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Abstract
In islanded microgrids, when a short circuit or a sudden overload occurs, it provokes an
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ing any kind of short circuit maintaining the underlying droop control. Ensuring that any
node injects its maximum rated current during the short circuit, it emulates the most com-
mon low-voltage ride-through protocols for grid-feeding sources oriented to support the

Fundine i . grid and, in this way, the voltage unbalance is reduced. To develop the control proposal, a
unding information > > R R . >

Ministerio de Ciencia y Tecnologfa, Grant/Award model of the faulted system is presented in order to evaluate the stability of the closed-loop
Number: I+D-+ PID2021-1228350B-C21 system. A general modelling methodology is introduced in order to detive the control for

any microgrid configuration. Finally, selected experimental results are reported in order to

validate the effectiveness of the proposed control.

1 | INTRODUCTION

Thanks to the advances in power electronics [1] and in the regu-
latory framework [2], small-scale distributed generation sources
(DGS) interfaced to the grid via power converters are becoming
ubiquitous. During severe network disturbances, that is, voltage
sags, international standards and national grid codes require the
continuous operation of grid-feeding DGS (working as power
controlled current sources) to avoid cascade disconnections that
could lead to severe blackouts [3—0]. In this case, a mature state-
of-the-art bibliography deals with the self-protection of grid
feeding current-sources against over voltages due to voltage sags
[7-11].

When some DGS are islanded from the main grid forming
a microgrid, the whole system may suffer from more severe
challenges when dealing with sags and overcurrents, due to its
reduced power capacity. On the one hand, the nodes of the
microgrid that are synchronous machines can deal with rel-
atively high overcurrents; on the other hand, inverter-based
nodes have more restrictive overcurrent ratings in amplitude
and duration. These restrictions can compromise its function-

alities as voltage sources, and in the worst-case scenario, allow
it to disconnect. The simpler approach to avoid overcurrents
in an inverter-based power converter is the saturation of the
reference input in the current loop, which produces distortion
and most importantly, could bring an instability to the system
[12—14], particulatly when feeding an islanded microgrid.

1.1 | Comprehensive state-of-the-art
comparison

First, it must be noted that in the field of islanded microgrids
there are only a few works dealing with current limiting con-
trollers for grid-forming converters. These are few compared
with the vast number of references, and also grid-codes, regard-
ing the grid-feeding convertet’s behaviour under overcurrents
or voltage sags. Secondly, in the author’s opinion, this topic
should deserve more attention from the experts due to the
increasing penetration of inverters in islanded systems. Without
high-performance overcurrent controls in the power converters,
an islanded microgrid under these faults would tend to cause
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a cascade leading to a blackout, instead of preserving rough
voltage regulation and ensure power delivery to the loads.

In the field of islanded microgrids, some works propose
changing the current loop to avoid overcurrents during a fault
[15-17]. They introduce fault detection/protection methods
based on limiting the amplitude of the reference current, thus
changing the operation from grid-forming to grid-feeding. In
addition, these methods must include anti-windup strategies to
avoid the saturation of the outer voltage loop.

To avoid this drawback, the most promising methods to deal
with overcurrents in a microgrid include different approaches
based on adding/changing virtual impedances during the distur-
bance [18-23]. All these works share a common disadvantage:

the maximum allowable current injection 7,

ared 18 nOt ensured

due to the fact that the operation depends highly on unknown
short circuit and system parameters.

The work in [18] presents a simple switching open-loop con-
trol, which calculates the virtual parallel impedance that reduces
the output current in case of there being an unbalanced short
circuit for a stand-alone inverter. In [19], the insertion of a
virtual resistance in series with the inverter output was pro-
posed, in order to reduce the output voltage when the maximum
allowed current is reached. It requires an exact knowledge of the
load and is valid only for balanced overloads. In [20] and [21],
the conventional virtual output impedance is enhanced with a
proportional term that depends on the overcurrent magnitude,
although it does not provide maximum curtent. In [22], the cur-
rent reference of a grid-connected inverter is calculated on-line
to limit the maximum current during unbalanced short circuits.
In parallel, an adaptive virtual impedance, proportional to the
fault severity, reduces the output voltage reference. Due to its
implementation, complex interactions appear between the two
parallel controls, which make it difficult to ensure the system
stability in an islanded microgrid. In [23], a virtual impedance
in phase with the droop-control virtual-impedance is connected
during a fault in an islanded microgrid.

A few works deal with overcurrent controllers without adding
virtual impedances [24-27]. The work presented in [24] pro-
poses a proportional controller that adds some amount of d-axis
output voltage amplitude to the power/frequency (£/f) loop,
which is non-zero during a short circuit. The main drawback
is that, during unbalanced sags, voltage amplitudes in dq frame
present oscillations, which add distortion to the P/floop. In
addition, the proportional parameter design limits the appli-
cation of the control to known ranges of both current and
line impedances. In [25], synchronous power control is used
to drive a lone grid-connected inverter. During the short cir-
cuit, the active and reactive power references obtained by the
conventional droop method are switched to a fault mode ref-
erence control which computes new power references. The
main disadvantage of this proposal is that it is only useful
for symmetric short circuits. In [20] and [27] switched con-
trollers impose maximum currents in the faulty phases. In [20]
the initial overcutrent is avoided by clamping the currents and
in [27] using a hysteresis comparator-based hardware limiter.
The main drawback of both controllers is the switched con-
trol that allows the conventional voltage plus current loops to

become uncontrolled, which can negatively affect the system
stability.

