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Abstract— This paper presents an enhanced
technique for mitigation of unbalance in both
islanded and grid-connected microgrid. A microgrid
(MGQ) is a group of loads, distributed generation (DG)
units and energy storage systems (ESS) that operate
in coordination to the power system at the
distribution voltage level. Microgrid can be tied to
utility grid or operated in standalone. The point at
which the microgrid is connected to the main grid is
called point of common coupling (PCC). Voltage
unbalance is a major power quality issues that affects
grid-tied and islanded microgrid system. The major
causes of voltage unbalance in microgrid system are
single phase load, non-linear load and fault. The
effect of voltage unbalance in electrical power system
include, increased losses on the system, deteriorated
voltage profile, stresses on distribution transformers,
among others. In this paper, the mitigation of voltage
unbalance in islanded and grid-connected microgrid
during three phase to ground fault and unbalance
loading is demonstrated through a novel control
strategy comprising of PV controller and BESS
controller. The developed controllers were able to
reduce VUF to 0.3524%. The effectiveness of the
control  strategy is  demonstrated  using
MATLAB/Simulink software.

Index Terms—BESS, DSTATCOM, DVR,
Microgrid, Photovoltaic, Power Quality, Voltage
Unbalance Factor.

LINTRODUCTION

A microgrid is a controllable system which is
composed of multiple distributed generations (DGs),
local loads, energy storage devices, and monitoring
protection devices. The essential components of
microgrid are DG units (photovoltaic (PV), fuel cells
and microturbine), storage devices, various loads
(linear loads and non-linear loads) and power
controllers. The interconnection of the DG units to
the conventional grid is accomplished by use of
power converters. Power converters are power
electronic interfacing units that connect microgrids to
the main grid. The power converters create power
quality issues in microgrids. The point at which

microgrid is connected to the main grid is called Point
of Common Coupling (PCC).

Since the interfacing unit of microgrids are
power electronic devices and most loads are usually
single-phase ones, microgrids are subjected to power
quality issues such as voltage unbalance, transients,
voltage sags and swells, harmonic distortion, among
others. Power quality problem of micro-grid is much
more serious than that of the main grid because of the
intermittency and randomness of DERs (distributed
generation and energy storage unit).

Voltage unbalance is one of the major power
quality issues in low-voltage (L'V) microgrids, which
has adverse effects on electrical devices. Voltage
asymmetric is caused by unbalanced loads such as
single-phase loads, nonlinear loads and power
electronic devices. As a result, the microgrid system
becomes less stable because of the negative sequence
voltage components. This exerts bad impacts on
electrical equipment. Voltage Unbalance Factor
(VUF) is the ratio of negative sequence voltage to
positive sequence voltage. The International
Electrotechnical Commission (IEC) in the 61000-2-
2: 2000 standard stipulates that the voltage unbalance
factor should be maintained within 2% in electrical
systems [32].

The control strategy for suppressing power
quality problems in microgrid can be achieved in
three ways: primary, secondary and tertiary control.
At a primary level, the distributed generation (DG)
and energy storage systems (ESSs) local controllers
including inner current/voltage control loops follow
the reference values considering local measurements.
The reference values are generated from the
secondary control level in order to enhance the power
system quality and to achieve fair power sharing
among DGs. This state usually requires monitoring
of the grid operating conditions and communication
infrastructure to coordinate the local controllers.
Tertiary control level is added to primary and
secondary controllers in order to optimize the
operation of the microgrid in both technical and
economical manners.
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The various control strategies that have been
used to mitigate voltage unbalance in microgrids
include: Photovoltaic (PV) system, Distributed Static
Compensator (DSTATCOM), Dynamic Voltage
Restorer (DVR), Proportional Resonant Controller
(PR), Droop Controller, Virtual Impedance
Controller, Distributed Unified Power Quality
Conditioner(D-UPQC), Flexible Power Quality
Compensator and Unified Three Phase Voltage
Correction Strategy (UTVCS)

