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ABSTRACT

This research investigates the power sharing between distributed energy resources
with voltage and frequency droop control. A case study based on voltage sources
in an islanded microgrid is set up in the laboratory, referred to as: The Example
Microgrid. The Example Microgrid consists of two synchronous generators, active

and reactive power loads.

A simulation model is constructed based on the laboratory set-up, where component-
wise and system-wise testing are completed. The simulation results are validated
with the experimental set-up, and it is concluded that the model accurately repre-
sents the physical system under steady-state conditions. Further simulation studies
on conventional droop controllers are conducted based on the Example Microgrid
model. The results indicate that the use of conventional droop control is inappro-

priate for small, low-voltage islanded microgrids.

As a possible application of this work, three variations of adapted droop controllers
are simulated and their performance evaluated. It is found that with the adapted

droop controllers, the power sharing error can be minimised.
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GLOSSARY

Distributed Resources

Local installation of generation sources of electric power that are not directly
connected to a bulk power transmission system, including both generators and

energy storage devices, which typically provides load control [7].

Islanded Microgrid

An electric power system that is not connected to the utility. It consists of

distributed resources and loads that have the ability to operate autonomously
[7].
Load Sharing

The sharing of both active power and reactive power load between generators.
Load Sharing refers to the power sharing of loads based on the generators’

output ratings.
Load Sharing Test

The specific test cases used in this research where the SGs are connected in
parallel with the loads under various operating conditions in order to validate

the Example Microgrid model.
Load Test

The specific test cases used in this research where the SGs are loaded inde-
pendently under various operating conditions to validate the SG model and

its parametrisation.
Low Voltage

A nominal AC voltage with an upper limit of 1000V.

Point of Common Coupling

The interface between sources and loads on an electrical system [7].
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Steady-state

This research defines steady-state to be reached reached when the oscillation

of voltage and frequency are sufficiently close to their nominal values.

Three Phase

A three phase system is investigated in this research. All diagrams are either
in the single-line diagram form, or in the 3- or 4-wire representation unless

otherwise stated.

Weak grid

A Weak Grid is characterised by a system with a high AC impedance and low
mechanical inertia. An AC system of low strength is classified by having an
Effective Short-Circuit Ratio (ESCR) of less than 3 [8].

Weak Sources

Weak sources imply that the sources have relative ratings to one another. The
sources whose ratings are within ten times of one another are considered Weak

Sources.
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PE
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CHAPTER 1

Introduction

With an increase in energy demand around the world, Distributed Re-
sources (DRs) emerge as an alternative solution to the conventional cen-
tralised electricity grid. A Microgrid is formed with an aggregation of
these DRs as small-scaled and decentralised grid technologies. This cre-
ates a paradigm shift, where large power plants in a network are rapidly
replaced by various DRs to form an intelligent, flexible and reliable grid.
This research aims to investigate the load sharing between the DRs to

allow for the stable and reliable operation of microgrids.

1.1 Background to Microgrid Research

With the benefits of reduced pollution, higher efficiency of energy utilisation, instal-
lation flexibility and less transmission losses, DRs have become increasingly popular
worldwide. The majority of DRs are coupled via Power Electronic (PE) convert-
ers to connect to the grid, which introduces undesirable problems, such as system
resonance and protection interference [9]. The microgrid concept is first proposed
to resolve these problems by allowing for distributed power management through

aggregating the DRs [9].

A typical microgrid architecture is shown in Figure 1.1, which integrates rotating
micro-generators, converter-fed renewable energy sources, storages devices and elec-
tric and heat loads into a controllable system. The Main Circuit Breaker (MCB)
separates the microgrid from the utility grid, forming an islanded microgrid that

operates independently and autonomously from the latter [7, 9].

Even though microgrids are complex entities with numerous technological challenges,
researchers around the world recognise the environmental and economical benefits

and widely advocate their adoption. The potential is evident since the five most
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Figure 1.1 A typical architecture of an Islanded Microgrid.

popular articles in IEEE Power & Energy Magazines are smart grid and microgrid
related topics [10-14]. Table 1.1! includes common research topics and separates
them into various fields, including Control and Power Management, Fault and Pro-

tection Studies, Power Electronics, Network and Communications and others.

Table 1.1 Common research topics in microgrids.

’ Control Protection PE Telecom Others
PQ Control  Fault Detection Inverters Protocols Topology
Vf Control Protection Converter Infrastructures  Planning

Load Control  False Tripping Storage Standard Power Flow
Black Start Recloser FACTS Network Economics
Islanding Groundings Power Quality Metering Load Profile
Synchronising Stability Chargers Scheduling

This research aims to investigate the load sharing between DRs. To ensure that
the load power is shared proportionally between the DRs, the droop control method
is most commonly adopted [9, 14-16]. Droop control is developed for synchronous
generators in conventional power plants, where the generators are located in close
proximity and distribution takes place via high voltage cables [17]. An islanded
microgrid is typically a low voltage power grid where the generation, transmission
and distribution are dispersed within a local network. The resistive-dominant line
impedance for low voltage cables results in a couple effect between the active and
reactive power, reducing the efficacy of conventional droop controllers in islanded

microgrids.

!These topics are selected based on the popular papers related to the microgrid and smart grid
topic in the IEEE Power & Energy Magazine.



1.2 Overview of Dissertation

Chapter 2 discusses the background that is associated with islanded microgrids.
The common assumptions for islanded microgrids research are identified from a
literature survey. The generator speed and voltage control, as well as droop control
are presented. The challenges in load sharing are identified and the existing solutions

are summarised.

Chapter 8 evaluates the methodology adopted by this research. The problem state-
ment is first presented and the methodology is subsequently discussed with distinct
research objectives. The Example Microgrid case study is proposed based on the

assumptions and research objectives.

