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Abstract—Collaborative control of power converters operating
in microgrids with unbalanced single-phase loads is difficult to
achieve, considering that the voltages and currents have positive-,
negative-, and zero-sequence components. In this paper, a new
control scheme for collaborative control of four-leg microgrids is
proposed. The main advantage of the proposed methodology is sim-
plicity, because the sharing of the powers produced by the positive-,
negative-, and zero-sequence voltage and currents is simple to
achieve using the easy to implement and well-known droop control
algorithms, i.e., as those based onP –ω andQ–v droop control. The
proposed droop algorithms do not require high bandwidth commu-
nication channels and the application of virtual impedances, whose
design usually demands extensive simulation work, is not required.
Three secondary control systems are also analyzed, discussed, and
implemented in this paper to regulate the frequency, voltage, and
phase at the point of common coupling (PCC), to achieve a bal-
anced 50-Hz three-phase voltage supply in the PCC during steady-
state operation. For these secondary control systems, single-phase
phase-locked loop based on quadrature signal generators are im-
plemented. Small signal modeling and design are discussed in this
paper. A microgrid prototype of ≈5 kW, implemented using two
power converters of 3 kW (each), is used to experimentally validate
the proposed algorithms.

Index Terms—Droop control, four-leg converters, unbalanced
microgrids (MGs), secondary control.

I. INTRODUCTION

M ICROGRIDS (MGs) are an attractive solution for elec-
trification in rural areas, industrial parks, commercial,

and institutional campuses, among other places [1]–[4]. An MG
could be composed of a cluster of loads, distributed generators
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(DGs), and energy storage systems (ESSs), connected to the
main ac power system at the distribution level at the point of
common coupling (PCC) [4]. These components may be single-
or three-phase devices and usually, for low-voltage distribution
systems, a four-wire microgrid is required to provide a neutral
point [5]. When this interface is a four-leg topology, the neutral
connection is provided by a dedicated power converter leg. This
approach is usually preferred for creating the neutral point of
connection since it does not require either a bulky transformer
or large dc link capacitors. Moreover, the control flexibility
achieved with a four-leg converter, where each phase can be
independently controlled, is much higher [6], [7].

Cooperative sharing of active (P) and reactive (Q) power has
been widely studied and it can be achieved using droop control
[3]. However, there is no straightforward solution to collabo-
rative sharing in microgrids with strong imbalances and zero-
sequence components. In unbalanced microgrids, overloading
of a phase could reduce the power capability of the whole dis-
tributed generating unit, (e.g., by reaching the thermal limit
in a single phase) unless the imbalance is either eliminated
or shared with the other generating units [8]–[10]. Moreover,
very few papers discuss collaborative control systems for four-
wire microgrids, where the imbalances are produced not only
by the presence of negative sequence components but also by
the zero-sequence voltages and currents produced by single-
phase loads [8], [11]. To achieve collaborative control, at least
two approaches can be utilized. First is to eliminate the imbal-
ances using active power filters and then droop control is ap-
plied to the already balanced system [9], [12]–[14]. However,
active power filters constitute additional hardware and higher
costs. The second and more cost-effective approach is to use
the residual capacity of the existing power converters to imple-
ment collaborative power-sharing control strategies that can be
applied to microgrids with imbalances in voltages and currents,
thus maximizing the hardware utilization [15]–[19].

In [15], the unbalanced output voltage of the inverters is com-
pensated by adding a negative sequence voltage component to
the control loop references. However, these compensating sig-
nals depend on the load characteristics and it is difficult to cal-
culate them in MGs with a high number of converters and with
variable loads. In [17], a method for compensating harmonics
and imbalances in an MG is proposed, which modifies both a

0885-8993 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: Universidad de chile. Downloaded on October 27,2020 at 01:24:49 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0003-3853-7703
https://orcid.org/0000-0003-3330-5938
https://orcid.org/0000-0003-1990-0191
https://orcid.org/0000-0001-8029-9871
mailto:eespina@uchile.cl
mailto:claudioburgos87@gmail.com
mailto:rcardenas@ing.uchile.cl
mailto:dsaez@ing.uchile.cl
mailto:maeb@ieee.org


ESPINA et al.: COOPERATIVE REGULATION OF IMBALANCES IN THREE-PHASE FOUR-WIRE MICROGRIDS 1979

Fig. 1. Proposed three-phase four-wire microgrid control system.

virtual impedance loop and the inner voltage control loop. The
method is effective; however, it is more suitable for a single DG
operation. In [18], a cooperative method for compensating un-
balanced voltages at the inverters outputs is proposed. The goal
is to use the remaining VA capability of the converters as part of
a negative sequence droop control scheme. However, the coop-
erative performance is strongly affected by the line impedances.
In [19], a control method for reducing the voltage imbalances at
the outputs of the inverters is proposed. The voltage compensa-
tion introduces negative sequence currents through the current-
controlled converters. However, this method is hardly suitable
for voltage-controlled converters. Notice that in [15]–[19], the
zero-sequence components are not considered. The imbalance is
represented by the negative sequence voltages and currents only.

In this paper, the application of frequency and voltage droop
control systems, per phase, on a microgrid based on four-leg
power converters is proposed. The control is based on the layers-
based control structure proposed for microgrids (see [20]). The
droop schemes are augmented by three secondary control sys-
tems designed to achieve 50-Hz operation and balanced voltages
(at the PCC) in steady-state conditions. Tertiary control systems
are not considered in this paper. The proposed methodology is
proposed for three-phase four-wire microgrids where small tran-
sient variations in the voltages and frequencies of each phase
can be tolerated by the four-wire three-phase unbalanced load
connected to the PCC. For instance, in small rural villages lo-
cated at the south of Chile (see [21]), which are usually isolated
from the main grid, with the energy consumption being based on
single-phase loads (typically used in households), e.g., lighting
systems, electric heating, etc. These loads can tolerate relatively
long transient variations in the frequency, phase, and magnitude
of the voltages. Moreover, as discussed in Section III, there are
some typical equipment that can operate with short transients
of variable frequencies in the phase-to-neutral voltages, e.g.,
converter-fed drives and step-up/step-down transformers.

