
energies

Article

Performance Comparison of Grid-Faulty Control
Schemes for Inverter-Based Industrial Microgrids

Antonio Camacho 1 ID , Miguel Castilla 1,* ID , Franco Canziani 2, Carlos Moreira 3,
Paulo Coelho 4 ID , Mario Gomes 4 and Pedro E. Mercado 5

1 Department of Electronic Engineering, Universitat Politècnica de Catalunya,
08800 Vilanova i la Geltrú, Spain; antonio.camacho.santiago@upc.edu

2 Waira Energia SAC, Av. Guillermo Dansey 1685, Lima 1, Lima, Peru; franco@waira.com.pe
3 INESC Technology and Science, Campus da FEUP, 4200-465 Porto, Portugal; carlos.moreira@inesctec.pt
4 Instituto Politécnico de Tomar, 2300-313 Tomar, Portugal; pcoelho@ipt.pt (P.C.); mgomes@ipt.pt (M.G.)
5 Institute of Electrical Energy, Universidad Nacional de San Juan, J5400ARL San Juan, Argentina;

pmercado@iee.unsj.edu.ar
* Correspondence: miquel.castilla@upc.edu; Tel.: +34-93-896-7228

Received: 7 November 2017; Accepted: 5 December 2017; Published: 11 December 2017

Abstract: Several control schemes specifically designed to operate inverter-based industrial
microgrids during voltage sags have been recently proposed. This paper first classifies these control
schemes in three categories and then performs a comparative analysis of them. Representative
control schemes of each category are selected, described and used to identify the main features
and performance of the considered category. The comparison is based on the evaluation of several
indexes, which measure the power quality of the installation and utility grid during voltage sags,
including voltage regulation, reactive current injection and transient response. The paper includes
selected simulation results from a 500 kVA industrial microgrid to validate the expected features of the
considered control schemes. Finally, in view of the obtained results, the paper proposes an alternative
solution to cope with voltage sags, which includes the use of a static compensator in parallel with
the microgrid. The novelty of this proposal is the suitable selection of the control schemes for both
the microgrid and the static compensator. The superior performance of the proposal is confirmed by
the analysis of the quality indexes. Its practical limitations are also revealed, showing that the topic
studied in this paper is still open for further research.
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1. Introduction

An inverter-based microgrid is a combination of power generation units, energy storage systems
and loads in a single, controllable power system [1–3]. The presence of power inverters as interfaces
for the generation and storage components offers flexible operation, high power quality and reliable
power delivery [4,5]. Two modes of operation in both the microgrid and the power inverters make
these well-known characteristics possible. On the one hand, the microgrid operates normally in
grid-connected mode, interconnected to the utility grid. In some circumstances, it can intentionally
separate from the grid and operate autonomously as an independent island, which is known as
islanded mode [6–8]. On the other hand, the power inverters can be programmed to equivalently
operate as power-controlled current or voltage sources, depending on the needs of the microgrid [8].
As current sources, the inverters are responsible for injecting the amount of active and reactive power
set by the power references. As voltage sources, the inverters contribute to support the microgrid
voltage, including amplitude and frequency regulation [9].
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An industrial microgrid is a practical application of the concepts of inverter-based microgrids to
the power supply of industrial processes [10]. In this context, the principal requirement is the power
supply of the priority loads uninterruptedly [11,12]. Typically, the loads are electrical machines in
charge of a continuous process in a production line. The manufacturing of paper or plastic film are
two examples of a production line requiring reliable power delivery to avoid damaging materials
during the production process. The possibility to operate the industrial microgrid in islanded mode
is essential in this application to guarantee the continuous operation during power events and grid
faults [13,14]. Other types of microgrids have been studied in the literature including residential,
commercial, institutional, military and remote microgrids [15–17]. They have specific requirements
such as variable profile high-power loads, physical and cyber security and forced islanded operation,
to name just a few. However, this work focuses on the study of industrial microgrids.

The large-scale integration of renewable energy sources in transmission and distribution networks
has led network operators to define low voltage ride through requirements, in order to avoid the
sudden disconnection of significant amounts of power in case of severe voltage sags while providing,
at the same time, local voltage support through the injection of reactive current [18,19]. Therefore,
the power inverters of these energy sources must respond to grid code requirements demanding for
reactive current injection. Such requirements were designed for predominantly inductive grids and
thus they are not the most appropriated ones regarding industrial microgrid environments where the
predominance of inductive coupling is in cause [19].

The control system is a key element in the operation and performance of microgrids [20]. In this
application, the control system is typically organized in a central controller responsible to perform
the energy management of the microgrid and in local controllers in charge of the power processing
of the inverters. Particularly, during grid voltage sags, the local controllers are fundamental to avoid
sudden tripping of the inverters, which could lead to a utility grid blackout if the mitigation actions
are not properly implemented. Several control schemes specifically designed to operate microgrids
during voltage sags have been recently presented. This paper first analyzes the recent literature and
then classifies these control schemes in three categories, according to the operation modes of both
the microgrid and the inverters: grid-connected current-source (GCCS) schemes [21–25], islanded
voltage-source (IVS) schemes [26,27] and grid-connected voltage-source (GCVS) schemes [28–30].
On the one hand, GCCS schemes usually consider a fixed current-injection angle of 90 degrees
(i.e., a predominant inductive coupling, as mentioned above) [21–24], thus providing a non-optimal
voltage support during the voltage sag. The three control schemes presented in [25] solve this problem
by using a current-injection angle defined by the angle of the impedance seen from the generator output.
The three alternatives inject active and reactive current via (1) positive sequence only; (2) negative
sequence only; and (3) both positive and negative sequences. These representative control schemes
are selected in this study to identify the main features and performances of the GCCS schemes.
On the other hand, both IVS and GCVS schemes are based on the droop control method, which has
been extensively studied in the literature. The differences between the operation and performance of
these schemes during voltage sags in an industrial microgrid are evaluated in this study by selecting
the control configuration presented in [27,30].

This paper introduces an analytical tool to compare the performance of the considered control
schemes. The comparative analysis is based on the evaluation of several indexes, which measure the
power quality of the installation and utility grid during voltage sags, including voltage regulation,
reactive current injection and transient response. Three voltage sags with different amplitudes of the
positive and negative sequence components are considered in the evaluation test to examine the control
operation for different faulty scenarios. This performance comparison constitutes the first contribution
of this study. In view of the results of the analysis, this paper proposes an alternative solution to cope
with voltage sags, which includes the use of a static compensator (STATCOM) in parallel with the
microgrid [31]. Two proposals are introduced in this study according to the operation of the microgrid
in grid-connected or in islanded mode, while the STATCOM remains continuously connected to the
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utility grid during the voltage sag. The novelty and second contribution of these two proposals are
the suitable selection of the control schemes for both the microgrid and the STATCOM. The superior
performance of the proposals is confirmed by the analysis of the quality indexes for the three faulty
scenarios. Their practical limitations are also detailed, showing that the topic studied in this paper is
still open for further research.

This paper is organized as follows. Section 2 formulates the problem to be solved in an industrial
microgrid. Section 3 presents the grid-faulty control schemes considered in this study. Section 4
performs the comparative analysis of these control schemes. This section includes selected simulation
results to validate the results of the analysis. Section 5 introduces the original control solution and
discusses its advantages and limitations. Section 6 is the conclusion.

2. Problem Statement

This section presents the problem statement, including the description of the 500 kVA industrial
microgrid, the definition of the power quality indexes and the problem formulation.

