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Negative-Sequence Virtual Circuit Breaker in
Islanded Inverter-Based Microgrids

Mojtaba Ghodrati ©, Angel Borrell ©, Miguel Castilla

Abstract—Unbalanced loads in islanded inverter-based micro-
grids induce voltage and current imbalances, posing significant
challenges to the operation of critical equipment and sensitive loads.
To address this issue, conventional circuit breakers, strategically
placed between microgrids, play a key role in fault isolation during
unbalanced conditions. However, they exhibit weaknesses in effec-
tively addressing power quality issues, frequency variations, and
power supply interruptions to specific loads. To solve these limita-
tions, this article introduces the new concept of a negative-sequence
virtual circuit breaker. Microgrid inverters are responsible for
implementing this concept, which consists of eliminating negative-
sequence voltages and currents at the point of-common-coupling
between microgrids without altering positive-sequence voltages
and currents. This last issue allows the entire electrical system to
operate on a single frequency, guaranteeing the loads’ supply. The
compensators responsible for implementing the proposed concept
are unilateral bandpass filters with complex coefficients. The pri-
mary advantage of these compensators over conventional integral
compensators is their ability to offer plug-and-play operation. The
effectiveness of the proposed concept has been verified through
experimental tests in a laboratory setup.

Index Terms—Islanded inverter-based microgrids, negative
sequence imbalances, unbalanced loads, virtual circuit breaker.

I. INTRODUCTION

HE growing importance of inverter-based microgrids lies
T in their ability to independently convert power from renew-
able energy sources into local power using inverters, reflecting
advancements that efficiently integrate diverse distributed gener-
ation sources while maintaining superior power quality [1], [2].
In this scenario, unbalanced faults generate negative-sequence
voltages and currents throughout the entire microgrid, which
may affect the reliability and stability of the system [3], [4], [5].
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Strategically located between microgrids, conventional circuit
breakers act as key components that facilitate the isolation of
specific sections during faults, preventing potential cascading
failures and contributing to the resilience of the entire system
[6], [7]. In inverter-based microgrids, strategic integration of
circuit breakers is very important along with efforts to eliminate
negative-sequence voltages and currents in some sensitive nodes
of the power networks [8], [9], [10].

When an unbalanced load occurs in the system, the circuit
breaker detects the imbalance and opens, leading to fluctua-
tions in the system voltage and frequency [11], [12]. In this
scenario, the challenge of voltage and frequency resynchro-
nization has been investigated [13], [14], [15]. While Sharma
et al. [16] addressed synchronization methods during circuit
breaker activation, the persistence of transient disturbances in
the system frequency remains. In [17], anovel resynchronization
approach for islanded unbalanced active distribution networks
is introduced, utilizing a synchro-circuit breaker coupled with
a controllable circuit breaker. Under specific conditions, circuit
breaker openings result in power supply interruptions to specific
loads, impacting overall load distribution and causing damage
to microgrid equipment [18], [19], [20]. Additionally, system
frequency changes during unbalances can lead to polarization
challenges associated with the directional element of protective
relays [21]. The context of polarization is addressed in [22]
and [23]. Hence, circuit breakers must be designed to avoid
affecting frequency and power flow when opening [24]. The use
of an insulated gate-triggered thyristor (IGTT) is proposed in
[25] for solid-state circuit breaker (SSCB) applications, aiming
to enhance power efficiency and reliability. However, existing
SSCBs often experience high reverse voltage stress during fault
interruptions. In [26], a new SSCB based on the IGTT with a
field-stop layer (FS-IGTT) for dc microgrid protection is intro-
duced, prioritizing fault interruption without reflecting current
surges to sources or loads. While this proposed SSCB offers
more robust breaking capability and higher power efficiency
compared to existing circuit breakers, it does not address the
issue of frequency synchronization. Previous works have fo-
cused on circuit breakers’ operation to attain and sustain syn-
chronization during imbalances. However, challenges persist in
addressing frequency variations and power distribution, particu-
larly in scenarios with multiple distributed energy resources con-
tributing to power generation within each microgrid. Conversely,
circuit breaker strategies alone may not be sufficient to address
frequency differences in islanded microgrids and transient power
sharing when circuit breakers open.
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This article introduces the new concept of a negative-sequence
virtual circuit breaker, which is designed to prevent voltage and
current imbalances, resulting from a fault in a microgrid, from
propagating to the rest of the power system. This article makes
a significant contribution to the field by defining this concept
and demonstrating its implementation in the local controllers of
the microgrid inverters. Advanced control algorithms enable the
virtual circuit breaker to efficiently eliminate negative-sequence
voltage at the point-of-common-coupling (PCC) between
the microgrids. Notably, the virtual circuit breaker ensures the
preservation of positive-sequence voltages and currents, allow-
ing the system to operate seamlessly with a single frequency and
powering the loads of all microgrids collectively and uninter-
ruptedly. Furthermore, the compensators in the local controllers
are unilateral bandpass filters with complex coefficients. The
primary advantage of these compensators over conventional
integral compensators is their ability to offer the interesting
feature of plug-and-play operation. This innovative solution not
only addresses the limitations of conventional circuit breakers
but also optimizes energy distribution, enhances resilience, and
safeguards sensitive loads within islanded microgrids.