Table 1 summarizes the main features of the previous con-
trollers when dealing with overcurrents, with the last column
listing its experimental verification, being HIL the acronym of
the hardware in the loop.

1.2 | Contributions to the state-of-the-art

This work proposes a protection scheme that overcomes the
limitations of previous works. The most relevant feature of the
controller presented in this paper is that, during any kind of
short circuit, maximum current injection is always reached and
the reduction of the voltage unbalance is ensured. Injecting the
maximum allowable current is the requirement of some grid
codes to grid-feeding DGS when dealing with low-voltage-ride-
through scenarios. The proposal here mimics these grid codes
for grid-forming DGS in an islanded microgrid. In this way, it
provides maximum support to the microgrid while maintain-
ing its functionalities as a grid-forming converter. The main
contribution of this work is a control scheme that meets three
interesting features, not fulfilled together in any of the previous
works. These features are:

(@) It maintains the grid-forming characteristics of the inverter
without requiring additional fault operation mode.

(i) It provides exactly the maximum allowable current 7,,,,,
that is, it mimics the grid code requirements for grid-
feeding converters during low-voltage-ride-through proto-
cols [2-4].

(iii) Previous feature results in a reduction in the voltage
unbalance.

(@iv) A general modelling methodology is introduced in order to
derive the control for any microgrid configuration.

The last line of Table 1 lists the main features of the proposal
compared with the state-of-the-art control solutions. The paper
is organized as follows. Section 2 models the microgrid grid-
forming inverters under short circuit. Section 3 presents the
control objectives and the design guidelines to obtain the con-
troller and its parameters. Section 4 corroborates experimentally
the expected features. Section 5 concludes the work.

2 | MODELLING GRID-FORMING
INVERTERS UNDER SHORT CIRCUITS

This section introduces the model of a grid-forming inverter
connected to a faulted load using its positive- and negative-
sequence equivalent circuits.

2.1 | Droop control of islanded microgrids

Commonly, in the hierarchical control of microgrids, the pri-
mary layer is based on a local controller that ensures active and
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TABLE 1 Comparison with state-of-the-art techniques
Voltage

Island Unbalan. unbalan. Switch Experim.
Ref. ) perid operat. faults reduction control results
[18] X X 4 v X v
[19] X 4 v 4 X X HIL
[20, 21] X 4 v X X X 4
[22] 4 X X v X X X
[23] 4 v v v X X HIL
[24] X v 4 X X X HIL
[25] v X X X X X v
[26] v v v 4 X 4 X
[27] v v v 4 X 4 v
Prop. 4 v v v v X v

reactive power sharing between grid-forming nodes [28]. The
references for the angular frequency w* and the amplitude
of the voltage generated by each DG can be derived using the
droop method [29]

w* =w,— mP 1)

V=1, n0 @

where w, is the nominal angular frequency, 7 is the droop coef-
ficient for active power, P is the mean value of the exported
active power, 1/, is the nominal voltage, # is the droop coeffi-
cient for reactive power and, finally, Q is the mean value of the
exported reactive power. Conventionally, P and Q are obtained
filtering its instantaneous values with a low pass filter, tuned at
w.pg = 0.1:2-w,, to attenuate oscillations at twice the grid fre-
quency [28, 30]. In addition to (1) and (2), a virtual impedance
is commonly added to enhance the controllability when using
the droop method [20]. Finally, the reference voltage provided
to the voltage loop is expressed as [30]

V() = V¥ sin(@*- #) — Ri () — Li,éi,—f). 3)

being R, and L, the output virtual resistance and inductance
set by the designer, and #(7) the output current provided by the
inverter.

A method to model the behaviour of the microgrid and the
different DGs is to consider individual inverters (henceforth
also named as microgrid nodes) connected to a bus where the
load is wired, with the other nodes being considered pertur-
bations [31]. Each node can be modelled as a voltage source
with its virtual output impedance Z, (R, + jw L,) in series
with the line impedance 7 ,,, and, finally the load R, as shown
in Figure 1. Commonly, the connection between the inverter
and the line must be isolated, and thus, the impedance of the
required output transformer is included in Z,,. In normal con-
ditions, assuming a balanced wye-connected resistive load (equal

L R i LLine RLim’

FIGURE 1
short circuits

Simplified diagram of a three-phase inverter under different

resistance in each phase, i.e. R, = R, = R, = R), the three-phase
current (in Laplace domain) that provides the particular inverter
is

. —1
Lpe = (I : Z/) * Vabe (4)
Zt:Zz'+Z/iﬂe+R (5)

where Iis the 3 X 3 identity matrix.

2.2 | Short circuit types and simulation
example

In this generalized scheme, a short circuit is commonly mod-
clled as a fault resistance R, connected between a line and the
load virtual-ground (line-to-ground fault) or between lines (line-
to-line fault), as shown in Figure 1 [32]. Both types of short
circuits generate an unbalanced voltage sag in the microgrid. In
addition, a third type of short circuit is observed when a line-to-
ground fault occurs in the three phases simultaneously, with the
same Ry, thus causing a balanced voltage sag.