II. CONTROL STRATEGIES FOR
MITIGATION OF VOLTAGE
UNBALANCE IN MICROGRID

Photovoltaic (PV) inverter system [1]
could be used as a control strategy to reduce the
voltage unbalance in microgrids. The control strategy
calculates the compensating reference current by
Double Synchronous Reference Frame (DSRF)
analysis of the PV terminal voltage. The
effectiveness of the PV system was demonstrated by
simulating a 7-feeder low-voltage microgrid (FO1 to
F07) which comprises of: DG, DG,, DG3, DG4, DGs,
and loads. DG, DG, and DG3 are voltage-controlled
sources, while DG4 and DGs are PV sources. The
loads were grouped into three-phase and single-phase
loads, that are all residential consumers. The power
factor of all loads is taken to be 0.85. The proposed
control strategy was applied to DG4 PV inverter. The
three-phase balanced load were connected to the
microgrid while the single-phase loads were
disconnected. The PV sources (DG4 and DGs) supply
6.8kW and SkW to the microgrid. Since the PV of
DGy operates at 6.8kW, which is below its rated
power of 10kW, hence DGy has surplus switching
capacity to be used for injecting compensating
current. PV of DGy operates with an active power
lower than its rated power. Att=1 s, a single-phase
5 kVA load was connected to the phase ‘A’ of the
feeder F06. This increases the VUF (Voltage
Unbalance Factor) at the terminal of DG4 from 0 to
0.59% while the other phases remain almost
unchanged. At t =2 s, another 5 kVA single-phase
load was connected to the phase ‘C’ of the feeder
FO7. At this stage, the VUF falls to 0.52% and a
decrease in the terminal voltage in phase ‘C’ of DG4
is observed. At t= 3s, the Voltage Unbalance
Compensator is activated (VUC), and the negative
sequence current is injected by DGy to the microgrid.
The VUC reduces the voltage unbalance by
increasing the current in phase A and C of DG4 which
have higher load demand while it decreases the
current in phase B with lower load demand and
changes the equality in phase currents of DG4 in order
to decrease the voltage unbalance. This reduces the
voltage unbalance factor from 0.52% to almost zero.

When unbalanced load is disconnected from the
microgrid, VUC stops to inject negative sequence
current and the VUF is close to zero. Though the
control strategy suppresses voltage imbalance to
about 0.52% and it reduces cost and complexity of
using compensators, it was applied to Islanded
microgrid system only. However, it was
recommended for any distribution system with
voltage asymmetry.

A control strategy called Distributed Static
Compensator (DSTATCOM) was designed for
suppressing voltage unbalance in grid-tied microgrid
[2]. The DSTATCOM consists of DC voltage source,
voltage source converter circuit with supported filters
for balanced three phase voltage, controller and grid
system. The controller was designed with modified
reinforced learning algorithm, which helps in real
time tuning of controllers with respect to change in
output voltage. This algorithm was used to predict the
next state of controller for consecutive change in load
or external disturbances. The parameter analysis was
carried out by the learning algorithm. This gives the
feasible solution which helps to minimise power
quality problems. When a system is subjected to
disturbances, there will be voltage imbalance in grid
in addition with harmonic distortion in current. This
was resolved by the modified reinforced learning
algorithm in the controller. The controller in
DSTATCOM was used for grid connected microgrid
only. Though, the control strategy was able to show
that the control strategy could reduce voltage
imbalance in grid connected microgrid within 0.7s, it
failed to reveal the level of voltage unbalance before
and after the compensator is activated.

A predictive based distribution static
compensator and active conditioner  was
implemented by [3] in a microgrid system that
comprises of three distributed generation (wind
energy, solar energy and micro-turbine), controller
and compensators. The authenticity of the microgrid
system and its complete compensation were verified
with simulation software. Predictive controller
implementation and mitigation of the issues in power
quality were studied and analysed by microgrid
design system. Both the compensators were
integrated into the existing system and results
compared in all modes of operation of microgrid
(islanded and grid connected). Simulation results
shows that complete compensation is possible with
the help of both compensation devices (Unified
Power Quality Conditioner and DSATCOM).
However, with total harmonic distortion, the UPQC
have the lowest value of 3.5% and that of
DSTATCOM is 4.9 %. The implementation was so
much easier with distribution static compensator than
conditioner in the controller part in microgrid system.
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In grid connected mode, all the compensation devices
work properly with the existing reference currents
from the grid to the microgrid central controller. The
control strategy was implemented in both grid-
connected and islanded microgrid system. However,
two compensators devices were used. This makes the
microgrid system to be complex.

Also, a dynamic voltage restorer (DVR)
was proposed by [3] to improve voltage quality in a
micro-grid. A DVR is a DC to AC switching
converter that injects three single phase AC output
voltages in series with the distribution feeder and in
synchronism with distribution system voltage. It is an
interface equipment between utility and customer.
DVR is connected in series between the supply and
load to reduce the three major power quality
problems: voltage sags, swells and interruptions. A
reference voltage waveform has to be created which
is similar in magnitude and phase angle to that of
supply voltage. During any abnormality of voltage
waveform, it can be detected by comparing the
reference and the actual waveform of the voltage. The
difference in voltage was injected by the DVR by
supplying the real and reactive power from the
energy storage element. A grid connected microgrid
system which consists of series connected active
filter DVR, conventional power grid and microgrid
comprising battery system, photovoltaic system,
resistive load and a harmonic load was simulated.
The simulation result showed that DVR was able to
minimize power quality issues in microgrid like
voltage sag and swell almost completely and the
RMS voltage at the sensitive load point is maintained
at about 90%. The compensator was demonstrated in
grid connected microgrid system only. Its
effectiveness in mitigating voltage unbalance in
islanded microgrid was not shown.

