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Abstract

While many advances have been done in terms of energy distribution, there is still
a percentage of the population lacking access to electricity. In order to provide
access to the missing sectors in the most economic way, the use of micro-grids has
been proposed. The capability of micro-grids to operate disconnected from the
main grid make them attractive for rural areas which are the most affected sectors.
Due to the fact that these micro-grids are islanded, they have to set their own bus
voltage and frequency. Different control schemes have been proposed in order to
coordinate the voltage and frequency of the distributed generators (DG) which
form the micro-grid. This thesis discusses two problems. First, the control methods
for the distributed generators in a Low voltage (LV) grid are explored. Second, the
mitigation of voltage unbalance caused by single phase loads is discussed.

This thesis focuses on two control schemes that do not require communication
between converters. These are the "traditional" P.F/Q.V droop control and the
"opposite" P.V/Q.F droop control. First, the improvement of using a virtual
impedance is shown in each control scheme. Afterwards, through different tests
their performance is assessed. The obtained results shown that the opposite droop
control has a better performance than the traditional droop in mainly resistive
lines such as the ones used in LV micro-grids.

Single phase loads can create a voltage unbalance. Due to the nature of the
micro-grid, it can be difficult to reduce this unbalance. If left unattended the
voltage unbalance will greatly decrease the power quality across the micro-grid.
This thesis tests the effectiveness of a negative sequence compensation mechanism.
This negative sequence compensation scheme is aimed at compensating voltage
unbalance at the point of common coupling (PCC), but requires a low level of
communication among DGs. This thesis explores the possibility of using this
negative sequence compensation mechanism without any type of communication,
and the effectiveness of such methods at a non-PCC location.
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Introduction

Although electricity has become an intrinsic part of our lives, there are still populations
without access to it. Most of these sectors are located in developing countries in Asia and
sub-Saharan Africa. Usually electricity is given to such sectors by extending the main grid.
However, some regions may be isolated from the main grid due to distance or geographical
features.

The constant increase in interest and efficiency on renewable energies have made a
specific solution more viable for rural electrification. This solution is the concept of
micro-grids. Micro-grids can be defined as local electrical networks that contain power
generation units and power consumption units. The micro-grid has the responsibility
to balance the supply and demand within it [1]. Micro-grids can operate connected to
the main grid or by themselves in what is referred to as isolated/islanded mode. While
operating in islanded mode, the micro-grid has to be able to sustain itself without any
external connections. The power generation units consists of what are called Distributed
generators (DG). These distributed generators are often renewable energies such as solar
panels or wind turbines. Because of the inclusion of renewable energies, micro-grids also
tackle the problematic regarding the increasing energy demand and the need to reduce
the environmental foot print of energy generation. Micro-grid usage has been increasing
as they provide an alternative that can lead to a sustainable development.

Most of the Distributed generators have an output at a voltage and frequency that is not
the one traditionally used at the grid. Moreover, the outputted values differ depending on
the source. Therefore each Distributed generator has to be interfaced by power electronics
that bring the values to the standard values used on the grid. Because of the lack of inertial
generators, the micro-grid has to be managed carefully so that it can handle changes to
its structure without deviating from its ideal 50 Hz frequency. Additionally, in order to
ensure quality of service to its users the micro-grid has to be able to sustain load changes,
allow load sharing between distributed generators, and be able to sustain stability when
providing single phase loads.
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In this thesis micro-grids are studied under the context of rural electrification. The
objective is to identify a suitable local control method for the distributed generators
operating in a low voltage (LV) islanded micro-grid. Two main control types are analyzed.
These are the P.F/Q.V droop control and the P.V/Q.F droop control. Finally, the stability
of the grid under unbalance due to single phase loads is discussed. A negative sequence
compensation mechanism is proposed, and its effectiveness is evaluated.

The master thesis has the following structure.

• Chapter 1 provides an overview to the state of rural electrification and the advances
in renewable energies

• Chapter 2 describes the micro-grids and the main characteristics of an islanded
micro-grid.

• Chapter 3 discusses the different distributed generator local control methods

• Chapter 4 describes the model used for simulation and discusses the results from
applying the two different control methods on the micro-grid

• Chapter 5 discusses the effects of unbalanced loads on the micro-grid and how to
possibly counter them using a negative sequence compensation mechanism
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Chapter 1

State of rural electrification

Nowadays we associate the need of electricity with modern commodities such as smart-
phones, streaming services, and many other useful but not vital technologies. However,
there is a still a substantial amount of communities that do not have access to electricity,
and this deprives them from many basic quality of life improvements. Many efforts have
been made to reduce the amount of people without access to electricity. However, by 2017
about 840 million people still did not have access to it [2]. As it can bee seen in figure
1.1 two major areas are suffering from lack of access to electricity. These areas are the
Sub-Saharan Africa and South Asia. Providing electricity to these areas is key not only to
provide them with quality of life improvements, but to help them develop as electricity
has a key role in the development of such areas.

Figure 1.1: Share of population without access to electricity [2]
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1.1 Rural areas

In order to evaluate the possible solutions, it is important to have a definition of what is a
rural area. Rural areas are said to have common characteristics such as [3]:

• being a decentralized population

• being geographically isolated

• being under-served in terms of health care, education, clean water, sanitation, and
other infrastructure

• being unable to participate in regional and national markets

Electrification takes a key role in such communities as it is strongly related to its
development. When a community does not have access to electricity, a considerable part
of their income has to be assigned to low quality and expensive energy sources such as
kerosene and dry cell batteries [4]. The introduction of electricity can allow them to
redirect their economical resources towards other areas. Additionally, the inclusion of a
relatively simple element such as lighting increases safety, and provides good environments
for studying and working. On a bigger scale it can lead to the inclusion of facilities such
as medical clinics and schools [3].

When trying to provide rural areas with electricity the most common approach is to
extend the existing main grid, but for some areas this option is not viable. As discussed
before these areas are sometimes characterized by the fact that they are geographically
isolated. Therefore the main grid is not able to reach to them. Under these circumstances
micro-grids can be a long term sustainable solution to such problems.

1.2 Renewable energies

The increasing amount of carbon dioxide emissions has brought renewable energies into a
new light as they can be a solution to reduce carbon emissions. At the same time, the
increase in efficiency that some renewable energies have experienced has increased the
interest and image of these energies. Not only have they obtained a better performance,
but also their cost has decreased. Figure 1.2 compares the levelized cost of energy between
2010 and 2018. It can be seen that both solar and wind have seen significant reductions.
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Figure 1.2: Global LCOE of utility-scale renewable power generation technologies,
2010–2018 [5]

Renewable energies can be used in three main end areas: electricity, heat, and trans-
portation. Out of these three the electricity sector is the one experiencing the biggest
growth which can be associated with the rapid development of wind and solar technologies
[2]. According to the International Energy Agency (IEA) renewable energies will keep
growing in the upcoming years. Figure 1.3 shows the amount of renewable energy capacity
that has been added throughout recent years. It also predicts the amount that will be
added in years to come. This shows that it is indeed expected that renewable energies will
keep increasing. The mentioned accelerated case is what could happen if policies to push
for renewable energies are implemented.

Figure 1.3: Net renewable capacity additions, main and accelerated case, 2006-2023 [6]

Because of their ability to supply energy independently from the grid and their low
environmental footprint, renewable energies have become an attractive solution to rural
areas.
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1.3 Micro-grids as a solution

The inhabitants of rural areas have three main different ways to gain access to electricity.
These can be classified into centralized and decentralized systems. The first method is
by expanding the main grid and thus becoming a centralized system. The decentralized
methods are micro-grids and off-grid systems. Off-grid systems consists of systems that
are not connected to any kind of grid. Examples of these kind of systems are household
photo-voltaic (PV) panels or diesel generators. Both micro-grids and off-grid systems
provide an alternative way to develop rural areas. According to [4], it has been determined
that in rural areas the decentralized approaches are the most cost effective solutions for
more than two-thirds of those who gain access to the electricity.

It is important to compare the available methods to see why would one prefer a
micro-grid over the other methods. Figure 1.4 illustrates the different types of technologies
that can be accessed depending on which type of electrification method is used. It can
be seen that micro-grids have the capability to provide access to the same technologies
the main grid would. Meanwhile, off-grid systems are not able to provide cooling and
large appliances, and they are also limited in the area of industry and telecommunications.
Compared to the off-grid systems, Micro-grids have two main advantages [7]:

• Micro-grids are able to use electricity more efficiently as they can connect several
users

• Micro-grids can accommodate large generation units which allows them to supply
larger loads

Figure 1.4: Electricity access and illustrative technology options [4]
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It is worth pointing out that micro-grids do not only have potential in terms of efficiency
and capabilities, but in economic terms as well. In the world energy outlook 2007, a study
was made in how to provide electricity to all by the year 2030 in accordance with the SDG7
(sustainable Development Goal 7) in the most economical manner. The resulting best
option is using three different connections which are through the grid, through micro-grids,
and through off-grid sources. However, the majority of the people who will gain access
will do so through micro-grids. The results of the study are shown in figure 1.5. It is also
worth considering that micro-grids have two additional beneficial characteristics. They
can increase their capacity as it is needed, and they connect to the grid when such option
becomes available.

Figure 1.5: Additional population gaining access and additional investment in the Energy
for All Case relative to the New Policies Scenario, 2017-2030 [4]

In 2019 the Energy Sector Management Assistance Program (ESMAP) made a study
about the future of micro-grids for rural electrification. In 2019, 47 million people had
access to the electricity through micro-grids. In order to achieve the SGD7 goals by the
year 2030, 490 million people will be served through micro-grids [8]. The updated data
shows that more people are expected to connect through the micro-grids than the almost
300 million initially calculated.
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Chapter 2

Micro-grids

Micro-grids are local grids that are comprised of distributed generators (DG), energy
storage systems (ESS) that feed loads, and also have some telecommunication elements.
They can operate connected to a grid or autonomously which is what is often referred to as
islanded mode [9]. The general structure of a micro-grid is given in figure 2.1. Micro-grids
due to their size usually use low voltage buses. The different generators and loads attach
to a main single bus that is referred to as the point of common coupling (PCC). It is also
at this point that the micro-grid is connected to the main grid through substations or
circuit breakers.We can additionally define some characteristics of a micro-grid [1]:

• Ease of integration of new resources

• Ease of scaling up or down the size

• Equitable role for each resource in determining the operation of the micro-grid

For the context of electrification of rural areas these are great characteristics. It can be
expected that as the area develops, the loads that they would need to cover will increase.
Therefore, being able to add resources and scale its size up makes micro-grids a viable
long term solution for such communities.
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Figure 2.1: Typical microgrid structure including distributed loads, generators, and storage
units serviced by a distribution system [10]

Other than being classified as grid-connected or islanded, micro-grids can also be
classified based on the type of voltage adopted on its buses. We can identify three types:
AC, DC ,and Hybrid micro-grids. Studies have been done in order to identify which type
is more suitable for which occasion. In [11] it is suggested that most determining factor
could be the ratio of DC loads. If there are more DC loads than AC loads a DC micro-grid
can provide economical advantages over AC micro-grids. The different advantages posed
by DC and hybrid micro-grids are still being studied. In this master thesis only 3 phase
AC micro-grids will be considered.

The defining characteristic of AC micro-grids is that their behaviour is analogous to
that of a large-scale grid. As a consequence, similar control methods and conventional
devices can be used. Figure 2.2 shows an example of a basic AC micro-grid structure.
One key element in the structure of the micro-grid is the use of converters. Distributed
generators such as PV or Energy storage systems output their power in DC. In order to
connect to the main AC bus the output has to go through an DC/AC converter. In the
case of wind turbines and micro-turbines their power output is already in AC, but it might
not be the same frequency or voltage as the bus. Therefore they must first convert from
AC to DC and then DC back to AC.
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Figure 2.2: Simplified schematic illustration of an AC microgrid [1]

2.1 Control levels

As the implementation of micro-grid systems is becoming more widespread, the need for
the development of standards has increased. To cover this need the standard ISO-95 was
adopted. This is a multi level hierarchical control [12]. The levels are distributed as follows
[12], [13]:

• Level 0 (Innerloop control): Deals with the regulation of the operation of each
module. Mainly the control of the output voltage and current.