Chapter J describes the experimental set-up of the Example Microgrid. The
microgrid components, including the generators, loads, line impedance and auxiliary
devices are described in detail. The physical operation of the experiments and the

instrumentation set-up are discussed.

Chapter 5 describes the simulation set-up of the Example Microgrid. The mod-
elling of the components are explained in detail and the models of the generators are
validated by comparing the simulation and experimental results of the generator’s
load test.

Chapter 6 presents the results of the various experiments conducted. The Example
Microgrid simulation model is validated through corroborating the simulation and
experimental results. In addition, the experiments demonstrate the effects of a
resistive line impedance on weak sources. The limitations of the set-up are evaluated

and the boundary conditions for an accurate simulation are identified.

Chapter 7 analyses the load sharing in an islanded microgrid through conducting
further simulations. The effects of a resistive line impedance on conventional droop
controllers are highlighted and the probable parameters that may affect the efficacy
of the controllers are investigated. The voltage and frequency regulation of an

islanded microgrid is discussed in light of these results.

Chapter 8 presents the possible application of this work, which is to study different
primary control strategies. Three variations of droop controllers are simulated in

the Example Microgrid and their trade-offs discussed.

Chapter 9 provides a review of the work conducted based on the success of the
deliverables on the research objectives. Considerations for improving the work, as

well as extensions of the work, are proposed as future work.



Appendixz A includes additional background on the research. The summary of
assumptions based on the 10 most cited islanded microgrid papers, as well as the

mathematical derivation of droop equations in low voltage grids, is provided.

Appendiz B summarises the experimental set-up of the Example Microgrid in the
laboratory. The complete wiring diagram, instrumentation list, and photographs of
the set-up are included. The settings for the simulation environment options

are also included.

Appendixz Cincludes the parameter estimation procedure of the SGs used in the
Example Microgrid. Additional results of the SG Load Tests at 180 Vp, are in-
cluded and the trade-offs between using the asynchronous machine and synchronous

machine Simulink block are discussed.

Appendixz D includes additional experimental results of the Example Microgrid.
Supporting graphs are shown for the Example Microgrid operating at both 180 V,
and 120 Vi. The drawbacks of operating the Example Microgrid at 180 Vi, are

discussed in light of the magnetic saturation of the SGs.



CHAPTER 2

Research Background

This chapter contextualises this research by first introducing the islanded
microgrid, then the DRs within the islanded microgrid and finally the
primary control of the DRs. The scope of the research problem is first
outlined through reviewing the extensive work in the islanded microgrid
field. The formulation of droop control is presented and its limitations
and existing solutions are subsequently discussed. The challenges in
droop control in islanded microgrids are identified and the existing so-

lutions compared and contrasted.

2.1 Introduction

To approach a general standardisation of microgirds, hierarchical control is proposed
by Guerrero et al. that consists of three levels [18]: (1) The primary control includes
voltage and frequency regulation as well as load sharing control, (2) the secondary
control restores the voltage and frequency deviation produced by the primary con-
trol, as well as the synchronisation with surrounding electrical grids, (3) the tertiary
control manages the power flow between the microgrid and its distribution system.
The primary control is achieved locally at each DR and the secondary control is
implemented at a bus where there is an aggregation of DRs [18]. Figure 1.1 shows

the location of the primary and secondary controller in a microgrid.

2.2 Common Assumptions Identified in Literature Survey

This section forms the cornerstone of the Example Microgrid that is proposed in
Chapter 4. The identifications of these assumptions prevent the proposed microgrid

to be too far removed from the work of others. This also allows for the subsequent



investigation of the experimental and simulation results to be compared with similar

studies.

To identify and understand the common assumptions that are prevalent in the field of
islanded microgrids, a survey of the most cited papers ! [3, 15, 19-26] is conducted.
In order to focus the scope on islanded microgrids, only papers that are directly

related to this research are reviewed.

Papers that discuss primary control and load sharing in islanded microgrids are
summarised, whereas topics such as black start and resynchronisation, fault detec-
tion and protection, or economic dispatch are not included. This means that certain
assumptions only hold true for this work in order to examine the effects of primary

control on load sharing.

From the survey, various assumptions are recognised. These assumptions are grouped
into three categories and presented in Table 2.1: system simplifications, engineering

design choices and observations on early islanded microgrid research.

Table 2.1 Common assumptions of islanded microgrid operating condi-

tions.
’ ‘ Simplifications Design Choices Observations
1 Balanced, 3¢ Loads No Communication LV Grid
Generation-Load Balance Two-mode Operation PE-based
3 | Fast Transients Neglected Droop Control At least one VSI

For the sections below, each assumption is denoted with the number of papers that
adopts it. For example, (7/10) means that 7 out of the 10 papers surveyed are in
agreement with that particular assumption. The actual reference is tabulated in

Table A.1 in Appendix A to prevent spurious citation.

2.2.1 Assumptions based on Simplifications
Three assumptions are commonly made to minimise the computation time, simplify
engineering problems, or both.

e A microgrid has balanced three-phase loads. (7/10)

e There is sufficient energy to achieve generation-load balance. (7/10)

e Fast transients are either not examined or ignored. (10/10)

Out of the three papers that do not consider balanced three-phase loads, two were
examining single-phase microgrids, which assumed the controller can be extended

to three-phase. In addition, although Majumder et al. [24] includes unbalanced

'Only the papers published in the past decade are considered and the number of citations are
extracted on IEEE Xplore as of July 2014.



local loads for each DR, only balanced three-phase loads are being shared between
multiple DRs.

In a PE-based microgrid with little or no spinning reserve, disturbances may lead
to large deviations during transients. Most references assume that there is enough
generation to supply the load, either via storage devices with a large capacity, or
a load shedding approach must be taken. The references that do not assume a
generation-load balance acknowledges the effect of frequency sag when imbalances

occur, but did not provide a strategy to mitigate the effect.