2.1. Industrial Microgrid

Figure 1 shows the diagram of the 500 kVA industrial installation considered in this study.
It has two buildings, a factory with a nominal power of 320 kW and a second building with offices
with 80 kW of nominal power. In the factory, the production process requires 250 kW at full load,
which is the priority load of the microgrid. The installation has two generators, G1 (46 kVA) and G2
(230 kVA), placed on the roof of the buildings. They use photovoltaic (PV) technology and batteries
to smooth the generation capacity and to have an energy reserve. The sizing of the generators was
carried out taking into account the priority load with a certain margin for the compensation of power
losses. The microgrid is connected to the utility grid at the point of common coupling (PCC) through
the switch S, which is closed in grid-connected mode and open in islanded mode. The diagram shows
the equivalent impedances of the microgrid, which account for the impedances of cables, lines and
transformers. Although the transformers are not explicitly shown, the diagram indicates the voltage
levels in several locations of the microgrid. The voltage and current of the generators are also marked
in the diagram.

Energies 2017, 10, 2096    3 of 26 

 

microgrid  and  the  STATCOM.  The  superior  performance  of  the  proposals  is  confirmed  by  the 

analysis  of  the  quality  indexes  for  the  three  faulty  scenarios. Their practical  limitations  are  also 

detailed, showing that the topic studied in this paper is still open for further research.   

This paper is organized as follows. Section 2 formulates the problem to be solved in an industrial 

microgrid. Section  3 presents  the grid‐faulty  control  schemes  considered  in  this  study. Section  4 

performs the comparative analysis of these control schemes. This section includes selected simulation 

results to validate the results of the analysis. Section 5 introduces the original control solution and 

discusses its advantages and limitations. Section 6 is the conclusion.   

2. Problem Statement 

This section presents the problem statement, including the description of the 500 kVA industrial 

microgrid, the definition of the power quality indexes and the problem formulation. 

2.1. Industrial Microgrid 

Figure 1 shows the diagram of the 500 kVA industrial installation considered in this study. It has 

two buildings, a factory with a nominal power of 320 kW and a second building with offices with 80 

kW of nominal power. In the factory, the production process requires 250 kW at full load, which is 

the priority load of the microgrid. The installation has two generators, G1 (46 kVA) and G2 (230 kVA), 

placed on the roof of the buildings. They use photovoltaic (PV) technology and batteries to smooth 

the generation capacity and to have an energy reserve. The sizing of the generators was carried out 

taking into account the priority load with a certain margin for the compensation of power losses. The 

microgrid is connected to the utility grid at the point of common coupling (PCC) through the switch 

S, which  is  closed  in grid‐connected mode  and open  in  islanded mode. The diagram  shows  the 

equivalent  impedances  of  the microgrid, which  account  for  the  impedances  of  cables,  lines  and 

transformers. Although the transformers are not explicitly shown, the diagram indicates the voltage 

levels in several locations of the microgrid. The voltage and current of the generators are also marked 

in the diagram.   

 

Figure 1. Diagram of the 500 kVA microgrid considered in this study. 

FactoryOffice
80.4 kVA 320.6 kVA

Z g

g

Z 2

G2
230 kVA

Z L2

G1
46 kVA

Z 1

Z G2 i2

v2

Z G1Z L1 i1

v1

S

PCC

132 kV

15 kV

400 V400 V

Figure 1. Diagram of the 500 kVA microgrid considered in this study.



Energies 2017, 10, 2096 4 of 25

The nominal values of the microgrid components are listed in Table 1. The impedances included
in the table account for the impedances of cables, lines and transformers. In the particular case of
transformers, the impedances are referred to their low-voltage sides. During islanded mode, only the
supply of priority loads is guaranteed in the microgrid. Note that local generators have enough
capacity to supply these loads with enough room for the compensation of power losses.

Table 1. Nominal values of the microgrid components.

Quantity Symbol Value

Microgrid rated power Sg 500 kVA
Utility grid line-to-line rms voltage Vg 132 kV

Feeders line-to-line rms voltage Vf 15 kV
Generators and loads line-to-line rms voltage VG 400 V

Microgrid angular frequency ω 2π 50 Hz
Load consumption in the office building PL1, QL1 80 kW, 8 kvar

Load consumption in the factory building PL2, QL2 320 kW, 20 kvar
Priority load in the office building Ppr

L1, Qpr
L1 0 kW, 0 kvar

Priority load in the factory building Ppr
L2, Qpr

L2 250 kW, 15 kvar
Rated power of the generator G1 SG1 46 kVA
Rated power of the generator G2 SG2 230 kVA

Grid impedance Zg 14.3 + j 46.4 Ω
Line impedance of the feeder 1 Z1 26.1 + j 107.1 mΩ
Line impedance of the feeder 2 Z2 4.4 + j 32.4 mΩ

Line impedance of the office building ZL1 32.1 + j 4.5 mΩ
Line impedance of the factory building ZL2 6.9 + j 7.5 mΩ

Line impedance of the generator G1 ZG1 15.6 + j 7.8 mΩ
Line impedance of the generator G2 ZG2 6.3 + j 8.1 mΩ

Figure 2 shows a diagram with the main components of each generator. The PV source and the
batteries regulate the voltage of the DC bus. They include a DC/DC boost converter and a battery
charger to correctly perform the tracking of the maximum power point of the PV panels and to
charge/discharge the batteries, respectively. The inverter delivers active and reactive power to the
microgrid commanded by the local control scheme. The inputs of the controller are the measured
voltage vi and current ii of the inverter while the outputs are the gate signals for the power switches si.
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2.2. Power Quality Indexes

Below is a definition of the indexes used in this study to evaluate the power quality of the
microgrid during a voltage sag. The ideal value of these indexes is also indicated. Other disturbances
also affect the power quality of microgrids, including harmonics, flickers and DC current injection [32–34].
They are not taken into account in this study, which focusses only on the disturbances caused by
voltage sags.
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The voltage regulation is characterized by two factors, which measure the per unit (p.u.) amplitude
of the positive and negative sequence voltages

V+
pu =

V+

Vb
(1)

V−pu =
V−

Vb
(2)

where V+ and V− are the amplitudes of the sequence voltages expressed in volts and Vb is the base
voltage in volts. In an ideal balanced system, these factors take the values V+

pu = 1 and V−pu = 0.
Reactive current injection is a typical requirement that is intended to provide local voltage

support during voltage sag occurrence, and therefore increase grid resiliency by reducing the risk of
under-voltage generation tripping. Reactive current can be injected through positive and negative
sequences. The amplitude of these sequences are written in p.u. as

I+q,pu =
I+q
Ib

(3)

I−q,pu =
I−q
Ib

(4)

where I+q and I−q are the amplitudes of the sequence currents expressed in amps and Ib is the base
current in amps. The ideal value of both I+q,pu and I−q,pu is 1. However, this ideal value cannot be
simultaneously supplied by both sequence currents without surpassing the maximum current of the
generator. Therefore, in practice, a good result is reached when I+q,pu and I−q,pu take values as high as
possible while respecting the limitation imposed by the maximum current. Particular attention should
be given to weak networks with low short-circuit currents in which the injection of maximum current
increases the risk of over-voltage generation tripping [19,20]. In these scenarios, appropriate control
actions must be implemented to address this problem including active power curtailment, reactive
current regulation, and so on [35,36].