• Level 1 (Local control loop): Deals with emulating physical behaviors that makes the
system stable and more damped. Usually this is achieved through droop controllers.

• Level 2 (Secondary control loop): This level is controlled by the micro-grid central
controller (MGCC). It ensures that frequency and voltage of the grid are at the
correct values. It also manages load shaving, and disconnection of micro-grid from
other networks

• Level 3 (Tertiary control): Deals with the power flow between the micro-grid, the
main grid, and the energy market.

For islanded micro-grids the third level is not a applicable as there is no existing
connection to the main grid. This thesis will focus on the local control loop which
corresponds to level 1 and the inner control loop corresponding to level 0. In chapter 3
different control methods used in level 1 will be explored.
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2.2 Grid forming and grid following units

As discussed earlier, distributed generators need to use power electronics to adapt their
output voltage and frequency to that of the micro-grid. Nevertheless, it is also important
to discuss how the values of the grid are set. In traditional grids synchronous generators
perform this role, but such generators are not common in micro-grids. Thus, the responsi-
bility for setting such quantities falls on the DGs themselves. Depending on the role they
play the DGs can be classified as [14]:

• Grid-forming unit: It balances the the power of generator in order to set the grid
voltage and frequency of the grid. This type of unit can be seen as an ideal ac
voltage source.

• Grid-feeding unit: Its main objective is to feed power into the grid. This type of unit
can be seen as an ideal current source. It can not operate by itself in an islanded
micro-grid as it needs a grid-forming unit to set the voltage and frequency of the
grid.

• Grid-supporting unit: It can participate in the regulation of the grid voltage and
frequency while supplying active and reactive power at the same time. This type of
converter can be operated as either an ideal ac current source or an ideal ac voltage
source.

Figure 2.3 shows the simplified representation for each type of DG unit. Figure 2.3 a)
represents a grid-forming unit. ω∗ and E∗ represent the reference voltage amplitude and
reference frequency to be set by the DG. The control block Cv takes as inputs ω∗ and E∗
in order to give the reference voltage V ∗. Figure 2.3 b) represents a grid-feeding unit. In
this case P ∗ and Q∗ give the reference active and reactive power to be delivered. Cp acts
as the control block that gives the corresponding reference current i∗. Finally figure 2.3 c)
and d) represent grid-supporting units as a current source or a voltage source respectively.
For the grid-supporting unit acting as a current source the reference angular frequency ω∗
and the reference voltage amplitude E∗ go through their respective controllers Cω and CE.
The output of Cω is compared against P ∗, and the output of CE is compared against Q∗.
Through this process, the new references for the active power P ∗∗ and reactive power Q∗∗
are generated. These two quantities are inputted into the power controller CP in order
to give the reference current i∗. Once P ∗∗ and Q∗∗ are calculated the behaviour of the
system is analogous to a grid-feeding DG. In the case of the grid-supporting units acting
as voltage sources, P ∗ and Q∗ go through their respective controllers CP and CQ. The
output of CP is compared with w∗ to give the new reference w∗∗. Equally, the output of
CQ is compared against E∗ to produce the new reference E∗∗. The new references are fed
to the voltage controller Cv replicating the process of a grid-forming rectifier.
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Figure 2.3: Simplified representation of the different types of DG units [14]

In this section, two different control approaches that use different types of units are
compared. The first one is the master/slave control approach. In this control strategy
there is a master unit which is a grid forming unit, and the other units are either grid
following or grid supporting units. The master unit is in charge of setting the grid voltage
and frequency and of specifying the reference current to the other units. Meanwhile, the
grid following units follow the reference current specified for each one of them.

The second approach is one based on the traditional droop control. The behaviour of
synchronous generators on the grid is a product of the inertia of the motors that cause
them to slow down when extracted power is larger than its input mechanical power. This
results in a decrease of the phase and voltage [15]. This control strategy is used on the
DGs in order to mimic the previously explained behaviour of synchronous generators.
This type of control can be implemented with grid supporting units. However, if the
grid-supporting units are implemented as an ideal AC current source they need at least
one grid forming unit in order to operate. On the other hand, when grid-supporting units
are implemented as ideal AC voltage sources, a grid-forming unit is not needed[14]. This is
because grid-supporting units acting as a voltage source can participate in the grid voltage
and frequency regulation while supplying active and reactive power. This type of units
are interfaced by Voltage source inverters (VSI) that allows them to build the voltage as
its control specifies it. If all the units on the grid act as grid-supporting voltage sources, it
will lead to a grid where all the units contribute to the regulation of voltage and frequency.
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At the same time this system automatically enables load sharing between the DGs [16].
This eliminates the need of having grid forming and grid following devices, and thus the
master/slave operation is not needed at all.

The main advantage of the droop control approach is that it does not have high
communication requirements as only the reference values for voltage and frequency need
to be provided. Table 2.1 provides a comparison between both approaches.

Master/Slave Control Droop Control
Advantages - Simple control algorithm in controllers - Simple expansion of the system

- Increased redundancy as there is
no need to rely on control bus system

- A simple bus is sufficient for optimization
- Simplified supervisory control

Disadvantages - High cost of busses and their cabling - More complex control tasks in the components
- Difficult expansion of the system
- Supervisory control required

Table 2.1: Master/slave control and droop control comparison [17]

By comparing which system would be better for the purpose of rural electrification, it
can be seen that the Droop control approach posses more advantages. The high cost of
the busses and cabling could become an impediment for rural installations. Even if the
cost of the installations is ignored, there is another important disadvantage which is that
the expansion of the system is difficulty. It would be expected that the community will
grow as it develops specially after obtaining electricity. Therefore, this drawback has a
significant weight in rural applications. The increased reliability of the droop control is also
a desirable characteristic. This increased reliability comes mainly from the redundancy
attributed to fact that no communication is needed among the generators. Therefore, the
control will not be affected by any type of communication delays or interruptions. As
discussed in chapter 1, rural areas are often geographically isolated. Therefore, technical
assistance may not have the required response time. This is why having a robust and
simple control is beneficial for the system.
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Chapter 3

Local control methods

As discussed in section 2.1 the control of micro-grids can be divided into levels. This thesis
focuses mainly in level 1 which is the local control loop and level 0 which is needed in
order to achieve this. The goal of level 1 is to provide a control for the active and reactive
power such that the micro-grid is able to emulate the physical behaviour of the normal
grid. Although there are control methods for grid forming and grid following units, this
section will focus only on the grid-supporting units acting as voltage sources as they have
the advantages described in the previous section. Figure 3.1 shows some of the existing
control strategies with or without communication. This chapter will focus mainly on two
different methods that do not need communication. These are the P.V/Q.F control and
P.F/Q.V control.

Figure 3.1: Grid forming DG control strategies [18]

14



3.1 P.F / Q.V droop control

This type of droop control is also called the "conventional" droop control. It is the one
used in standard grids. Its equations can be derived from the the circuit shown in figure
3.2. Figure 3.2 illustrates VA which is an ideal voltage source connected through a line
to VB which represents the grid. When we consider the exchange in active and reactive
power in this circuit, the exchange can be expressed as developed in [14]:

PA = VA
R2 +X2 [R(VA − VBcosδ) +XVBsinδ] (3.1)

QA = VA
R2 +X2 [−RVBsinδ +X(VA − VBcosδ)] (3.2)

Figure 3.2: Simplified modeling of power converter connection to a distribution network
[14]

If the resistive part is neglected, then one simplify the previous equations. Thus, it is
obtained:

P = VAVB
X

sinδ (3.3)

Q = V 2
A

X
− VAVB

X
cosδ (3.4)

Since the power angle δ is small, it is possible to further simplify these two equations
into:

PA ≈
VAVB
X

δ ⇒ δ ≈ XPA
VAVB

(3.5)

QA ≈
(VA − VB)VA

X
⇒ VA − VB ≈

XQA

VA
(3.6)
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Therefore based on equations 3.5 and 3.6, it can be seen that there is a link between
the power angle and the active power, and there is a link as well between the reactive
power and the difference between voltages. It is from these observations that it is claimed
that if one can control the active and reactive power output, it is possible to control the
phase angle and voltage VA. However in a micro-grid, each DG does not know what is the
phase of the other DGs. Therefore, instead of using the power angle, each DG uses the
frequency of the grid as it is the same for all the DGs on the grid [19]. This is possible if
we consider the relationship between power angle and the frequency:

f = ωN
2π = ∂δ

∂t
(3.7)

By taking into account the relationship between the variables it is possible to adjust
one in function of the other. For example, a change in frequency ∆f will correspond to
a change in active power ∆P . In this case the delta is defined by the variation of the
quantity with respect to its nominal value. How much should the active power respond
to a ∆f is defined by a slope. This slope is described by the droop coefficient. Such
relationship is the one described by equations 3.8 and 3.9

f − fn = −Kp(P − Pn) (3.8)

V − Vn = −Kq(Q−Qn) (3.9)

In these equations fn, Pn, Vn, and Qn represent the nominal values. Kp and Kq are the
droop coefficients that define the characteristic slope of the droop control. An example of
the slopes that define the droop characteristics is shown in figure 3.3. Finally, figure 3.4
shows a block diagram implementation of this control.

Figure 3.3: P.F / Q.V Droop characteristics [17]
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Figure 3.4: P.F / Q.V Droop control block diagram [18]

3.2 P.V / Q.F droop control

In the case of micro-grids, these are composed mostly of low voltage lines. These lines have
the characteristic that they are mostly resistive (X << R). This results in having sightly
different equations for the reactive and active power flow. If in equations 3.1 and 3.2 the
reactance is neglected instead of the resistance, the found equations in a low voltage line
are:

P ≈ V 2
A

R
− VAVB

R
cosδ (3.10)

QA ≈ −
VAVB
R

sinδ (3.11)

If it is again considered that the angle δ is small, one can reduce the previous equations
into equation 3.12 and equation 3.13. By looking at the relationship between these two
equations the power circle diagram shown in figure 3.5 can be obtained. The system would
operate on the left side of the power circle which corresponds to δ values from −π/2 to
π/2.

P ≈ (VA − VB)VA
R

⇒ VA − VB ≈
RPA
VA

(3.12)
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Q ≈ −VAVB
R

δ ⇒ δ ≈ −RQA

VAVB
(3.13)

Figure 3.5: Power circle diagram in a resistive grid [20]

From the previous equations, it can be seen that the formulas for P and Q are the
inverse than that of the conventional droop control. For this reason this control can also
be referred to as "opposite" droops. Once again the variables can be linked to each other
by the slope defined with the droop coefficient. The obtained opposite droop equations
are shown in equation 3.14 and 3.15. Meanwhile, figure 3.6 shows the implementation of
such droop control using block diagrams.

V − Vn = −Kp(P − Pn) (3.14)

f − fn = Kq(Q−Qn) (3.15)

Figure 3.6: P.V / Q.F Droop control block diagram [18]
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3.3 P.V / Q.F droop control On resistive lines

As shown in the previous section, if the lines are mainly resisitive this leads to different
active and reactive power equations. The active power depends on ∆V and the reactive
power on ∆δ. Thus, if the traditional droop control is used on such lines, it can produce
undesired effects. The result would be a system where increasing the active power results
in decreasing the reactive power, but increasing the reactive power results in increasing
the active power [21]. This is due to the coupling between the droop controls which is
described in figure 3.7. On the first diagram when a change in power occurs this causes a
change in the frequency due to the droop control. The frequency is related to the power
angle δ. Thus ∆P causes a ∆δ. The ∆δ causes a ∆Q which due to its droop control
causes a ∆V . Since in a resistive grid the active power depends on ∆V , this ∆V leads
again to the ∆P . As shown in figure 3.7 on the second diagram, a similar chain happens
when one starts with a ∆Q. It is also thus shown that ∆δ indirectly controls ∆P , and
that ∆V indirectly controls ∆Q

Figure 3.7: Droop control coupling relationship [20]

Thus a change in power will lead to an undesired change in the reactive power. While
a change in reactive power also changes the active power, this effect is not as noticeable.
This is due to the fact that as the voltage VA changes, VB is also changed. This results
in a ∆V that is only sightly changed. Thus, the effect of a ∆Q on the active power is
minimized.
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Chapter 4

Modeling

In this chapter, The different elements that constitute a DG are shown. During the
first part of the chapter how these different parts were modeled is shown. The model is
then evaluated on the test grid to be described in this chapter. With this test grid the
traditional and opposite droop control methods are evaluated through different tests. The
model described in this chapter was implemented on MATLAB/Simulink. The different
electrical and power system components were represented using the Simscape library.