Another control strategy that comprises of
a proportional resonant (PR) controller, a droop
controller, a virtual negative-sequence impedance
controller (VNSIC) and a virtual zero-sequence
impedance controller (VZSIC) was designed by [5].
With VNSIC and VZSIC, the DG units can
effectively share the negative- and zero-sequence
currents. The performance of the control strategy was
investigated in islanded microgrid system by using
digital time-domain  simulation studies in
PSCAD/EMTDC software. From the simulation
results, it was shown that the control strategy was
able to improve the power quality in four wire low
voltage standalone microgrid system by: controlling
the voltage and frequency in the microgrid while
maintaining them within their allowable limits:
sharing the average power among DG units;
compensating the zero and negative-sequence
currents of unbalanced loads.

Since the control strategy used four control
loops and the control loops must be in each DG units,
this makes the microgrid system to be complex and
costly.

A Unified Power Quality Conditioner
(UPQC), as Distributed UPQC (D-UPQC) was
implemented in [6] and was used to mitigate voltage
sag, voltage dips and total harmonic distortion in
microgrid network. The basic difference between a
UPQC and D-UPQC is the integration of multiple
APFsh units and their placement in the distribution
line. The performance of D-UPQC was demonstrated
by simulating a grid connected microgrid with D-
UPQC. Simulation results shows that the D-UPQC
performs its task smoothly to compensate for voltage
sag and harmonic current. The control strategy
showed the level of total harmonic distortion after the
compensator is activated but it failed to reveal the
voltage unbalance level after compensation.

Dynamic Consensus Algorithm (DCA) to
achieve distributed negative sequence current sharing
and voltage unbalance compensation in islanded
microgrids was proposed in [7]. The proposed control
scheme was implemented in a dSPACE based
experimental setup to verify the effectiveness of the
method. The results demonstrate that the proposed
control scheme was able to realize voltage unbalance
compensation while ensuring the accurate total
current sharing among DGs. Though the Dynamic
Consensus Algorithm was able to share the negative
sequence currents among DGs effectively and also
suppresses voltage unbalance, the control strategy
still uses communication link to send reference
voltage to DGs. Failure of the communication link
will make the control strategy to be ineffective.

Furthermore, a flexible controlled method
called Flexible Power Quality Compensator was
implemented in [8] to compensate for voltage and
current unbalance and harmonics using the
distributed generation (DG)-interfacing inverters.
This controller was tested in both grid-connected and
islanded microgrids. The proposed method does not
only allow proper control of active and reactive
power but also permits flexibility in compensating
the voltage or current quality problems at DG
terminals or Points of Common Coupling (PCCs). A
detailed simulation study was performed to
demonstrate the effectiveness of the control scheme
in both grid - connected and standalone microgrid.
The simulation result shows that Voltage Unbalance
Factor (VUF) and harmonics is below the IEC
standard value of 2% when Flexible Power Quality
Compensator was activated. The VUF and harmonics
was above the IEC standard value when the
compensator was deactivated. The control strategy
implemented Flexible Power Quality Compensator to
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mitigate voltage unbalance, current unbalance and
harmonics in both Islanded and grid -tied microgrid
system. However, the controller has not been
implemented for multiple DGs.

Moreover, a networked hierarchical
control structures was proposed in [9] for point of
common coupling (PCC) voltage unbalance
compensation in islanded microgrid. The control
structure consists of DGs local controllers and
distributed secondary controller. The effectiveness of
the controlled structure was tested by simulation. The
simulation results show that the PCC voltage
unbalance is compensated to the desire value while
active and reactive power are shared properly. The
control structure was demonstrated to reduce voltage
unbalance factor to 0.5% but it was not implemented
for grid-tied microgrid system.