The rest of this article is organized as follows. Section II
introduces the system and formulates the problem. Section III
presents the concept of a negative-sequence virtual circuit
breaker and proposes a practical control scheme for the micro-
grid inverters. In Section IV, a dynamic model of the closed-loop
system is presented. In Section V, a design procedure for the
proposed control is presented. The virtual circuit breaker validity
is shown in Section VI through experimental tests conducted in a
laboratory microgrid. Finally, Section VII concludes this article.

II. SYSTEM DESCRIPTION AND PROBLEM FORMULATION

This section includes variable definition, system description,
and circuit breaker states. Finally, the problem is formulated.

A. Definition of Variables

This article considers complex-valued variables to compact
notation. The complex-valued positive- and negative-sequence
components are written as a function of real-valued stationary-
reference frame variables as

ot () =zf () + g (1) (1)
() =zy (t) +jag (1) 2)

Complex-conjugate variables are useful for modeling system
imbalances [27], [28], [29]. These variables can be written as

ot (t) =3 (t) —jag (1) 3)
z= (t) = a, (t) —jag (t). “)

Finally, the complex-valued variable z(¢) is expressed by
combining positive- and negative-sequence components as

z () =2t () +2 (1). ®)
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Fig. 1. Islanded power system with two inverter-based microgrids.

B. System Description

Fig. 1 shows the scheme of an islanded power system with
two microgrids equipped with grid-forming inverters [30], [31].
Microgrids 1 and 2 include r and n — r inverters, respectively,
where n is the total number of grid-forming inverters in the
power system. These grid-forming inverters are responsible for
regulating their output voltage. This function is reached by
programming an adequate reference voltage (see v; and v} in
Fig. 1). The droop method [32], virtual synchronous generator
[33], and virtual oscillator [34] are typical control algorithms
used to program the reference voltages.

A circuit breaker is placed in between both microgrids. This
element is essential to isolate faults within one of the microgrids,
thus avoiding the disturbance propagating along the power sys-
tem.

C. Circuit Breaker States

The circuit breaker in Fig. 1 has two states: closed or open.
When the power system is in normal operation, the circuit
breaker is closed. In this case, the circuit breaker voltage and
current can be expressed as

vp1 (1) = vp2 (1) (6)
iy (t) # 0. (7

When there is a fault in one of the microgrids, the circuit
breaker is open. In this case, the circuit breaker voltage and
current can be written as

vp1 (t) # vp2 (1) (8
iy (t) =0 )

D. Problem Statement

The problem to be solved in this article is to prevent the
transmission of voltage and current imbalances from a faulted
microgrid to the rest of the power system. Furthermore, it is
desired to solve this problem by keeping the circuit breaker
in Fig. 1 closed, with the intention of not causing frequency
variations or interruptions in the power supply. Imbalance trans-
mission is avoided by eliminating the negative-sequence current
through the circuit breaker, which is hereafter referred to as
control objective 1

(10)

It should be noted that (6) is still satisfied, given that the circuit
breaker is in the closed position.