The contributions of this paper can be summarized as follows.
1) The main advantage of the proposed control system is

simplicity. The control algorithms previously discussed

in the literature for power sharing in four-leg unbalanced
microgrids are typically based on separating the positive,
negative, and zero-sequence components of the voltages
and currents (which is not simple to achieve in the
presence of noise and harmonic distortion), for instance,
for the utilization of separate droop control algorithms
to share the power in each sequence [15]. The utilization
of virtual impedances for each sequence has also been
reported [8]. However, the problem of this methodology is
that the virtual impedances required are dependent on the
operating point of the four-leg microgrid. Typically to tune
the virtual impedances, extensive and time-consuming
simulation work is required (see [8], [10], and [15]) or the
application of genetic algorithms (see [16]) to optimally
distribute the collaborative compensation efforts.
In this paper, it is demonstrated that power sharing could be
easily achieved using droop control applied to each phase.
Droop control is a well-known methodology, simple to
design and implement [20].

2) In this paper, new secondary control systems, designed to
supply the load with balanced voltages, are proposed and
extensively discussed. Using this control methodology, in
steady-state operation, the voltages at the PCC do not have
negative- and zero-sequence components. On the other
hand, the control methods based on virtual impedances
(see [9], [12]–[14], and [22]) are not designed to eliminate
completely the voltage imbalances at the PCC. This is
further corroborated by the simulation results presented
in Section V-A of this paper.

3) Using the proposed droop per phase control system, the
load connected in each phase of the PCC is shared between
the converters as a function of their nominal power. This is
complex to achieve by the control methods based on virtual
impedances that are proposed in the literature [9], [12].

4) Small signal models and the design of the control systems
are extensively discussed in this paper.

The control systems proposed in this paper are shown in Fig. 1.
The microgrid is composed of four-leg power converters, each
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Fig. 2. Primary and inner control system of each four-leg converter.

one cascaded with an LC filter (Lf and Cf ), and connected
through an inductive line (Ll) to the PCC with a central load.
An inductance is required in the neutral wire to reduce the effects
of any zero-sequence voltage difference between neutral points
of different power converters. Both inverters are controlled using
three-dimensional (3-D) space vector modulation [6] and reso-
nant controllers (RCs) with an active damping strategy [23] to
provide extra damping to the LCL plant. Because droop control
is applied per phase, there are short transient-variations on the
single phase operating frequency and voltage amplitude around
the nominal value. Therefore, droop control per phase has to
be augmented with three secondary control systems designed to
maintain the PCC voltages operating at the nominal frequency
with equal-amplitude voltages and with a phase shift of 2π/3
between them. In this paper, the secondary control systems are
denominated, frequency secondary control system, angle sec-
ondary control system, and voltage amplitude secondary control
system.

The remainder of this paper is organized as follows. The pri-
mary and inner control strategies are discussed in Section II.
The effects of operating the microgrid with slightly different
frequencies in each phase are analyzed in Section III, consid-
ering a vector approach. The three secondary control strategies
proposed in this paper are presented and analyzed in Section IV.
Additionally, small signal models of the quadrature signal gen-
erators (QSGs) and phase-locked loop (PLL), required for the
design and implementation of the secondary control systems,
are also introduced in Section IV. Simulation results are pre-
sented in Section V. Experimental results obtained from a 6-kW
four-wire experimental prototype are presented and extensively
analyzed in Section VI. Finally, in Section VII, an appraisal of
the proposed methodologies is presented at the conclusions.

II. PRIMARY CONTROL SYSTEMS

As mentioned in Section I, the control algorithms used in mi-
crogrid systems are typically implemented using a hierarchical
approach, where several control layers are implemented (see
[20]). Namely, primary control systems, secondary control sys-
tems, etc. In this section, the primary controllers are discussed,
whereas the proposed secondary control systems are discussed
in Section III.

The primary control system is designed for independent
regulation of voltages and frequencies in each of the four-
leg converter phases, as depicted in Fig. 2. In the proposed

methodology, each phase considers droop control (both P–ω
and Q–V ), nested voltage/current control loops, and a virtual
resistance Rv to provide active damping at the converter output
(see [24]). To tune Rv, it is assumed that the impedance of
the load is relatively large when compared with the other
impedances represented by Lf and Cf (i.e., it could be assumed
that the PCC is in open circuit). Using this approximation, the
damping coefficient produced by the virtual resistance Rv, is

ζ =
Rv

2

√
Cf

Lf
. (1)

Using (1), it is relatively simple to design a value of Rv which
reduces the voltage oscillations produced by the undamped L−
C − L system located at the converter output. In this paper,
Rv is designed to achieve a damping coefficient in the range
of [0.3–0.4]. Notice that the active damping system affects the
inner control system and has little effect in the active reactive
power sharing between the generating units located in the four-
leg microgrid.

The proportional controller Kp is designed to achieve a nat-
ural frequency, in the current control loop, of about 100 Hz. A
3-D space vector modulation (3-D SVM) algorithm is used to
synthesize the voltage at the converter output [7]. The influence
of the secondary control loops (see Section IV) in the calcula-
tion of the single-phase voltage v∗aj is represented by the block
labeled f(u) in Fig. 2.

For the implementation of the control algorithms, single-
phase PLLs are required. The PLLs are utilized to synchro-
nize the power converters to the grid, for self-tuning of the PR
controllers and for the implementation of secondary control
algorithms (among other things). Because of simplicity, the
single-phase PLLs are not shown in Fig. 1.