[Another hierarchical control approach was
implemented in [10] for point of common coupling
(PCC) voltage unbalance compensation in an
islanded microgrid. The control structure consists of
DGs local controllers (primary level), and a central
secondary controller. The secondary controller
manages PCC voltage unbalance compensation by
sending proper control signals to the primary level.
PCC wvoltage data and the control signal are
transmitted from secondary level through low
bandwidth communication links. The simulation
results show that the PCC voltage unbalance is
compensated to the desired value, while active and
reactive powers are shared properly. Since the
secondary controller requires low bandwidth
communication link between it and the local DGs,
failure of the communication link will make the
controller to be ineffective.

A control strategy was also developed in
[11] to mitigate both the voltage imbalance as well as
harmonics in islanded microgrid. The control system
consists of power droop regulators, internal single
synchronous reference frame (SRF), harmonic
controllers which are accountable for voltage
imbalance as well as harmonic mitigation and
modified virtual impedance loop technique used to
enhance the compensation. The control techniques
used are PI voltage regulator, PI cum multi-resonant
voltage regulator as well as PI cum multi resonant
regulator with modified virtual impedance loop. The
MATLAB/Simulink outputs for the three different
control techniques were shown to certify the
efficiency of the developed control strategy.
Although, it was demonstrated that the control
strategy reduces voltage imbalance and harmonics,
the level of voltage unbalance after compensation
was not shown. Because three different controllers

were used in the control strategy, this makes the
microgrid system to be complex and costly.

Secondary control for the compensation of
point of common coupling (PCC) voltage unbalance
in an islanded microgrid was implemented in [12].
The compensation is achieved by proper control of
DGs interface converter. The DGs control structure
consists of active and reactive power controllers,
virtual impedance loop and voltage and current
proportional-resonant controllers.  Compensation
references are transmitted through a low bandwidth
communication link from the central secondary
controller to local DGs controllers. The results show
that the PCC voltage unbalance is compensated to the
desired value in different simulation cases. The
control strategy was not implemented in grid
connected microgrid; the level of voltage unbalance
factor after compensation was not shown and the
compensation technique requires a communication
link between the secondary controller and local DGs.

An improved droop control was proposed
in [13]. The droop-controlled scheme comprises of an
unbalance compensating loop, active and reactive
power droop control loops, and voltage and current
control loops. The compensating loop regulates the
positive and negative-sequence output reactive
power of the inverter, which ensures that PCC
voltage is controlled within allowable limits. A three-
phase grid-connected inverter system tied to an
unbalanced grid was simulated in
MATLAB/Simulink to test the effectiveness of the
control scheme. The simulation result shows that the
improved droop control was able to suppress voltage
and current unbalance in the grid connected system.
The voltage unbalance factor was reduced to 1.5%
when the compensator was activated. The control
strategy was implemented for grid connected
microgrid system only and it used three control loops
which increases the complexity and cost of microgrid
system.

A unified three phase voltage correction
strategy (UTVCS) for suppressing voltage unbalance
in grid connected and islanded microgrid was
proposed in [14]. The UTVCS comprises of a voltage
compensation loop to suppress the voltage deviation
due to the droop control, a positive-sequence virtual
impedance to eliminate the negative-sequence
voltage drop on the output impedance due to the
negative-sequence current, and the positive and
negative independent control loops to improve the
inverter voltage control performance. When
microgrid operates in islanded mode, a positive
virtual impedance control is used to eliminate the
negative voltage resulted from the negative-sequence
current. A positive-sequence voltage control loop and
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negative-sequence control loop are used to improve
the inverter control performance. While microgrid
operates in grid-tied mode, the inverter operates as a
negative-sequence current source to compensate for
the negative-sequence currents of loads to guarantee
the point of common coupling (PCC) voltage
balance. Simulation and experimental results validate
the effectiveness of UTVCS in both grid-connected
and islanded microgrid. The Unified Three Phase
Voltage Correction Strategy (UTVCS) adopts three
control loops for compensation. This makes the
design of microgrid system to be complex and less
cost-effective.

A voltage-controlled mode (VCM) active
power filter (APF) was implemented in [15] to
suppress harmonics in a cooperative manner and
provide a better harmonic compensation performance
of less than 5%. The proposed method gives better
performance in mitigating the harmonics in
comparison with conventional resistive active power
filters (R-APF). Based on direct voltage detection at
the point of common coupling (PCC), the VCM-APF
can be seamlessly incorporated with multiple grid-
connected  generators (DGs) to  enhance
their harmonic compensation capabilities. The
voltage-controlled mode active power filter (VCM-
APF) was tested by simulating a grid-tied microgrid
that comprises of three parallel distributed generators
(DGs) and the VCM-APF. The simulation results
were compared with what was obtained when
resistive active power filter(R-APF) was used. It was
observed that the total harmonic distortion of current
(THD) of DG DG; and DGs are 3.74%, 4.78% and
4.38% respectively. This is lesser than the 5%
threshold and what was obtained from R-APF. The
compensator was shown to suppress voltage
unbalance and harmonics. However, the level of
voltage unbalance and harmonics still needs to be
improved on as it still above 2%.