U ss = 0.
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In addition, imbalances should be prevented from being
transmitted while improving power quality at PCC between
microgrids. In steady state, this is referred to as control objective
2 and can be written as

an

Finally, the problem is fully stated by indicating that the
balance between power generation and consumption must be
maintained, which is called control objective 3. This is achieved
by ensuring active power sharing among microgrid inverters

vbl,ss = Ub2,ss =0.

]Di,ss

S, rated,?

Pi—i—l,ss

(12)
Srated,iJrl

where P; ;s and Speq,; are the steady-state active power and
rated power of inverter ¢ (fort =1,...,n — 1).

III. PROPOSED SOLUTION

This section introduces the new concept of a negative-
sequence virtual circuit breaker and proposes a control scheme
to implement it in practice.

A. Negative-Sequence Virtual Circuit Breaker

The negative-sequence virtual circuit breaker is a new control
concept that prevents the transmission of voltage and current im-
balances through the power system. To implement this concept,
the control system of the microgrid inverters must be augmented
with a negative-sequence control scheme that achieves control
objectives 1 and 2.

It is worth noting that the virtual circuit breaker is applied to
a conventional circuit breaker in a closed state. In other words,
the circuit breaker must be kept closed between the microgrids,
whereas the inverters are operating to achieve control objectives
1 and 2. Although the circuit breaker is always closed, it is
essential to maintain it in situations where it is necessary to
electrically isolate a portion of the power system (e.g., for
maintenance or equipment replacement).

To conclude the description of the virtual circuit breaker con-
cept, it is important to note that control objectives 1 and 2 should
be achieved with a negative-sequence controller that should not
have significant interactions with the controller responsible for
achieving control objective 3.

B. Control Requirements

To achieve control objectives 1 and 2, v,(t) and 4,(¢) must
be remotely sensed and sent to the inverters through a com-
munication system (see Fig. 2). In this figure, v,(¢) denotes the
circuit breaker voltage (subscripts 1 or 2 are not necessary for this
variable since the physical circuit breaker is always closed). Note
that vy, (¢) and i5(¢) are inputs to the local control scheme of each
inverter, which is responsible for achieving compliance with (10)
and (11). Control objective 3 is achieved by the droop method,
which is a conventional control method that uses only locally
sensed variables [32]. This is a particular choice in this article
although other power-sharing methods could be used [33], [34].
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Fig.3. Control scheme for inverter 4.

C. Proposed Control Scheme for Inverter i

Fig. 3 shows the diagram of the proposed control scheme for
inverter 7. At the top of this figure, the droop method is aug-
mented with a virtual impedance to guarantee controllability in
microgrids with resistive, inductive, and mixed grid impedances
(351, [36]

Vg (8) = vy (8) — Zvi(s)ii(s) (13)

where v, is the output voltage of the droop method [32] and
Zy the virtual impedance [35].

At the bottom of the figure, the compensators C¥;(s) and

% (s) implement the virtual circuit breaker concept. In fact,
they are in charge of processing the negative-sequence com-
ponent of current and voltage in the circuit breaker, respec-
tively. The selection of these compensators is a key aspect
of the proposed control. To avoid cross-coupling interactions
between both control variables, it is preferred to dedicate one
of the microgrids to negative-sequence current compensation
and the other to negative-sequence voltage compensation. This
choice is based on the analysis of cross-coupling interactions
using the relative gain array method. For the interested reader,
some examples of the application of this method can be found
in [37] and [38].

Therefore, in the microgrid inverters responsible for current
compensation, the compensator C§,; (s) = 0. Similarly, in the
microgrid inverters responsible for voltage compensation the
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TABLE I
CURRENT AND VOLTAGE COMPENSATORS

Microgrid Cii(s) Ci(s)
k28,00 0
s+ 28w + jwg
2 0 kyi28y;w0

S+ 2&,w0 + jwy

compensator C7, (s) = 0. In this article, the assignment of
current and voltage compensation is given as follows.

1) Inverters in microgrid 1 perform current compensation to

achieve the control objective (10).
2) Inverters in microgrid 2 perform voltage compensation to
accomplish the control objective (12).