The transient response of the microgrid during voltage sags is characterized by the settling time of
the generators. Two quality indexes are considered for each generator, according to the transition from
normal to faulty conditions tn, f

s and from faulty to normal conditions t f ,n
s . In general, these indexes are

defined as
ts = t f − ti (5)

where ti is the initial time of the transition in seconds and t f is the final time when the measured signal
reaches the 98% of its steady-state value in seconds. Ideally, ts = 0. In a real system, this value is not
possible and a ts as small as possible is desired.

2.3. Problem Formulation

The first objective of this study is to compare the performance of the selected control schemes.
The superior scheme is the one with the better quality factors defined in the previous section
(i.e., the scheme with quality factors as near as possible to the ideal values). The second objective is to
propose novel control schemes that improve the state-of-the-art control solutions.

Once the problems addressed in this study are formulated (and solved in following sections),
the contributions of the paper can be identified as follows: (1) the performance comparison between
the considered control schemes that leads to the identification of the most appropriate one to operate
industrial microgrids during voltage sags, and (2) the two novel control schemes and policies designed
to operate an industrial microgrid with a STATCOM connected in the PCC of the installation,
which provides superior performance in terms of static and dynamic characteristics compared to
control solutions known so far.
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3. Control Schemes

This section briefly describes the control schemes designed to operate industrial microgrids
during voltage sags. All these schemes are formulated in αβ domain. Note that the transformation
from abc to αβ frame is intentionally omitted in the diagrams shown in next figures.

3.1. GCCS Control Schemes

In this case, the microgrid operates in grid-connected mode during the voltage sag. Figure 3a
shows a simplified diagram of the microgrid in this operation mode with the switch S closed.

Figure 3b shows a general block diagram of all the GCCS control schemes. The input signals to
this diagram are the αβ domain voltages vα and vβ while the outputs are the gate signals for the power
switches si (see Figure 2). The GCCS control schemes have in common a voltage sequence extractor [37],
a current control loop [38] and a space vector modulator (SVM). The main difference between them
relies in the way the reference currents are generated. Usually, the reference currents are designed by
considering a current injection angle of 90 degrees (i.e., by assuming that the impedance is dominantly
inductive). In this study, the injection angle is calculated for each injection point using the impedance
seen from the output side of the generators [25]. The control parameters for this impedance are RC
and ωLC for its real and imaginary parts, as shown in Figure 3b. The use of a particular impedance for
each generator is a shared property of the three different ways to implement the reference currents
presented below.
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3.1.1. Control Scheme for Injecting Maximum Current via Positive Sequence Only

The objective of the first control scheme (GCCS1) is to increase the positive sequence voltage
as much as possible. To this end, the scheme is based on injecting the maximum current during the
voltage sag via positive sequence only. In this case, the optimal injection angle is defined in [25] as

θopt = atan
(

ωLC
RC

)
. (6)

Therefore, the reference currents can be written as [25]

i∗α =

(
cos
(
θopt

) v+α
V+

+ sin
(
θopt

) v+β
V+

)
Imax (7)

i∗β =

(
cos
(
θopt

) v+β
V+
− sin

(
θopt

) v+α
V+

)
Imax (8)

where v+α and v+β are the positive sequence voltages, V+ =
√(

v+α
)2

+ (v+β )
2 is the amplitude of these

voltages, Imax is the maximum amplitude of the generator current and
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cos
(
θopt

)
=

RC√
R2

C + (ωLC)
2

(9)

sin
(
θopt

)
=

ωLC√
R2

C + (ωLC)
2

. (10)

3.1.2. Control Scheme for Injecting Maximum Current via Negative Sequence Only

The objective of the second control scheme (GCCS2) is to decrease the negative sequence voltage
as much as possible. To this end, the scheme is based on injecting the maximum current during the
voltage sag via negative sequence only. The optimal injection angle and the reference currents are
defined in [25] as

θopt = atan
(

ωLC
RC

)
(11)

i∗α =

(
− cos

(
θopt

) v−α
V−

+ sin
(
θopt

) v−β
V−

)
Imax (12)

i∗β =

(
− cos

(
θopt

) v−β
V−
− sin

(
θopt

) v−α
V−

)
Imax (13)

where v−α and v−β are the negative sequence voltages and V− =
√(

v−α
)2

+ (v−β )
2 is the amplitude of

these voltages.

3.1.3. Control Scheme for Injecting Maximum Current via Positive and Negative Sequences

The objective of the third control scheme (GCCS3) is to increase the difference between the
amplitudes of the positive and negative sequence voltages as much as possible. In fact, this is
an intermediate solution between the previous control schemes since it simultaneously increases
the positive sequence voltage and decreases the negative sequence voltage to accomplish the control
objective. To this end, the scheme injects the maximum current during the voltage sag via positive and
negative sequences. In addition, this scheme has an optimal injection angle for each sequence, which
are defined as [25]

θ+opt = atan
(

ωLC(1 + cos(ϕ)) + RC sin(ϕ)

RC(1 + cos(ϕ))−ωLC sin(ϕ)

)
(14)

θ−opt = atan
(

ωLC(1 + cos(ϕ))− RC sin(ϕ)

RC(1 + cos(ϕ)) + ωLC sin(ϕ)

)
(15)

where ϕ is the angle between the positive and negative sequence voltages. Note that in this third
control scheme the injection angles rely on both the impedance seen from the output side of the
generator and the voltage sag characteristics through the angle ϕ. During the voltage sag, this angle
must be measured in real time as

cos(ϕ) =
v+α v−α − v+β v−β

V+V−
(16)

sin(ϕ) =
v+α v−β + v−α v+β

V+V−
(17)

ϕ = atan2(sin(ϕ), cos(ϕ)). (18)

In fact, if the angle between the sequence voltages is out of the range 5π/3 ≤ ϕ ≤ π/3,
Equations (14) and (15) produce correct results only if the following correction is applied [25]
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ϕ =


ϕ− 2π

3
,
π

3
≤ ϕ ≤ π

ϕ +
2π
3

,π ≤ ϕ ≤ 5π
3

(19)

For angles inside the range 5π/3 ≤ ϕ ≤ π/3, the value obtained from Equation (18) must be
directly used in Equations (14) and (15).

In GCCS3 control scheme, the reference currents for injecting maximum current via positive and
negative sequences can be written as [25]

i∗α =

(
cos
(

θ+opt

) v+α
V+
− cos

(
θ−opt

) v−α
V−

+ sin
(

θ+opt

) v+β
V+

+ sin
(

θ−opt

) v−β
V−

)
Imax (20)

i∗β =

(
cos
(

θ+opt

) v+β
V+
− cos

(
θ−opt

) v−β
V−
− sin

(
θ+opt

) v+α
V+
− sin

(
θ−opt

) v−α
V−

)
Imax (21)

where

cos
(

θ+opt

)
=

1√
6

RC(1 + cos(ϕ))−ωLC sin(ϕ)√
R2

C + (ωLC)
2√1 + cos(ϕ)

(22)

sin
(

θ+opt

)
=

1√
6

ωLC(1 + cos(ϕ)) + RC sin(ϕ)√
R2

C + (ωLC)
2√1 + cos(ϕ)

(23)

cos
(

θ−opt

)
=

1√
6

RC(1 + cos(ϕ)) + ωLC sin(ϕ)√
R2

C + (ωLC)
2√1 + cos(ϕ)

(24)

sin
(

θ−opt

)
=

1√
6

ωLC(1 + cos(ϕ))− RC sin(ϕ)√
R2

C + (ωLC)
2√1 + cos(ϕ)

. (25)