All the referenced papers focus on the dynamics of a microgrid, such as the energy
balance and the response of the primary control. These dynamics occur in the
milliseconds to seconds time range, therefore transients that are shorter or effects
that take longer to manifest are not examined. For example, the switching transients
of inverters and the mechanical vibrations of generators are neglected. This allows
the inverters to be modelled based on their control functions without affecting the

power simulation results [15].

2.2.2 Assumptions based on Design Choices

Common design choices that are made in the literature:
e Primary control does not involve any communication. (6/10)
e Load sharing is achieved through some form of droop control. (10/10)
e A two-mode operation, i.e. islanded and grid-connected mode. (10/10)

Most of the references acknowledge that a communication network incurs an extra
cost and maintenance to a microgrid, therefore only local information should be used
to regulate the voltage and frequency at each DR. Kim et al. [20] proposes the use
of low bandwidth communication to achieve both active and reactive load sharing,
while Majumder et al. [21] uses communication to change the inverter control mode.
Li and Kao [3] suggest an add-on communication layer for more accurate sharing,

and Kim et al. [23] uses communication only for reactive power management.

Droop control is adopted for all the surveyed papers to achieve proportional load
sharing, although different variations are proposed. Further discussion of the droop

control is included in Section 2.4.

All the surveyed papers assume that a microgrid has to be able to operate in both
islanded and grid-connected mode. The intended microgrid application for this
dissertation is aimed towards a remote rural community. Since the possibilities of

being connected to the national grid is minimal, it is unnecessary to provide provision



for connections to the utility grid. In this research, only the islanded operation is

investigated.

2.2.3 Assumptions based on Observations

Through mathematical analysis, simulations and experimentations, a couple of ob-
servations have been made by various authors. These observations impact the fun-
damental engineering decisions in designing a microgrid. The three that directly

concern this research include:
e An islanded microgrid is a low-voltage grid. (8/10)
e A microgrid consists mainly of PE-based sources. (10/10)

e At least one Voltage Source Inverter (VSI) is used if a rotating machine is not
available. (10/10)

It is observed that since microgrids provide power to a local network, low voltage
lines are used. This renders the conventional droop control ineffective, resulting
in unproportional or inaccurate load sharing due active power and reactive power

coupling.

All the literature assumes that microgrids mainly consist of PE-based sources. This
means that there is a lack of rotating inertia, hence poor voltage and frequency regu-
lation ability. As a result, an energy storage device with a large capacity is essential
in regulating the voltage and frequency. All the PE-based sources are required to
be equipped with an inverter, and at least one VSI is required in synthesising the

voltage at the desired amplitude and frequency.

2.3 Generators as the Primary Source

The common sources in a microgrid are directly-coupled Rotating Machines (RMs),
PE-based inverters, and inverters coupled with RMs. The state-of-the-art microgrid
assumes a majority of PE-based resources as they offer higher controllability, faster
response time, and integrated protection mechanism [27]. Although it is beneficial
to examine the load sharing of inverters in an islanded microgrid as they are the
state-of-the-art sources, the university laboratory does not have islanding inverters

available for experimentation.

This section discusses the properties of the three common sources. Through such,
the choice of using doubly-fed induction generator operating as separately-excited

synchronous generator as the generation source in this research is rationalised.



Inverters

Depending on the output waveform, inverters can be classified as either Voltage
Source Inverters (VSIs) or Current Source Inverters (CSIs). VSIs have a low output
impedance and produce a controlled voltage waveform, whereas CSIs have a high
output impedance and produce a controlled current waveform [28]. Furthermore,
inverters with grid-forming controls are classified as VSIs and others with grid-
feeding controls are classified as CSIs [29]. Table 2.2 summarises the four types of

inverter controls and their characteristics [29].

Table 2.2 Classification of Inverter Controls

Inverter Type Characteristic

Cannot parallel with other VS, therefore

i d-Formi
Grid-Forming VS often in standalone applications

Require grid-forming voltage sources in

Grid-Feeding CS the grid

Grid-Supporting- VS Able to parallel with both voltage and
Grid-Forming current sources

Grid-Supporting- oS Require Grid-forming voltage sources in
Grid-Feeding the grid

Grid-supporting-grid-feeding inverters are droop controlled current sources, which
are typically driven with phase-locked-loops and require another voltage source in
the grid for voltage regulation [29]. Grid-supporting-grid-forming inverters are droop
controlled voltage sources, which allow them to be paralleled with other voltage

sources [29].

PE-based grids have a much faster response time than conventional RM-based
grids [30]. The fast response time of an inverter poses a significant challenge in
limiting the drop of the system frequency during large load steps. The lack of
spinning reserve to supplement the sudden increase in power demand may cause
the system to lose synchronisation. As a result, a large capacity storage device is

necessary to improve the stability and reliability of a microgrid [30].

Several authors propose the use of at least one storage device equipped with a VSI
to emulate a synchronous generator [23, 30-32]. The state-of-the-art VSIs in an
islanded microgrid are typically engineered to mimic a generator’s droop response.

This feature allows the VSI to behave as a more flexible synchronous generator.

Synchronous Generators

Synchronous generators are the principal source of electrical energy in power sys-
tems [8]. They are desirable because their output voltage and frequency can be
controlled directly through the field excitation and shaft speed [8]. In addition,



compared to the stochastic nature of renewable energy, a generator is able to pro-
vide a constant output when given sufficient fuel. This makes it an ideal source in
an islanded microgrid, supplying energy to critical loads as the renewable energy

fluctuates.

Synchronous generators are therefore widely installed as backup, emergency power
supplies in private and commercial settings, or as standalone generators in remote
areas [33]. Other than being used with traditional high power turbines, the most
prevalent set-up in a microgrid is a genset, which is a diesel engine coupled with a

separately-excited wound field synchronous generator [29].