4.1 Distributed generators

As previously mentioned the Distributed generators are the main sources of energy in
the micro-grid. They consists of renewable energies coupled with power electronics. The
main role of the inverter will be to adapt the output voltage and frequency according
to the desired grid values. In this case, inverters consisting of diodes and Isolated Gate
Bipolar Transistors (IGBT) were selected. The inverters are connected to PV array which
acts as a power source. The power of each inverter is defined by the capacity of the PV
array. These are considered to be operating under a constant irradiance of 1 kW per meter
squared and a temperature of 25 degrees Celsius. The power and output voltage is defined
by the number of series connected modules, and the number of parallel strings. The PV
arrays are placed in parallel with a resistor in series with a capacitor that interface the
inverter. This capacitor acts as the DC link. The DC link capacitor has two main roles.
The first one is to provide a low impedance path for the ripple currents from the inverter.
The second one is to reduce the leakage inductance of the inverter so to reduce the effects
of the voltage spikes caused when the devices are switched on and off [22]. Figure 4.1
shows the general structure of the distributed generators used in the simulations. The
inverter is controlled through Pulse width modulation (PWM) signals generated from the
reference voltage. The reference in voltage in exchange is set by the droop control and the
innerloop control. The output lines of the inverter are followed by an LCL filter.
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Figure 4.1: Distributed generator structure

The coupled system of the PV panel and the VSI has a limitation in terms of active
and reactive power output. The limit for the active power is the maximum active power
that the PV can produce. The VSI can not produce active power so the responsibility
relies on the PV panel. In terms of reactive power the situation is reversed. The PV panel
can only generate active power and thus the responsibility to manage the reactive power
lies on the VSI. The voltage and current limits of the VSI will be the main limiting factor
for the reactive power generation. The voltage limit, current limit, and power limit curves
can be used to obtained the operational area. This area and its limits are shown in figure
4.2. For this simulation the active power limits are present due to the PV panel having a
limited active power output. However, the VSI model used is ideal and does not have a
specific limitations in place.

Figure 4.2: Active and reactive power limitations on a PV panel interfaced by a VSI [23]
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It is worth pointing out that the depiction in figure 4.1 can not be applied as it is in a
realistic scenario. As mentioned before for this simulation it has been assumed that the
power of the PV panel is constant. This is not the case in real applications as the power
will depend on the position of the sun and in the control method applied to the PV panel.
Energy storage systems such as batteries are usually placed in order to compensate the
fluctuations of power of the PV panel. This ensures that the DG will be able to supply its
rated power at all time.

4.1.1 LCL output filter

Because of the adaptive role that the inverter plays, PWM is often used in order to
regulate the values of the voltage. The switching involved with PWM introduces switching
harmonics and their multiples into the system [24]. It is because of this that inverters
are often followed by a filter. There are L, LC, and LCL filters. The LCL filters provide
different advantages with respect to the others. The LCL filter has better attenuation and
dynamic characteristics. Additionally, it has better decoupling between the impedances of
the filter and the grid. Finally, it provides lower current ripple across the grid inductor
[25]. However, the filter is also susceptible to resonance problems. A resistor is added in
series with the capacitance in order to prevent resonance and reduce the ripple. It is worth
noticing that this will increase the heat losses in the system and reduce the efficiency of
the filter. An additional measure taken in order to avoid resonance problems is to place
a constraint on the resonance frequency of the filter. The resonance frequency obtained
should be higher than ten times the grid frequency, but lower than half the switching
frequency [24].

10fg < fres < 0.5fsw (4.1)

Figure 4.3 shows the schematic of the LCL filter connected to each output phase of
the inverters. li is the inverter side inductance. Rd is the damping resistance. Cf is the
filter capacitance. Finally, lg is the grid side inductance.

Figure 4.3: LCL filter schematic
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4.1.2 Droop control

The droop control is a mechanism in which a reference voltage and frequency are set.
The generators or inverters in this case modify their output voltage and frequency as a
function of their power output. This is done in order to simulate the behaviour or response
of synchronous generators [26]. The voltage and current at the LCL filter are used to
calculate the active and reactive power. These powers serve as the input of the droop
control. The type of droop controls implemented are the P.F / Q.V droop which was
discussed in section 3.1 and the P.V / Q.F droop from section 3.2. The droop control is
often followed by a cascade controller which consists of PI controllers. The droop control
is referred to as the primary control or external power control loop. It is tasked with
controlling the reference voltage and frequency by using droop controls. Meanwhile, the
cascade controller is known as the innerloop which is tasked with regulating the three
phase inner voltage [27]. The output of the innerloop serves as the reference voltage used
to generate the PWM signal the guides the operation of the VSI. In the hierarchical control
scheme the innerloop corresponds to the level 0. Figure 4.4 shows the general schematic of
the previously mentioned controllers. In figure 4.4 the droop coefficients are represented
by nd and md. nd corresponds to the droop coefficient Kq and md corresponds to the
coefficient Kp

Figure 4.4: Distributed Generator control loop schematic [28]
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There are different variations to the inner and primary control loop of the droop control.
For example the innerloop control can also be one such that it includes voltage control,
but no current control loop. Such an example can be seen in [29]. It can also be used with
or without decoupling terms as shown in [27] or [30].

The droop/primary control used in the P.F/Q.V control is shown in figure 4.5. The
voltage before the grid inductor lg and the current before the inverter inductor li are
measured and transformed into their dq0 components. The dq0 components represent
the direct, quadrature, and zero components of a synchronous reference rotating frame.
When working on the abc frame the quantities such as current and voltage are oscillating
as a function of the angle θ. The dq0 transforms the abc variables into a synchronous
rotating frame which causes the variables to be seen as steady values or dc signals. These
DC equivalent signals will still change and react to perturbations to the system. The
transformation from abc to dq0 is implemented in Simulink as shown in equation 4.2. The
inverse transformation from dq0 to abc is implemented as shown in equation 4.3.

uduq
u0

 = 3
2

 cos(ωt) cos(ωt− 2π
3 ) cos(ωt+ 2π

3 )
−sin(ωt) −sin(ωt− 2π

3 ) −sin(ωt+ 2π
3 )

1
2

1
2

1
2


uaub
uc

 (4.2)

uaub
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 =

 cos(ωt) −sin(ωt) 1
cos(ωt− 2π

3 ) −sin(ωt− 2π
3 ) 1

cos(ωt+ 2π
3 ) −sin(ωt+ 2π

3 ) 1


uduq
u0

 (4.3)

The dq0 components are used to calculate the active and reactive power. These powers
are both passed through a low pass filter. The low pass filter is needed because we are
dealing with a non ideal Ac source and therefore its signals contain harmonics and noise.
Because of these non idealities, the calculated active and reactive powers are not constant
and cause fluctuations in the generated reference voltage and frequency. If let unattended
the oscillations can feedback into the system and amplify the distortion of the generated
power. The role of the low pass filter is to smooth such signals so to reduce the harmonics
and noises [31].

Figure 4.5: Implemented P.F/Q.V droop control loop schematic
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The filtered values are compared to the reference power values, which can also be
referred to as the set-point. This difference is then multiplied by the droop coefficients.
The coefficients are chosen so that each distributed generator can contribute to the total
power requested in proportion to its available capacity. According to [15] these coefficients
can be defined for each DG as shown in equation 4.4 and equation 4.5. However, in the
literature there are sightly different approaches to calculating the droop coefficients as it
is done in [28].

Kp = ωref − ωmin
Pref − Pmax

< 0 (4.4)

Kq = Vref − Vmin
Qref −Qmax

< 0 (4.5)

According to [27] the acceptable voltage and frequency deviations can be taken from
the Institute of Electrical and Electronics Engineers (IEEE) 1547 standard. This is
the "standard for IEEE Standard for Interconnection and Interoperability of Distributed
Energy Resources with Associated Electric Power Systems Interfaces". Based on this it is
recommended to have a maximal deviation from the reference value of 5% for the voltage
and 1.4% for the frequency.

The resulting product of the droop coefficient and the difference between P and Pref
or Q and Qref is then subtracted from the reference frequency and reference voltage value.
The resulting frequency is then multiplied by 2π and integrated resulting in wt. This wt is
used in the dq0 transformations needed for the calculation of powers and for the innerloop
control.

In the case of the P.V/Q.F droop control, the schematic is modified as seen in figure 4.6.
In this graph it is shown that the active power is related to the voltage and the reactive
power to the frequency. It is also important to remember that the droop coefficients are
calculated differently as ∆V is related to Kp, and ∆ω is related to Kq. This is shown in
equations 4.6 and 4.7. Other than these changes the procedure followed is the same as for
the P.F/Q.V control.

Figure 4.6: Implemented P.V/Q.F droop control loop schematic
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Kp = − Vref − Vmin
Pref − Pmax

< 0 (4.6)

Kq = ωref − ωmin
Qref −Qmax

< 0 (4.7)

The innerloop control is done in the dq0 reference frame. For the voltage control, the
calculated reference voltage V ∗ is taken as the d component and its compared with the
voltage Vd measured before the output inductor lg. Their difference is then feed into the
PI controller. The reference q voltage value is set to zero and compared with the voltage
Vq repeating the process mentioned before. The reference q voltage is set to zero in order
to have only positive sequence components in the abc reference frame [30]. The resulting
outputs are then compared to the d and q components of ii which is the current flowing
through the inductance li. The dq components are then transformed into the abc reference
frame and act as the reference voltage fed into the PWM Generator. The current control
is used to adjust the current so that ii can charge the filter capacitor Cf to a voltage level
similar to the one provided as a reference [14]. The values for the PI controllers have to be
chosen carefully. A wrong set of values will cause the system to be unstable and to have
large fluctuations. The values have to be chosen so that the response has an acceptable
speed, but avoiding having a strong overshooting. Choosing a good set of values will also
limit the ripple after a transient.

Figure 4.7: Innerloop control

4.2 Line characteristics

Micro-grids for rural areas such as the ones proposed cover relatively small areas of few
kilometers. In this case a micro-grid with lines of length equal or less to 2km is studied.
Due to the size of areas covered only low voltage distribution lines are used. Table 4.1
shows the typical line parameters. It can be observed that low voltage lines have a much
higher resistive component when compared to medium and high voltage lines. On the
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other hand, the inductive component of low voltage lines is smaller than the other types
of lines. Thus, it can be said that the low voltage lines are mainly resistive as shown by
the ratio R′/X ′.

Type of line R’
Ω/km

X’
Ω/km

IN
A

R′

X′

Low voltage line 0.642 0.083 142 7.7
Medium voltage line 0.161 0.190 396 0.85
High voltage line 0.06 0.191 580 0.31

Table 4.1: Typical line parameters [32]

4.3 Virtual impedance

Due to the differences in the lines, there is a mismatch in the impedance that causes
problems in terms of reactive power sharing. Furthermore, a high R/X ratio can lead to
coupling and dynamic instability in the power control when using the traditional droop
control [27]. The virtual impedance helps fix the output impedance which in turn affects
the output active and reactive power angle and amplitude [9].

The impedance can be applied physically, but if it is done virtually at the innerloop
level, it is possible to obtain equally effective results. Additionally, due to the fact that it
is virtual there are no dissipation losses. Another advantage is that the impedance can be
imposed without having information of the line [15].