3.2. IVS Control Scheme

In this control strategy, the microgrid operates in islanded mode during the voltage sag;
see Figure 4a. Therefore, the inverters are responsible to regulate the microgrid voltage. To this end,
a voltage loop is essential in this control scheme to force the inverters to behave as voltage sources.
Figure 4b shows the diagram of the IVS control scheme. The voltage loop regulates the voltage by
forcing vα and vβ to follow the references v∗α and v∗β accurately [9]. The outputs of the voltage loop are
the reference currents i∗α and i∗β, which are given to the current loop and the SVM.
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The droop control method makes possible to operate several inverters simultaneously as voltage
sources [5,8]. It is based on reducing the amplitude Vre f and frequency ωre f of the reference voltages
according to the reactive Q and active P powers delivered by the inverter [17,26,27]

Vre f = V0 − n(Q−Q0) (26)

ωre f = ω0 −m(P− P0). (27)

In Equations (26) and (27), V0 and ω0 are the references for voltage amplitude and frequency,
n and m are the gains of the droop equations, and P0 and Q0 are the references for active and reactive
power. Typically, P and Q are obtained by filtering the instantaneous active and reactive powers,
expressed in Equations (28) and (29), with a first-order low-pass filter which cutoff frequency is ωc.

p =
3
2
(
vαiα + vβiβ

)
(28)

q =
3
2
(
vβiα − vαiβ

)
(29)

The principle of operation of the droop method can be appreciated with the help of Equations (26)
and (27). On the one hand, the frequency is a global variable in a power system and in steady-state all
the elements in this system operate at the same frequency. Thus, from Equation (27), the following
relation can be written for the inverters i and j [39]

mi(Pi − P0i) = mj
(

Pj − P0j
)

(30)

revealing the capacity of active power sharing of the inverters. In other words, the active power
delivered by each inverter is proportional to the active power of the other inverters. In the particular
case that the control parameters are designed as mi = mj and P0i = P0j, then all the inverters supply
the same power in steady-state. It is worth mentioning that the capacity of active power sharing is
reached without using the communication service of the microgrid, i.e., with only local measures in the
inverter (voltage and current to be more precise, as seen in Figure 4b). On the other hand, the voltage
is a local variable and different voltages are observed in steady-state in different points of the power
system, Vi 6= Vj for i 6= j. In this case, from Equation (26), it is possible to write

Vi −Vj + nj
(
Qj −Q0j

)
= ni(Qi −Q0i). (31)

Therefore, the voltage error induces a deviation in the reactive power sharing that depends on the
gains ni and nj.

In droop-controlled inverters, a virtual impedance is usually programmed in local controllers
to improve stability, controllability and transient response without losing power efficiency (due to
its virtual, non-physical nature) [4,26]. Considering this impedance, the reference voltages can be
written as [27]

v∗α = Vre f cos
(

ωre f t
)
− Rviα + ωre f Lviβ (32)

v∗β = Vre f sin
(

ωre f t
)
− Rviβ −ωre f Lviα (33)

where Rv and Lv are the resistance and inductance of the virtual impedance.
As Figure 3a depicts, with GCCS control schemes, the microgrid operates connected to the utility

grid during the voltage sags. For this reason, the voltage at the output side of the inverters usually
contains positive and negative sequences and the GCCS scheme processes these sequences separately,
as seen for example in Equations (20) and (21). However, in IVS control schemes, the microgrid is
disconnected from the utility grid during the voltage sag, as Figure 4a shows, and thus there is no
negative sequence voltage at the output side of the inverters induced by the unbalanced voltage sag.
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As a consequence, the IVS scheme processes directly the voltage measured at the output side of the
inverters without extracting its positive and negative components, as shown in Figure 4b.

3.3. GCVS Control Scheme

The objective of the GCVS scheme is to eliminate the negative sequence voltage in the PCC while
contributing to the support of the positive sequence voltage [28]. As a difference to GCCS3 control
scheme, the inverters are programmed in this case to operate as grid-connected voltage sources. To this
end, the droop method is used again, but now with a different configuration compared to the IVS
approach due to: (1) the microgrid operates in grid-connected mode, see Figure 5a; and (2) positive
and negative sequences are processed separately [29,30]. The diagram of the GCVS scheme is depicted
in Figure 5b–d, and it is described below.
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Figure 5b shows a diagram for calculating the positive and negative sequence active and reactive
powers. It uses two sequence extractors to estimate the positive and negative sequence voltage and
current, and a block that calculates the instantaneous power as

p+ =
3
2

(
v+α i+α + v+β i+β

)
(34)

p− =
3
2

(
v−α i−α + v−β i−β

)
(35)

q+ =
3
2

(
v+β i+α − v+α i+β

)
(36)

q− =
3
2

(
v−β i−α − v−α i−β

)
. (37)

As usual, P+, P−, Q+ and Q− are obtained by filtering the instantaneous powers with a first-order
low-pass filter with cutoff frequency ωc.

Figure 5c shows some blocks shared with the IVS control scheme, such as the voltage and current
loops and the SVM modulator. In addition, it shows two blocks for generating the reference voltages
via positive and negative sequences. These blocks are based on a specific re-formulation of the droop
method valid for grid-connected conditions. The main differences with the implementation shown
in Equations (26) and (27) for islanded mode are: (1) PI controllers instead of only P controllers are
used to ensure that active and reactive powers follow their references accurately; and (2) phase angles
instead of angular frequencies are used due to the microgrid frequency is fixed by the utility grid
frequency ωg. From [30], the voltage amplitude and phase angle of the positive and negative sequence
voltages are written as

V+
re f = V+

0 − n+
P

(
Q+ −Q+

re f

)
− n+

I

∫ (
Q+ −Q+

re f

)
dt (38)

δ+re f = δ+0 −m+
P

(
P+ − P+

re f

)
−m+

I

∫ (
P+ − P+

re f

)
dt (39)

V−re f = V−0 − n−P
(

Q− −Q−re f

)
− n−I

∫ (
Q− −Q−re f

)
dt (40)

δ−re f = δ−0 −m−P
(

P− − P−re f

)
−m−I

∫ (
P− − P−re f

)
dt (41)

where V+
0 , δ+0 , V−0 and δ−0 are the nominal values of the voltage amplitudes and phase angles and

n+
P , n+

I , m+
P , m+

I , n−P , n−I , m−P and m−I are the proportional and integral gains of the PI controllers.
Then, the positive and negative sequence reference voltages are expressed as

v+∗α = V+
re f cos

(
ωgt + δ+re f

)
− R+

v i+α + ωgL+
v i+β (42)

v+∗β = V+
re f sin

(
ωgt + δ+re f

)
− R+

v i+β −ωgL+
v i+α (43)

v−∗α = V−re f cos
(

ωgt + δ−re f

)
− R−v i−α + ωgL−v i−β (44)

v−∗β = V−re f sin
(

ωgt + δ−re f

)
− R−v i−β −ωgL−v i−α (45)

where R+
v , L+

v and R−v , L−v denote resistance and inductance of the positive and negative sequence
virtual impedances, respectively.

Figure 5d shows a diagram for generating the negative sequence active and reactive reference
powers. It is based on a PI controller which regulates the amplitude of the negative sequence voltage
in the PCC according to the reference voltage V−∗PCC. The output of the PI controller is the negative
sequence component of the reference apparent power [30]
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S−re f = kP(V−∗PCC −V−PCC) + kI

∫
(V−∗PCC −V−PCC)dt (46)

where kP and kI are the gains of the PI controller. The negative sequence reference powers are
determined using the angle of the impedance seen from the output side of the generators

P−re f = S−re f cos(θ) = S−re f
RC√

R2
C + (ωLC)

2
(47)

Q−re f = S−re f sin(θ) = S−re f
ωLC√

R2
C + (ωLC)

2
. (48)

As mentioned above, the objective of the GCVS control scheme is to eliminate the amplitude of
the negative sequence voltage in the PCC. Theoretically, this objective is accomplished by choosing
the reference voltage V−∗PCC = 0 in the control diagram shown in Figure 5d. However, due to practical
limitations, in some cases the negative sequence voltage cannot be completely eliminated due to the
insufficient available negative sequence active and reactive powers. In these circumstances, a value for
V−∗PCC greater than 0 must be set to not saturate the PI controller in Figure 5d.