The compensators shown in Table I guarantee the desired
features. Note that the compensators are unilateral bandpass
filters with complex coefficients [39], [40]. The control parame-
ters ky;, ky; € C are the gains of the compensators evaluated at
the frequency s = —jwyg, whereas £;;, £y € R are the damping
factors of the compensators. To reach the control objectives 1 and
2, the reference signals must be chosen as i, = 0 and v;’ =0,
respectively.

D. Standard Control as a Basis for Comparison

Focusing on complex-valued compensators, the standard con-
trol is an integral term with complex coefficients

k

¢ (S):S+ij

(14)

where k is the integral gain. The gain of this compensator is
o0 at s = —jwy, so it completely eliminates negative-sequence
errors. This solution is an excellent choice in applications where
each inverter is responsible for meeting a control objective
without the collaboration of other inverters. For example, this is
the case in a stand-alone inverter responsible for suppressing
the negative-sequence voltage at its local output [41], [42].
However, it is not a suitable option to implement the virtual
circuit breaker, since in this application several inverters work
together in collaboration to achieve control objectives 1 and 2.
The primary disadvantage of the integral compensator is its lack
of plug-and-play functionality. In other words, when the system
is operating in a steady state and the control objectives have
already been achieved, it is not possible to incorporate additional
inverters into the collaborative operation. This phenomenon can
be attributed to the fact that the error to be corrected is zero and
the output of the new integral is also zero.

The mentioned issue does not arise in the compensators shown
in Table I, as their gain is finite at the frequency s = —jwy.
Consequently, these compensators introduce a small error that
allows them to provide plug-and-play operation. Through the
proper design of the compensator gains, these errors can be made
negligible in practice. A suitable control design procedure to
achieve this goal is presented in Section V.
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Fig. 4. Diagram of the closed-loop system.

IV. DYNAMIC MODEL OF THE CLOSED-LOOP SYSTEM

This section presents the dynamic model of the closed-loop
system shown in Fig. 4. This is a large-signal linear model that
describes the behavior of the complete power system shown in
Fig. 1.

A. Definition of Vector Variables

In Fig. 4, variables i(s), v*(s), v}i(s), and v)(s) contain
information about all inverters (1 to n), whereas y,(s) contains
information about the circuit breaker. Their components include
positive- and negative-sequence variables and their complex
conjugates. In general form, they can be written as

[ (5) o (5) @ () oo (9) 27 (5)

Cx (s) xy (s) ...z (s) e (gs)

(i () of () 4 (5) v, () 75 (3) 7 (5)
==l 8x1

i (s) v, (s>] € 8 (16)
where x(s) is valid for i(s), v*(s), vi(s), and v} (s). The vari-
able y;, (s) has the same structure than y, (s), but its components
include the superscript .

B. Open Loop Model

The open loop model of the islanded microgrid in Fig. 1 can
be written as

i(s)= G(s)v*(s) (17
yb (5) = H(s)i(s) (18)
where the matrices G(s) and H(s) can be expressed as
G*® (s) 0 0 G2 (s)
. 0 GS (S) Ga (S 0 4nx4n
GG=| o G ) o | €€
G2 (s) 0 0 Gs (s)
(19)
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HS (s) 0 0 H? (s)
0 H® (S) H* (S> 0 x4n
HE) = o ®Wes m(s o | €
Ha (s) 0 0 Hs (s)
(20

The elements of G3(s), G?(s), H*(s), and H?(s) are ob-
tained from Fig. 1 by applying: modified nodal analysis [43],
Clarke transformation, and, the complexification expressed in

(H=4).

C. Control Model

The complete control system can be obtained by grouping the
control in Fig. 3 for each of the inverters in Fig. 1. The dynamic
model can be written as

V' (8) =vg (8) —Zy (s)i(s) +vc(s) (1)
Vi (8) = C(s) (% (5) = yu (3)) )
where
WA (b) 0 0 0
0 VA 0 0
Zv (b) —_ o VO(S) 73 (S) 0 c (C4n><4n
[0 0 0 Z(
(23)
[Z, (5) 0 0
7S (S) _ 0 Zy (3) 0 eCm M (24)
L 0 0 Zy (8)
0 0 0 0
C (S) — g CSO(S) 8 g c (C4n><8 (25)
0 0 0 Cs(s)
[C (5) 0
Cs (S) _ C;B(S) C‘s/ 31 (8) c (CHXQ. (26)
0 )