As explained in [33], the virtual impedance can consists of either a virtual resistive
impedance or an inductive impedance that make the impedance more resistive or inductive
respectively. Additionally due to it being virtual, the sign can easily be adjusted. This
means that negative virtual inductances or resistances can be added to adjust values if
needed. In some cases the virtual inductance can be implemented as [15]:

V ∗new = V ∗ − Lvirtual
dig
dt

(4.8)

Where V ∗ is the calculated reference voltage by the droop control. There are further
variations such as using a low-pass filter instead of a derivative or having the virtual
impedance change trough low bandwidth communication estimation.

Ideally the virtual impedance is added so that the line is predominantly inductive,
and thus the traditional droop control can be applied efficiently. However, in the case of
a low voltage micro-grid the lines are mainly resistive as shown in the previous section.
Thus, if an inductance is added to compensate it will have a large value that can cause
voltage drops and limit the power output of the converters [20]. Therefore, the addition of
impedance in this case has to be done carefully.
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The virtual impedance is implemented using the equations from [34]. These equations
are shown in equations 4.9 and 4.10. The dq current components used come from the
current ig which it the output current at the grid side inductor. The obtained values are
subtracted from the reference d and q voltage used in the innerloop control. Based on
this, figure 4.7 can be modified to include the virtual impedance inputs. The resulting
schematic is shown in figure 4.8.

V vd = idRv − iqXv (4.9)

V vq = iqRv + idXv (4.10)

Figure 4.8: Innerloop control with virtual impedance

The virtual impedance can be seen as an offset applied to the voltage. While it helps
improve how the active and reactive power is shared among the loads, it can have a
negative effect on the voltage. The offset can cause the voltage of the DG to be higher or
lower than under normal operation. Thus, this factor should be taken into account when
deciding the values for the virtual impedance.

Although the unbalanced loads are studied in chapter 5, it is necessary to remark that
if dealing with unbalanced loads a change has to be done to the virtual impedance. Instead
of using iq, one has to use the positive sequence of this current i+q . This avoids increasing
the voltage unbalance factor (VUF) due to negative sequence voltage drop in the virtual
impedance [35].
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4.4 P.F/Q.V droop control simulation results

In this section the model for the DG described in the previous sections is implemented.
The DGs are tested under different scenarios while using the P.F/Q.V droop control. The
layout of the grid to be simulated is shown in figure 4.9. The grid consist of 3 distributed
generators and 5 different possible positions for loads. The rated power for each DG is
shown in table 4.2. These DGs and load E are connected by lines of different lengths. The
PCC of the grid is the point where load A is connected as all the lines connecting the
loads merge there. Finally, for readability in this section the active and reactive powers
shown are the filtered values obtained in the droop control.

Distributed Generator Rated Active Power (kW)
DG 1 11.7
DG 2 5.8
DG 3 23.5

Table 4.2: DG rated active power

Figure 4.9: Test grid layout

4.4.1 Line distance tests

In this subsection the impact that the length of the line has on the system is demonstrated.
For this demonstration the three DGs will be feeding only load A which is located at the
PCC. Load A will consist of a resistive and inductive load demanding an active power of
8KW and a reactive power of 5kVAR. The test done in this subsection are done without

29



the usage of virtual impedance in order to emphasize the influence of the line length on
the system. The reference values for the droop control in each DG are set in order to
share the loads accordingly to their maximum capacities. The used set-points are shown
in table 4.3.

Distributed Generator Reference
Active Power (kW)

Reference
Reactive Power (kVAR)

DG 1 2.5 1.5
DG 2 1.5 1
DG 3 4 2.5

Table 4.3: DG droop control set-points

For the first scenario all the lines are set to the same length of 1km. In figure 4.10 it
is shown that after reaching its steady state the active power is shared indeed according
to the reference power set at each DG’s droop control. However, this is not the case for
the reactive power. Figure 4.11 shows that the reactive power is not shared according
to the set-point. DG3 which has the highest capability is the one producing the lowest
amount of reactive power in this case. This low production forces the other DG to increase
their output in order to compensate. One way to counter this is to set a higher reference
reactive power than what is actually intended. This is how the result shown in figure 4.12
is obtained. While this is an easy solution, it affect the stability of the system and the bus
voltage [36].

Figure 4.10: Active power generated by
DGs feeding load A with lines of equal
length using traditional droop control

Figure 4.11: Reactive power generated by
DGs feeding load A with lines of equal
length using traditional droop control

Figure 4.12: Reactive power generated by increasing DG3’s set-point while feeding load A
with lines of equal length using traditional droop control
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Effect of a longer line

Using the previously described set-up, the length of line connecting DG 3 is increased to
2km. The obtained results are shown in figure 4.13 and figure 4.14. It can be seen that
increasing the length of the line causes has an impact in the amount of reactive power
that is transmitted by DG3. As a consequence the other generators have to compensate
by generate more reactive power. The active power however is unaffected by this change.

Figure 4.13: Active power generated while
feeding load A with increased line length
for DG3 using traditional droop control

Figure 4.14: Reactive power generated
while feeding load A with increased line
length for DG3 using traditional droop
control

Effect of a shorter line

After testing the effect of increasing a line, the opposite is done. The line connecting
DG3 is returned to a length of 1km. Meanwhile, the length of the line connecting DG2 is
shortened to 500m. As in the previous case, the active power remains unchanged. The
reactive power generation of DG2 which has the shorter line is greater than before. This
can be seen when comparing figure 4.12 to the obtained result in figure 4.16.

Figure 4.15: Active power generated feed-
ing load A with shortened line length for
DG2 using traditional droop control

Figure 4.16: Reactive power generated
feeding load A with shortened line length
for DG2 using traditional droop control

Phenomena explanation

As it has been seen, the length of the line greatly affects the output powers of the DGs.
This result is indeed expected. In section 3.2, it was shown that due to the mainly resistive
lines the transmitted active and reactive power depends on the resistance of the line. This
is detailed in equations 3.12 and 3.13. Bigger resistance leads to a smaller output, and a
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smaller resistance leads to a bigger output. The value of the line resistance also affects the
power angle δ which has a direct impact on the reactive power as well. This phenomena
has been further studied in [20]. It was shown that two DGs with the same rated power,
but different line resistances were not able to share reactive power properly. The problem
of reactive power sharing can be regulated by the use of a virtual impedance. In [20],
different simulation scenarios are carried out showing that the use of a virtual impedance
is indeed able to ensure a better reactive power sharing.

4.4.2 Load connection tests

In this section the ability of the micro-grid to stand the connection of new loads is evaluated.
This includes connection of a resistive and inductive load, a purely resistive loads, a purely
inductive loads, and a purely capacitive load. Table 4.4 shows different information about
the loads such as their position in the grid, their time of connection, and different values.
In table 4.4 the inductive loads are represented by a positive reactive power. Meanwhile,
capacitive loads are represented by a negative reactive power. The lines connecting the
DGs have the different lengths specified in figure 4.9

Load Time of
connection (s) Active Power (kW) Reactive Power (kVAR)

A 0 8 5
B 2 4 1
C 4 0 3
D 6 0 -3
E 8 5 0

Table 4.4: Load connection time and values

Connection at PCC

First, adding multiple loads to the point of common coupling is evaluated. For this test
loads A trough E are connected at the PCC. This means connecting multiple loads at
the connection point of load A in figure 4.9. The time of connection will follow the one
specified in table 4.4

No virtual impedance In the previous section it was already shown that having lines
of different length has an impact on the system in terms of reactive power sharing. The
response of the micro-grid to multiple connections at the PCC is shown here to further
emphasize this point.
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Figure 4.17 shows that the active power is shared according to the set-point and the
capacity of each DG. This is possible due to the fact that the frequency has the same value
across the grid. The response for the reactive power is shown in figure 4.18. The micro-grid
is indeed responding to the changes in demand for reactive power. However, DG3 produces
negative reactive power while DG1 and DG2 produce positive. This contradiction leads to
unnecessary high values of reactive power.

Figure 4.17: Active power generated by
DGs with no virtual impedance and with
loads connecting only to PCC using tra-
ditional droop control

Figure 4.18: Reactive power generated
by DGs with no virtual impedance and
with loads connecting only to PCC using
traditional droop control

In the two previous pictures and in the following results, it can be appreciated that the
signals have an oscillation or ripple to them. Indeed, even after the transient the signal
settles around a value, but it does not remain steady. This is due to the way the droop
control and the inner loop work. Small variations in the power generated will correspond
to small variations to the voltage and frequency. These variations will be enter the PI
controllers of the innerloop as well. In addition, all of the DGs are oscillating which to a
lesser extent also influences the other DGs. Thus, the values found during the different
tests are no steady, but instead oscillate around a value.

The undesired response of the reactive power has an effect in the voltage due to the
droop control. Ideally, generating reactive power under the set-point would lead to a higher
reference voltage. In exchange, being above the set-point would lead to a lower reference
voltage. Figure 4.19 shows the Root Mean Square (RMS) voltage of phase A in each DG.
DG1 and DG2 show the expected behaviour. However, it is shown that the voltage of DG3
is rising contrary to the other DGs. This is because the reactive power being produced is
negative and thus results to an increase in the reference voltage generated by the droop
control. Figure 4.20 demonstrates how the currents change with the connection of the
loads. Due to the production of reactive power the currents of DG3 and DG2 are close to
the same value.
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Figure 4.19: RMS voltage of DGs with no
virtual impedance and with loads connect-
ing only to PCC using traditional droop
control

Figure 4.20: RMS current of DGs with no
virtual impedance and with loads connect-
ing only to PCC using traditional droop
control

As mentioned before, the micro-grid frequency is has the same value for all the DGs
unlike the voltage. Thus the active power is properly shared among the DGs. This is why
the drop in frequency at t = 2s and t = 8s , which is linked to the increase in active power,
causes and equal drop in the reference value among the different DGs. This same fact can
be attributed for the spikes in frequency when a load is connected. Any spike in active
power will be reflected in the frequency due to the droop control mechanism. The bigger
spikes in frequency occur at t=4s and t=6s which correspond to the connection of purely
inductive and purely capacitive loads respectively.

Figure 4.21: Frequency of DGs with no virtual impedance and with loads connecting only
to PCC using traditional droop control

With virtual impedance The same experiment is repeated except the DGs are now
using virtual impedances in their control loop. The active power is shared according to
the capacity of each DG as it is shown in figure 4.22. It is worth noticing that adding the
virtual impedance dampens the response and thus creates lower peaks at the connection of
each load and the startup. Figure 4.23 shows that the reactive power generation is indeed
improved through the use of virtual impedance. DG3 is able to produce positive reactive
power and better contribute towards sharing the loads.

It can be seen that the reactive power of DG3 decreases unexpectedly at t = 2s and
t = 8s. At t = 2s a increase in active and reactive power is supposed to take place, and at
t = 8s no change should happen in the reactive power. This can be explained by the fact
that traditional droop control is being applied on mainly resistive lines. As explained in
section 3.2 and section 3.3 mainly resistive lines lead to a different set of equations which
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are equations 3.12 and 3.13. Applying traditional P.F/Q.V droop control on such lines
leads to coupling between the two droop controls. The drops in reactive power are then
related to the increase in active power demanded at those times.

Figure 4.22: Active power generated by
DGs with virtual impedance and with
loads connecting only to PCC using tra-
ditional droop control

Figure 4.23: Reactive power generated
by DGs with virtual impedance and with
loads connecting only to PCC using tra-
ditional droop control

In figures 4.24 and 4.25 the RMS value for one phase of the voltage and current are
shown. Although the reactive power response is better than without the virtual impedance,
figure 4.24 shows a similar voltage response to the case without the virtual impedance.
This is due to the addition of the virtual impedance. DG1 and DG2 have a positive virtual
impedance that result in a further reduction of the reference voltage. Meanwhile, DG3
has a negative ritual impedance that makes its final voltage value increase. Thus, the
voltage response will depend on changes cause by the droop control and the interactions of
the output current with the virtual impedance. For example at t = 4s, the RMS voltage
of DG3 lowers itself instead of increasing. This is because the decrease in the reference
voltage generated by the droop control is bigger than the increase caused by the current
interacting with the virtual impedance. Figure 4.25 shows that thanks to the virtual
impedance the currents are lower for DG1 and DG2. This is because the loads are better
distributed among the DGs. However, as discussed previously the voltage suffers due to
the addition of the virtual impedance.