A. Single-Phase PLL and QSG

Single-phase PLLs are well known [25]–[27]. For complete-
ness, a brief discussion is realized in this section. Because a QSG
is relatively slow, the dynamic performance of this device has to
be analyzed before designing the secondary control systems. To
the best of our knowledge, the modeling and dynamic of a single-
phase PLL based on a QSG have not been discussed previously
and it is analyzed in this paper (see Section IV). The input of
a typical PLL has two components that can be represented as
a vector in α–β coordinates [27]. However, in a single-phase
system, the β component is not available and has to be created
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Fig. 3. Single-phase PLL based on an APF.

using a quadrature signal generator (or QSG). There are several
QSG proposed in the literature and, in this paper, the all-pass
filter (APF) has been selected mainly because of its implemen-
tation simplicity and good performance when the grid frequency
variation is small respect to a center frequency ω∗

e (see [25] and
[26]). Therefore, the transfer function of the QSG used in this
paper is

Gapf(s) = −s− ωe

s+ ωe
. (2)

As it is simple to demonstrate (see [25]), the APF acts as a
quadrature signal generator (QSG) producing a phase shift of
90◦ when applied to a sinusoidal waveform of frequency ωe.
Furthermore, the gain of the APF is equal to unity for signals of
this frequency (i.e., |Gapf(s)| = 1 for s = jωe).

The single-phase PLL used in this paper is depicted in Fig. 3
(one PLL per phase is required). The symbol ⊗ represents the
cross product between the vectors vaj and the unitary vector Θ̂a;
the term 1/|Vma| is used to normalize the error at the output of
the cross product and the estimated frequency ω̂a is required to
maintain the APF tuned. In the digital implementation, a low-
pass filter (LPF) with a cutoff frequency ωf could be required
to eliminate the high-frequency noise from ω̂a.

The small signal dynamic model of a PLL is well known and
reported in the literature [28]. However, the dynamic interaction
between the QSG and the PLL has been hitherto unreported
and it is addressed ahead in Section IV, “Secondary Control
System.”

B. Inner Control Loop

The control of the currents and voltages at the output of the
four-leg power converter is realized using nested control loops
to regulate each of the single-phase voltages. The external loop
is based on proportional resonant (PR) controllers to track with
zero steady-state error the sinusoidal voltage reference v∗aj (see
Fig. 2 and [29] and [30]). Because the electrical frequency of
the system is varying, a self-tuning controller is required in this
paper (see [7] and [30]) to maintain a good dynamic performance
in the controller.

An internal current controller is used in Fig. 1. This faster
internal control loop is required mainly to avoid overcurrent at
the converter output. However, it is not necessary to provide
zero steady-state tracking error in the current loop. Therefore, a
proportional controller is implemented in this case.

The output of the converter is connected to a poorly damped
LCL system, composed of a second-order (LC) power filter and

a distribution line with a relatively small resistive component.
Therefore, an active damping component based on a virtual
programmable resistor is added to the proportional controller
output. Using this methodology, the relatively large oscillations,
typically produced in LCL systems, are mitigated or eliminated
[24].

As depicted in Fig. 2, the output of the controller is syn-
thesized using a 3D-SVM algorithm. Notice that the 3D-SVM
reported in [7] can synthesize voltages of different magnitudes
and frequencies in each of the single-phase outputs.

C. Droop Control Systems

When the load is unbalanced, the currents and voltages at the
PCC may have components of positive, negative, and zero se-
quences. In this case, the conventional droop control algorithm
can hardly achieve good sharing of the active and reactive power
and there is no straightforward solution to cooperative sharing
of imbalance between inverters. In this paper, a simple solution
is proposed based on single-phase independent droop control.
If single-phase voltages are independently regulated, in mag-
nitudes as well as frequencies, the power to frequency (P–ω)
droop control laws are defined for each phase as

ωij = ω∗
e −mωij

(Pij − P0) (3)

where i = a, b, c stands for the phase label and j = 1, 2, 3 . . .
is the converter number. The reference frequency ω∗

e is 50 Hz
and P0 is the center power [3], [20]. Notice that the Pij powers
of (3) have to be calculated for each phase of every four-leg
converter located in the system. The single-phase instantaneous
active power is initially calculated as

Pij(t) = vij(t) · iij(t). (4)

The single-phase active powers from (4) are filtered using a self-
tuned notch filter, in order to eliminate the 2ωe signal component
fromPij(t). As usual, an LPF is also applied to the active power,
to reduce the dynamic of the droop control algorithm avoiding
cross coupling between the droop control and the voltage and
current control loops of the power converters [3]. Notice that
the implementation of the single-phase droop control algorithm
proposed in this paper does not required to estimate the positive-,
negative-, and zero-sequence components of the voltage and
currents. Droop control to regulate the reactive power (Q–V
droop) can be also applied to the four-leg system. In this case,
the magnitude of each single-phase voltage is calculated using

Vij = V ∗ −mqij ·Qij . (5)

The reactive power Qij is calculated using the quadrature volt-
age produced at the QSG output. Therefore, the reactive power
is obtained as

Qij(t) = vβij(t) · iij(t). (6)

Again, the reactive power calculated from (6) is filtered out using
a self-tuned notch filter and an LPF. The droop control systems,
including self-tuned notch and LPFs, are shown in Fig. 4.
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Fig. 4. Implementation of the single-phase droop control systems.

III. ANALYSIS OF THE EFFECTS PRODUCED BY SMALL

FREQUENCY DEVIATIONS IN EACH OF THE

PHASE-TO-NEUTRAL VOLTAGES

As stated in Section I, the control system and microgrid topol-
ogy proposed in this paper are more suitable for isolated grids in
rural areas, where the load is of single-phase nature and power
converters could be used to interface variable speed drives and
other sort of frequency-sensitive three-phase loads that are re-
quired in the system. However, some equipment, as for instance
power transformers, can operate adequately in the presence of
short-time perturbations in the frequencies (see Section V). The
effects of using phase-to-neutral voltages of different frequen-
cies are analyzed in this section using a vector representation of
the voltages at the PCC.