4. Comparative Analysis of Grid-Faulty Control Schemes

This section presents a comparative analysis of the grid-faulty control schemes considered in
this study. Advantages and disadvantages of the control schemes are revealed and the scheme with
the best performance during voltage sags is identified. The analysis is validated with MATLAB©
(2014a, MathWorks, Natick, MA, USA) simulation results.

4.1. Simulation Setup

The microgrid shown in Figure 1 was programmed in MATLAB© using the SimPowerSystems©
toolbox. The control schemes presented in Figures 3–5 were modelled in embeddable C code with
MATLAB© S-functions blocks. The sampling frequency of these controllers was 10 kHz.

Table 2 lists the parameters of the control schemes. Top, medium and bottom sections report the
parameters of GCCS, IVS and GCVS schemes, respectively. It is worth mentioning the large number of
control parameters of the GCVS scheme compared to the GCCS scheme. This fact reveals the different
complexity of the considered control schemes.

The design of the control parameters has a significant effect on the operation of the microgrid.
The design guidelines provided in [17,25,30] are used to properly tune the parameters of GCCS, IVS and
GCVS control schemes, respectively. In particular, the gains of the PI controllers only impact on the
dynamic characteristics of the microgrid, providing a fast transient response with small overshoot
when the design guidelines are observed. The rest of the indices (apart from ts) are measured in steady
state and do not depend on the gains of the PI controllers.

Three voltage sags are considered below to evaluate the performance of the control schemes.
The characteristics of these voltage sags are listed in Table 3. The first voltage sag belongs to the type I
category in which the voltage drop in one phase is greater than in the others. The second is a type II
voltage sag with two phases with lower voltages than in the last phase. The third is a type III voltage
sag with no negative sequence voltage and, thus, with the same amplitude reduction in all the phase
voltages. Further details on the classification of the voltage sags as type I, II and III are found in [40].
Using the classification in [32], the three voltage sags are denoted as types C, D and A, respectively.
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Table 2. Parameters of the control schemes.

Quantity Symbol Generator 1 Generator 2

Maximum current Imax 91.9 A 469.5 A
Impedance seen from the output of the generator Rc + jωLc 51.9 + j 147.9 mΩ 20.9 + j 73.5 mΩ

Voltage amplitude at no load V0 325 V 325 V
Angular frequency at no load ω0 2π 50 Hz 2π 50 Hz

Proportional gain of the voltage amplitude n 170 µV/(var) 170 µV/(var)
Proportional gain of the angular frequency m 12.6 µrad/(Ws) 2.46 µrad/(Ws)

Reference active power P0 0 W 0 W
Reference reactive power Q0 0 var 0 var

Cutoff frequency of the first-order low-pass filter ωc 2π 20 Hz 2π 20 Hz
Virtual impedance Rv + jωLv 103.8 + j 147.9 mΩ 41.8 + j 73.5 mΩ

Nominal amplitudes of sequence voltages V+
0 , V−0 325 V, 0 V 325 V, 0 V

Nominal phase angles of sequence voltages δ+0 , δ−0 0◦, 0◦ 0◦, 0◦

Proportional gains of sequence voltage amplitudes n+
P , n−P 170, 56.7 µV/(var) 170, 56.7 µV/(var)

Integral gains of sequence voltage amplitudes n+
I , n−I 850, 283 µrad/(As) 850, 283 µrad/(As)

Proportional gains of sequence phase angles m+
P , m−P 12.6, 126 µrad/(Ws) 2.46, 24.6 µrad/(Ws)

Integral gains of sequence phase angles m+
I , m−I 0.38, 3.8 mrad/(Ws2) 73.8, 738 µrad/(Ws2)

Cutoff frequency of the first-order low-pass filter ωc 2π 20 Hz 2π 20 Hz
Positive sequence virtual impedance R+

v + jωL+
v 103.8 + j 147.9 mΩ 41.8 + j 73.5 mΩ

Negative sequence virtual impedance R−v + jωL−v 155.7 + j 221.9 mΩ 62.7 + j 110.3 mΩ
Reference amplitude of the negative sequence voltage in the PCC V−∗PCC 48.75 V 48.75 V

Proportional gain of the apparent power kP 12.3 A 2.4 A
Integral gain of the apparent power kI 105.1 A/s 24.7 A/s

Impedance seen from the output of the generator Rc + jωLc 51.9 + j 147.9 mΩ 20.9 + j 73.5 mΩ

Table 3. Characteristics of the voltage sags used in the tests.

Characteristics Variable Type I Type II Type III

Amplitude of the positive sequence V+
pu 0.8 0.4 0.6

Amplitude of the negative sequence V−pu 0.2 0.3 0.0
Angle between sequence components ϕ π/3 0 -

4.2. Measured Quality Indexes and Discussion of the Results

Table 4 shows the quality indexes measured for the control schemes considering the type I
voltage sag. The column Ideal lists the ideal values of the quality indexes and is included here as a base
result for comparison. Green shading is used in this column to highlight the ideal results. The column
No inject gives the measured quality indexes when the generators are inactive and allows to observe
the characteristics of the voltage sag in different locations of the microgrid. These poor results are
emphasized with red shading. For instance, in the PCC, the amplitude of the positive sequence voltage
reduces from 1 p.u. to 0. 78 p.u. while the amplitude of the negative sequence voltage increases from
0 p.u. to 0.19 p.u. Another shading is used in the table to denote values close to the ideal (light green).

The column GCCS1 reports the results obtained when using the GCCS1 control scheme.
As mentioned above, this scheme injects the maximum current via positive sequence only and,
therefore, I−q,pu = 0. The quality index I+q,pu is slightly lower than 1 (ideal value) due to some amount
of active current is also injected via positive sequence according to the angle of the impedance seen
from the output side of the generators. In any case, this control scheme produces a clear increase in
the amplitude of the positive sequence voltage while the amplitude of the negative sequence voltage
remains unchanged. As opposed to this, the GCCS2 control scheme injects the maximum current via
negative sequence only, thus reducing the amplitude of the negative sequence voltage. The associated
results to this scheme are listed in the column GCCS2. Note that, in this case, I+q,pu = 0 and then the
amplitude of the positive sequence voltage remains unaltered. The results of the last grid-connected
current source control scheme are reported in the column GCCS3. In this case, the maximum current
is injected via positive and negative sequences, thus both increasing the amplitude of the positive
sequence voltage and decreasing the amplitude of the negative sequence voltage. However, the total
amount of power is divided between the two sequences and, thus, the results for positive sequence
voltage are slightly lower than those for the GCCS1 scheme while for the negative sequence voltage they
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are slightly higher than those for the GCCS2 scheme. It is worth mentioning that the transient response
of the three control schemes is fairly good for both normal-to-faulty and faulty-to-normal transitions.

Table 4. Quality indexes measured for type I voltage sag.