Doubly-Fed Induction Generators

Doubly-Fed Induction Generators (DFIGs) are often coupled with back-to-back con-
verters with wind turbines as prime movers, because both the stator and rotor ter-
minals of DFIGs can be accessed externally [34-36]. The rotor-side converter is
connected to the slip rings, controlling the excitation of the rotor [36]. The grid-side
converter regulates the voltage of the DC bus, while supporting the voltage of the

grid by generating and absorbing reactive power [36].

Since the rotor terminals are externally accessible, the DFIGs can also be configured
as synchronous generators. Instead of exciting the rotor with a three-phase AC
voltage, a DC excitation can be used to directly control the stator voltage. The
mechanical energy of a DFIG is provided by its coupled prime mover, while the
speed is controlled by a speed governor on the prime mover. This arrangement
allows a DFIG to act fundamentally as a synchronous generator with three-phase

output voltage operating at synchronous speed.

Although both voltage and current source inverters may be present in an islanded
micrgorid, there will be at least one grid-forming voltage source present either as
a synchronous generator or as a VSI. In addition, current sources can be easily
paralleled with a voltage source. Therefore, the laboratory work of this research
focuses on voltage sources. Since the load sharing control of inverters is based
on droop control for generators, it is argued that investigating the load sharing
of synchronous generators is the first step in understanding the load sharing in a

microgrid with different forms of sources.

DFIGs are the only available generators in the laboratory, they are configured to op-
erate as synchronous generators and selected as the primary source in this research.
The detail of this set-up is described in Chapter 4 and the next section describes

the generic voltage and speed control for synchronous generators.
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2.4 Primary Control in Islanded Microgrids

The operating mode of a generator in an islanded microgrid is first identified in this
section. With the understanding of the operation, the primary control strategies are
subsequently defined: both voltage and frequency regulation as well as load sharing

control are required.

2.4.1 Operation Mode of an Islanded Microgrid

A grid-feeding source aims to inject sinusoidal current into the grid, while a grid-
forming source controls the amplitude, frequency and phase of the sinusoidal voltage.
Generators as grid-forming voltage sources adopt different control strategies when
operating under different modes. Table 2.3 summarises the three different operating
modes a generator can have as a voltage source: (1) a standalone generator, (2)
a generator connected to an infinite bus, and (3) generators paralleled in a weak
grid [37].

When a generator operates in standalone mode, the apparent power supplied by the
generator is fixed by the demand of the load. In this mode, increasing the shaft
speed of the generator increases the frequency of the grid and increasing the back

terminal voltage of the generator raises the grid voltage.

On the other hand, when a generator feeds into an infinite bus, the frequency and
terminal voltage are fixed. Changing the generator shaft speed (output torque)
changes the real power. The reactive power flow is varied through changing the field

voltage of the generator.

Table 2.3 Operating conditions of the generators.

Operation 1. Standalone 2. Infinite Bus 3. Parallel
Mode
Generator 1/2 L2 : ?
Pagr};ee(iers P.Q v/ C];l I 522 i g;;add
e || m A A
v Vo,V
I emf vt of @12 | @t ons

Figure 2.1 depicts the a typical islanded microgrid, which is the third operation
mode. When two generators are paralleled in a weak grid, there are many variables
that are dependent on one another. The only fixed parameter in this system is that

the sum of real and reactive powers between the two generators must be equal to
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the load demand. Note that V;, f;, P;, Q; are variables for the individual generators,
whereas V, f are the value at the PCC. The frequency and terminal voltages are not
fixed and more importantly, the individual active and reactive powers delivered by

the generators are also not constrained.

m {/,f PCC
Tp. [?,q, [P {le

N
IRy (R

GENT " Gen2 o

Figure 2.1 Generators paralleled in a weak (islanded) grid.

The primary control of islanded microgrids is difficult since they are classified as weak
electrical grids. A weak electrical grid has an effective short-circuit ratio less than
3, which means that it has a high AC impedance and a low mechanical inertia [8].
Therefore, there is a lack of swing bus to act as the buffer to absorb and provide
any excess and deficit active and reactive power, making the voltage and frequency

regulation more challenging.

In the paralleled mode, each generator is required to regulate their voltage and
frequency in a weak grid [38], as well as to properly (generally proportionally) share
the load demand. Usually, the droop control method is adopted for proportional

load sharing, eliminating the use of critical communication networks.

2.4.2 Generator Control: Voltage and Frequency Regulation

DFIGs configured as synchronous generators are used in this research. It is im-
portant to note that the fundamental operating principles between DFIGs and syn-
chronous generators are the same. Figure 2.2 shows the block diagram of the control
of gensets. In this section, the speed governor and the Automatic Voltage Regula-
tor (AVR) are discussed, while the next section presents the PF- and QV-droop

control.

Conventionally, synchronous generators operate in parallel and feed power into an
infinite bus, which requires controllers to keep the voltage and frequency within a

tight margin?. The requirements for islanded operation is not as strict as grid-

2IEEE 1547.4 specifies the grid-connected steady-state frequency to be within 0.05Hz [7]. In
addition, various abnormal frequencies and voltages must be cleared within a certain time according
to Table 1 and Table 2 respectively in IEEE 1547-2003 [7].
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Figure 2.2 Synchronous generator with AVR, and speed governor, adapted
from Figure 11 of [1] and Figure 6.1 of [2].

connected mode, but the voltage and frequency still need to be regulated to ensure
a reliable operation [7]. A genset typically consists of a wound-field synchronous
generator and an internal combustion engine as the prime mover [1]. The speed
governor acts on the engine to regulate the frequency, while the AVR acts on the

exciter to regulate voltage.

An exciter is the power supply for the synchronous generator field excitation. The
AVR controls the exciter with a Proportional Integral Derivative (PID) controller,
where the negative-feedback is used to track the voltage set-points. By controlling
the exciter, the emf and hence the stator voltage of synchronous generator can be
controlled [8]. This means that the DC currents in the field (rotor) windings control

the voltage of the armature (stator) windings [8].