A microgrid central controller (MGCC)
(secondary level controller) was developed in [16] for
fair compensation between reactive power (Q) and
phase balancing (PB) at the microgrid point of
common coupling (PCC). A new PV/ESS inverter
controller was also developed to enable the
provision of Q and PB ancillary services. The MGCC
regulates the provision of Q-PB ancillary service at
the MG’s PCC according to the real-time loading
conditions of the grid. A smart meter at the MG’s
PCC measures the exchanged positive sequence
reactive power (Q+ grid 1) and the negative sequence
current (i- grid 1) between the main grid. The MG
sends the measurements through Modbus TCP/IP
protocol to the MGCC. The proposed MGCC
requires advanced functionalities by the inverters that

are not currently available in commercial inverter.
The proposed inverter and the ancillary services
capabilities was validated using experimental tests in
a laboratory scale inverter. A real-time simulation
was carried out to investigate the effectiveness of the
MGCC during an entire day. The results indicate that
the proposed solution achieves significant benefits
for the distribution system operator by enhancing the
power quality, efficiency and utilization of existing
capacity of the distribution grid. The microgrid
central controller requires a communication protocol
between it and the distribution grid. Failure of the
communication protocol will make the control
strategy to be ineffective.

Another improved droop control method
was proposed in [17] for mitigating voltage
asymmetry in islanded microgrid. The improved
droop control is based on the self-adjusting P-f and
O-U droop curves and the system impedance voltage
drop compensation. The traditional droop controller
will cause an asymmetry in inverter output voltage
when three-phase loads are unbalanced. An improved
droop control strategy based on self-adjusting Q-U
and P-f curves will adjust each phase droop curve in
a real-time manner with the load variation and get
the symmetrical three-phase reference voltage
signals. The influence of the inverter equivalent
impedance on the output voltage symmetry was also
analysed and the impedance voltage drop
compensation was added to the improved droop
control to regulate the no-load voltage amplitude to
ensure that the output voltage is symmetrical. The
effectiveness of the control strategy was
demonstrated by simulation and experiment. The
results showed an unbalance degree that is below 2%
which meets the IEC requirement. The control
strategy was implemented in autonomous microgrid
only and it comprises of improved droop control and
impedance voltage drop compensator. This makes
microgrid system to be complex.

A per phase multi-loop control strategy for
suppressing voltage unbalance and voltage total
harmonic distortion in an isolated microgrid was
implemented in [18]. The per-phase multi-loop
control strategy consists of the cascaded voltage-
current controller, and the multi-resonant harmonic
compensator. The proposed control strategy has the
ability to keep the output voltages of the DG balanced
with low THD under unbalanced and nonlinear load
by avoiding the need to deal with the symmetrical
components. The control strategy also has
outstanding voltage control performance, such as fast
transient response, and short regulation time with no
overshot under sudden load changes as well as tiny
steady-state error under unbalanced load conditions.
The superiority of the multi-loop control strategy
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over the conventional symmetrical current calculator
(SCC)-based control scheme was confirmed by
simulation. The simulation results showed two cycles
decrease in the transient response and the significant
reduction in the value of the phase voltage unbalance
rate (PVUR) below 2% in the steady-state under
various loading conditions. The multi-resonant
harmonic compensator also has the ability to actively
prevent low-order harmonic currents from distorting
the output voltages of the three-phase four-leg power
converter. The voltage THD of the grid-forming
power converters were reduced from above 5.9% to
lower than 2.68% with the control strategy under
nonlinear load conditions. The multi-loop control
strategy was shown to reduce phase voltage
unbalance below 2% and voltage THD below 5% in
islanded microgrid. However, the control strategy
was not implemented for grid-tied microgrid and it
makes the microgrid system to be complex.

Don Santo Alonso et. al [19] designed a
centralized current-based control for distributed
generators in low-voltage microgrids. The control is
capable of accurately sharing the active, reactive, and
harmonic current needs of the microgrid among the
distributed units, without any knowledge of the
network topology and parameters. The central
controller receives peak current as input and
coordinates active, reactive, and harmonic current
contributions from switching power interfaces to
ensure a proportional power sharing. This allows
distributed compensation of loads power needs,
uniform exploitation of distributed inverters,
improved distribution efficiency and accurate
adaptation to varying power demands from loads or
the main grid. Experimental and simulation results
showed that the control strategy attains fully
dispatchable power flow and high-power factor at
point of common coupling. It also revealed quick
response to load steps, grid voltage variations, and
effective operation under limited converter capability
and heavy voltage distortion, while performing the
distributed selective harmonic compensation. The
control strategy also requires low bandwidth
communication link for exchange of information.
Failure of this communication link will make the
control strategy to be ineffective.