Index Ideal No Inject GCCS1 GCCS2 GCCS3 IVS GCVS nIVS nGCCS3
V+

pu (PCC) 1 0.78 0.84 0.78 0.81 0.78 0.79 0.83 0.83
V+

pu (G1) 1 0.78 0.87 0.78 0.82 0.96 0.79 0.96 0.86
V+

pu (G2) 1 0.77 0.89 0.77 0.83 0.95 0.79 0.95 0.88
V+

pu (L1) 1 0.78 0.87 0.78 0.82 0.96 0.81 0.96 0.86
V+

pu (L2) 1 0.76 0.86 0.76 0.81 0.93 0.77 0.93 0.86
V−pu (PCC) 0 0.19 0.19 0.14 0.16 0.19 0.15 0.14 0.14
V−pu (G1) 0 0.19 0.19 0.10 0.15 0 0.12 0 0.10
V−pu (G2) 0 0.19 0.19 0.08 0.13 0 0.09 0 0.07
V−pu (L1) 0 0.19 0.19 0.11 0.15 0 0.12 0 0.10
V−pu (L2) 0 0.19 0.19 0.09 0.14 0 0.11 0 0.09

I+q.pu (PCC) 1 0 0.86 0 0.44 0 0.06 0.55 0.48
I−q.pu (PCC) 1 0 0 0.93 0.46 0 0.78 0.38 0.47

tn, f
s (G1) 0 - 21 ms 21 ms 21 ms 47 ms 53 ms 47 ms 21 ms

tn, f
s (G2) 0 - 21 ms 21 ms 21 ms 55 ms 38 ms 54 ms 21 ms

t f ,n
s (G1) 0 - 23 ms 23 ms 23 ms 132 ms 55 ms 132 ms 21 ms

t f ,n
s (G2) 0 - 24 ms 24 ms 24 ms 121 ms 39 ms 121 ms 21 ms

The column IVS lists the results of the IVS control scheme. In this case, the microgrid is
intentionally separated from the utility grid during the voltage sag and, therefore, the regulation
of its internal voltage is nearly perfect. The amplitude of the positive sequence voltage is close to
1 while the amplitude of the negative sequence voltage is 0. These excellent results are obtained in
different locations of the microgrid. However, the IVS scheme has serious drawbacks. First, the voltage
at the PCC is not supported by the islanded microgrid because the switch S is open in this case;
see Figure 1. Thus, the voltage measures associated to this point coincide with the non-injection case.
Second, the transient response is slow, especially during the faulty-to-normal transition.

The results of the GCVS control scheme are reported in the column GCVS. The measures are
quite similar to those obtained for GCCS3 scheme due to, in both cases, reactive current being injected
via positive and negative sequences. In order to avoid the saturation of the PI controller shown in
Figure 5d, the reference voltage in the GCVS scheme V−∗PCC was set to 0.15 p.u; see Table 2. With this
value, most of the reactive current is injected via negative sequence, thus slightly improving the
regulation of the negative sequence voltage compared to the GCCS3 case. The opposite is observed in
Table 4 for the positive sequence voltage, although the improvement with the GCCS3 scheme is small.
As a final remark, the transient response of the GCVS scheme is slower than that of the GCCS3 scheme.

Table 5 shows the quality indexes measured for the control schemes considering the type II
voltage sag. Compared to type I, this voltage sag is caused by a more severe fault resulting in
a lower (higher) amplitude in the positive (negative) sequence component. Anyway, the control
schemes operate correctly during the voltage sag providing the expected features. Note that the GCCS3
scheme has superior performance in relation to the other grid-connected control schemes, since it
supports both sequences simultaneously. The IVS scheme has excellent results for the nodes within the
microgrid, which is even more evident with the type II voltage sag due to the lower residual voltages.
For instance, the amplitude of the positive sequence voltage increases from 0.39 p.u. to 0.96 p.u. in
several locations of the microgrid. The performance of the GCVS scheme is similar to the GCCS3
performance. To achieve these results, the reference amplitude of the negative sequence voltage in the
PCC has been changed from 0.15 p.u. (see Table 2) to 0.25 p.u. due to the higher imbalance measured
in type II voltage sag. This is a key parameter for this control scheme that impacts notably in the
system performance. It must be generated in real time to adapt correctly to the changing conditions in
microgrids. As a negative point, the transient response of the GCVS scheme is slow compared to the
GCCS3 dynamics, as reported in Table 5.
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Table 5. Quality indexes measured for type II voltage sag.

Index Ideal No Inject GCCS1 GCCS2 GCCS3 IVS GCVS nIVS nGCCS3
V+

pu (PCC) 1 0.39 0.45 0.39 0.42 0.39 0.40 0.44 0.44
V+

pu (G1) 1 0.39 0.48 0.39 0.44 0.96 0.41 0.96 0.46
V+

pu (G2) 1 0.39 0.50 0.39 0.45 0.95 0.42 0.95 0.48
V+

pu (L1) 1 0.39 0.48 0.39 0.44 0.96 0.41 0.96 0.45
V+

pu (L2) 1 0.38 0.48 0.38 0.44 0.93 0.40 0.93 0.48
V−pu (PCC) 0 0.29 0.29 0.24 0.26 0.29 0.25 0.25 0.24
V−pu (G1) 0 0.29 0.29 0.20 0.24 0 0.22 0 0.20
V−pu (G2) 0 0.29 0.29 0.18 0.22 0 0.22 0 0.17
V−pu (L1) 0 0.29 0.29 0.21 0.24 0 0.23 0 0.20
V−pu (L2) 0 0.29 0.29 0.19 0.23 0 0.21 0 0.19

I+q.pu (PCC) 1 0 0.91 0 0.45 0 0.13 0.57 0.50
I−q.pu (PCC) 1 0 0 0.97 0.49 0 0.79 0.40 0.49

tn, f
s (G1) 0 - 22 ms 22 ms 22 ms 50 ms 53 ms 49 ms 22 ms

tn, f
s (G2) 0 - 22 ms 22 ms 22 ms 57 ms 42 ms 57 ms 22 ms

t f ,n
s (G1) 0 - 23 ms 23 ms 23 ms 152 ms 57 ms 151 ms 22 ms

t f ,n
s (G2) 0 - 24 ms 25 ms 25 ms 140 ms 40 ms 141 ms 22 ms

Table 6 shows the quality indexes measured for the type III voltage sag. As shown in Table 3, this is
a balanced sag without negative sequence voltage. Therefore, the control schemes that process negative
sequence voltage are not considered in this test. Note that the GCCS1 control scheme improves the
voltage amplitude by almost 0.05 p.u. in the PCC and in 0.1 p.u. in other locations within the microgrid.
As expected, the IVS scheme has excellent voltage regulation in the internal nodes of the microgrid
while, at the PCC, the voltage remains at the value of no injection (the switch S is open in this case and
the microgrid does not contribute to regulate the voltage at the PCC). As in the case of previous sags,
the transient response of GCCS1 scheme is superior to those obtained with the IVS scheme.

Table 6. Quality indexes measured for type III voltage sag.