Figure 4.24: RMS voltage of DGs with
virtual impedance and with loads connect-
ing only to PCC using traditional droop
control

Figure 4.25: RMS current of DGs with
virtual impedance and with loads connect-
ing only to PCC using traditional droop
control
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Finally, in figure 4.26 shows the frequency at each DG. Since the active power was
correctly managed in both cases, the frequency response shown is similar and acts according
to the expectations. Once again the bigger spikes occur during the connection of purely
inductive and purely capacitive loads.

Figure 4.26: Frequency of DGs with virtual impedance and with loads connecting only to
PCC using traditional droop control

Dispersed loads connection

For this test the loads are distributed across the grid. They are placed in the positions
described in figure 4.9. The connection times and values are the ones shown in table 4.4.
Because of the improvements shown before, this and the following tests are done while
using a virtual impedance on each DG.

As in the case of loads at the PCC, the active power follows the set-points, and it is
shared among the DGs according to their capacity. This result is shown in figure 4.27.
The reactive power behaves differently than when all the loads are connected at the PCC.
In figure 4.28, it is shown that the distance of the load with respect to the DG has an
effect on the reactive power generated. This can be first seen at t = 2s when load B is
connected. Load B is connected next to DG2 which assumes almost all the production of
the reactive power requested by the load. Another point where such a behaviour can be
seen is at t = 6s that corresponds to the connection of load D. It is seen that DG3 takes
most of the generation of the capacitive power requested. As a consequence, it is the DG
that drops its reactive power generation the most.

Figure 4.27: Active power generated by
DGs with virtual impedance and with
loads connecting to different points on
the grid using traditional droop control

Figure 4.28: Reactive power generated
by DGs with virtual impedance and with
loads connecting to different points on the
grid using traditional droop control
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The RMS voltage shown in figure 4.29 follows the behaviour caused by the interaction of
the droop control and the virtual impedance as explained in the previous test. Equally, the
current in figure 4.30 is changing accordingly to the connection of the loads. Additionally,
it shows that their contribution is in accordance to their rated capacity.

Figure 4.29: RMS voltage of DGs with
virtual impedance and with loads connect-
ing to different points on the grid using
traditional droop control

Figure 4.30: RMS current of DGs with
virtual impedance and with loads connect-
ing to different points on the grid using
traditional droop control

As in the previous test, the frequency shown in figure 4.31 is very accurately regulated
as it is directly linked to the active power. Again, at t = 8s load E which purely resisitive
causes a demand in active power. This causes a small decrease in the frequency of each
DG. The connection of the purely inductive load C at t=4s causes a spike in the frequency.
In this case load C is next to DG1, it can be seen that the DG that suffers the biggest
spike in frequency is indeed DG1.

Figure 4.31: Frequency of DGs with virtual impedance and with loads connecting to
different points on the grid using traditional droop control

4.4.3 Load and DG disconnection

To further test the reliability of the system two more tests are done. One of them is
connecting the loads and then disconnecting them to test the reaction of the micro-grid.
The second test is the compensation system of the micro-grid when a DG is disconnected.
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Load disconnection

Loads A through C are connected as stated on table 4.4. Load C is disconnected two
seconds after its connection. After two more seconds load B is disconnected. As it can be
seen from figures 4.32 to 4.36, the system is able to return to its previous steady state
after experiencing a transient caused by each disconnection. The disconnection of each
load as its connection affect mostly the DG close to its connection point.

Figure 4.32: Active power generated by
DGs with virtual impedance and with
loads disconnections using traditional
droop control

Figure 4.33: Reactive power generated
by DGs with virtual impedance and with
loads disconnections using traditional
droop control

Figure 4.34: RMS voltage of DGs with
with virtual impedance and with loads dis-
connections using traditional droop con-
trol

Figure 4.35: RMS current of DGs with
virtual impedance and with loads discon-
nections using traditional droop control

Figure 4.36: Frequency of DGs with virtual impedance and with loads disconnections
using traditional droop control
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DG disconnection

The ability of the micro-grid to handle the disconnection of a distributed generator is
shown in the following figures. For this test, loads A through C are connected following
the time and values of table 4.4. At time t = 6 DG3 is disconnected from the micro-grid.
In figures 4.37 and 4.38 it is shown that the other two generators increase their production
of both active and reactive power in order to compensate the disconnection of DG3. DG1
has to increase its production more as DG2 reaches its active power production limit.

Figure 4.37: Active power generated by
DGs with virtual impedance and with dis-
connection of DG3 using traditional droop
control

Figure 4.38: Reactive power generated
by DGs with virtual impedance and with
disconnection of DG3 using traditional
droop control

The voltage as shown in figure 4.39 demonstrates that the compensation by the two
DGs cause its RMS voltage to drop. As DG3 is not producing any type of power its RMS
voltage decreases. It is not exactly at 230V due to the behaviour of the droop control.
This happens because the reference reactive power is subtracted to the current reactive
power output which is zero. The resulting negative value is then multiplied by the droop
coefficient and subtracted from the reference value. Thus resulting in a new reference
value higher than 230V.

Figure 4.39: RMS voltage of DGs with
virtual impedance and with disconnection
of DG3 using traditional droop control

Figure 4.40: RMS current of DGs with
virtual impedance and with disconnection
of DG3 using traditional droop control

In Figure 4.41 the frequency of DG1 and DG2 drops as the power generation increased.
The frequency of DG3 increases as it behaves similarly to the voltage. In this case, the
reference active power value is compared to the current active power output thus causing
a rise in the reference value as explained previously.
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Figure 4.41: Frequency of DGs with virtual impedance and with disconnection of DG3
using traditional droop control

4.4.4 Starting of an asynchronous motor

Finally, the starting of an asynchronous motor is used as a final test. This motor has a
capacity of 4kW. It will be connected at the PCC along with load A. First, the grid is
started with only load A connected. Once the grid has stabilized the motor is connected
at time t = 3s with a torque of zero. After the transient due to the sudden connection is
gone, the torque is increased from zero to one. A ramp in the torque starts at t = 3.3s
until it reaches its nominal value.

The obtained results through figures 4.42 to 4.46 show that the connection of the
motor causes a strong transient on the grid. This transient leads to an increase in active
and reactive power, but quickly returns to the previous values. The ramp of the torque
is clearly seen in the active power shown in figure 4.42. In figure 4.43 a change in the
reactive power can also be appreciated as well. The voltage, current, and frequency change
as the torque is increased as shown in figures 4.44, 4.45, and 4.46.

Figure 4.42: Active power generated by
DGs with virtual impedance and with a
motor load using traditional droop control

Figure 4.43: Reactive power generated by
DGs with virtual impedance and with a
motor load using traditional droop control
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Figure 4.44: RMS voltage of DGs with
virtual impedance and with a motor load
using traditional droop control

Figure 4.45: RMS current of DGs with
virtual impedance and with a motor load
using traditional droop control

Figure 4.46: Frequency of DGs with virtual impedance and with a motor load using
traditional droop control

The previous results indicate that the system is reacting as expected to the connection
of the motor. To further confirm this, two values of the motor are also analyzed. Figure
4.47 shows the electromagnetic torque of the motor. This value is increases until it reaches
a value of 1. As it is in a per unit system this would be equivalent to the full load of
4kW. Figure 4.48 shows the evolution of the rotor speed. It is kept close to 1, and after
the ramp has finished it remains at the same value. This indicates that the motor is
operating properly, and thus the micro-grid is indeed able to handle the connection of an
asynchronous motor.

Figure 4.47: Motor electromagnetic
torque with virtual impedance and using
traditional droop control

Figure 4.48: Motor rotor speed with
virtual impedance and using traditional
droop control
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4.5 P.V/Q.F droop control simulation results

In this section the P.V/Q.F droop control is tested under the same scenarios as the
P.F/Q.V droop control. Thus, the same grid structure shown in figure 4.9 is used. Equally,
the loads described have the same values and connecting times as it was shown in table
4.4. Finally, the set-points for power and reactive power generation remain as stated in
table 4.3.

4.5.1 Line distance tests

The effect of changing the line length on this type of droop control is tested. First, it
is considered that only load A is connected, and that all the lines have the same length
of 1km. Figure 4.49 shows that DG3 is producing the most active power as it should.
However, the distribution of the load among the DGs is not done equally. Further more,
the DGs are not at their requested set-points. Meanwhile, the reactive power shown in
figure 4.50 is indeed shared according to the requested set-points. This shows that in the
P.V/Q.F droop control the reactive power is controlled precisely while the active power
has some inaccuracies. The opposite was true for the P.F/Q.V droop control as it has been
explored in the previous section. The P.F/Q.V droop control has precise control over the
active power and inaccuracies in the reactive power. A comparison can be made by looking
at figures 4.49 and 4.50 of the opposite droop control against the figures 4.10 and 4.11 of
the traditional droop control. When both control methods are compared without virtual
impedance it can be seen that the traditional droop’s inaccuracies are more significant.
Additionally the time taken to reach the steady value after the initial transient is longer
for the traditional droop. While the P.V/Q.F droop has some inaccuracies in the power
control, it presents a better transient behaviour and overall accuracy than the P.F/Q.V
droop control.

Figure 4.49: Active power generated by
DGs feeding load A with lines of equal
length using opposite droop control

Figure 4.50: Reactive power generated by
DGs feeding load A with lines of equal
length using opposite droop control

42



Effect of a longer line

Using the previously described set-up, the length of the line connecting DG 3 is increased
to 2km. The active power in figure 4.51 shows that the power of DG3 decreases as the
line length increases. This behaviour mirrors that of the reactive power in the P.F/Q.V
droop control under the same circumstances in figure 4.16. The reactive power in figure
4.52 remains unaffected.

Figure 4.51: Active power generated while
feeding load A with increased line length
for DG3 using opposite droop control

Figure 4.52: Reactive power generated
while feeding load A with increased line
length for DG3 using opposite droop con-
trol

Effect of a shorter line

The line connecting DG3 is returned to a length of 1km. Meanwhile, the length of the line
connecting DG2 is shortened to 500m. The active power generation of DG2 increases as
shown in figure 4.53. As in the previous cases the reactive power in figure 4.54 remains
mainly unchanged.

Figure 4.53: Active power generated feed-
ing load A with shortened line length for
DG2 using opposite droop control

Figure 4.54: Reactive power generated
feeding load A with shortened line length
for DG2 using opposite droop control

4.5.2 Load connection tests

In this section the capability of the P.V/Q.F droop control to manage the connection
of multiple loads is evaluated. As stated before, the loads correspond to the values and
connection times described in table 4.4 as in the previous section.
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Connection at PCC

First, loads A through E will be connected at the PCC. This will be first done with
the innerloop control unmodified. The test will be then repeated, but adding a virtual
impedance to the inner loop control to see if it is able to improve its performance.

No virtual Impedance Figures 4.55 and 4.56 show how the active and reactive power
is evolving as the loads are connected. The active power is adjusted properly to the loads,
but it is not distributed among the loads according to their rated power. The reactive
power is adjusted without any problems. Overall, the P.V/Q.F droop control manages the
power better than the P.F/Q.V droop control under the same scenario.

Figure 4.55: Active power generated by
DGs with no virtual impedance and with
loads connecting only to PCC using op-
posite droop control

Figure 4.56: Reactive power generated
by DGs with no virtual impedance and
with loads connecting only to PCC using
opposite droop control

The voltage of the DGs is indeed decreased as the active power is increased as shown
in figure 4.57. However, DG3 has a voltage above the expected 230V as it is providing less
power than what is specified by the set-point of the droop control. The active power is
not provided according to the rated power of each DGs. This causes the current generated
by each DG to be close to each other. This can be seen in figure 4.58.

