqi = ——1igi — Wnillai + — (Vigi — Voqi)s (26Db)
s Ls
Vodi = WniVoqi + C*(ildi — dodi), (26¢)
f
Vogi = —WniVodi + C*(ilqi — loqi), (26d)
fi
: Rci . .
lodi = ———lodi + Wniloqi + ™ (Voai — Vbdi),  (26e)
Lci Lci
: Rci . .
logi = — 1 —loqi — Whilodi + —(Voqi = Vbqi).  (26f)
ci ci

B. GFM NONLINEAR TERM AS A ONE-SIDED LIPSCHITZ
FUNCTION

The observer design necessitates the nonlinearity ¢(x, u)
to be one-sided Lipschitz continuous, defined as

Definition 1. The function f(-) is one-sided Lipschitz
continuous if a constant p € R exists such that Vu € U
and Vx,x € D:

(£, 1) — (%), x — %) < plx — %2 (27)

The constant p is obtained by sampling the states-
inputs operating region (D x U) of the GFM such that
each interval contains equally spaced sample points. We
select 100 sample points per interval by acknowledg-
ing the trade-off between computational burden and a
denser sample space for a more precise constant calcula-
tion. According to [25], the one-sided Lipschitz constant
can be computed as p = limsup (a (g—i’)) V(x,u) €
D x U, where a(g—‘z) represents the logarithmic matrix

norm of the Jacobian matrix g—‘ﬁ of the nonlinear term
defined as follows [42]

99 _ L(og 00"
a(8x>_)\max 2\ ox T ox ’

and Apax represents the maximum eigenvalue function.
We confirm that the nonlinear term ¢(x, u) is one-sided
Lipschitz because the value of the one-sided Lipschitz
constant is p = 22.36 by applying Algorithm 1 described
in [25].
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