Index Ideal No Inject GCCS1 IVS nIVS nGCCS1
V+

pu (PCC) 1 0.59 0.64 0.59 0.66 0.66
V+

pu (G1) 1 0.59 0.68 0.96 0.96 0.70
V+

pu (G2) 1 0.58 0.69 0.95 0.95 0.72
V+

pu (L1) 1 0.58 0.67 0.96 0.96 0.70
V+

pu (L2) 1 0.57 0.67 0.93 0.93 0.71
V−pu (PCC) 0 0 0 0 0 0
V−pu (G1) 0 0 0 0 0 0
V−pu (G2) 0 0 0 0 0 0
V−pu (L1) 0 0 0 0 0 0
V−pu (L2) 0 0 0 0 0 0

I+q.pu (PCC) 1 0 0.89 0 0.97 0.99
I−q.pu (PCC) 1 0 0 0 0 0

tn, f
s (G1) 0 - 20 ms 42 ms 42 ms 21 ms

tn, f
s (G2) 0 - 20 ms 49 ms 49 ms 21 ms

t f ,n
s (G1) 0 - 21 ms 120 ms 121 ms 21 ms

t f ,n
s (G2) 0 - 21 ms 117 ms 115 ms 21 ms

It is clear that, taking into account the previous analysis, there is no control scheme with all its
quality indexes above the indexes of the other schemes. However, for unbalanced sags (type I and
type II) it is possible to note that the GCCS3 scheme provides the best support to the PCC voltage for
both positive and negative sequences and, therefore, it is probably the best scheme from the point
of view of the utility grid. For balanced sags (type III), the best scheme from the perspective of the
utility grid is the GCCS1 scheme since the highest voltage amplitude in the PCC is obtained using this
control. In addition, the IVS scheme provides an excellent voltage regulation in different locations
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within the microgrid, being the best choice from the point of view of the microgrid. Section 5 will
propose an alternative solution to cope with balanced and unbalanced voltage sags, which includes
the use of a STATCOM in parallel with the microgrid. The solution will improve the performance of
the control schemes highlighted in this discussion (the GCCS1, GCCS3 and IVS schemes).

4.3. Validation of the Analysis with Transient Simulation Results

This sub-section validates the previous analysis by transient simulation results. A test with the
same sequence of events is used for all the control schemes. The test starts with the utility grid in
normal condition at t = 0 s. The voltage sag appears at t = 0.1 s and is cleared at t = 0.3 s. The utility
grid is in normal condition again in the last interval, from t = 0.3 s to 0.4 s. The control schemes are
intentionally inactive during the interval t = 0.1–0.2 s. This period of inactivity is not necessary for
the correct operation of the control schemes, but is included here to show the characteristics of the
voltage sag when the generators are not injecting power to the utility grid. Therefore, the different
characteristics of type I, II and III voltage sags are clearly observed in this inactive interval. For those
control schemes operating in islanded mode during the interval t = 0.1–0.3 s, the non-priority loads of
the micro-grid are disconnected during the voltage sag. Due to the design of the system, the capacity
of the installation only guarantees the supply of the priority loads in islanded mode.

Figures 6–10 show the main waveforms of both generators for type I voltage sag. In particular,
Figure 6 shows the results obtained using the GCCS1 control scheme. As expected, this scheme
increases the amplitude of the positive sequence voltage in the current injection interval, from t = 0.2 s to
0.3 s, while keeping constant the amplitude of the negative sequence voltage. Therefore, the amplitude
of all the phase voltages increase in this interval. In addition, generator 1 injects active and reactive
power with a relation of 1 to 2.85 while generator 2 with relation 1 to 3.5, according to the impedance
seen from the output side of each generator (see Table 2). Note that this injection is carried out limiting
the current to its maximum value.
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Figure 6. Main waveforms of (a) generator 1 and (b) generator 2 using the GCCS1 control scheme for
type I voltage sag.
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Figure 7. Main waveforms of (a) generator 1 and (b) generator 2 using the GCCS2 control scheme for
type I voltage sag.
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Figure 8. Main waveforms of (a) generator 1 and (b) generator 2 using the GCCS3 control scheme for
type I voltage sag.
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Figure 9. Main waveforms of (a) generator 1 and (b) generator 2 using the IVS control scheme for
type I voltage sag.
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Figure 10. Main waveforms of (a) generator 1 and (b) generator 2 using the GCVS control scheme for
type I voltage sag.
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Figure 7 shows the waveforms of the generators using the GCCS2 control scheme. This control
reduces the amplitude of the negative sequence voltage while maintaining the amplitude of the positive
sequence voltage during the injection interval. The consequence is a reduction in the differences
between the amplitudes of all the phase voltages. In other words, the amplitudes of the phase voltages
tend to go together as much as possible. To this end, the higher voltage reduces its amplitude and
the lower voltage increases it, as shown in the figure. In this case, the active and negative powers are
lower compared to the values in the previous scheme, but again, the current is limited to its maximum
value. It is worth mentioning that the active power is negative, meaning that this power is absorbed
from the utility grid and delivered to the DC bus shown in Figure 2.

Figure 8 shows the main waveforms of the generators using the GCCS3 control scheme.
As expected, this scheme simultaneously increases the amplitude of the positive sequence voltage and
decreases the amplitude of the negative sequence voltage. The amplitude of the phase voltages both
increase and tend to be together at the same time, thus improving the voltage support compared with
previous control solutions. The active power is again negative and, hence, delivered to the DC bus of
each generator. The injected current is limited to the maximum value, but in this case it is unbalanced.
Note that the current injected by phase b in both generators is very small. A common feature of
the GCCS control schemes is a good transient response with fast recovery and small (or negligible)
overshoots in voltage, current and power.

Figure 9 shows the waveforms of the generators using the IVS control scheme. During the injection
interval (from t = 0.2 s to 0.3 s), the voltage regulation in both generators is very good. The positive
sequence is nearly recovered to the pre-sag value and the negative sequence is completely removed.
This is possible because the microgrid operates in islanded mode in this interval and the generators
have enough energy to both regulate the internal voltages and supply the loads (due to the microgrid
does not inject power to the utility grid). As negative points, the generators poorly share the reactive
power, the transient response is slow and currents and powers have overshoots during transitions,
especially in generator 1.

Finally, Figure 10 shows the waveforms of the generators using the GCVS control scheme.
In this case, the waveforms are quite similar to those obtained with the GCCS3 scheme; see Figure 8.
Both schemes support the voltage by simultaneously increasing the positive sequence and decreasing
the negative sequence. The generators in both schemes absorb active power and inject reactive power
with slightly different values. The main differences observed in Figures 8 and 10 are: (1) the amplitude
of the phase voltages are slightly higher in the GCCS3 scheme; (2) the current unbalance is lower in
the GCVS scheme; and (3) the transient response is faster in GCCS3 scheme.

Tests similar to those reported in Figures 6–10 were carried out for type II and III voltage sags.
A selection of the results is shown in Figure 11, which compares the waveforms obtained in generator
1 using the GCCS1 and IVS control schemes for type II voltage sag. In addition, Figure 12 shows the
same waveforms using the selected control schemes for type III voltage sag. Note that the GCCS1
scheme is preferred in this comparison instead of the GCCS3 scheme (which provides even higher
performance for type II voltage sags) since this last scheme cannot be used for type III voltage sag.