Figure 4.57: RMS voltage of DGs with
no virtual impedance and with loads con-
necting only to PCC using opposite droop
control

Figure 4.58: RMS current of DGs with
no virtual impedance and with loads con-
necting only to PCC using opposite droop
control
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In the P.V/Q.F droop control the frequency is linked to the reactive power. Thus the
changes in frequency seen in figure 4.59 are closely linked to the changes in reactive power
generation due to the addition of the loads. This implies that spikes in reactive power
production will also be reflected in the frequency. Once again two major spikes can be
seen at t=4s and t=6s. These correspond to the connection of a purely inductive load at
t=4s and a purely capacitive load at t=6s.

Figure 4.59: Frequency of DGs with no virtual impedance and with loads connecting only
to PCC using opposite droop control

With virtual Impedance In order to correct the inaccuracies previously shown, a
virtual impedance is added to the innerloop control of each DG. Figure 4.60 shows the
impact the virtual impedance has on the load distribution. The power is now shared
accordingly to the rated power of each DG. As seen DG3 is now the one providing the
majority of the active power. The reactive power as in the original scenario is shared as
desired. Once again, the reaction of the P.V/Q.F droop control to the connection of loads
is significantly better than the P.F./Q.V under the same conditions.

Figure 4.60: Active power generated by
DGs with virtual impedance and with
loads connecting only to PCC using op-
posite droop control

Figure 4.61: Reactive power generated
by DGs with virtual impedance and with
loads connecting only to PCC using op-
posite droop control

The behaviour of the voltage is affected by the inclusion of the virtual impedance. As
in the case of the P.F/Q.V droop control, the virtual impedance for DG1 and DG2 is
positive. Meanwhile, the virtual impedance for DG3 is negative. The negative virtual
impedance causes DG3 to increase its output voltage proportionally to the current. The
voltage can still decrease if the voltage drop specified by the droop control is higher than
the increase caused by the current. While the voltage is sightly degraded, the currents
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shown in figure 4.63 are better distributed according to the capacity of their respective
DG.

Figure 4.62: RMS voltage of DGs with vir-
tual impedance and with loads connecting
only to PCC using opposite droop control

Figure 4.63: RMS current of DGs with vir-
tual impedance and with loads connecting
only to PCC using opposite droop control

As shown in figure 4.64 the frequency response remains mostly unaffected by the
addition of the virtual impedance. This is convenient as it was already responding
accordingly to the changes in the reactive power production.

Figure 4.64: Frequency of DGs with virtual impedance and with loads connecting only to
PCC using opposite droop control

Dispersed loads connection

To further test the reliability of this type of droop control, the same loads are connected
with the timing of table 4.4, but now at their respective position across the grid shown in
figure 4.9. Because of the improvement shown, this and the tests to follow are done using
a virtual impedance on each DG.

The response of the active and reactive power is only sightly affected by this change.
The DGs react sightly more to the loads closer to them. In the active power of figure 4.65
it is shown that DG2 increases its power output at t = 2s more than when the loads where
at the PCC. This is due to the fact that load B which has a resistive component is closer to
DG2. This is shown also in the reactive power at t = 4s when load C which is inductive is
connected. DG1 which is next to load C shows a higher transient caused by the connection
when compared to the other DGs or itself in the connection at PCC scenario. Equally, at
t = 6s DG3 shows a bigger dip in reactive power due to the connection of the capacitive
load.
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Figure 4.65: Active power generated by
DGs with virtual impedance and with
loads connecting to different points on
the grid using opposite droop control

Figure 4.66: Reactive power generated
by DGs with virtual impedance and with
loads connecting to different points on the
grid using opposite droop control

The changes in active and reactive power production are also reflected in the current
and voltage. In figure 4.67 the voltage of DG1 dips deeper due to its increased active
power production. If the current of DG1 in figure 4.68 is compared to the one of DG1 in
figure 4.63, one can observe a more pronounced spike at t = 4s. The same can be seen for
the dip in current of DG3 at t = 6s.

Figure 4.67: RMS voltage of DGs with
virtual impedance and with loads connect-
ing to different points on the grid using
opposite droop control

Figure 4.68: RMS current of DGs with
virtual impedance and with loads connect-
ing to different points on the grid using
opposite droop control

The frequency response is kept as in the previous scenarios. Again, the two bigger
frequency spikes occur when the purely inductive load C and the purely capacitive load D
are connected. The main difference is that DG1 presents a bigger spike in the frequency
at t = 4s. This is due to the mainly inductive load C being connected next to DG1.
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Figure 4.69: Frequency of DGs with virtual impedance and with loads connecting to
different points on the grid using opposite droop control

4.5.3 Load and DG disconnection

The same tests done with the P.F/Q.V droop control are repeated here with the P.V/Q.F
droop control. These tests are the disconnection of loads, and the disconnection of a DG.

Load disconnection

Loads A through C are connected leaving a 2 seconds interval between each connection.
Two seconds after the connection of load C, load C is disconnected from the grid. Two
seconds after load C is disconnected load B is disconnected as well. Since the loads are
spread across the grid their connections and disconnections affect sightly more the DGs
immediately next to them. Figures 4.70 through 4.74 show that the system with the
P.V/Q.F droop control remains stable through these changes.

Figure 4.70: Active power generated by
DGs with virtual impedance and with
loads disconnections using opposite droop
control

Figure 4.71: Reactive power generated
by DGs with virtual impedance and with
loads disconnections using opposite droop
control
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Figure 4.72: RMS voltage of DGs with
virtual impedance and with loads discon-
nections using opposite droop control

Figure 4.73: RMS current of DGs with
virtual impedance and with loads discon-
nections using opposite droop control

Figure 4.74: Frequency of DGs with virtual impedance and with loads disconnections
using opposite droop control

DG disconnection

The capability of the system to recover from the disconnection of one DG is analyzed.
For this test, loads A through C are connected to the grid at their respective times,
and at t = 6s DG3 is disconnected from the grid. Due to its disconnection, DG3 stops
contributing active and reactive power. Thus, DG1 and DG2 need to increase their output
in order to compensate. This increase in output is done effectively as shown in both figure
4.75 and figure 4.76.
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Figure 4.75: Active power generated by
DGs with virtual impedance and with dis-
connection of DG3 using opposite droop
control

Figure 4.76: Reactive power generated by
DGs with virtual impedance and with dis-
connection of DG3 using opposite droop
control

The voltage of DG3 does not return to the rated value of 230V as the set-point of
the P.V droop increases the reference voltage when the input power is equal to zero.
Meanwhile, DG1 and DG2 increase their power output thus causing a drop in the voltage
as seen figure 4.77. Because of the disconnection of DG3, the current of DG3 drops to
zero and the currents of DG1 and DG2 increase as shown in figure 4.78.

Figure 4.77: RMS voltage of DGs with
virtual impedance and with disconnection
of DG3 using opposite droop control

Figure 4.78: RMS current of DGs with
virtual impedance and with disconnection
of DG3 using opposite droop control

In terms of frequency, DG3 does not return to 50Hz because of the droop offset. Since
the Q.F droop used has a positive slope, a value below the set-point will cause a decrease.
On the other hand, a value above the set-point will cause the frequency to increase. This
is why the frequency of DG3 goes to a value below 50Hz as it is illustrated in figure 4.79
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Figure 4.79: Frequency of DGs with virtual impedance and with disconnection of DG3
using opposite droop control

4.5.4 Starting of an asynchronous motor

As in the P.F/Q.V droop control, the last test done is the starting of an asynchronous
machine on the grid. The same test procedure is repeated which is connecting the machine
at t = 3s with a torque of zero. At t = 3.3s after the system recovers from the connection
transient, the torque is increased until the machine reaches its nominal value. The results
shown below demonstrate that the P.V/Q.F droop control does not inhibit the capability
of the grid of starting such a machine.

The results obtained for both types of control are similar, but the P.V/Q.F droop
control show some improvements. In terms of active power the response is mostly the
same as illustrated in figure 4.80. The response of the reactive power is different however.
The peak due to the connection of the motor is higher as seen in figure 4.81, but each DG
stabilizes their reactive power output quickly after this transient. A big contrast can be
seen when compared with its P.F/Q.V counter part seen in figure 4.43. The dip in the
voltage in figure 4.82 is smaller. Because the reactive power is more stable, the evolution
of the current is more stable as well. This result can be observed in figure 4.83. Finally,
the frequency has a bigger peak and a different shape for the transient as it is linked with
the reactive power.

Figure 4.80: Active power generated by
DGs with virtual impedance and with a
motor load using opposite droop control

Figure 4.81: Reactive power generated by
DGs with virtual impedance and with a
motor load using opposite droop control
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Figure 4.82: RMS voltage of DGs with
virtual impedance and with a motor load
using opposite droop control

Figure 4.83: RMS current of DGs with
virtual impedance and with a motor load
using opposite droop control

Figure 4.84: Frequency of DGs with virtual impedance and with a motor load using
opposite droop control

4.6 Droop controls comparison

Throughout section 4.4 and 4.5 the traditional droop control and the opposite droop
control have been tested. When comparing both sections it is possible to draw out the
following conclusions. The virtual impedance allows to improve the power sharing in both
control schemes at the cost of degrading the voltage to a certain extent. In a low voltage
grid with mainly resistive lines and with the virtual impedance both controls have shown
to be able to operate correctly. Both controls were able to respond to the changes in
the grid that occurred during the tests. However, there is one main differences in the
behaviour of these two types of controls that makes one preferable over the other one.
This difference is the control of the reactive power. The traditional droop control has a
reactive power control that responds to the changes, but not as accurately as desired. The
coupling that occurs in the traditional droop control causes the reactive power to have
an undesired transient behaviour that often leads to a reactive power sharing that does
not correspond to the capacity of each DG. The opposite droop control does not suffer
from this coupling. This allows it to respond to the changes in reactive power demand
with smoother transients, and keeping the correct power sharing ratio among the DGs.
Thus, it is shown that the opposite P.V/Q.F droop control is more suitable for low voltage
micro-grids with mainly resistive lines.
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Chapter 5

Unbalanced loads

In this chapter the effects of unbalanced loads on the micro-grid are studied. Along
with non linear loads, unbalanced loads are one of the two main sources of power quality
problems in micro-grids [37]. An unbalanced load is one that causes a difference between
the phases of the voltage or differences in the line voltages. One of the most common
sources of unbalance is the connection of single phase loads [38]. These single phase loads
can be connected between phases or between a phase and ground. Load imbalance between
phases tend to occur with more frequency in low voltage networks [39]. Because of the
lack of support from the grid, unbalanced loads degrade the power quality of micro-grids.
This type of unbalance can lead to abnormal operation by causing vibrations, over-heating,
and over-voltage of equipment [40]

In order to analyze the effect of unbalanced loads the sequence components are used.
The symmetrical components theory claims that unbalanced three phase quantities can
be studied if divided into the positive sequence (PS), negative sequence (NS), and zero
sequence components [38]. Unbalance is measured only in terms of the PS and NS
quantities. According to [41], the true definition of unbalance is the ratio of the NS voltage
over the PS voltage as shown in equation 5.1. This ratio is called the voltage unbalance
factor (VUF). According to the International Electrotechnical Commission (IEC) the VUF
should be limited to 2 %.

%V UF = Negative sequence voltage

Positive sequence voltage
∗ 100 (5.1)

One way to compensate for this unbalance is the use of active power filters which
compensate by injecting a NS voltage. Yet, for a micro-grid this is not a desirable solution
as installing such filters is not an economic solution [40]. Different methods have been
proposed to counter unbalance such as using separate DGs as compensators as suggested
in [42]. However, the interest in this study is to evaluate the possibility of changing the
local control of the DG so that it can reduce the unbalance by compensating the NS.

53



5.1 Effects on micro-grid control

As introduced before, an unbalanced load brings several negative effects to a micro-grid.
This can be further emphasized when the effects on the control of a micro-grid are analyzed.
When the grid is in an unbalanced condition the dq components will not be steady and
oscillate. Thus, the performance of the droop control will be degraded [43]. Particularly,
this can affect the generation of the reference voltage and frequency. This is due to the
fact that the voltage and current dq components are used to calculate the active and
reactive power fed into the droop control. Even if the power is calculated without using
the dq0 transformation, there will be problems at the innerloop control level. In section
4.1.2 it was shown that the dq components of the voltage and current are compared to the
generated signals and then fed into their respective PI controller. The constant oscillation
of the dq components will be reflected in the PI controllers output.