D. Closed-Loop Model

The closed-loop model is obtained using (17), (18), (21), and
(22). Considering that y;, (s) = 0 to reach control objectives 1
and 2, the closed-loop model can be expressed as

i(s)=IT+L(s)" G(s)vils) 27)
where the loop gain L(s) € C**%" is written as
L (s)=G(s)(Zy(s)+C(s)H(s)). (28)

V. CONTROL DESIGN

This section presents a design procedure for the negative-
sequence control shown in Fig. 3. It is based on the static and
dynamic conditions derived in the following.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 10, OCTOBER 2024

A. Steady-State Analysis

The fulfillment of control objectives 1 and 2 is theoretically
validated by evaluating the closed-loop model at the frequency
s = —jwg (i.e., the frequency of the negative-sequence compo-
nents). By inserting (27) in (18), the circuit breaker variable in
steady-state y ss can be written as

Yb,ss = H (—ij) (I +L (_jWO))_lG (_jWO) V:;Lss (29)

where the loop gain is

L (—juwo)= G (—jwo) (Zy (—juwo) + C (—jwo) H (—jeo) -

(30)

As discussed above, the negative-sequence components

of ypbss (€., ¥y, o) cannot be completely O in practice due

to the finite gain of the compensators in Table I. The practical

consequence of this fact is negligible if the following static
condition is achieved by design

Yb,ss < Yb,max (31

provided that the specification yy, ... is chosen sufficiently
small.

B. Stability Analysis

The stability analysis is based on the generalized Nyquist
criterion [44]. The closed-loop system in (27) is guaranteed to
be asymptotically stable if the Nyquist curves of the eigenvalues
of L(jw) in (28) avoid encirclements of —1 + j 0. In fact, each
of the 4n eigenvalues (obtained from the square matrix L of
order 4n) must satisfy this condition. Note that the closed-loop
system is a large-signal linear model. Therefore, the stability
results have large signal validity.

C. Design Procedure

The step-by-step procedure for designing the control gains of

the compensators in Table I is as follows.

1) Find a range of possible solutions from the steady-state
analysis in (29)—(31).

2) Select a particular solution within the range and assess
the dynamic specifications, including the stability of the
system using the Nyquist criterion.

3) If the system is unstable, return to step 1 and relax the
static specification by increasing the value of yy ...

4) Repeat the above step until the system is stable.

VI. EXPERIMENTAL VALIDATION

This section validates the performance of the proposed control
through experiments conducted in a laboratory setup.

A. Laboratory Setup

Fig. 5 shows the laboratory setup, including five grid-forming
inverters distributed across two microgrids which are intercon-
nected by a circuit breaker. Loads 1 and 2 (labeled L1 and L2 in
the figure) are balanced, and load 3 (L3) is unbalanced. Table II
lists the nominal values of the microgrid components. With
regard to the design of the standard droop method and virtual
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Fig. 5.

TABLE II
NOMINAL VALUES OF THE LABORATORY MICROGRID

Laboratory setup (the color of the circuit breaker and inverters is used to identify their experimental waveforms in Figs. 8, 9, and 11).

TABLE III
SPECIFICATIONS OF THE CONTROL DESIGN

Description Symbol Nominal value Description Symbol Nominal value
Inverter rated power Srated,i 2.3 kVA Maximum value for V" Vimax 100 mV
Inverter rated voltage Vo 155V (peak) Maximum value for I Ly max 50 mA
Inverter rated current Lratea.i 10 A (peak) Maximum settling time for V- tsy max 5s
Switching and sampling freq. fsi 10 kHz Maximum settling time for I; t 1 max 55
Measuring unit transmission freq. fri 10 Hz Maximum overshoot for V; AV; s 0%
Microgrid angular frequency w, 2160 rad/s Maximum overshoot for I AL s 0%
Transformer impedances Zi1,Zyy 05+;040Q
Transformer impedances Zi3, 214y ZLys 1.1+j02Q
Power line impedances Zi12,Z135 j0.8Q . . .
Power line impedances e Zon 7030 used as the input source of the inverters. In this setup, the
Load 1: balanced 1 1 kW virtual circuit breaker concept is programmed in the control
Load 2: balanced 12 1.5 kW board of all inverters, which is based on a Texas Instruments
Load 3: unbalanced 13 2.5 kW F28M36 Concerto dual-core microcontroller. All the control
Active power droop coefficient Mip 0.3 rad/(s kW) boards are connected to a hub card using an Ethernet link. The
Reactive power droop coefficient Mg 0.05 V/kVAr remote sensing unit, implemented with the same control board,
Virtual inductance Liy 8 mH transmits v, and 7, through the Ethernet link. The signals of