The speed governor controls the throttling of the engine, which is also achieved with
a PID controller [1]. Negative feedback is used to track the speed set-point as well

as to achieve zero steady-state errors, as shown in Figure 2.2 [39].

2.4.3 Conventional Droop Control: Load Sharing

For controlling DRs in islanded microgrids, communication-based control, such as
master /slave or central control [18, 20], can be used. However, for microgrids with
reliability and modularity in mind, droop control is the preferred solution [16, 23,
40, 41]. This section presents the formulation of conventional droop controllers on
the balancing and sharing of the fundamental active and reactive power, as well as

discusses its performance in an islanded microgrid.

Droop control is a mechanism used in conventional power systems to allow generators
operating in parallel to share the load according to their power ratings. PF-droop
defines the output power of each source based on its frequency droop curve, allowing

the sharing of loads between the generators with changing grid frequency.
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Although the frequency is designed to sag in order to support active power, the
voltage is conventionally regulated at a constant value [29]. This may introduce a
large circulating reactive current when the DRs operating in an islanded condition
have incorrect voltage references [42]. The circulating reactive power not only de-
creases the efficiency and increases component ratings, it may also cause a loss of

synchronism during a disturbance [42].

To alleviate this effect, the Reactive Power to Voltage (QV-droop) is often employed
in an islanded microgrid [29]. Droop control is the most popular way to provide
stable real and reactive power sharing without the use of a communication system [9,
29].

Droop Control Derivation

The droop equation is formulated by considering the active and reactive power flow
between two AC voltage sources separated by a line impedance (Ze/? = R 4 jX),

as illustrated in Figure 2.3.

R+jX

Vieo ®—|:|—®V240
R—

P’Q

Figure 2.3 Power flow between two voltage sources linked by a line
impedance.

The real and reactive power can therefore be expressed as [8]:

V;
P= 5+ | R(Vi — Vhcosd) + XVasind]
X (2.1)
1 .
Q= m[—R Vasind + X (Vi — Vacos )]

where V7, V5 are the voltages of the two sources, and § is the phase angle difference
between them. The line impedance is separated into the resistive and reactive com-
ponents R and jX. In conventional droop control formulation, two assumptions are
made [3, 8, 26, 43-45]:

Assumption 1: The line resistance (R) is often neglected. In conven-
tional grids, the impedances representing the HV transmission lines,

transformers and generators are inductive-dominated.

Assumption 2: The angle § is small. As two generators are synchronised,
the phase difference between the two generators are small. This allows
the small angle approximation and the simplification of sind = ¢ and

cosd = 1 can be used.
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Figure 2.4 Droop control for distributed generators.

With the two assumptions stated above, Eq.(2.1) is simplified to [8]:

p=1l2s
X (2.2)

%
= }(Vl —1a)

Q

From Eq.(2.2), the generator output real power (P) is proportional to the phase angle
difference (i.e. P o 0) and the generator output reactive power (Q) is proportional
to the voltage magnitude difference (i.e. @ o (Vi — V3)). Since the phase angle
difference is difficult to obtain in practice, the output frequency is used to control
the active power by varying the shaft speed with the speed governor, as shown in
Figure 2.4 (a). Similarly, the generator excitation current is used to control the
reactive power through the AVR, as illustrated in Figure 2.4 (b). It is shown that
the frequency decreases as the active power increases and the voltage varies as the

reactive power changes from capacitive to inductive.

Power to Frequency (PF-) Droop

With the power flow equation simplified to Eq.(2.2), the droop equation is formed [3]:

w; = w* +mp, (P — P})
mp = W — Wiin (23)

P,= 5

Pi* - Pi,maw

where w; and P; are the actual frequency and the actual real power output for
generator i (1 = 1,2,..n). w* and P} denote the dispatched operating frequency
and the real power of generator i, respectively. P; 4, is the rated power of the
generator i, Wy, is the minimum operating frequency of the grid and mp, (< 0) is

the droop slope.
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Figure 2.5 Active power sharing through PF-Droop, adapted from Figure
2 of Li and Kao [3].

To demonstrate the droop concept, Figure 2.5 illustrates the real power sharing be-
tween two generators. The two generators are initially operating at w*, dispatching
power P and Pj to the loads. With an increase in load demand, the two genera-
tors droop to a lower system frequency w according to their droop characteristics,
hence increasing their output power (P;, P2) and allowing the proportionality to be

maintained.
Droop Coefficients for Proportional Load Sharing

To choose the droop coefficients for proportional load sharing, consider a two-
generator system that experiences a change in active power demand from no load

to full load. Based on Eq.(2.3), the response can be written as:

AWl =mp Pl,ma:c (2 4)
AW2 =mp, P2,ma:c

where w;, P; are the individual rotational frequency and power of the generators.
P; 1maz is the maximum active power of the generator, which is typically 80% of the
nameplate rating for a synchronous generator. w,;, is specified by the islanded
microgrid operator, which is defined as 0.97 p.u. for this research as discussed in
Table 8.1.

Since the two generators are locked in synchronism and are connected in parallel,
the change in frequency is identical, i.e. Aw; = Aws. As a result, in order to
achieve a proportional active power sharing, the droop slopes of the generators must

be indirectly proportional to their power ratings [45]:

mp _ P2,ma:p (2 5)
mp, Pl,maz
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Reactive Power to Voltage (QV-) Droop

Similar to the PF-droop, the QV-droop characteristic can be expressed as [3]:

Vi=V"+mq,(Qi — Qi)
OV Vo (2.6)
' Q;k - Qi,max

mq

where ); and V; are the actual voltage and the actual reactive power outputs of
generator ¢ (i = 1,2,..n). V* and @} denote the dispatched operating voltage and
reactive power of generator ¢, respectively. Q; mqz is the rated power of generator
i, Vimin is the minimum operating voltage of the grid, and mg,(< 0) is the droop

slope.