In previous works [20, 21, 24, 25], only balanced short circuits
were considered (i.e. an equal per phase reduction of the load
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FIGURE 2  Simulation of a two-inverter-based microgtid under a line-to-line short circuit. (a) With £¢ = 0 Q, the most severe short circuit, (b) with Ry =11 Q,

less severe short circuit. Phase voltages and currents of inverter 1

value R in Figure 1). It is worth mentioning that in the present
wortk all kinds of short circuits ate considered and, therefore,
their consequences can be adequately handled by a specifically
designed control system, as seen below.

Figure 2 shows the simulation results of a microgrid with two
droop-controlled inverters (Z,;, = 0 + j2.2 , Z,,; = 0.5 +
47 Q Z,,, = 06 + jl1.9 Q), feeding a common load
(I,= 155V, R = 12 Q), under different short circuit resistor
values connected between phase « and phase b, starting at time
t= trand recovering at /= . It depicts the root mean squate val-
ues (RMS) of phase output-voltages and currents of one of the
inverters. Figure 2a shows the system suffering a severe short
circuit, with R}(' = 0 Q. As can be seen, before the short circuit,
the inverter is supplying 0.5 p.u. per phase current. During the
fault, when no additional short circuit control is implemented
(i.e. using only droop-control (1) to (3)), phase « and & cur-
rents exceed 2 p.u., obviously yielding its disconnection in a real
system. Even worse, the inverter controller generates

only balanced reference voltages through (1) and (2), and the
presence of the virtual impedance Z, induces voltage unbal-
ance in the inverter output. In this case, the voltage unbalance
factor (VUF) is increased from O to 0.5 during the fault. The
VUF value is defined as the quotient between the negative and
positive sequence amplitudes [6].

When using state-of-the-art virtual impedance controllers
[18-21], if the impedance value is correctly determined for this
most severe case, the phase currents are successfully reduced to
the maximum allowable current, thatis, /,,; = 1 p.u.

These controllers are based on increasing the virtual output
impedance Z, in (3) during the short circuit. Of course, due to
this increase, the phase voltages are reduced to trying to main-
tain the active power required by the loads, with the voltage
unbalance highly increased from VUF = 0.5 to 0.77.

When simulating the proposal of this work, the highest
phase current is limited to 7, In this case both controllers
(state-of-the-art virtual output impedance and proposal) work

successfully protecting the inverter and avoiding the cascade
black-out. As can be seen, the voltage unbalance is reduced
to VUF = 0.49 when using the proposal compared with the
conventional approach (virtual impedance). This issue is due
because the higher current is injected to the phase with the most
reduced voltage.

Figure 2b shows the same microgrid during a less severe short
circuit, R, =11 €. As can be seen, when using virtual impedance
control, the currents are safely confined although clearly below
the maximum 7,,,,, value. 7, is not reached because the virtual
impedance controllers are based on proportional gains adjusted
for the worst-case condition. When using the proposal, it can be
seen that phase @ current is exactly /,,,,. This interesting feature
is the main advantage

of this work’s proposal, that is, the injection of maximum cur-
rent through the most faulted phase ensures that the inverter
maximizes its effort to support the entire system, similarly to
the requirements in grid-feeding systems [2—4].

Consequently, the VUF is highly reduced when comparing
the results with the conventional controller (from 0.44 to 0.27).

It must be noted that line-to-line short circuits cause higher
overcurrents than line-to-ground short circuits. For example, in
Figure 2a, the maximum short circuit current occurs in phase «
and takes a value of 2.5 p.u. In a phase-to-ground short circuit
with the same characteristics (B, = 0 £2), the maximum short
circuit current is 1.3 p.u. when no control is applied.

2.3 | Symmetric positive and negative model,
overcurrent modelling

The mathematical expression of the current supplied by each
phase must be determined in order to derive a controller to
avoid overcurrents and ensure the system stability.

For line-to-line fault, the load and the fault resistance Ryseen
in Figure 1 can be transformed easily to an unbalanced load,
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from three equal R to a new equivalent resistance per each phase
R, R,and R..

R-R; R-R; 3R°+R-R;
R, = R, = R =
“T2R+R, VT 2R+R; T 2R+R;

©)

Also the total impedance Z; in (5) is different for each phase
(Zy4» Zy, and Z,), thus (4) becomes

Z.a L T Zz‘[ Zz‘[ Z//? Yy
ib = A th _Zm - Ztt' Zta | % (7)
if Zt/: Zm _Zm - Zt/; Ve
A= : ®
Z/ﬂZﬂi + Zmsz + Z[/iZ/[ '

It must be noted that, with load imbalance, the admittance
matrix Y. in (7) takes different values in the main diagonal and
also values that can be different from zero elsewhere. Thus, the
current provided by each phase depends on its phase voltage but
also on the other two phase voltages. To simplify the modelling
avoiding this cross-coupling, the three-phase system composed
by the inverter, the line and the load can be described with sym-
metric components using the Fortescue theorem [32]. Via this
theorem, (7) can be expressed in symmetric zero, positive, and
negative sequences as

“opn = Y0pn * Yopn )

where the sequences matrix is obtained as
Yopn =17+ Yoo+ F7! 10)

with the phasor rotation operator matrix F defined as

28 48
1 &5 e

_ 48 28
F=l J3 J3 )

Considering a three-wite node connected to the line by wye-
delta output-transformers, that is, without zero sequence, only
the positive and negative sequences must be taken into account,
and thus (9) is reduced to a 2 X 2 positive and negative
sequences system. In addition, only positive sequence volt-
age v, = v is generated by the reference voltage in the droop
method, zero being the negative sequence teference »,= 0.