VE

Fig. 6. Laboratory setup.

impedance gains in Table II, the reader is referred to [32], [35],
and [36].

Fig. 6 shows a photograph of the laboratory setup, including
the two microgrids and a Cinergia B2C-20 dc power supply

interest are exported to MATLAB to represent the results. The
following sections present the amplitudes of the ac voltages
and currents (these dc variables are shown in capital letters),
which are obtained using the sequence extractor presented in
[45]. It is worth mentioning that this signal processor algorithm
exhibits low-pass filter characteristics for the amplitudes [46].
The transient response of these signals facilitates the observation
of compliance with control objectives 1 and 2.

B. Design of the Proposed Control

The gains of the proposed control have been designed using
the procedure presented in Section V-C. The control design starts
with the definition of the static specifications of the proposed
control, as detailed in Table III. Thereafter, a set of design
constraints for the control gains is obtained by inserting the
nominal values of the laboratory microgrid in (29)—(31). These
constraints can be expressed for the considered microgrid as
follows:

|kri| < 557.8Q (32)
€ri < 60.5107° (33)
|kvi| < 968.1Q (34)
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TABLE IV
DESIGN SOLUTION TO THE PROPOSED CONTROL

Description Symbol Nominal value
Control gain MG1: 1 <i <r) ki 160 —j60 Q
Damping factor (MG1: 1 < i <71) & 11.2107°
Control gain (MG2: r < i < n) ky; 160 + j60
Damping factor (MG2: 7 < i < n) &y 37.110°°
200 1
— 100 0.5
3
S
% 0 0 +
)
=100 0.5
-200 -1
-75 0 75 150 -2 -1 0 1
real[eig(L(jw))] real[eig(L(jw))]
(a) (b)

Fig.7. Nyquist curves of the eigenvalues of L(jw). (a) Full plot. (b) Zoom-in
of the full plot near the critical point —1 + 50.

Evi < 276.91076. (35)

Table IV presents the proposed solution to this design prob-
lem, in which the control gains fulfill the constraints (32)—(35). It
should be noted that the control solution includes the appropriate
angle of the complex-valued gains kj; and ky;. This solution
satisfies the dynamic specifications in Table III and is asymptot-
ically stable. This last fact is shown in Fig. 7, in which the 20
eigenvalues of L avoid encircling the point —1 + 50.

C. Design of the Tests

The performance of the proposed virtual circuit breaker con-
cept is validated by two experimental tests. Table V lists the
conditions of the two tests. It should be noted that in both tests,
the droop method and the virtual impedance controllers (see
Fig. 3) are always active. Thus, the state of the virtual circuit
breaker refers only to the negative-sequence control.

The tests start at t = 0s, with the inverters in steady-state
supplying the balanced loads 1 and 2 (2.5 kW total) and with
the circuit breaker closed. At ¢t = 5s, the unbalanced load 3
(2.5 kW) is switched ON. At ¢t = 10s, the scenario of the
two tests diverges. In test 1, the circuit breaker is triggered
when the fault is detected. This occurs when the integral of the
negative-sequence current amplitude I, exceeds a set point. It
is important to note that the control implementing the virtual
circuit breaker concept is disabled in this test. In test 2, the
circuit breaker remains closed for the entire duration. This is
achieved by selecting a higher set point for triggering. In this
test, the virtual circuit breaker is enabled at t = 10s.
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Fig.8. Experimental results for test 1. Sequence components of the voltage and

currentamplitudes in (a) circuit breaker, (b) inverters, and (c) inverter frequencies
and active powers.

The following is a performance comparison between the
two tests. The signals of interest in this comparison are the
amplitudes of the voltage and current sequence components in
the circuit breaker and inverters and the frequency and the active
power of each inverter.