Assuming that the voltage in the load has little variation be-
tween phases, the phase-to-neutral voltages at the PCC can be
obtained as

va = Vm cos(ωat)

vb = Vm cos(ωbt+ 2π/3)

vc = Vm cos(ωct− 2π/3)

(7)

where it is assumed that ωa = ωe +Δωa, ωb = ωe +Δωb, and
ωc = ωe +Δωc. Furthermore, the single-phase voltages can be
obtained as

va = 0.5Vm(ejωat − e−jωat)

vb = 0.5Vm(ej(ωbt+2π/3) − e−j(ωbt+2π/3))

vc = 0.5Vm(ej(ωct−2π/3) − e−j(ωct−2π/3)).

(8)

Using the standard vector representation of the single-phase
voltages shown in (8) yields

v =
2

3

(
va + vbe

−j2π/3 + vce
j2π/3

)
. (9)

Replacing (8) in (9) and after some manipulations, the fol-
lowing is obtained:

v =
Vm

3
ejωet

(
ejΔωat + ejΔωbt + ejΔωct

)
+

Vm

3
e−jωet

× (e−jΔωat + e−j(Δωbt−2π/3) + e−j(Δωct+2π/3)). (10)

Therefore, the response is composed of a positive sequence
component (i.e., the term containing ejωet) and a negative se-
quence component (i.e., the term containing e−jωet). The posi-
tive and negative components have phases and magnitudes that

are a function of (Δωa, Δωb, Δωc). When the frequencies de-
viations Δωx are driven to zero, then the voltage vector is equal
to v = Vmejωet, which represent a balanced voltage.

To drive the frequency deviations (Δωa, Δωb, Δωc) to zero,
secondary control systems are required, as discussed in the fol-
lowing section.

IV. SECONDARY CONTROL SYSTEMS PROPOSED IN THIS PAPER

The secondary control systems proposed in this paper are
designed to achieve a balanced voltage operation at the PCC.
Therefore, in steady state, the single-phase voltages at the PCC
have negligible zero/negative sequence components and are op-
erating with a fixed 50 Hz frequency. For these tasks, three
secondary control systems are proposed in this research effort.
A secondary voltage amplitude control loop, a secondary fre-
quency control loop, and a PCC voltage angle balancing control
loop. The latter is designed to regulate a phase shift of 2π/3
between the single-phase voltages.

A. Small Signal Model of the QSG

The dynamic of the QSGs has to be considered for the design
of all the secondary control loops. To the best of our knowledge,
small signal models of QSGs have hitherto been undiscussed in
the literature.

As mentioned before, quadrature signal generators can be ap-
plied to create a fictitious rotating vector from a single phase to
neutral voltage. In this paper, it is assumed that the beta compo-
nent of the voltage is produced by the QSG, whereas the alpha
component is the single phase to neutral voltage measured by
the control system, for instance, va = va + jvβ , where vβ is
obtained by applying the APF of (2) to the single-phase instan-
taneous voltage va of (7). Using this methodology, it is simple
and intuitive to conclude that the relatively slow dynamic of the
QSG has to be considered when designing the secondary control
systems and for adjusting the bandwidth of the PLLs required in
the microgrids. For instance, if a perturbation is produced at the
single-phase instantaneous voltage va, the perturbation is going
to take a time to propagate to the vβ component of the fictitious
rotating vector va, and during this propagation period, the PLL
is going to produce an incorrect estimation of the frequency and
voltage angle of va. Therefore, in this section, the dynamic of
the QSG-based PLL is analyzed.

The single-phase voltage signal of phase a is defined as va =
Vma cos(ωeat), which is defined as the alpha component of the
fictitious rotating vector, orvα. Considering that the single-phase
voltage is subjected to small signal variationsΔVm andΔΘgea =
Δωeat (corresponding to perturbations in the magnitude and
frequency, respectively, of the voltage va at the PCC side ), it is
possible to analyze the effect of this perturbation in the fictitious
rotating vector va considering the variation in Δvα and Δvβ ,
respectively. Therefore,

Δvα =
∂vα
∂Vm

ΔVm +
∂vα
∂Θgea

ΔΘgea

= ΔVm cos(ωeat)−ΔΘgeaVm sin(ωeat). (11)
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Using the Laplace transform , Δvα(s) is obtained as

Δvα(s) = ΔVm
s

s2 + ω2
ea

−ΔΘgeaVm0
ωea

s2 + ω2
ea

.
(12)

Meanwhile, to obtain the value of Δvβ , the dynamic of the APF
given by (2) has to be considered

Δvβ(s) = −Δvα(s)
s− ωea

s+ ωea
. (13)

Replacing (12) in (13), and using the inverse Laplace transform,
we obtain

Δvβ = ΔVm[sin(ωea0t)− e−ωea0t]

+ ΔΘgeaVm0[cos(ωea0t)− e−ωea0t]. (14)

Therefore, after a perturbation in magnitude and/or frequency is
applied to the voltage van, the fictitious voltage va will be af-
fected (in the beta components) by the transient terms e−ωea0t.
For a 50-Hz grid, the term e−ωea0t is approximately negligible
after 16 ms (t ≈ 5/ωea). However, during the transient, the volt-
age angle of va, given by Θa = tan−1(vβ/vα) is incorrect until
steady state is achieved at the QSG output. The error produced
by the transient terms e−ωea0t in the voltage angle at the input of
the PLLL (Θa) could be calculated using a small signal model
derived around a quiescent point vα0, vβ0

Θa = tan−1(vβ/vα) → ΔΘa =
∂Θa

∂vα
Δvα +

∂Θa

∂vβ
Δvβ .