From Eq.(2.2), the reactive power does not have a direct relationship with voltage,
but rather the difference in voltage magnitude (Vi — V32). Therefore, active power
sharing is easily achieved through droop control, but reactive power sharing is less

accurate due to unequal and resistive-dominant line impedances.

2.5 Load Sharing Challenges in Islanded Microgrids

The greatest challenge in achieving proportional load sharing in an islanded mi-
crogrid is due to the Low Voltage (LV) power cables. The resistive-dominant line
impedances of the LV power cables result in an undesirable active and reactive power
coupling, as well as an increase in the reactive power sharing error. These effects
are reviewed in this section to provide a benchmark for the results obtained in this

research.

2.5.1 Active and Reactive Power Coupling

Droop control is effective in achieving load sharing between generators; however,
the theory is developed based on large synchronous generators exporting power via
high voltage transmission lines. In a low voltage microgrid, the assumption of an

inductive-dominant line impedance is invalid, as seen in Table 2.4 [17, 40].

Table 2.4 Typical characteristics of small, medium and large power system.

Grid Characteristics

Grid Size Line Type R+ jX (/km) X/R  Dominant Term

Large HV line 0.060 + 5 0.191 3.18 X>R
Medium MYV line 0.161 4 7 0.190 1.18 X=~R
Small LV line 0.642 + 5 0.083 0.13 X<KR
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When the X/R ratio of the line impedance is below 0.5, the line exhibits resistive
characteristics [8]. This means that the assumption of X > R cannot be used,
hence the line resistances cannot be neglected. This creates an undesirable coupling
effect between the active and reactive power, resulting in an inaccurate load sharing.
Therefore, conventional droop control cannot be applied in resistive-dominant line
impedances. The amount of coupling is dependent on the line impedance angle,

given by 6 = arctan % [46].

2.5.2 Reactive Power Sharing Error

Gu et al. [47] derive the droop control transfer function, and find that the active
power of the generator is dependent only on well-defined parameters: its active power
reference (P;), angular frequency (w;) and droop coefficient (m;). This means that
by setting these three parameters correctly, an active power load sharing can be

achieved.

Contrary to the PF-droop, where the steady-state frequency of the grid is constant
across all the DRs, the voltage at the output of each DR is not the same for the QV-
droop. The reactive power is dependent on not only its well-defined parameters,
Q7, E;,n;, but other variables too. Appendix A includes the derivations of the
equations that show the dependency of these parameters. Researchers including Gu
et al., He and Li [47, 48] identify that the reactive power sharing is affected by the
existence of local loads, unequal voltage drops on impedances, and variations of the
droop slope. In addition, other researchers identify that unequal line impedances
between generators and loads have a large impact on the accuracy of load sharing

due to unequal voltage drops [3, 15, 24].

The parameters that affect load sharing are obtained from complex mathematical
derivations; however, the extent and significance of each parameter have not been

explored.

2.6 Variations of Droop Control

In order to improve the accuracy of proportional load sharing in LV islanded mi-
crogrids, variations of droop control have been proposed. This section reviews the
adapted droop control strategies and Chapter 8 implements two of the strategies

based on the analysis presented.

Although most of the top 10 papers agree that RMs are likely to exist in a microgrid,
only Li and Kao [3] provide provisions in designing the control for generators that

can be directly coupled to the microgrid. This is because inverters do not have the
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physical limitations as machines with rotating inertia, therefore different variations

of droop control can be easily implemented.

The most popular approach amongst inverters is the use of virtual impedance to
decouple the active and reactive power [3, 46, 49]. This method is effective in power
decoupling, but without additional compensation mechanisms it may worsen the

reactive power sharing error [3].

Different droop variations are proposed for inverters using a virtual output impedance.
The QV- and PF-droop are used when the inverter output impedance is induc-
tive, whereas the Qf- and PV-droop are used when the output impedance is resis-
tive [25, 26, 49]. Another variation is the Power to Angle (Pd-) droop, where the
phase angle of the DR, relative to the grid, is drooped [21, 41].

Inverters equipped with these variations of droop control cannot be used with syn-
chronous generators due to machine loading characteristics. The inherent droop of
frequency when the active power demand increases makes the synchronous generator

unable to adapt to different droop variations.

There are also different variations of droop controls that are applicable to RMs found
in literature. The techniques include line impedance compensation [17], the use of
communication [3, 44], frame transformation [50], signal injection [48, 51] and online

estimation of voltage drop [3].

De Brabandere et al. [52] propose an orthogonal linear rotational transformation
technique to decouple the active and reactive power through the coupling impedance.
This method is ineffective when the line resistance and inductance are comparable
with one another [44]. In addition, even when the decoupling is successful, the pro-

portional sharing of active and reactive power cannot be directly achieved [3].

The signal injection technique adjusts the output voltage according to an estimated
reactive power sharing error. The estimation of the reactive power sharing error is
done by comparing the system response before and after a small control signal (such
as an active power harmonic) is injected into the grid [48, 53]. A variation of the
signal injection technique aims to estimate the grid impedance through intentionally
varying the output active and reactive power of the DRs [51]. This method relies on
a large enough excitation for an accurate impedance estimation, which is difficult
to achieve in practice. The complexity of the signal injection technique increases
drastically and the power quality may be severely degraded due to voltage and

current distortions [3].

Li and Kao [3] propose to bias the voltage set-point by the ratio of voltage line drop
to reactive power. As this ratio is estimated during the grid-connected mode, it is

therefore invalid for the islanded microgrid proposed for this research.
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Engler and Soultanis [17] suggest biasing the voltage set-point of the QV-droop
control with the voltage drop across the estimated line impedance. This method
is effective provided that the characteristics of the line impedance are known and
accurate. This however, is difficult to obtain in practice, especially in a complex

power network.