Then, the positive and negative sequence curtents, 7, and 7,, can
be determined
iy v Yii o Yi v
| = Yon e = . . (12)
y 0 Y Y 0

FIGURE 3 Inverter model separated into positive and negative sequence
circuits

As described above, due to load imbalance, all the elements of
Yo
flows from the inverter output (modelled in Figutre 3). It must
be noted that the elements of Y, are expressed in the Laplace

domain and have complex coefficients, due to the phasor rota-

are different from zero, and thus, negative sequence current

tion (11). As can be seen, the models for the positive and the
negative circuits are decoupled, as desired (see Figure 3).

In order to obtain the expressions of the phase currents, the
last step is to compute the phase current amplitudes using the
positive/negative model of Figure 3

L=+ Yy ey (13)
_;s rd

I, = (mle/wme‘s)v (14)
ﬁ _.@

L= (YMe‘s + Yye f»%)w (15)

Finally, the transfer function that models the behaviour of
the maximum phase amplitude, due to the overcurrent, is easily
determined from these expressions

/

e = max Ly L)y L} (16)

Generalizing (10) for a particular inverter 4, it can be seen
that the maximum current amplitude depends linearly on the
amplitude 17 and on the equivalent admittance Y, seen by the
inverter

[maxj = le -V (17)
This observation is supported by the fact that the voltage »is
a multiplying factor in the three amplitudes expressed in (13)—

(15).

2.4 | Microgrid modelling procedure

As explained above, different inverters are wired together to
feed collaboratively the common loads of a microgrid. To obtain
a full mathematical model of a microgrid, the line parameters are
commonly estimated, using values of line and load impedances
that would differ from the real values. Also, and most impor-
tant, it must be noted that the inverters work simultaneously,
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and some of them can be connected or disconnected randomly,
sharing the same local control objectives. In general, obtaining
a full mathematical model of a real microgrid would be useless
for designing the control system due to these uncertainties.

In this work, the system modelling will follow a different
approach. It is based on obtaining a reduced plant for each
inverter, and then deriving a family of plants Yy,,;(s), that
encompasses all the system uncertainties around a nominal
plant Y,,,,i../(s). The reduction technique chosen here models
each inverter preserving the low-frequency dynamics when it
operates in an islanded microgtrid [33, 34]. The reduced mod-
els will facilitate the controller derivation using the well-known
robust control design methodology [35-37]. Finally, to ensute
that the design is correct it is required to apply a robust stability
test to the closed-loop system.

The first step in this modelling technique is to particularize
the linear transfer function (17) for each inverter under different
fault conditions and to reduce it to a first-order system [33].

Second, in order to apply robust control design and tak-
ing into account the uncertainty inherent in the set of
reduced plants, the nominal plant Y,,,,;,.(s) (with minimum
difference with the trest of the plants) and the additive
uncertainty model wj(s) around the nominal plant must be
determined [30].

At last, a new function, Y%,,(s), must be defined as the
enveloping function that considers the complete set of plants
and also the infinite plants comprised inside the uncertainty
region [37]

Yfamz/)(s) =Yfmmiﬂa/ <S>+ CUZ (S) : A<S) (1 8)

where @y (s) must be chosen larger than any difference at any
frequency between any modelled plant and the nominal plant.
The complex number A(s) (such that |A(iw)| < 1) ensures that
any plant is inside the defined family envelope.

Summarizing, instead of obtaining a full mathematical model
of the microgrid, that in a real scenario would be useless for
designing the control system due to parameter uncertainties
and unknown presence/absence of some inverters, the micro-
grid linear model in (18) encompasses the uncertainty of a real
system.

2.5 | Laboratory microgrid model

As an example, the modelling procedure described above is
applied to the experimental setup schematized in Figure 4. It
should be noted that this is a general procedure and can be
applied to any particular microgrid configuration.

A three-phase four-feeder microgrid experimental setup is
considered in this paper, which is composed of six inverter-
based DG nodes (#1-#6 in Figure 4). Each DG acts as a
grid-forming node, that is, it operates as a power-controlled
voltage source, coupled to the microgrid through a 1:1 wye-
delta isolation transformer. The six nodes feed collaboratively
a global load Ly, 4. The short circuit occurs in this load. The

data shown in Figure 4 and the parameters defined in Table 2
have been used to model the experimental setup.

Each inverter is modelled as Figure 1 shows, particularizing
the transfer function (17) with its virtual impedance, its line
impedance until reaching the fault and the fault resistor listed
in Table 2. To particularize the model to the fault, a line-to-line
fault has been chosen because higher currents are expected in
this case, as presented in Section 2.2. On the one hand, the
worst case, that is, which causes maximum overcurrent, is a
line-to-line fault with Rf equal to zero. On the other hand, the
minimum overcurrent that triggers the controller occurs when
the fault resistance value R, = Ry ., causes a curtent equal to
1,.1s- Taking into account these two cases, two extreme equiva-
lent plant functions are derived for each node. As can be seen,
a new uncertainty has appeared, the value of the fault resistance
Ry and the fault location. At last, these two plants are reduced
to a first-order system, although preserving the inverter low-
frequency dynamics. Thus, 12 plant models are obtained for the
microgrid shown in Figure 4, see the appendix for a detailed
description.