(15)

Notice that Θge is the angle at the grid side and Θa is the angle
at the PLL input. Using (15) and the differentiation of the tan−1

function yields

ΔΘa =
Vα0

V 2
α0 + V 2

β0

Δvβ − Vβ0

V 2
α0 + V 2

β0

Δvα. (16)

Considering (11) and (14) and replacing them in (16), the vari-
ation ΔΘa is calculated as

ΔΘa ≈ ΔΘgea − e−ωea0t cos(Θgea0)

[
ΔVma

Vma0
+ΔΘgea

]
(17)

Therefore, the angle at the input of the PLL is affected by a
term proportional to e−ωea0t. This term is maximum when the
perturbation is produced at Θgea0 = 0 (i.e., when vα is maxi-
mum). Hence, after a disturbance in the grid, the angle at the
PLL input will be affected by the exponential terms e−ωea0t for
less than 16 ms (considering 50-Hz operation).

Considering the small signal model of a PLL, previously re-
ported in [28], the model of the whole system PLL-QSG is de-
picted in Fig. 5. Notice that the angle estimated by the PLL
corresponds to Θ̂a, whereas the frequency estimated by the PLL
algorithm is ω̂ea.

B. Secondary Control System for Frequency Regulation

The proposed secondary control system for frequency regu-
lation at the PCC is shown in Fig. 6. Three control systems (one

Fig. 5. Linearized PLL and QSG system.

Fig. 6. Secondary control system for the nominal frequency restoration.

per phase) are required. The frequencies are estimated by the
single-phase PLLs at the PCC and then compared with the ref-
erence frequency ω∗

e. The error is processed by a PI controller
to achieve zero error in steady-state conditions. The controller
output is Δωsfi where the subscript “sf” stands for secondary
control of frequency and i = a, b, c identify the phase whose fre-
quency is being regulated. Notice that the term Δωsfi , at the PI
controller output, is added to the frequency control (of phase “i”)
in all the power converters of the system. The terms ωTa, ωTb,
and ωTc represent the contributions of other control loops (e.g.,
droop control) to the frequency regulation. However, for the de-
sign of the Δωsfi frequency control loops, ωTa, ωTb, and ωTc

are external perturbations and their effects could be neglected.
In this paper, the PI controller required to calculate Δωsfi

(see Fig. 6) is designed to achieve a closed-loop bandwidth of
≈ 1 Hz and the single-phase PLL is designed for a closed-loop
bandwidth of about ≈ 10–15 Hz, corresponding to a settling
time of ts ≈ 55–80 ms. With this relatively low bandwidth, the
effects introduced by QSG dynamics can be neglected, because
the QSG settling time is 3.5 to 5 times faster than that corre-
sponding to the single-phase PLL. Notice that the control system
for the regulation of the frequencies in the single-phase voltages
are based on PI controllers. Therefore, according to the internal
model principle (see [7], and [9]), zero error in steady state is
achieved.

C. Angle-Balancing Secondary Control System

When the frequency is restored, the three phases at the PCC
are operating at 50 Hz. However, because of the P–ω per-phase
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Fig. 7. Angle-balancing secondary control system.

droop control, the phases could be operating with unbalanced
phase shifts, (e.g., phase shifts �= 2π/3 rads between consecu-
tive single-phase voltages). This may pose several problems, for
instance, a relatively large current component circulating in the
neutral wire, even if the load is balanced. Moreover, because the
phase shifts between voltages at the PCC are unbalanced, there
are negative- and zero-sequence components in the load voltage
and this may produce some negative effects in the power quality.

To avoid the aforementioned drawbacks, the angle-balancing
secondary control system shown in Fig. 7 is proposed. The sys-
tem operates by measuring the angle of each voltage at the PCC
side. Three PI controllers are used to drive the angle differ-
ence between the phase voltages to 120◦. To avoid dynamic
couplings between the secondary frequency control system and
the angle-balancing control system discussed in this section, the
latter should be designed with a slower bandwidth.

As shown in Fig. 7, the output of the proposed secondary
control system is ΔωSAi

, where the subscript “SA” stands for
the angle-balancing secondary control. This signal is transmitted
to each of the power converter in phase “i.” As discussed in
Section VI, the proposed angle-balancing control system is able
to balance effectively the voltages at the PCC. However, this
is achieved by unbalancing the voltages at the output of the
converters. In this paper, it is assumed that the load is connected
at the PCC side.

The PI controller required to calculate ΔωSAi
(see Fig. 7)

is designed to achieve a closed-loop bandwidth of ≈0.5 Hz,
i.e., about half the dynamic of the secondary control system
for the frequency. With this simple design, most of the cross
couplings between both secondary control systems are avoided.

D. Secondary Control to Regulate the
Phase-Voltage Magnitudes

Three voltage control loops are used to regulate the voltage
magnitude at the PCC. Again, the proposed control system is
centralized and the voltage signal ΔVAi is transmitted to adjust

Fig. 8. Secondary control system for voltage regulation at the PCC.

Fig. 9. Generation of the reference voltage signal for each phase i = a, b, c
and each converter j = 1, 2, 3 . . . .

the voltage in the phase “i” of each of the power converters (see
Fig. 8).

Notice that the voltage magnitude Vmi is calculated consid-
ering the quadrature signal generator proposed in this paper.

The secondary control for the voltage is designed to achieve
a closed-loop bandwidth of about 1.0 Hz. Again, most of the
cross couplings with the other two secondary control systems
are avoided using this relatively low bandwidth.

E. Overall Frequency and Voltage Control System

The contributions of all the secondary control systems pre-
sented in this section are used in each of the converters of the
microgrid to regulate the frequencies and magnitudes of the
phase-to-neutral voltages. This is further explained in Fig. 9.