The use of low-bandwidth communication on top of the droop control is recom-
mended to improve the reactive power sharing [3, 44]. This method is the most
effective, but has the disadvantage of incurring additional costs in the installation
of the extra communication layer. The robustness of the droop control is also com-

promised.

2.7 Summary

The common assumptions in the research of islanded microgrids are identified based
on simplifications, observations and design choices. Certain assumptions are adopted
in order to allow this work to be comparable to the work of others. This research
investigates a balanced, three-phase low voltage islanded microgrid. The generation
is assumed to be sufficient within the operating conditions, and droop control is

chosen as the load sharing strategy.

SGs are selected as the primary source used in this research. The speed governing
control, voltage regulation with AVR and droop control of a genset are discussed.
Droop control is developed to allow large synchronous generators to achieve pro-
portional load sharing in conventional power grids. The resistive-dominant line
impedance in LV islanded microgrids reduces the efficacy of droop controllers. The
undesirable active and reactive power coupling, as well as a poor reactive power shar-
ing between DRs may render the conventional droop controller ineffective. However,
the extent of the effect and the parameters that causes these effects are not discussed

in the literature.

Different variations of droop controllers are discussed, each with varying degrees of
complexity and success. However, the majority of the droop controllers proposed
are for inverters in a PE-based microgrid. The strategies that are applicable for gen-
erators include: frame transformation, signal injection, online estimation of voltage
drop, line impedance compensation and the use of a communication network. The
line impedance compensation and the use of a communication network are explored
in Chapter 8.

This chapter reviews the state-of-the-art microgrid research with the background
of conventional load sharing control. Based on the literature survey performed in
this chapter, a case study islanded microgrid is proposed in the following chapter to

meet the research objectives.
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CHAPTER 3

Research Methodology

This chapter discusses the methodology adopted for the feasibility and
limitations on the execution of this research. The problem is first stated
based on the literature survey and the research objectives are sub-
sequently outlined. With the envisaged application in mind, an is-
landed microgrid case study is proposed as the Example Microgrid. The
methodology of this work is discussed and its feasibility and limitations

are analysed.

3.1 Problem Statement

The architecture of an islanded microgrid is significantly different from the utility
grid, challenging the conventional means of sharing active and reactive power be-
tween DRs. Droop control has been used for decades in the utility grid to achieve a
desirable load sharing profile between large synchronous generators. In an islanded
microgrid, the unequal, resistive-dominant line impedance results in undesirable ac-
tive and reactive power coupling as well as reactive power sharing error between

DRs.

To illustrate this effect, two generators with relative ratings to one another are
connected in parallel with an active power load. The two generators are connected
via a low voltage power cable with Rpy, = 0.642 + j 0.083 (£2/km). Both generators
are equipped with PF- and QV-droop controllers, allowing them to share the load
proportionally according to their ratings. Figure 3.1 shows the active and reactive
power sharing of the generators at a physical distance of 0.5m, 250 m, and 500 m

apart from one another, where the load is midway between the generators.
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Figure 3.1 The effect of distance on the active and reactive power sharing
between two generators.

Since there is no reactive load, the reactive power shown in Figure 3.1 is circulating
between the generators. It is shown that with an increase in distance and hence line
resistance, the circulating reactive power increases. In addition to the decrease in
efficiency, the circulating reactive power causes an increase in reactive burden on the
system [8]. When the DRs cannot sustain the reactive power demand, the voltage

will collapse and compromise the reliability of the grid [§].

To reduce the error in reactive power sharing, variations of droop controllers have
been proposed for inverters in PE-based microgrids, as discussed in the previous
chapter. The performance of these controllers are rarely investigated for RMs, even
though synchronous generators are expected to play a major role in microgrid in-
stallations. It is widely cited in the literature that conventional droop control is
ineffective to achieve proportional load sharing in islanded microgrids. However,
little investigation is done to identify the parameters that may influence in the

cause.

There is a need to investigate the load sharing between generators in an islanded
microgrid. The causes and effects need to be identified to allow a comprehensive

solution to be developed.
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3.2 Research Objectives

The aim of this research is twofold. Firstly, to set up a simulation environment and
validate that it is able to represent the physical system. Secondly, to investigate the
effects of resistive-dominant line impedance and the parameters that influence the

load sharing in a LV microgrid. The main research objectives are:

e To review the state-of-the-art technology in islanded microgrid research and
subsequent identification of the challenges faced by conventional droop con-

trollers.

e To propose an islanded microgrid case study as the Example Microgrid for this

research.
e To set up the Example Microgrid in the laboratory.
e To represent the experimental set-up of the Example Microgrid in simulation.

e To validate that the simulation model is able to represent the experimental

set-up under defined conditions.

e To investigate the effects and the parameters that influence the load sharing in
an islanded microgrid. Identify, if possible, the maximum allowable distance
for two generators in an islanded microgrid before the classical droop controller

becomes ineffective.

e As a possible application of this research, to demonstrate that the simulation

of the Example Microgrid can be used to study primary control strategies.

The scope of this research is limited to primary control within a two-generator
microgrid. The set-up may be adapted for microgrids with multiple generators
with slight modifications. This research focuses on the steady-state performance of
the controller while ensuring that the generators are operating within their ratings

during both steady-state and transient conditions.

3.3 Research Methodology

Based on the research objectives defined, the methodology to achieve the objectives
is proposed. Figure 3.2 illustrates the task definition of this research. An Example
Microgrid is proposed based on the literature survey conducted and the research
objectives defined. An experimental test bed of the Example Microgrid is set-up
in the laboratory. The simulation set-up is subsequently derived, where the model
parameters are estimated through experimental measurements. The experimental

and simulation set-up of the Example Microgrid contain identical components. The
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Figure 3.2 Dissertation outline and the approach taken.

same control variables are applied to both the experimental and simulation set-up

and the system response (V, f, P, Q) are compared and contrasted.