Finally, using this set of 12 plants, the nominal plant Y,,,,.,./(s)
and the additive uncertainty model wj(s) are determined to
obtain the family of plants Y7,,,(s) in (18). The mathematical
description of the nominal plant and the additive uncertainty
for the proposed microgrid are also reported in the appendix.

3 | PROPOSED CONTROL AND DESIGN
GUIDELINES

3.1 | Control objective and proposal

The main objective of this work is to ensure that, during the
short circuit, the inverter injects its maximum rated current
amplitude 7, without clamping the current and voltage wave-
forms. Additionally, this objective should be reached while the
grid-forming control scheme based on the droop method is
maintained, also during the fault. Then, the proposed main
objective of this work is defined as

[max = Lyated - (1 9)

State-of-the-art control approaches are based on adding
some resistive value to the virtual impedance Z, during the dis-
turbance [18-22]. Of course, as demonstrated in these works,
the increase of the resistive value of Zv reduces the output
current. Although, the shared objective in these works is less
ambitious than (19), that is
]max < [mted‘ (20)
works, the increase of the resistive value of Z, reduces the
output current. Although, the shared objective in these works.
However, as seen in (13)—(16), the virtual impedance (presented
in Y;; and Y5,) has a complex non-linear effect in 7,,,,, and,
thus, it is difficult to counteract exactly any perturbation profile
varying Z,.
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FIGURE 4 Single-line schematic diagram of the microgrid under study
TABLE 2 Microgrid electric and control parameters v . P Droop w Reforence | o [ Volmget | to
. i loxive; Q method V4 calculation —* current [——
Parameter name Acronym Value Units sacatonl ~ IO _.?_. G)4) nested loops | SYM
-V,
Nominal voltage I, 155 v d:;"
i =RMS( I+ Propose:
Nominal frequency A 60 Hz P (.1 ) L controller
. ’ Ly=\2max (i) A C(s)
Pand Qlow pass filter freq. @.pg 12 Hz Loted
Rated current amplitude Lrred 10 A Z,
Frequency droop param. Vi 1 mrad,/Ws
Voltage droop parameter B 50 LV VA FIGURE 5 Block diagram of the proposed control scheme
Nominal load per phase R 8 Q
Short circuit resistor (min.) Ry min 0 Q the control proposal, based on a supplementary current control
Short circuit resistor (max.) By e 2 Q loop, the control design is easier, as will be seen below.
Virtual impedance Z, 0.0 + 1.0 Q The blocks in green correspond to the basic configuration
Line impedance inverter #1 i 05+ 1.7j 0 presented in (1)—(3), which feed a conventional voltage/current
nested loops and finally a space vector modulator (SVM) to
Line impedance inverter #2 2y ine2 0.5+ 0.9 Q . . P . ¥ p . VM)
) u o drive the inverter switches. The inner voltage and current con-
Line i inv 3 ZLine 1.1+ 0.5 . .
ne impecance fnverter Line3 O trol loops are based on conventional control loops with PRES
Line impedance inverter #4 2l ined 1.1+ 0.2 Q compensators [1].
Line impedance inverter #5 Z s 11+ 1.3 Q The proposal (in orange) is based on a linear controller, which
Line impedance inverter #6 Z1 et 1.9 + 2.0j Q determines the necessary droop voltage 17,,, in the reference

Alternatively, the proposal of this work is the direct control of
1, that is, the amplitude of the voltage generated in the inverter
in (2). In this case, /,,,,. can be finely adjusted dropping 17 ade-
quately since there is a proportional relationship between these
two vatiables, as (17) demonstrates. Figure 5 shows the block
diagram of a control proposal that fulfils the control objective
in (19) adding a supplementary current loop. The alternative of
merging this control loop with the inner voltage and current
control loops, or the virtual impedance loop, would provide
a more complex implementation. In this way, the analysis and
design with this merged solution would be more complex. With

amplitude 17 to limit the maximum current to /, 4. 7, is cal-
culated using an algorithm that computes the RMS values of the
current vector Z and determines its maximum. The RMS block is
based on an integral-sliding window filter, with a window-width
of a half grid-period, and modelled as a first-order low pass filter

3]

2w
Hps) = =5 e
4

V4ragp 18 bounded to zero; thus, it is always present in the whole
controller, before the reference calculation block, and activated
only by the overcurrent.

This simple configuration avoids the inherent complexities of
controls that require switching between normal mode to fault
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FIGURE 6 Closed-loop model meeting Hoo design gn
=
10F 4
mode as done in [20] and [27]. In addition, the synchronization
. . 0 .
of the inner voltage and current loops is not affected by the | o 100 1000

action of this voltage amplitude reduction.

3.2 | Hoo controller design methodology
From the microgrid model (18) and taking into account the
control scheme in Figure 5, robust control design methodology

will be used below to obtain the controller that fulfils the
objective (19).

Figure 6 shows the closed-loop model meeting H, design
methodology. From this figure, the sensitivity function S(s) can
be defined, relating the error and the rated current

S(s) = Ae(S)

irated (S>

(22)

Thus, a controller C{s) must be designed to meet the stability
criteria [37]

(jw) - Cjw) - S (jw)| < 1 v, (23)

|74, v
|cws; ()|

S

3.3 | Design requirements, controller
derivation

This subsection introduces a procedure to detive the controller
configuration that accomplishes both the control objective (19)
and some particular dynamic characteristics. This is a general
procedure that can be applied to any microgrid architecture. In
this subsection, it is used to devise the proposed control scheme
of the microgrid shown in Figure 4.