The label “droop” in Fig. 9 corresponds to the frequency and
voltage variations calculated using (3) and (5), respectively. The
voltage signal ΔVAij is calculated using the control system de-
picted in Fig. 8. Finally, the signals ΔωFi and ΔωAi are pro-
duced by the secondary control systems of frequency and angle
balancing, respectively (see Figs. 6 and 7). Notice that the block
labeled “f(u)” in Fig. 2 is explained using Fig. 9.

V. SIMULATION WORK

The performance of the proposed control system has been
compared with that obtained utilizing two well-known strate-
gies reported in the literature for collaborative control of power
converters operating in three-leg/four-leg microgrids [8], [20].
These are as follows.

1) The conventional P–ω droop control strategy (see [20])
that regulates the output frequency of the converter “i”
using the expression

ωi = ω∗
e −mpi (Pi − P0) (18)

whereωi is obtained considering the total converter output
power Pi. Notice that in (18), the frequencies of all the

Authorized licensed use limited to: Universidad de chile. Downloaded on October 27,2020 at 01:24:49 UTC from IEEE Xplore.  Restrictions apply. 



ESPINA et al.: COOPERATIVE REGULATION OF IMBALANCES IN THREE-PHASE FOUR-WIRE MICROGRIDS 1985

TABLE I
CONTROL SYSTEM PARAMETERS

TABLE II
EXPERIMENTAL SYSTEM PARAMETERS

phases at the output of a given converter are regulated to
the same value. This is different to the proposed control
method where the phase frequencies are independently
regulated using (3).
To regulate the magnitude of the converter’s output volt-
age, a conventional Q–V droop control strategy is used

Vi = V ∗ −mqi (Qi −Q0) (19)

where Vi is obtained considering the total converter
reactive power Qi. Again, (19) is different to the pro-
posed methodology where in each converter, the phase-to-
neutral voltage could be regulated to different magnitudes
using (5).

2) The control system proposed in [8] where collaborative
control of four-leg converters is discussed. The imbal-
ances are shared considering negative- and zero-sequence
virtual—impedance loops that are used to add negative-
and zero-sequence components to the voltages synthesized
by each converter in the microgrid. The methodology sug-
gested in [8] has been used in this paper to calculate the
virtual impedances.

Notice that in all the works where the utilization of virtual
impedance loop is proposed, e.g., [8], [9], [12]–[14], and [22],
the frequencies of all the phases, at the output of a given con-
verter, are regulated to the same value.

The performance of the two control strategies discussed be-
fore (i.e., those reported in [8] and [20]), as well as the perfor-
mance of the control systems proposed in this paper have been
compared using computer models implemented in the simula-
tion software PLECS, considering the microgrid topology de-
picted in Fig. 1 and, unless otherwise stated, the parameters of
Tables I and II. The performance of the control strategies have
been compared considering two goodness factors, which are as

follows. First, single-phase and three-phase (total) power shar-
ing between the converters. Second, imbalances in the voltage
supplied at the PCC. This imbalance is measured considering the
deviations in the magnitudes and angular phases of the voltages
[see (20) and (21)].

To test the performance of the three control strategies for
sharing active power, a resistive balanced load of 5 kW(1.66-
kW per phase) is initially connected at the PCC. At t = 2 s, the
load is unbalanced by disconnecting 1 kW from phases a and
b, respectively. Therefore, after the step change, the total load is
reduced from 5 to 3 kW. To consider a more general scenario,
it is assumed that the inductances connecting the converters at
the PCC could have different values (e.g., L = 5 mH and L =
2 mH).

The dynamic and steady-state performances of the three con-
trol strategies are shown in Fig. 10. In t= 2 s, the load connected
at the PCC, in phases a and b, is changed from 1666 to 666 W
(in each phase). For the three control strategies, the powers sup-
plied by converters 1 and 2 are shown using blue and red lines,
respectively. Notice that in all the cases, the total power is equally
shared by both the converters. However, only the proposed con-
trol strategy is able to effectively share the single-phase pow-
ers. Moreover, as reported in the literature [10], when virtual
impedances are used, the sharing of the powers is strongly af-
fected by the impedances of the lines connecting the converters
to the PCC. Nevertheless, the methodology proposed in this pa-
per achieves good power sharing (single-phase and total power)
even if the line inductances are not similar.

The steady-state results corresponding to the test of Fig. 10 are
shown in Fig. 11. Notice that the worst results in terms of single-
phase power sharing are achieved by the conventional droop
technique, where inverter 1 supplies 63% of the power connected
at the PCC in phase b, and inverter 2 supplies 58.2% of the power
connected in phase c. The best performance in terms of power
sharing is achieved by the proposed control strategy, followed by
the strategy based on virtual impedances. The control strategy
proposed in this paper is the only one able to equally share the
single-phase powers and three-phase power, in both converters.

To measure the voltages imbalances at the PCC, two ex-
pression are used. First at all, the phase voltage unbalance rate
(PVUR [10]) is defined as

PVUR =
Max|(Vi − V ∗)|

V ∗ (20)

where V ∗ is the nominal PCC voltage, and i = a, b, c. Second,
the phase difference rate (PD) is defined as

PD =
Max|δij − 2π

3 |
2π
3

(21)

where δij is the phase angle between the voltages (Vi, Vj) and
ij = ab, bc, ca. As shown in Fig. 12, the method based on vir-
tual impedance produces a higher PVUR value, but less devia-
tion in the angular phases. On the other hand, the conventional
droop control produces a relatively high deviations in the angu-
lar phase. For the proposed control methodology, the secondary
control systems for the regulations of the angular phase dif-
ferences (see Fig. 7) and for the regulation of the single-phase
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Fig. 10. Performance of the three control strategies compared.

Fig. 11. Steady-state results corresponding to the previous test.

voltage, magnitudes (see Fig. 8) ensure that the values of PVUR
and PD are ≈ 0 in steady state. Notice that the total load neu-
tral current is also shared more evenly for the proposed control
system (see Fig. 12).