A coordinated control scheme for single-
phase sources was developed in [20] to compensate
for voltage unbalance in low voltage network. To
improve coordination, a mutual consensus-based
multi-agent system was adopted, where each agent is
associated to each inverter. A low-bandwidth
communication is used to share the information
among the neighboring’s agents. The agents use the
shared information to estimate the global average of
individual phase voltages and currents in the

network. These estimated average values are then
used to control the reference power of individual
sources. The global voltage balance and proper
power sharing among the sources connected to
common phases were achieved. Local voltage
balance was also achieved by controlling the reactive
power as the X/R ratio of the filter circuit is high. The
control scheme was simulated and tested on a real-
time test system by considering multiple single-phase
sources under various distortions. The test results
showed the effectiveness of the coordinated control
scheme. Since each controller (agent) was put in each
DG and a communication link is required between
the controllers and the DGs, this makes the microgrid
system to be complex and expensive.

III. EVALUATION OF METHODS OF
SUPPRESSING VOLTAGE UNBALANCE
Voltage Unbalance in microgrids can be mitigated by
the help of control strategies of the interfacing
inverter. Many control techniques have been
developed to operate VSIs to compensate for voltage
unbalance by injecting the negative sequence
voltages as per available surplus capacity of VSIs.
Sometimes power quality is so poor that inverter may
not be able to provide sufficient effort to mitigate
voltage unbalance in addition to provide active power

to the load [28].

In summary, the methods used for suppressing
voltage unbalance are:

Photovoltaic Inverter System

Distributed Static Compensator (DSTATCOM)
Dynamic Voltage Restorer (DVR)

Proportional Resonant Controller (PR)

Droop Controller

Virtual Impedance Controller

Distributed Unified Power Quality Conditioner(D-
UPQC)

o Flexible Power Quality Compensator

o Unified Three Phase Voltage Correction Strategy
(UTVCS)

Majority of the control strategy stated above
use low bandwidth communication link for sending
reference voltage to DGs. Failure of the
communication link will make the control strategy to
be ineffective. Also, some compensators adopt many
control loops to mitigate voltage unbalance. This
makes the microgrid compensator to be complex and
less cost-effective. It was only the photovoltaic
inverter system used by [1] that did not use complex
compensators and low bandwidth communication
link yet it reduces voltage unbalance factor in
autonomous microgrid to 0.52%. It had been further
confirmed through MATLAB Simulink that the PV
inverter system could suppress VUF in grid-
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connected and islanded microgrid to 0.1836% but
could not suppress VUF during the occurrence of
fault in microgrid. A novel control strategy which
comprises of PV inverter system and Battery Energy
Storage System (BESS) is proposed.

IV. PV INVERTER & BESS CONTROL
STRATEGY

PVs’ inverters do not operate at their
maximum rated power because of variation in solar
radiation during the day. Hence, the PVs’ inverters
do have surplus capacity that is not in use. The
Photovoltaic system uses the excess capacity of the
inverter to compensate for voltage unbalance in
microgrid system. The system measures the
unbalanced load current and extracts the
compensating current based on generalized
instantaneous reactive power theory. Therefore, it is
possible to inject the dc-link power unequally
through different phases to respond to different per
phase load demands. On the other hand, by injecting
more current through the phase with higher load
demand, it is possible to reduce the voltage unbalance
at the PV terminals [1].
When the loads of the microgrid become unbalanced,
the corresponding unbalanced currents are initially
supplied by the voltage-controlled sources, which
stabilize and regulate the voltage of the microgrid.
The unbalanced currents from these sources pass

through the feeders’ impedances and therefore, result
in the voltage unbalance at the consumer terminals.
The PV system works by analysing its terminal
voltages based on the double synchronous reference
frame (DSRF) and extracts the negative sequence
part of the voltage caused by unbalanced loads. Then,
the compensating currents are calculated in order to
reduce the voltage unbalance at the PV terminal and
these currents are injected to the microgrid. Injecting
the compensating currents by the PV system removes
negative sequence currents of the voltage-controlled
voltage sources. This makes these currents balanced
and suppress the voltage unbalance at the consumer
side.