Two main design requirements were chosen for all the pos-
sible plants: first, the accomplishment of the control objective
[max = ]m
stability margin and an adequate transient response. In particu-

wd» that is, DC zero error. Second, to ensure a sufficient

lar, 2 minimum phase margin (PM) of 45° and a closed-loop
bandwidth (BW) at least of 3 Hz are set by the designer.

The requirements for the closed-loop control can be met
defining a weighting function w,(s) that specifies the maximum
boundaries for the sensitivity function. Following [37], different
weighting functions that meet the proposed requirements can
be calculated. In this work, the chosen weighting function was

0.1175 (++1200)* (++101)

©,(6) = .
s (s +257)

24

Frequency (Hz)

FIGURE 7 Robust stability in (23)

Finally, in order to ensure that the controller meets the design
requirement given by the weighting function, the following
inequality must be fulfilled [37]:

‘ 1
|SGw)| < m\m (25)

MATLAB H,, tools (H-Infinity Synthesis) were used to solve
the mixed optimization problem of (23) and (25). After this
synthesis, the controller can be written as

100 - 10% (s + 402) (s + 1833) (s + 1900)(s+307s + 27 - 10%)
s (s + 1905)(s + 240)? (s*+8564s + 32 - 10°) '

C(s) =
(20)

It must be noted that the fulfilment of the proposed main
objective, that is, /,,,.. = I, will be granted by the pole at
the origin present in the controller, that is, an integrator. This
integrator will provide a smooth change in the inverter current
when the fault arrives. The other terms ensure that all the pos-
sible plants (inverters) working in parallel will fulfil the chosen
stability margin and will have the desired transient response.

Finally, and most important, it must be considered that, when
changing the microgrid hardware setup, that is, adding genera-
tion nodes, the usefulness of controller (26) must be ensured. To
do this, the designer only needs to derive the transfer function
(17) for the new inverter and its impedances (see the appendix).
If this transfer function is located inside the range of the enve-
lope Y%,,(s) (18) the synthetized controller (26) will still be
useful for the new setup, and the overall stability will not be
compromised. With a fine design of the connection lines of the
new node, it is sure that the transfer function (17) will be inside

Y]vizmzl/;' (S) .

3.4 | Stability analysis

As mentioned above, the resulting controller grants stabil-
ity for all the plants in spite of the considered uncertainties.
Figure 7 shows that the controller ensures the fulfilment of
the stability criterion for all frequencies because the magnitude
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20 4 | EXPERIMENTAL RESULTS
10F
In the experimental setup, each inverter in Figure 4 is composed
% U of a 1.9-kVA Guasch MTL-CBIOO60F12IXHF full-bridge con-
= ok verter equipped with an LCL output filter. An AMREL
g SPS800-12-D013 DC source emulates the primary power
s 20 — ng/“’g source of each DG. Each node has its own DSP to run the
30 nominal | | controller—a dual core Texas Instruments F28M36 floating
point DSP. The reference voltage »*, obtained by the control
40 I I 1000 shown in Figure 5, is used in the output voltage loop to calcu-

Frequency (Hz)

FIGURE 8 Performance criterion in (25)

7 Hrms < );”alnil ly
= Hr

€T,
05F|—H

rms nominal | 7

ms

-1.5 G
Real

FIGURE 9 Nyquist diagram of the family of plants and nominal plant, in
bold red and bold blue, respectively. Diagrams for Inverter #1 in blue, #2 in
thin red, #3 in magenta, #4 in green, #5 in cyan and #6 in yellow. Continuous
lines for line-to-line faults with R i, dashed lines for faults with R¢ .
Minimum PM = 55° for inverter #1 with R¢ 0

of H,,.-C-5(s) for the nominal plant (in blue) lies below the
modulus of 1/wi(s), as stated in (23).

The accomplishment of the performance criterion (25) for
the nominal plant when using the proposed controller is shown
graphically in Figure 8. It can be observed that the modulus of
the sensitivity S(s) of the nominal plant (in blue) lies below the
magnitude of 1/, (s).

Finally, Figure 9 complements the stability and performance
evaluation by showing the Nyquist plot of the loop gains of the
uncertain family Y%, the modelled plants and the nominal
plant with the designed controller. All the plants meet the min-
imum PM requitement. Note that the minimum PM is 55.3°,
with a BW of 25.9 Hz, corresponding to inverter #1 line-to-line
fault with Ry i, (clearly higher than the designed minimum PM
of 45°). The five pairs of PM and BW for the other plants with
the same fault ate: [59.9, 32.7], [90.8, 25.7], [95.7, 27.6], [82.4,
22.2] and [90.6, 13.0]. For less aggressive faults, that is, with
Ry max» the PMand BW are equal for the six plants, PM = 92.4°,
BW = 3.1 Hz.

late the current references. These references are processed in the
inner current loop that provides the switching signals through a
SVM [1]. Table 2 lists the main parameters of the system.

In the load, the overcurrent is produced by connecting a low
value resistor R, between phase @ and phase 4 during a short
lap of time, 0.3 s, and it is cleared by disconnecting the resis-
tor between lines. When the resistor connected between lines
has a value of zero, an extremely high current is demanded to
the nearest DGs. In this case, in the experimental setup, these
DGs are immediately disconnected by the overcurrent built-in
protection scheme. Thus, in the first test,

when demonstrating the system without the proposed con-
trol, a Ry resistor of 2 Q is used. This value produces a lower
overcurrent compared with the one produced by a real short cir-
cuit between lines. In this case, the currents reach values below
the disconnection threshold of the DGs. The short circuit is
produced just in the global load node (bus 4), see Figure 4, being
DG #4 the nearest generation unit.