A. Sharing of the Reactive Power Using the
Proposed Methodology

The performance of the proposed control system for sharing
reactive power, when an unbalanced four-leg reactive load is
connected at the PCC, is also studied in this paper. The load is

Fig. 12. PVUR and PD corresponding to the previous test. These values are
calculated at the PCC.

initially composed of a 3-kW balanced resistor bank. In t = 2 s,
a step change is applied, and the load in phases a and b are both
changed to Pa,b = 402 W and Qa,b = 920VAR (i.e., P.F= 0.4
lagging). The load connected to phase c is maintained in Pc =
1000 W during the whole test.
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Fig. 13. Performance of the proposed control strategies for an unbalanced reactive power step.

The performance of the proposed control strategy is shown in
Fig. 13. After t = 2 s, the proposed single-phase droop control
changes the active and reactive power supplied by each leg of
the power converters in order to achieve collaborative sharing.
As shown in Fig. 13, the control strategy proposed in this paper
is able to almost equally share the single-phase reactive powers
and three-phase reactive power, in both converters.

B. Performance of the Proposed Control System Feeding a
Three-Phase Transformer

As stated in Section I, the proposed collaborative control sys-
tem for four-leg unbalanced microgrid has been proposed for the
operation of rural microgrids. According to the experience of the
authors, at least in developing countries, the load connected to
these microgrids is composed of several single-phase loads (typ-
ically households) connected to different phases of the four-leg
three-phase system (see [21]), with the electricity being used for
heating, lighting, and single-phase home appliances. However,
as demonstrated in this section, step-up and/or step-down power
transformers could be also connected to variable frequency mi-
crogrids.

Therefore, in this section, the performance of the proposed
collaborative control system feeding a delta-star three-phase

transformer is simulated. The voltages and frequencies at the
PCC for the experimental test, whose results are depicted in
Fig. 18, have been utilized to simulate the performance of the
transformer being fed by single-phase voltages of slightly dif-
ferent frequencies, with the results being shown in Fig. 14. For
this test, it is assumed that the secondary of the transformer
is feeding a star-connected 10Ω resistive load. As discussed
before, the biphasic load step is applied to the microgrid (pri-
mary of the transformer) at the PCC in t ≈ 3.5 s and discon-
nected in t ≈ 11.35 s, respectively (see Fig. 19). The input (pri-
mary) currents and voltages have variations of less than 15% [see
Figs. 14(a) and (c)] in the RMS magnitudes. The instantaneous
primary current is shown in Fig. 14(b) with a reduced imbal-
ance produced by the negative sequence current circulating in
the primary. Finally, Fig. 14(d) shows the secondary voltage that
is well regulated with a reduced dip and overshoot.

VI. EXPERIMENTAL WORK

The control strategies reported in this paper have been imple-
mented in the experimental system shown in Fig. 15. Two 3-kW
four-leg power converters designed in the power electronic lab
at the University of Chile have been implemented. The system is
controlled using DSK6713 Texas Instrument DSPs augmented
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Fig. 14. Performance of the proposed control system feeding a delta-star transformer considering the experimental results presented in Fig. 18. (a) Primary
current. (b) Primary rms voltages. (c) Secondary rms voltages. (d) Instantaneous primary current.

Fig. 15. Experimental three-phase four-wire microgrid used to validate this
work.

with FPGA boards that are required to handle the AD converters
and for the implementation of the 3-D space vector modulations
algorithms used with the four-leg converters. Hall effects trans-
ducers have been utilized to measure the currents and voltages at
the converters output and at the PCC. The sampling time used is
140μs, corresponding to a switching frequency of ≈ 7.14 kHz.
More information about the parameters of the experimental sys-
tem as well as the implementation of the primary and secondary
control systems are depicted in Tables I and II.

Fig. 16. Response of the secondary control systems. (a) Frequency. (b) Phase
shift. (c) Voltage amplitude.

The performance of the proposed secondary control systems
is shown in Fig. 16 considering a star-connected resistive load
of ≈ 20 Ω per phase. To test the performance of the secondary
control systems operating in a worst case scenario, the condition
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Fig. 17. Digital scope waveforms corresponding to the test of Fig. 16.

shown in Fig. 16(a) (for t < 1 s) has been selected. Therefore,
before enabling the control systems, the microgrid in steady
state is operating at ≈ 51 Hz (in all the phases) with a relatively
large deviations in the voltage amplitudes and phase shifts of
the single-phase voltages at the PCC. In t ≈ 1.167 s, the three
secondary control systems are enabled and all the frequencies are
driven to 50 Hz [see Fig. 16(a)]. The phase shift between voltages
(i.e., Δδca, Δδbc, and Δδab) are driven to 120◦ degrees [see
Fig. 16(b)] and the voltage amplitudes are driven to≈ 100 V [see
Fig. 16(c)]. The secondary control systems of the voltages and
frequencies have similar settling times of ≈ 1.2 s. As discussed
in Section III, the angle balancing control system is slower and
takes about 2.0 s for the phase shifts to converge to 120◦.

The waveforms captured by a digital scope (corresponding to
the test of Fig. 16) are presented in Fig. 17. In this graphic, the
three-phase-to-neutral voltage waveforms at the PCC are shown
in green at the top graphic for the whole duration of the test.

Before enabling the secondary control systems, the voltages
of phases a and b have a phase shift of about 180◦ (see bot-
tom left of Fig. 17 corresponding to an amplified view of the
highlighted area at the top left-hand side), which is corrected af-
ter enabling the angle balancing secondary control system. The
balanced waveforms in steady state are shown at the bottom
right-hand side of Fig. 17, and this corresponds to an amplified
view of the highlighted area shown at the top right-hand side of
Fig. 17.

In purple is shown the current circulating in the neutral of
the load connected at the PCC. When the voltage phase shifts
are incorrect (see left-hand side of Fig. 17), the neutral current
is relatively large (see purple waveform) and this is corrected
after the voltages are balanced in phase shift and magnitude (see
right-hand side of Fig. 17).