During, three phase to ground fault, Battery Energy
Storage System compensates for unbalance voltage
by injecting active and reactive power to the
microgrid system.

A novel control strategy which comprises of PV
inverter system and BESS shall be simulated for a
three phase 4 wire grid connected and islanded
microgrid with MATLAB Simulink.

Mathematical Model

Park’s Transformation, depicted in equation 1 and 2
below shall be used to transform the unbalanced
voltages phase a, b and c (natural frame) at the PV’s
terminal to positive and negative sequence voltage in
double synchronous reference frame (DSRF).

o [ cos () cos (68— %n) cos (6 +2 )
2
v,;; =3 |sin (9) sin(e—%”) Sm(Q—— I l (1)
[ Vo | 0.5 0.5
vy [cos (—6) cos (=6 — 2;") cos (—6 + > )
< 2
v
0 0.5 0.5
" cos (0) sin (0) T+
la 0 — 2m . 0 — 2m 1 l‘i
i = |cos(@—-7) sin(6-7) i 3)
i cos (6 + 2?”) sin (6 + z?n) 1]lig

Where vq4, vq" and vo* are positive d, q and zero
voltages and vq’, v and vo'are negative d, q and zero
voltages respectively. As it is shown in (1) and (2),
vo" and vo~ are equal. In balanced load condition, only
positive d and q components of
voltage exist and the inverter injects equal power
across the three phases. In this condition, positive
reference currents are needed and are calculated by
Proportional Integral (PI) control loop. This control
loop produces the positive d and q reference currents
based on the d and q components of the inverter

output voltage. The d component regulates the dc-
link voltage and is responsible for the active power of
the inverter. The q component adjusts the output AC
voltage of the inverter to its reference value and is
responsible for the reactive power injection of the
inverter.

By means of reverse Park’s transformation shown in
(3), synchronous reference current components are
transformed into positive sequence natural frame
current components.
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a 2 . 2 d
[llzl — |cos (-6 — ?”) sin (—6 — ?n) 1 li‘;
le cos (—0 + 2?") sin (-6 + 2?”) 1| Lo

(=]

The negative and positive sequence current
components obtained are added to generate the
reference currents for the inverter’s inner control
loop. However, the magnitude of the total current
must be less than or equal to the inverter’s switch
rating as shown below:

“4)

Where I is the addition of positive and negative
sequence current and Ig is current capacity of the
PV’s inverter switch.

Simulation of S0kWp Microgrid System
The microgrid system depicted in figure 1 was

el =1t + I, (5) simulated for 5s. DG1 is the 50kWp PV system; DG2
is the 28.6kW Solid Oxide Fuel cell, DG3 is the
| Jtotal|? ~ j2 (6) 12kW wind turbine while D4 is a 1000V 200AH
abe 1= "Tsw BESS. The DGs are connected to 100kVA 415V
50Hz grid. The microgrid simulation block and the
control strategy block are depicted in figure 2 and 3
respectively.
101:;; oz 28.6kW 12kW WIND 2004h
FUEL CELL TURBINE 1000V BESS
Figure 1: Proposed 3¢ 4 wire grid-tied microgrid system to be simulated
Table 1:Data for Simulation
DATA FOR SIMULATION
S/N Equipment Tag Description Type Quantity
1 Grid Supply 100kVA 400V 50Hz Grid Supply 1
213W User 234 (18
2 DG 50kWp Solar PV Module Defined PV parf_l,lel’
Module ]
series)
DG2 28.6kW 1482Vdc Solid Oxide | Solid Oxide Fuel 1
3 Fuel Cell(SOFC) Cell
Wind Turbine
Induction
12kW 400V 50Hz Wind Generator (Wind
4 DG3 Turbine Speed=12m/s) 1
Battery Energy
5 DG4 1000V 200Ah BESS Storage System 1
6 Load 1 (15e3 +j0.1e3)Q2 415V 50Hz | Three Phase Load 1
7 Load 2 7.5¢3 Q 230V 50Hz Single Phase Load 1
8 Load 3 (10e3 +j(100))Q 230V 50Hz | Single Phase Load 1
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11 MPPT Controller MPPT Controller
PWM Generator (DC- 10kHz PWM DC-DC
12 DC) Generator PWM Generator
Branch inductor
for DC to DC
13 Branch Inductor 2.50E-05 Converter
Insulated the Bipolar Internal Resistance (Ron)=1e- IGBT for DC to
14 Junction 3Q DC Converter
Transistor(IGBT) Snubber Resistance(Rs)=1e5Q
Internal Resistance (Ron)=1e-3
Q
15 Diode Snubber Diode for DC to
Capacitance(Cs)=250e-9Q DC Converter
Snubber Resistance(Rs)=500Q
Forward Voltage (V)=0.8V
16 DC link Capacitor 1362uF DC Link Capacitor
. Number of bridge arm= 3 DC to AC
Three-Level Bridge Converter 1
17 Snubber Resistance(Rs)=1e5Q
(B
s et =il
L
e s
ko _
= -
gLl
I
Figure 2: Simulation Block Diagram
T 1 =
= E
e |
i) = = o
T s =
Figure 3: PV inverter control block
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Figure 4: BESS inverter control block