4.1 | Response to short circuit without
current limitation

Figure 10 shows the phase voltages (top) and currents (bottom)
measured at the output of node #4 when the proposed current
limiting control is not activated and the

short-current appears at = 0.5 s. An unbalanced voltage sag
is produced, being phase # the most affected by the disturbance.
When the fault is cleared, the voltages suffer an overshoot that
brings the phase 4 amplitude to a maximum value. Also the DG
#4 currents are highly affected by the fault, phase & being the
most perturbed phase which reaches a maximum value of 13.5
A, which is obviously higher than the

maximum allowable current /,,,, = 10 A. In a conventional
practical operation, the overcurrent protection algorithm must
disconnect the generator or alternatively clamp this current to
a maximum of 10 A, which will produce distortion. It must be
noted that, after the fault is cleared at 7= 0.8 s, the current expe-
riences a transient until it returns to a steady state (0.5 s in this
case as can be seen in the next figure).

Figure 11 shows the per unit (p.u.) RMS phase voltages (top
plots) and phase currents (bottom plots) in each generation
node (1] to 1y and /; to g) when the current limiting con-
trol is not activated. The top figures show the phase voltages
before the fault (first 0.5 s), during the fault, and 0.5 s after the
fault clearance. The short circuit produces an unbalanced volt-
age sag, being node #4 the most affected, as expected, where
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FIGURE 10 Node #4 phase voltages (top) and phase currents (bottom) when the maximum current control is not activated, Ry = 2 Q
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FIGURE 11 DGs phase voltages (top) and phase currents (bottom) when the proposed maximum current control is not activated, R = 2 Q

phase 4 voltage is reduced to 0.74 p.u. compared with roughly
0.95 p.u. during a normal operation. None of the voltages during
a normal operation are at 1 p.u. due to the inherent voltage drop
caused by the reactive power droop Equation (2). Obviously, the
adverse effects of the fault are naturally mitigated at the farthest
nodes to the load. To see this fact, compare for example the
voltages and currents in nodes #1 and #6 to the values at #4.

4.2 | Response to short circuit with
maximum current injection

Figure 12 shows the phase voltages and currents measured at
node #4 when the proposed current-limiting control is acti-
vated. As can be seen, one of the phase currents is set to the
1,14 threshold as desired, with a slight initial overshoot

Also, it must be observed that, as expected by the nature of
the proposed control, during the fault the voltage amplitudes
are lower compared to the voltages when no control is applied,
see Figure 10. However, this is not a drawback in a short circuit
situation, in which the main objective is to protect the inverter
and to help the microgrid by injecting the maximum inverter
current.

Figure 13 shows the p.u. RMS phase voltages and currents in
each generation node with the current limiting control activated.
As can be seen, all the injected currents are successfully limited
to Z,,,4,4, and most importantly for each inverter, one of the phase
currents is exactly /.

During the fault, the active power sharing is also ensured by
the droop method scheme. Figure 14 shows active powetr, reac-
tive power and the drooped reference frequency of each DG.
The maximum deviation in active power sharing is approxi-
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FIGURE 12 Node #4 phase voltages (top) and phase currents (bottom) when the maximum current control is activated, Ry = 2 Q
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FIGURE 13 DGs phase voltages (top) and phase currents (bottom) when the proposed maximum current control is activated, Ry =2 Q
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FIGURE 14 DGs active power, reactive power and reference frequency when the proposed control is activated, £ = 2 Q, filtered at 12 Hz
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FIGURE 15 Node #4 phase voltages (top) and phase currents (bottom) when the maximum current control is activated, £ = 0 Q

mately 21%, which can be considered acceptable in such an
aggressive situation as a short circuit in the microgrid load.
Some power oscillations at 2-@,, caused by the unbalanced volt-
ages and currents, can be clearly seen in Figure 14. It is worth
mentioning that these oscillations appear during the short cit-
cuit with all current limiting methods. Its practical implication
is small. Power oscillations cause only small oscillations in the
input voltage of the inverter, due to the high capacity of the
DC-link capacitor [7, 8].

4.3 | Response to severe short circuit

To emulate a worse fault, the test was replicated connecting
phases « and / with a short circuit with £,= 0 Q. In this
case, the scenatio with the proposed control inactive cannot be
shown because all the DGs are disconnected immediately by
the overcurrent protection scheme. However, when the control
is activated, the currents are safely limited to the desired value.

Figure 15 shows voltages and currents at node #4, and
Figure 16 shows voltages and currents at each DG node. A deep
voltage sag with some phase voltages below 0.5 p.uis produced,
but even in this case one of the amplitudes of the phase currents
is perfectly fixed at 10 A, as desired.

From the previous results, it can be concluded that the pro-
posed control is able to meet the control objective regardless of
the severity of the fault. As stated in Section 1, as far as the
authors know, state-of-the-art controllers do not achieve this
interesting feature.