5.2 Sequence decomposition

In order to asses the percentage of voltage unbalance factor it is essential to obtain the
positive and negative sequence. It is important to obtain them in a method that does not
require being at the fundamental frequency as the system can deviate from it and thus
provide inaccurate results. Therefore, in order to avoid this the Notch filtering method is
used for symmetrical component decomposition.

This method is done in the dq0 frame. It is based on the fact that in such a frame the
positive sequence will appear as a DC value. However, the negative sequence will appear
as an AC signal. This is because the negative sequence is rotating in the opposite direction
to the reference frame [44]. Taking this into consideration, a second order low pass filter
can be used to keep only the DC component of the signal which would be the positive
sequence. The low-pass filter has the following transfer function

LPF = ω2
c

s2 + 2εωcs+ ω2
c

(5.2)

Where ωc is the cut-off frequency and ε is the damping ratio. In order to obtain the
negative sequence the same procedure can be applied. The main difference being that the
dq0 transformation the is done using the rotating frame of the negative sequence which is
the negative of the positive sequence rotating frame wt. From the obtained signal, the
negative sequence will be in the DC component, and the positive component will appear
as an AC signal. The same filter as above can be applied in order to obtain the negative
sequence.
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After the components are extracted, the dq values are used to calculate the voltage
unbalance factor. The main positive and negative sequence can be calculated as shown
in equations 5.3 and 5.4. These values can then be used to calculate the V UF as shown
previously in equation 5.1. The whole process is depicted in figure 5.1

V +
dq =

√
(v+
d )2 + (v+

q )2 (5.3)

V −dq =
√

(v−d )2 + (v−q )2 (5.4)

Figure 5.1: Sequence extraction and VUF calculation

5.3 Voltage unbalance compensation

In order to reduce the percentage of VUF a negative sequence compensation system is
implemented as shown in [35]. The compensating negative sequence is added to the
reference voltage in the voltage control section of the innerloop. The compensation is
added at this point as if it is added after to the output of the voltage controller it can
be seen as a disturbance by the system [45]. It is important to notice that this method
reduces specifically the negative sequence. There can be unbalance situations where the
loads cause zero sequence to appear. In order to deal with these situations a different
approach is need such as the one shown in [37].

The negative sequence compensating signal is called the Unbalance Compensation
reference (UCR), and it is produced in the dq frame. The calculated V UF is compared
against a reference level V UF ∗. This difference is then fed into a PI controller whose
output is then multiplied by the dq components of the negative sequence. As shown in
figure 5.2 this results in the signal UCRdq.
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Figure 5.2: Unbalance compensation reference generation [35]

When V UF is bigger than V UF ∗ the output of the PI controller will be negative.
This output is then multiplied with the negative sequence dq components. This results
in an inversion of the signals which when added to the reference voltage will result in a
compensation. As the compensation is injected into the system, the negative sequence
will start decreasing. Therefore, the compensation signal will decrease as well.

Although the innerloop control is done in the dq0 frame, the compensation signal
UCRdq is not directly used. As mentioned before, the negative sequence appears as an
AC signal in the positive sequence. However, UCRdq has been obtained in the rotation
frame −wt and thus is a DC signal. In order inject this signal into the innerloop control,
it has to be transformed from DC into its equivalent AC signal in the positive sequence.
To do this the signal UCRdq is first transformed into the αβ stationary reference frame.
The signal UCRαβ is calculated using the negative reference −wt. Afterwards, this signal
is converted back into the dq frame using the positive reference wt. The newly obtained
signal is then added to the innerloop control as shown in Figure 5.3.

Figure 5.3: Unbalance compensation reference Adaptation
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5.4 Area of compensation

As discussed in [35], compensation methods such as the one developed in [45] focus on
reducing the V UF measured at the distributed generator. While this is helpful, it is also
possible to aim to reduce the V UF at the point of common coupling (PCC). This would be
desirable as the loads will tend to actually be connected there. Therefore, it is worthwhile
to provide a lower V UF to the loads even if the V UF may increase at the generators.
In order to do this the compensation signal UCRdq calculated at the point of common
coupling should be sent to the other DGs so that they can inject it into their innerloop
control. Because the signal is in the dq frame, sending UCRdq should not require a high
bandwidth communication [35]. This approach will be referred to as the low bandwidth
communication compensation.

It is important to consider that while the communication requirements are not high,
some micro-grids may not have this capability. In order to use this unbalance compensation
method without communications a small modification can be made. Instead of using
the global signal of the PCC, each DG can calculate its own UCRdq based on its own
output voltage and own wt. This approach will be referred to as communication-less
compensation. The effectiveness of this communication-less approach will be compared to
the low bandwidth communication one in the following sections.

5.5 Simulation results

Using the model described in the previous chapter, the effect of connecting unbalanced
loads to the micro-grid is studied. The efficiency of the unbalance compensation method
is also tested under different circumstances. The simulations carried out in this section
are done using the P.F/Q.V droop control scheme.

5.5.1 Connection of an unbalanced load

First the effect that an unbalanced load causes on the grid is studied. In order to see
this the grid shown in figure 4.9 is used. Only load A will be connected which is a load
of 8kW and 5kVAR. To showcase the consequences an unbalanced load is connected at
t = 2s. This unbalanced load is connected as well at the same position of load A which
is the PCC. The load consists of a resistive component in parallel with an inductive one.
These elements represent a load of 8kW and 5kVAR. This is a single phase load that is
connected between phase A and phase B.
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First, in figure 5.4 during the stabilization of the system the unbalance starts high,
but then decreases until its close to zero. The unbalance during this first part of this
stabilization is not shown in order to keep readability. That is why the very first moments
the unbalance is set to zero. Afterwards, at t = 2s the single phase load is connected. It
can be seen that connecting this load causes the VUF to rise above the recommended 2%
threshold. The VUF only goes above the recommended threshold at the PCC. The other
DGs are less affected by the unbalanced load.

Figure 5.5 shows the effect the load has on the voltage of DG1. Before its connection,
the RMS values of the three phases were aligned. The introduction of the load causes
them to have different values.

Figure 5.4: Voltage unbalance factor at
DGs and PCC with unbalanced load con-
nected at t=2s

Figure 5.5: RMS Voltage of DG1 with un-
balanced load with unbalanced load con-
nected at t=2s

In figures 5.6 and 5.7 the effect the load has on the currents is seen. Before the
unbalanced load the three phases of the current have the same amplitude and have an
equally spaced phase. The connection of the single phase load causes the amplitude of the
phases feeding the load to increase. Additionally, the phases feeding the single phase load
are affected by a phase shift. This two effects are linked to the elements that compose the
load being connected between the two phases. The unbalanced load has a resistive part
that will affect the amplitude of the phases where it is connected. The other part of the
unbalanced load is an inductor that due to its nature will induce a phase shift onto the
phases its connected to.

Figure 5.6: Current of DG1 before con-
nection of the unbalanced load

Figure 5.7: Current of DG1 after connec-
tion of the unbalanced load
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The previously shown non-symmetry in the current and voltage have an effect on
the generated active and reactive power. This effect is mainly introducing oscillations
into the generated active and reactive power. The quantities shown in figure 5.8 and
5.9 already reflect this oscillation, but it is worth remembering that the shown signals
have already been filtered. Furthermore, the low pass filter of the droop control plays an
important role under this circumstance. If the power signals are not filtered properly, the
big oscillations are subtracted or added to the reference voltage and frequency values. This
can make the system oscillate and become more unstable. Therefore the filtering stage of
the droop control is important under unbalanced loads. The filter must have a low enough
cut-off frequency to prevent the unbalance from deteriorating the control performance. It
is important to keep in mind that the innerloop control performance is affected by the
unbalanced loads as well. Due to the unbalance the dq0 frame values will not be steady
and oscillate. This unsteadiness will cause fluctuations that will affect the PI controller
and introduce fluctuations into the reference voltage used for PWM control.

Figure 5.8: Active power generated by
DGs with unbalanced load connected at
t=2s using traditional droop control

Figure 5.9: Reactive power generated by
DGs with unbalanced load connected at
t=2s using traditional droop control

5.5.2 Communication-less compensation

In order to test the compensation, the load will be connected at t = 2s as in the previous
example. Then the unbalance compensation mechanism will be activated at t = 5s when
the VUF is reaching its maximum value. This time of activation is chosen in order to
showcase its compensation capabilities. The compensation could be activate before this
time and limit the rise of the VUF if desired.

Figure 5.10 shows that the communication-less system is indeed able to reduce the
VUF. By having each DG compensate the measured unbalance at their own output, the
unbalance at the PCC can be reduced as well. Figure 5.11 demonstrates the effect that the
compensation mechanism is having on the voltage DG1. The phases that were separated
due to the unbalanced load converge to a same point due to the compensation. Thus
returning to a state similar to before the connection of the single phase load.
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Figure 5.10: VUF with communication-
less compensation mechanism activated
at t=5s using traditional droop control

Figure 5.11: RMS Voltage of DG1 with
communication-less compensation mecha-
nism activated at t=5s using traditional
droop control

As mentioned before, the compensation mechanism can be activated at any time. In
figure 5.12 the result obtained when activating the compensation mechanism immediately
at t = 2s when the unbalanced load is connected is shown. The simultaneous activation
prevents the VUF from reaching the recommended limit of 2% while achieving the same
final values of VUF %.

Figure 5.12: VUF with communication-less compensation mechanism activated at t=2s
using traditional droop control

5.5.3 Low bandwidth communication compensation

By introducing communication between the PCC and the DGs the UCRdq compensation
calculated at the PCC can be send to the DGs. Thus the compensation signals introduced
to each DG are intended to reduce the VUF at the PCC rather than the DG. Figure
5.13 shows the response to activating the compensation after the VUF has reached its
peak. Meanwhile, figure 5.14 shows the response to activating the compensation at the
time when the load is connected. In these figures two main differences can be seen
compared to the communication-less compensation. The first one is that the VUF at the
PCC can be reduced more by using the low bandwidth communication method. In the
communication-less compensation the final value for VUF at the PCC is close to 1.2%.
On the other hand, the low bandwidth communication compensation drives the VUF to
about 0.5%. This result is closely linked with the second difference. When using the low
bandwidth communication compensation, the VUF of the DGs becomes higher rather than
decreasing like in the communication-less mode. This occurs because the compensation
signals introduced into the innerloop are aiming to reduce the VUF at the PCC and not
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the DG itself. Therefore, in order to reduce the VUF at the PCC the DGs increase their
own VUF. This can be considered the trade-off of using the low bandwidth communication
to further reduce the VUF.

Figure 5.13: VUF with low bandwidth
communication compensation mechanism
activated at t=5s using traditional droop
control

Figure 5.14: VUF with low bandwidth
communication compensation mechanism
activated at t=2s using traditional droop
control

Figure 5.15 shows the evolution of the RMS voltage of DG1. The compensation in
this case is introduced at t = 5s. As shown in the result of figure 5.13, the VUF of DG1
first increases with the unbalance compensation, but is finally taken to a lower percentage
which is shown by the phases becoming closer to each other. On the other hand, figure
5.16 shows the evolution of the RMS voltage of DG3 under the same conditions. DG3
first increases its VUF in order to compensate. However, its final VUF is almost the same
as it was before the compensation. Thus, the phases return to their previous positions.