D. Experimental Results for Test 1

Fig. 8 shows the signals of interest for test 1. In the first
interval, the balanced load is jointly supplied by the five inverters
with a positive-sequence current amplitude 1, Z+ of 2.2 A [see
Fig. 8(b)]. In this interval, the negative-sequence current ampli-
tude /; is about 0.3 A showing that the system is practically
balanced. In the circuit breaker, there is a positive-sequence
current of /, b+ = 1.1 A flowing from microgrid 2 to microgrid 1
due to the power balance in the system [see Fig. 8(a)]. Finally, all
inverters deliver the same active power P; = 520 W and operate
at the same frequency P; = 59.97 Hz [see Fig. 8(c)]. Note
that a steady-state error is observed at the inverter frequencies
(nominal value is 60 Hz) due to the droop method being used.
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TABLE V
CONDITIONS OF THE EXPERIMENTAL TESTS
Scenario Test 1 Test 2
Interval Loads Circuit breaker ~ Virtual circuit breaker | Circuit breaker  Virtual circuit breaker
t<5s Balanced Closed Disabled Closed Disabled
55<t<10s  Unbalanced Closed Disabled Closed Disabled
t>10s Unbalanced Open Disabled Closed Enabled
In the second interval, the unbalanced load is switched on. 155+ ] 15

This causes an increase in both positive- and negative-sequence S 150 S 10/
currents. In the inverters, the current Ij' almost doubles when .~ ~
the total load changes from 2.5 to 5 kW [see Fig. 8(b)]. Since = 145 | =T s
the unbalanced load is connected to microgrid 2 (L3), the in- 140" 0
verters of this microgrid have higher negative-sequence voltage 6 6
(V;” = 7.8 V) than the inverters of microgrid 1 (V,” = 4.6 V). ~ 4l ~ 4
This is also true for the currents: /; = 2.2 A for the inverters +$ I$
of microgrid 2 and I, = 1.3 A for the inverters of microgrid 1. ~2 ] ~°2 .
This effect is caused by the proximity to the disturbance, which 0! L | 0= |
in electrical terms is measured as the impedance that exists from 05 10 15 20 25 0 5 10 15 20 25
the location of the inverters to the point where the disturbance Time (s) @) Time (s)
occurs. As in the case of the inverters, the negative-sequence 155 15
voltage and current in the circuit breaker also increase signifi- |
cantly with the connection of the unbalanced load [see Fig. 8(c)]. > 150 -—-C e o 10 o
The main problem to be solved in this article is the elimination %~ 145 — KT s - V/-».&_‘_..,.._._.J
of the current /,”, which is 3.2 A in this interval. Eliminating this 140 —#5—#4—H#3 —#2 —#] o M

current prevents the propagation of the unbalance disturbance to
the balanced microgrid. Finally, in Fig. 8(c), it is clear that the
active power doubles when the load doubles, while the inverter
frequencies decrease to 59.94 Hz. All inverters have the same
operating point with a higher frequency error in steady-state.

In the third interval, the circuit breaker is open and the micro-
grids are electrically isolated. As a result, the current [,” = 0,
as desired [see Fig. 8(a)]. The current /| ,jr is also 0. Focusing on
the inverter currents, the inverters of microgrid 1 provide I, = 0
(desired situation), whereas the unbalanced load is fully supplied
by the inverters of microgrid 2 [see Fig. 8(b)]. In addition, the
microgrids operate at different frequencies, and the inverters of
each microgrid supply its local loads [see Fig. 8(c)].

E. Experimental Results for Test 2

Fig. 9 shows the main experimental results for test 2. The
waveforms in the first and second intervals coincide with those
in test 1 because they were measured under the same conditions.