44 |
method

Comparison with virtual impedance

To clearly compare the proposal with the state-of-the-art, the
controller in [19] has been implemented as a reference, adding a

virtual output resistance £, = 12 € during the overcurrent. This
value has been calculated to provide a current of 1 p.u. during
the most severe short circuit, that is, R;=0 Q. The expetimen-
tal setup shown in Figure 4 has been used for this new test with
only five DG working (#1 to #5), in order to slightly change the
system topology and demonstrate that the proposal is still valid.
To make the comparison easy, only the voltages and currents of
one node are represented in the figures. Three different short
circuits have been tested, using three different fault resistors
R;=0Q,2Qand 4 Q.

When testing the system with £ = 0 Q, Figure 17b shows
that the reference control works perfectly with this severe short
circuit, due to the fact that the maximum current is 1 p.u.
In this case, there is a severe drop in phase & voltage, with
the phase voltages becoming highly unbalanced (high negative-
sequence voltage). The proposed control behaviour is shown in
Figure 17a, where the maximum current is also at 1 p.u. but

with the three phases suffering almost the same voltage drop,
which produces a low negative-sequence voltage, as desired.

With less severe short circuits the superiority of the proposal
can be cleatly seen. The most important point is that the maxi-
mum current is always 1 p.u. with the proposal (see Figures 17¢c
and 17¢). With the reference controller the maximum current
decreases as the short circuit resistor increases (see Figures 17d
and 17f). In addition, the negative-sequence voltage is smaller
using the proposal, as shown in these results.

5 | CONCLUSION

Overcurrents are particularly challenging in islanded micro-
grids with a high penetration of inverter-based grid-forming
nodes. Contrary to synchronous generators, inverter-based grid-
forming nodes cannot deal with high overcurrents without
compromising the voltage quality and stability. Different works
have dealt with the requirement of limiting the output cur-
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FIGURE 16 DGs phase voltages (top) and phase currents (bottom) when the proposed maximum current control is activated, Ry = 0 Q
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FIGURE 17 DG #5 phase voltages and currents for different short circuits. Left column: results from the proposed control, right column: results from the

reference control

rent in the converters operating as voltage sources that ensure
the power quality in an islanded microgrid. However, the very
prominent feature of providing maximum current injection in
these challenging circumstances is not ensured. This work has
proposed a closed-loop controller that ensures maximum cut-
rent injection during any kind of fault in all the grid-forming
nodes of an islanded microgrid. Also, the voltage control loop
is fully functional, in order to support the power quality collabo-
ratively between the grid-forming nodes. A mathematical model
of the faulted system has been presented. The system model has
allowed us to identify the control variables that limit the maxi-
mum current, whereas the virtual impedance was the one used

most frequently in previous works. However, the proposed con-
trol has been based on modifying the amplitude of the reference
voltage (another of the control variables identified in the model)
to reduce the current during short circuits and to fix it to the
rated current of the system. Based on this control objective, the
controller configuration has been derived using H, techniques,
thus guaranteeing a stable operation for all grid-forming nodes.
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APPENDIX

As an example, the complete modelling of inverter #1 under
a severe R = 0 Q line 4 to line 4 fault in Bus 4 is devel-
oped. With the inverter #1 impedance-values listed in Table 2
substituted into (7), and then using the transformation (9) to
(11), the coefficients of Y, in (12) for this inverter and fault
are

—136.9 - (s + 3356.2)

Yl = 85 6+ 6643.8)

(A1)

—10%-(225.1 + 390.0 - j)
(s + 68.5) - (s + 6643.8)"

Yy (s) = (A2)

The high-frequency poles and zeroes can be removed due to
the fact that they are far enough from the working BW

Finally, the transfer function of the maximum amplitude for
inverter #1 under a line « to line 4 short circuit is
118.6 68.5
=—— 1 =173——=1" =] 7. (A8
e ¥ 685 S+ 685 1o (A8)
Following this methodology for the six inverters and for the
two extreme short circuit cases (B, =0 Q and Ry = Ry 1, €2), 2
set of 12 plants are all reduced to first-order systems:

w

7

Yi(s) = 4.

. A9
- S+CU[_Z' ( )

Table Al shows the values of these 12 plants. From these
values, the nominal plant Y,,,,.../(s) can be obtained, with gain
’éf_nowma
minimum values of £, ;. The nominal pole @, i 15 chosen
in order that the nominal plant, at high frequencies, presents

; being the mean value between the maximum and the

higher gain than any other plant of the set. As can be seen in
Figure 9, the nominal plant is roughly in the middle of the rest
of the plants.

The additive uncertainty model @}, (s) around the nominal
plant must accomplish

| GD] > [Yi (1) = Yaomina (D] V i, 1 (A10)
—69.2 Lo . .
Yipp (5) = ———— (A3) that is, it must present a magnitude higher than any of the
- s+ 68.5 . .
differences between the plants and the nominal one.
—(33.8 4 58.7 ) Table A2 lists the gains and poles of the nominal plant and
Y §) = ———— A4 the additive uncertainty.
2115 (8) s+ 685 (A4) ve u ty.
TABLE A1  Set of plants with their gains and poles
Inverter Index ¢ k,Ry=0 @, Rr=0 index ¢ ke Re= Ry yan @, R =Ry
#1 1 1.7321 68.5 7 0.0645 1861.8
#H2 2 1.7321 94.3 8 0.0645 2564.3
#3 3 0.7873 268.3 9 0.0642 3330.2
#4 4 0.7873 3333 10 0.0642 4137.5
#5 5 0.7873 180.3 11 0.0642 22383
#6 6 0.4559 234.5 12 0.0644 1688.1
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