Figure 5.15: RMS Voltage of DG1 with
low bandwidth communication compensa-
tion mechanism activated at t=5s using
traditional droop control

Figure 5.16: RMS Voltage of DG3 with
low bandwidth communication compensa-
tion mechanism activated at t=5s using
traditional droop control

One important detail to remember is that the virtual impedance is also affected by
the unbalance. If the current Ig used in the virtual impedance contains both the negative
and the positive sequence, the results shown in figures 5.17 and 5.18 are obtained. As
mentioned in section 4.3, including the negative sequence will cause the VUF to reach higher
levels. This is seen in figure 5.17 where the VUF at the PCC is above 4%. Additionally,
compensation will be unevenly shared by the DGs as it is shown in 5.17 and 5.18.
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Figure 5.17: VUF with negative sequence
in virtual impedance and low bandwidth
communication compensation mechanism
activated at t=5s using traditional droop
control

Figure 5.18: VUF with negative sequence
in virtual impedance and low bandwidth
communication compensation mechanism
activated at t=2s using traditional droop
control

5.5.4 Unbalance at non-PCC point

In this subsection the effectiveness of both the communication-less and low bandwidth
communication mode is evaluated when an unbalanced load is connected at a point different
from the PCC. To test this the same unbalanced load is connected next to DG1 at the
position of load C as it was shown in figure 4.9. First, figure 5.19 shows that if the
unbalanced load is closer to a DG it will affect this DG more than others.

Figure 5.19: Active power generated by DGs with the unbalanced load connected at the
position load C at t=2s

The efficiency of the communication-less and the low bandwidth communication
compensation are presented in figure 5.20 and figure 5.21 respectively. It can be seen that
the obtained final VUF for the unbalanced area (DG1) is similar for both compensation
aproaches. The low bandwidth communication compensation is able to reduce it sightly
more, but at the cost of increasing the VUF at the other points including the PCC.
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Figure 5.20: VUF with unbalanced load in
position B and communication-less com-
pensation mechanism activated at t=5s
using traditional droop control

Figure 5.21: VUF with unbalanced load in
position B and low bandwidth communi-
cation compensation mechanism activated
at t=5s using traditional droop control

Figure 5.22 studies the scenario where only the DG of the area affected compensates
for the unbalance. Thus, only DG1 is feed an unbalance compensation signal. It is shown
that the obtained result is highly similar to the one shown in figure 5.20. This means
the same result can be obtained without modifying the other DGs. Thus this could be a
viable option under similar situations.

Figure 5.22: VUF compensation with unbalanced load in position B and communication-
less compensation mechanism activated only on DG1 at t=5s using traditional droop
control

5.6 Simulation results with P.V/Q.F droop control

The simulations done in section 4.5 show that the P.V/Q.F droop control has certain
advantages over the P.F/Q.V droop control in a LV grid. This section analyses the
compatibility of the P.V/Q.F control method with the unbalance compensation mechanism
described in this chapter.

5.6.1 Connection of an unbalanced load

As in the previous test, only load A will be connected which is a load of 8kW and 5kVAR.
At t = 2s a single phase load will be connected between phases A and B. This load has an
active and reactive power of 8kW and 5kVAR respectively.
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As expected, an unbalanced is introduced onto the system which causes oscillations
in the generated power. Once again the increased fluctuations can be attributed to the
unsteady dq0 values in the innerloop control and to the bigger oscillations introduced by
the power into the droop control. The main difference with the P.F/Q.V control scheme
is that the reactive power has a smoother transient and is better distributed as seen in
figure 5.24. Figure 5.25 shows the measured VUF at the PCC and DGs. The obtained
VUF for each location is the same as in the previous scenario.

Figure 5.23: Active power generated by
DGs with unbalanced load connected at
t=2s using opposite droop control

Figure 5.24: Reactive power generated by
DGs with unbalanced load connected at
t=2s using opposite droop control

Figure 5.25: Voltage unbalance factor at DGs and PCC with unbalanced load connected
at t=2s using opposite droop control

5.6.2 Communication-less compensation

In the first two figures the compensation mechanism is activated at t = 5s. The compensa-
tion is done with the communication-less approach meaning that every DG is measuring the
VUF at their output and is trying to compensate their own measured voltage unbalance.

Figure 5.27 shows the obtained result. The VUF is successfully reduced at each DG
and at the PCC as well. Figure 5.27 showcases how the voltage of DG1 improves with the
reduction of the voltage unbalance. Figure 5.28 shows the result obtained if the unbalance
compensation is activated when the load is connected. The end result is the same, but the
initial unbalance caused is mitigated. While these results are good, they do not show any
improvement over the compensation done with the P.F/Q.V droop control.
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Figure 5.26: VUF with communication-
less compensation mechanism activated
at t=5s using opposite droop control

Figure 5.27: RMS Voltage of DG1 with
communication-less compensation mech-
anism activated at t=5s using opposite
droop control

Figure 5.28: VUF with communication-less compensation mechanism activated at t=2s
using opposite droop control

5.6.3 Low bandwidth communication compensation

The same scenario is now repeated with the unbalanced load being connected at t=2s, but
instead the low bandwidth communication compensation method is used. As explained
before, this means that the UCRdq compensation signal calculated at the PCC is sent to
each DG. The DGs introduce this signal UCRdq into their innerloop control so that the
unbalance at the PCC is reduced. The main results of using this compensation at t = 5s
and t = 2s are shown in figure 5.29 and 5.14. The VUF at the PCC is indeed reduced,
but in exchange the VUF at the DGs is increased. As it is shown the compensation is
done with the same level of accuracy as with the P.F/Q.V droop control.
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Figure 5.29: VUF with low bandwidth
communication compensation mechanism
activated at t=5s using opposite droop
control

Figure 5.30: VUF with low bandwidth
communication compensation mechanism
activated at t=2s using opposite droop
control

5.6.4 Unbalance at non-PCC point

The compensation at non-PCC points has already been discussed in the subsection 5.5.4.
The goal in this subsection is to verify if the performance is affected in any way by the
usage of the P.V/Q.F droop control. As it was found in subsection 5.5.4, it is more effective
to make only the DG closest to the unbalanced load compensate the VUF. This way the
VUF at the other DGs is not unnecessarily increased. Thus, if the unbalanced load is
connected next to DG1 only DG1 will participate in the unbalance compensation. The
situation previously described is the one tested here. The obtained result is shown in
figure 5.31. The system is able to satisfactorily reduce the unbalance at DG1 and at
all the other points. The obtained result is the same as the one obtained in subsection
5.5.4. Throughout this section, the results obtained have mimicked the ones obtained in
the previous section. These results show that using the P.V/Q.F droop control does not
improve the performance of the unbalance compensation. However, it also shows that it
does not deteriorate its performance, and thus is compatible with it.

Figure 5.31: VUF compensation with unbalanced load in position B and communication-
less compensation mechanism activated only on DG1 at t=5s using opposite droop control
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5.7 Unbalance compensation methods comparison

In the last two section the low bandwidth communication and the communication-less
compensation mechanisms were tested. From the obtained results their performance can
assessed and compared. When the unbalanced load is located at the PCC both methods
are able to reduce the VUF. However, the low bandwidth communication mechanism is
able to reduce it more than the communication-less at the cost of increasing the VUF
at the DGs. If the unbalanced load is not located at the PCC the communication-less
mechanism shows a better performance. Although the low bandwidth mechanism can
reduce the VUF at a non-PCC location to the same degree as the communication-less,
the communication-less mechanism does not increase the VUF at the other DGs. The
final result obtained showed that for points different from the PCC it is enough to have
only the DG close to the unbalanced load compensate for the negative sequence with the
communication-less approach. This allows to have less DGs compensating while retaining
the same performance. The final result that was obtained from the tests is that both the
traditional and opposite droop controls are compatible with the unbalance compensation
mechanism. Furthermore, the performance of the compensation is independent from the
type of droop control used.
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Chapter 6

Conclusion and future work

Conclusion

Several efforts are being made in order to provide electricity to rural areas that are in
the process of developing. Due to the decentralized population and geographical context
of theses rural areas expanding the grid can be a very expensive or a non-viable option.
In this context, micro-grids provide a way to bring electricity to such areas. Micro-grids
provide more capabilities than smaller off-grid sources and can even merge with the grid
eventually. One key component of these micro-grids is the usage of distributed generators
(DG). The DGs used in many cases are renewable energies. The continuous drop in prices
of renewable energies such as wind and solar is making them a more accessible and clean
source of energy suitable for remote locations. Thus, the inclusion of renewable energies
into the micro-grid is more common and desired. Unfortunately, this inclusion introduces
more challenges and questions into the control and efficiency of the micro-grid.

The main challenges of micro-grids is managing the voltage and frequency of the grid.
The lack of inertia and low amount of generators make it difficult to set this values. These
challenges are managed through the control algorithm of the DGs. The DGs can act
as grid-forming (setting the voltage and frequency), grid-supporting (feeding power), or
grid-supporting (regulate voltage and current while feeding power). In order to coordinate
the different types of DGs communication between them can be needed. However, in this
study control algorithms without communications were favored for their simplicity and
reliability. Thus, a grid with only grid-supporting units was established.

In this context two control schemes were compared the "traditional" P.F/Q.V droop
control and the "opposite" P.V/Q.F droop control. Due to their reduced size, micro-grids
have mainly resistive lines. It was shown that this mainly resistive impedance has an
impact on the accuracy of the traditional droop control scheme. While the usage of a
virtual impedance is able to improve the performance, the coupling formed between the
P.F and the Q.V droop controls causes undesired results. Meanwhile, the opposite droop
control scheme showed a better handling of the active and reactive power responses. The
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usage of a virtual impedance further improved the performance of the P.V/Q.F droop
control, and helped avoid inaccuracies in the load sharing among DGs. It was shown that
both control schemes and the proposed micro-grid were able to handle different scenarios
such as disconnections, and the starting of an induction motor. When comparing the
traditional control versus the opposite control, it is apparent that in mainly resistive lines
the opposite droop control performs better. The opposite droop control presents smoother
transients, and it reaches the final value after each transient faster. Since its active power
droop is not coupled with its reactive power droop control, it does not show undesired
changes when increasing one quantity, which is the case of the traditional droop control.

The final chapter of the thesis discussed how to mitigate the impact of unbalanced
loads. The unbalanced studied was caused by a single phase load connected between phases
A and B. This type of connection causes an increase in the voltage negative sequence. It
deteriorates the power quality of the micro-grid and leads to abnormal operation of the
micro-grid. The compensation method studied focuses on having the DGs themselves
compensate this unbalance by adding a compensation negative sequence signal. This is
done with the objective to reduce the voltage unbalance factor (VUF). While the proposed
method requires a level of communication, it was studied as well if it could operate
in a communication-less approach. The first scenario studied was a single phase load
connected at the PCC. It was possible to reduce the unbalance with the communication-less
compensation. However, the low bandwidth communication compensation was able to
further reduce the VUF at the PCC at the cost of increasing the VUF at each DG. The
second scenario discussed was the connection of an unbalanced load to a non-PCC area.
In other words, connecting the single phase load at the output of a DG. It was shown that
the communication-less and low bandwidth communication schemes reduced the VUF
to the same degree at the point where the unbalanced load was connected. However,
the low bandwidth communication compensation causes the VUF to rise at the other
DGs and PCC. Furthermore, it was found that the same level of VUF reduction can be
achieved while having only the affected DG compensate the negative sequence with the
communication-less aproach. The unbalance compensation tests were repeated with the
P.V/Q.F droop control to see if the performance was affected in any way. The obtained
results where the same. Therefore, it was proved that the P.V/Q.F droop control is
compatible with this negative sequence compensation scheme.
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Future work

In this study the power coming from photo-voltaic panels was assumed to be constant.
One next step could be to explore how would the system act if the max power from the
source is changing with time. This could lead to the usage of an adaptive droop coefficient.
Additionally, energy storage devices where not taken into account. They could be added
in order to increase the complexity and realism of the system.

During the simulations, it was also found that it is possible to have some DGs operating
under the P.F/Q.V droop while others act on the P.V/Q.F droop scheme. It could be
studied if having these two control schemes mixed could lead to operational advantages.
This would lead to some DGs that excel at providing active power accurately while others
excel at providing reactive power accurately.

In terms of unbalance only the negative sequence was discussed here. However, there
are loads that can lead to a zero sequence increase that disrupts the grid. One next step
would be to study whether the control of the DGs can be modified to compensate for both
negative and zero sequences.
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