In the third interval, the circuit breaker remains closed and the
virtual circuit breaker control is activated in the five inverters.
As a result, the positive-sequence voltage and current in the
circuit breaker and in all the inverters remain at the same values
as those obtained in the second interval [see Fig. 9(a) and (b)].
In addition, all the inverters deliver the same active power and
have the same operating frequency [see Fig. 9(c)]. Therefore,
all loads are jointly supplied by all inverters. By focusing on the
negative-sequence waveforms, it can be observed that the circuit
breaker voltage and current are nearly eliminated [see Fig. 9(a)].
In fact, the measured steady-state results are I,” = 29.5 mA
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Fig.9. Experimental results for test 2. Sequence components of the voltage and

current amplitudes in (a) circuit breaker, (b) inverters, and (c) inverter frequencies
and active powers.

and V. = 81.4 mV. Therefore, from a practical point of view,
control objectives 1 and 2 are met. Fig. 10 presents oscilloscope
waveforms that corroborate the results presented in Fig. 9(a).
Furthermore, the measured settling times and overshoots are
tsv =2.28,t5 1 =4.9s, AV, = 0%, and AI,” = 0%, which
align perfectly with the dynamic specifications detailed in Ta-
ble I1I. Finally, it should be noted that the unbalance disturbance
does not propagate to microgrid 1, since the currents I; in the
inverters of this microgrid are reduced to the values before the
disturbance; compare the first and third intervals in Fig. 9(b).
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As a final remark, it should be noted that control objective
3 is met during the entire duration of the test, as illustrated in
Fig. 9(c). This is due to the continuous operation of the droop
method and virtual impedance controller throughout the test.

F. Discussion on the Results in Figs. 8—10

Looking at the results in Fig. 9, it is clear that the proposed
control satisfactorily meets control objectives 1, 2, and 3. In fact,
the imbalance fault is isolated and the power flow between the
two microgrids is not interrupted using the novel virtual circuit
breaker presented in this article. In addition to these essential
features, this subsection discusses other relevant aspects of the
proposal.

Inverters implementing the virtual circuit breaker concept
should not be sized in any particular way. This fact can be seen
in the negative-sequence currents delivered by the inverters in
Fig. 9(b), third interval. Note that they have values very close
to those measured in Fig. 8(b), third interval, when the virtual
circuit breaker is disabled. Therefore, the use of an open circuit
breaker or a virtual circuit breaker produces practically the same
negative-sequence currents.

Using the same argument as in the previous paragraph, it can
be stated that the efficiency of a system using a virtual circuit
breaker is very similar to that of a system using a conventional
circuit breaker. In other words, the use of the virtual circuit
breaker does not penalize the sizing of the inverters or the
efficiency of the power system. This is because the unbalanced
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compensators in (14).

load must be always supplied. In the virtual circuit breaker,
this supply is carried out with an action of the inverters that
also allows the elimination of the negative-sequence voltage and
current in the circuit breaker.

G. Performance Comparison Between Compensators

This subsection validates the plug-and-play functionality of
the compensators in Table 1. To this end, test 2 was repeated
with all five inverters in operation, but the proposed control
was disabled in inverter 5 until ¢ = 30s. Fig. 11(a) presents the
results of this new test. As illustrated, the current in inverter 5 in-
creases when its negative-sequence control is activated, enabling
inverters 3 and 4 to reduce their current in this collaborative op-
eration. This results in the achievement of the same steady-state
values of initial test 2 (see Fig. 9). Regardless of whether the
controlininverter 5 is enabled or disabled, the negative-sequence
voltage at the circuit breaker remains practically zero, which
substantiates the fulfillment of control objective 2.

It is noteworthy that in the aforementioned scenario, once the
system reaches a steady state, the integral control does not permit
the inverter 5 to participate in the elimination of the negative-
sequence voltage at the circuit breaker. This phenomenon is
illustrated in Fig. 11(b). The control of inverter 5 is enabled
at t = 30, yet in this instance, the currents do not undergo a
change in value.

VII. CONCLUSION

In this article, the new concept of a negative-sequence virtual
circuit breaker has been introduced. It consists of eliminating
negative-sequence voltages and currents at the PCC between
microgrids while maintaining system frequency and power shar-
ing. To program the virtual circuit breaker, a control scheme has
been presented for microgrid inverters. Furthermore, a theoret-
ical framework to design the proposed control has also been
presented. The proposal has been validated through extensive
experiments in a laboratory microgrid. As a final remark, this
article has shown that a virtual circuit breaker overcomes the
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limitations of conventional circuit breakers by enhancing power
quality and load supply.
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