Fig. 18 shows the system operating with a slightly unbalanced
three-phase load of about 5 kW shared between both converters.
The droop slopes are identical for each converter, therefore,
each of them is supplying a three-phase power of ≈2.5 kW.

A biphasic load step of about 1 kW is connected/disconnected
between phases a and b of the PCC at t ≈ 3.5 s and t ≈ 11.35 s,
respectively.

Fig. 18(a)–(c) shows the power supplied by both converters
in phases a–c, respectively. At t ≈ 3.5 s, the load between the
two phases is disconnected and in t ≈ 11.35 s, the load is con-
nected again. From the experimental results, it is concluded that
the droop control algorithm achieves good sharing of the single-
phase active power connected at the PCC. Notice that the power
supplied by phase c is barely affected by the load step at the PCC.
As stated in Section I, virtually perfect sharing of the power con-
sumed by the unbalanced load connected at the PCC is achieved
with the simplified control strategy proposed in this paper. Only
droop control algorithms and the proposed secondary control
strategies have been required.

In Fig. 18(d), the experimental results for the frequency vari-
ations in all the phases are shown. After the load disconnection,
the maximum frequency in one of the phases reaches 50.125 Hz
and the secondary control system takes about 1 s to drive all
the frequencies to 50 Hz. During this time, the frequencies of
the voltages are slightly different (less than 0.1 Hz). The per-
formance of the secondary control system regulating the phase
shifts is shown in Fig. 18(e). As shown in this graphic, the phase
shifts of the PCC voltages are driven back to 120◦ in ≈ 2.7 s.
Notice that the maximum phase shift deviation corresponds to
≈ ±15◦ in the angleΔδca. Finally, the response of the secondary
control system for voltage regulation is shown in Fig. 18(f). The
peak deviation from the reference value is 7.5 V (≈ 4.8%) and
the disturbance is controlled in less than 2.4 s.

The performance of the proposed control system is also shown
for a single-phase load step in phase a, but considering that the
droop slope in the first inverter is twice the value of that used
in the second converter. The experimental results are shown in
Fig. 19. Notice that in all the tests, converter 1 supplies approx-
imately twice the active power of converter 2 (the total load
connected to the PCC is ≈ 3 kW). In t ≈ 3.3 s, a single-phase
load impact of 650 W is disconnected from phase a at the PCC
and both power converters reduce the power supplied by phase
a accordingly. Note that the active power supplied by the other
two phases in both converters [see Fig. 19(b) and (c)] are barely
affected by this load step.

Fig. 19(d) shows the variation in the load frequency, which
is almost negligible in this case. Fig. 19(e) and (f) shows the
response of the secondary control systems for regulating the
phase shifts and voltage magnitudes, respectively. As depicted
in these figures, the settling times are≈2.6 s for the regulation of
the single-phase voltage phase shifts and 1.9 s for the regulation
of the single-phase voltage magnitudes.

Finally, the waveforms corresponding to the single-phase
droop operation are shown in Fig. 20, for one of the convert-
ers. Notice that the single-phase voltage is well regulated with
little distortion (see top waveform). This shows that the assump-
tion that each phase-to-neutral voltage could be independently
regulated is experimentally demonstrated correct. After the load
disconnection, the currents (middle waveform) is reduced ac-
cordingly. Notice the double frequency oscillations shown in
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Fig. 18. Performance of the proposed control system considering the connection and disconnection of a 1-kW load between phases a and b. (a) Power in phase a.
(b) Power in phase b. (c) Power in phase c. (d) Frequency measured at the PCC. (e) Phase shifts between single-phase voltages measured at the PCC. (f) Magnitude
of the single-phase voltages at the PCC.

Fig. 19. Performance of the proposed control system considering the connection and disconnection of a single-phase load in phase a. (a) Power in phase a.
(b) Power in phase b. (c) Power in phase c. (d) Frequency measured at the PCC. (e) Phase shifts between single-phase voltages measured at the PCC. (f) Magnitude
of the single-phase voltages at the PCC.
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Fig. 20. Voltage, current, and instantaneous power for phase a, converter 1.
Top waveform is voltage. Middle graph is currents and the bottom waveform is
the instantaneous power.

the single phase power (bottom waveform), which are elimi-
nated using the methodology depicted in Fig. 4.

VII. CONCLUSION

In this paper, a new control system to achieve collaborative
power sharing in unbalanced three-phase four-wire microgrids
has been presented. The proposed method is based on single-
phase droop control augmented by three secondary control sys-
tems. Utilizing this simple methodology, the power produced by
the positive-, negative-, and zero-sequence components of the
voltages and currents at the PCC is effectively shared between
the converters. Using the primary and secondary control sys-
tems discussed in this paper, it has been experimentally shown
that in steady state, the voltages at the PCC are well regulated
in amplitude and balanced, i.e., with negligible negative- and
zero-sequence components. The proposed collaborative control
system is suitable for single-phase loads and three-phase loads,
which can tolerate relatively fast transient operation where the
single-phase frequencies at the PCC are different between each
phase. This is the case, for instance, of several small villages (iso-
lated from the main grid) located in Patagonia Chile where the
electrical consumption is based on single-phase loads (mainly
residential loads) connected to the PCC.

The main advantage of the proposed methodology is imple-
mentation simplicity. Virtually perfect power-sharing control is
achieved without requiring estimation of the positive-, negative-,
and zero-sequence components of the voltage and current at the
PCC. The utilization and tuning of virtual impedances is neither
required for this implementation.

The proposed control system has been validated using a 5-kW
experimental system composed of two four-leg power converters
connected to the PCC using second-order power filters and trans-
mission lines. The dynamic and steady-state performance of the
system has been tested considering single-phase and biphasic
load steps. In all the cases, the performance of the system has
been excellent.
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