> D
=

LEE‘ i

- 1 ._|I:
L™
L—

Figure 5: Voltage unbalance calculation block

Simulation Result

The simulation results show that the %
voltage unbalance factor (VUF) at the end of the 5-
second simulation is 0.3524. During the no-load stage
from 0-1 second, the maximum value of VUF was
2.512%. At 1 second, a 3-phase 15 kW +j100VAR
load was added to the microgrid, and the voltage
unbalance compensators (PV controller and ESS
controller) successfully suppressed VUF to 0.2189%
before 1.5 seconds. A three phase to ground fault was
added to the system from 1.5-2 second, there was rise
of VUF to 55% but the compensators were able to
suppress it to 0.3384 before 2 second. The rise of
VUF to 62% shortly after 2 second was due switching
action during reconnection of grid to the system after
fault. At 2 seconds, a single-phase 7 kW load was
connected to phase A, which caused VUF to rise to

0.3452%. However, the compensator quickly
responded and brought VUF back down to 0.2325%
before 3 seconds. Later, at 3 seconds, a single-phase
10 kW +j100VAR load was connected to phase C,
causing VUF to increase to 0.6%. However, the
compensator again suppressed the voltage unbalance,
and at the end of the simulation, the VUF was at a
satisfactory level of 0.3524%. The simulation results
are supported by Figures 6 to 10. Figure 6 depicts the
VUF graph, while Figure 7 shows the value of VUF
at the end of the 5s simulation. Figure 8 and 9 show
the PV inverter voltage and current waveforms,
respectively. These results demonstrate the
importance of using the voltage unbalance
compensator to maintain a balanced and stable
microgrid.
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Figure 6: Graph of VUF at the end of 5s simulation
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Figure 7: Voltage unbalance factor at the end of 5s simulation

It can be inferred that the voltage waveform
is a sinusoidal waveform. The specific shape of the
waveform can be seen to depend on the load
connected to the microgrid at different stage in time,
the inverter current control mode design and the
characteristics of the PV array. Figure 8 shows a
situation where the yellow phase voltage amplitude is
higher approximately within 1.25 seconds to 1.6
seconds while within 2.6 to 2.8 seconds the blue
phase was higher causing voltage unbalance of 1 and
0.5% respectively.

On the other hand, Figure 9 shows the PV
inverter current waveform. This waveform was also
influenced by the loads connected to the microgrid
and the compensation action of the voltage unbalance
compensator. When a load is added to the microgrid,
the current waveform will reflect the power
consumed by the load. The compensation action of
the voltage unbalance compensator will modify the
current waveform to reduce the voltage unbalance.
Therefore, the exact shape of the PV inverter current
waveform will depend on the specific loads
connected to the microgrid and the performance of
the voltage unbalance compensator.

However, in general, the waveform is a
sinusoidal waveform with variations in amplitude

and phase because of the loads and compensator
action.

Figure 10 depicts the graph of BESS during
the simulation. Vdc and Idc represents the battery
voltage and current respectively. Vabc and Iabc are
the BESS inverter voltage and current before LC
filter was added to the system. V prime is the BESS
inverter voltage after filter was added.

W‘WMWM WWWWWWWWWWWW

W i

i IH‘!"MM W| ‘\'“IH‘\LW' ‘N‘ Hu \||iH\I| H\W H HMMM“\ |‘| ‘W‘ H“'HM'V“IWII“ i

Figure 8: PV inverter voltage waveform
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Figure 9: PV inverter current waveform
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Figure 10: BESS inverter current and Voltagé
waveform

CONCLUSION

A novel control strategy comprising of PV inverter
controller and BESS controller has been
demonstrated through MATLAB Simulink to
mitigate the voltage unbalance in 50kWp grid
connected and islanded microgrid system to 0.3524%
during unbalance loading and three-phase to ground
fault. The value of VUF obtained at the end of 5s
simulation is below 2% stipulated by International
Electrotechnical Commission IEC61000-2-2: 2000.
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