Focusing on the injection interval (from t = 0.2 s to 0.3 s), it is clear from Figure 11 that the IVS
control scheme provides better voltage regulation on the output side of generator 1 compared to the
GCCS1 scheme. The improvement in voltage regulation is remarkable since the amplitude of negative
sequence voltage is high in the type II voltage sag. Although this property is maintained for the type
III voltage sag (see Figure 12), the improvement is not as pronounced due to the absence of negative
sequence and the higher values of the residual phase voltages. Another point to take into account is
that the microgrid is intentionally separated from the utility grid when using the IVS control scheme,
which makes the voltage regulation in the PCC better using the GCCS1 scheme; see the previous
results of Tables 4–6. Finally, it should be noted that the impact of the characteristics of the voltage sags
on the transient response of the system is small, as shown in Tables 4–6 and in the results of Figures 11
and 12. It is clear in these figures that the GCCS1 control scheme presents a much higher performance
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in terms of transient response compared to the IVS control. In particular, the transient response is
faster and exhibits lower overshoots in voltage, current and power.
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Figure 11. Main waveforms of generator 1 using the (a) GCCS1 and (b) IVS control schemes for type II
voltage sag.
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Figure 12. Main waveforms of generator 1 using the (a) GCCS1 and (b) IVS control schemes for type
III voltage sag.
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5. Control Schemes for the Microgrid with STATCOM

This section presents the operation of the microgrid with STATCOM. Two different control
policies are analyzed and the improvement in the quality indexes are discussed in detail. In addition,
the practical limitations of this proposal are also highlighted.

A STATCOM is a voltage-regulating device used basically for the injection of reactive current to
the utility grid. If connected to a source of power or to an energy storage system, it can also be used to
inject active power [41]. This capability is useful for power losses compensation and to grid support in
imbalance conditions [42,43].

Figure 13 shows the diagram of the power system with STATCOM indicating the two different
operating modes of the microgrid in islanded and grid-connected modes. The STATCOM is included
in this solution to improve the power quality of the internal and external points of the microgrid.
It is assumed that it is connected at its input side to an energy storage system to be able to inject
active power when necessary. In normal conditions, the STATCOM can be used to provide ancillary
services to the system (reactive current injection, voltage and current harmonics rejection, among
others). During voltage sags, its operation is described below.
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Figure 13. Diagram of the power system with STATCOM during voltage sags for (a) islanded and (b)
grid-connected microgrid.

In the first operating mode, it is assumed that the industrial microgrid, acting as a cell of the utility
grid, is required to provide premium power to its priority loads and, at the same time, should also
support the upstream distribution grid voltage. Such a demanding set of requirements can be achieved
by means of: (1) islanding operation of the industrial microgrid following the voltage sag, which assures
premium power to its priority loads; and (2) controlled injection of reactive current by the STATCOM
connected to the PCC in order to support the external grid voltage. Therefore, the improvement of the
power quality in the utility grid is exclusively performed by the STATCOM. Focusing on the control
system, the IVS control scheme is selected in this scenario for the islanded microgrid because of its
excellent voltage regulation in different internal points of the microgrid. In addition, for type I and II
voltage sags, the GCCS3 control scheme is chosen for the STATCOM as it provides the best support to
the PCC voltage for positive and negative sequences, thus improving the power quality of the external
grid. Note that this control scheme causes the absorption of some amount of active power from the
utility grid, as shown in Figure 8. Therefore, the STATCOM must have the ability to absorb active
power, which can be used for charging the installed energy storage system [41–43].
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In the second operating mode, the microgrid remains connected to the utility grid during
voltage sags. In this case, both priority and non-priority loads of the microgrid are uninterruptedly
supplied. The STATCOM complements the injection of reactive current provided by the grid-connected
microgrid, thus improving the power quality indexes of the installation. For type I and II voltage sags,
GCCS3 control scheme is selected for both the microgrid and STATCOM in this grid-connected scenario.

As discussed in the previous section, the presence of negative sequence components in type III
voltage sags is residual. Therefore, the GCCS1 control scheme is selected for this type of sags instead
of the GCCS3 scheme (which simultaneously processes positive and negative sequence voltages).
Table 7 summarizes the control schemes suitable for the microgrid and STATCOM according to the
type of voltage sag.

Table 7. Selected control policies for the microgrid with STATCOM under different voltage sags.

Voltage Sag Operational Mode Microgrid Control STATCOM Control

I and II Microgrid in islanded mode IVS scheme GCCS3 scheme
I and II Grid-connected microgrid GCCS3 scheme GCCS3 scheme

III Microgrid in islanded mode IVS scheme GCCS1 scheme
III Grid-connected microgrid GCCS1 scheme GCCS1 scheme

The sizing of the STATCOM has a design trade-off between desired performance in the PCC
and cost. Obviously, the characteristics of the PCC voltage during the voltage sag will improve as the
nominal power of the STATCOM increases, at the expense of also increasing the cost of the installation.
This is in fact the main limitation of this solution.

In this study, the nominal power of the STATCOM is chosen to match the total power of the
microgrid generators (i.e., 276 kVA). In addition, the line impedance of the STATCOM is Rst = 10.2 mΩ
and ωLst = 33 mΩ. Under these conditions, Table 4 shows the quality indexes of the microgrid with
STATCOM in the two considered operating modes measured during the type I voltage sag. The column
nIVS lists the measures for the first mode, when the microgrid is islanded during the voltage sag,
while the column nGCCS3 shows the measures when the microgrid remains connected to the utility
grid. On the one hand, using the new nIVS control, the quality of the voltage in different points of the
microgrid is excellent due to the IVS control scheme. In addition, the voltage in the PCC improves
in both sequences compared to the previous control schemes thanks to the specific support of the
STATCOM. Note also that the transient response of the microgrid is slow as in the IVS control scheme.
On the other hand, the transient response of the new nGCCS3 control is faster, a feature shared by the
GCCS schemes. In addition, by comparing the results with the basic GCCS3 scheme, it is evident that
with the new control policy the voltage support noticeably improves in all the points of the power
system, as shown in Table 4.

The results of the new control policies are listed in Table 5 (see columns nIVS and nGCCS3) and
Table 6 (see columns nIVS and nGCCS1) for type II and III voltage sags, respectively. Despite of the fact
that these sags exhibit different positive and negative sequence amplitudes and angles, the previous
remarks are valid also for the new control schemes. The new IVS control provides better support at the
internal points of the microgrid, but non-priority loads are not fed during voltage sags. The new GCCS
control schemes (GCCS3 scheme for type II voltage sags and GCCS1 scheme for type III voltage sags)
improve the transient response and supply all loads, but at the expense of a slightly poor voltage
regulation in the internal points of the microgrid.

6. Conclusions

Several control schemes designed to operate industrial microgrids during voltage sags have been
compared in this study. The comparison was based on the evaluation of several indexes, which measure
the power quality of the installation and utility grid during voltage sags, including voltage regulation,
reactive current injection and transient response. Balanced and unbalanced voltage sags are considered
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to test the performance of the microgrid in different scenarios and to evaluate the impact of these sags
on the operation of the studied control schemes. From the study, it is clear that there is no control
scheme with all its quality indexes above the indexes of the other schemes. In view of these results,
two alternative solutions to cope with voltage sags have been proposed, both including the use of
a STATCOM in parallel with the microgrid and considering the microgrid in islanded mode or in
grid-connected mode. The shared features of these proposals are: (1) excellent voltage regulation in
several points of the microgrid including the PCC; (2) injection of reactive current to the utility grid
simultaneously by both positive and negative sequences for type I and II voltage sags; and (3) injection
of reactive current via only positive sequence for type III voltage sags. Therefore, the most suitable
control scheme for industrial microgrids for any type of voltage sag is identified in this study,
which may be considered a significant advance in knowledge for academia and industry communities.

However, the cost of the microgrid deployment with the proposed solution is high due to the
inclusion of a STATCOM with high rated power. An open topic for future research is the search for
alternative solutions with similar technical features but with lower cost. In addition, the application of
the analytical tool for comparing control schemes presented in this paper can be extended to other
types of microgrids, including residential, commercial, institutional, military and remote microgrids.
Since those microgrids have different requirements, the final results of this future investigation can
lead to some different conclusions compared to those obtained in this study.
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