This research focuses on the steady-state load sharing between weak sources, but
transient experiments are conducted to allow the boundary condition of the simula-
tion environment to be identified. Based on developed test Cases A -C, the simula-
tion environment is confirmed to be accurate under steady-state operations and the

conditions when the model is less accurate is presented with transient tests.
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After validating the simulation environment, investigations that cannot be per-
formed in the experiment are conducted in the simulation within the boundary
conditions specified. Test Case 1 to Test Case 11 compare the system response with
various control variables. The effects of resistive-dominant line impedance on the
load sharing are demonstrated, including active and reactive power coupling and
poor reactive power sharing. The parameters that cause the aforementioned effects
are identified and discussed. As a future application to this research, three varia-
tions of droop controllers are tested in the simulation environment and the trade-off

between each control strategy is discussed.

This research is heavily constrained by the components that are available in the
laboratory. Compromises on many design choices are made due to the lack of ap-
propriate physical components; however, the research objectives stated previously

are not compromised.

3.4 Islanded Microgrid Example Case

Based on the common assumptions summarised in Section 2.2, an islanded micro-
grid case study is proposed for this research. The Example Microgrid described
in this section is used throughout this study, where the envisaged application in-
cludes the development of a generator controller, as well as the study of the system

dynamics.

3.4.1 Envisaged Application for this Research

While the world deems the access to electricity as a rudimentary necessity, the
rural areas of Africa still suffer from poor energy security and reliability. These
remote locations are beyond the reach of current transmission network, leaving its
inhabitants without access to electrical energy [54]. An islanded microgrid that

operates independently from the utility grid is proposed as a possible solution.

A typical islanded microgrid for rural electrification is depicted previously in Figure
1.1, Chapter 1, which includes multiple generators, loads and low voltage power
lines. As rural microgrids are not provisioned to be connected to the utility grid,
a combination of various generation technologies may exist to enhance the energy
security. These technologies include renewable sources, storage devices and diesel
generators. Often, there is no one dominant source in an islanded microgrid, but

the different generation technologies all have relative sizes to one another.

Loads such as cooking and heating equipment, water pump, lighting, TV /radio,
refrigerators and cell phone charger are commonly found in rural households [54].

This means that there is a combination of both active and reactive loads that may
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be unbalanced, nonlinear or both. In addition, the dwellings may be far apart
from one another, resulting in a physically long distribution line over low voltage

cabling.

This means that in a real life operating scenario, the microgrid may consist of both
PE- and machine-based generators and suffer from unbalanced and nonlinear loads.
In order to reduce costs, the generator redundancy is low, resulting in a tight reserve
margin. With the load demand close to installed generation capacity, fast transients
may occur frequently. Moreover, the physical distances between the generators
and the loads are substantial, causing a significant drop of voltage through the
low voltage line impedance. The dynamics of a microgrid with multiple generators
and loads are complex and the analysis cannot be easily carried out without a

sophisticated model.

3.4.2 Example Case Description

In order to focus the study on the load sharing between the sources, this dissertation
strips a microgrid down to its bare minimum based on the assumptions identified in
Chapter 2. As the first step in understanding the behaviours of islanded microgrids,
the Example Microgrid is set-up to investigate the load sharing between the DRs to
achieve a stable and reliable operation. With this application in mind, the following

characteristics are essential:

1. A minimum of two fully controllable generators, where the output voltage and

frequency can be regulated independently.

2. The lack of a swing bus in the grid, where the generators are classified as weak

sources.
3. The generators and loads are connected through low voltage power lines.

4. There are both active and reactive load for the investigation of both the active

and reactive power sharing.

Figure 3.3 depicts the Example Microgrid, where there are two fully controllable
sources, two loads and a series resistance to represent the power cable line. A well-
controlled microgrid is a scalable system, it is therefore possible to predict how
a larger system would react based on its reduced scale equivalent. It is valuable
to study a smaller and well-defined system prior to tackling a more complex sce-

nario.
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3.5 Significance of Research

It is well documented in the literature that the resistive-dominant line impedance
reduces the efficacy of droop controllers. Although different variations of droop con-
trols are proposed to mitigate this effect, little research has been done to investigate
the parameters that contribute to this effect. It is advantageous to investigate the
load sharing under various operating conditions, hence understand the causes and
effects and possibly predict what are the necessary conditions that may cause the

droop controller to become ineffective.

It is detailed in Chapter 4 that the Example Microgrid set-up uses non-standard
machines to emulate conventional synchronous generators. This exact set-up is not
likely to be seen in real operating conditions, however, the power flow at the Point
of Common Coupling (PCC) is the same as with using conventional synchronous
generators. Therefore, the experimental results can be analysed as any islanded

microgrid with two weak sources.

This research proposes a framework that can be used to investigate the load sharing
between DRs in a LV islanded microgrid. Future researchers may build onto the
existing test bed, simulation set-up and the knowledge gained from this work and

perform further studies on similar subjects.
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CHAPTER 4

Microgrid Example Case: Laboratory Experiment

This chapter discusses the experimental set-up of the Example Micro-
grid, where the microgrid components, including the prime movers, gen-
erators, loads, line impedances and auxiliary devices, are described in
detail. The starting and operating of the experiment, its limitations, the

instrumentation devices and data acquisition procedures are reviewed.

4.1 Experimental Set Up

The Example Microgrid is set up in the Genmin Laboratory of the University of
Witwatersrand. Figure 4.1 shows the single-line diagram of the set-up, where there
are two motors, two generators, one series resistance and two loads in an islanded

mode.

The motors emulate the prime movers and import power from the campus grid,
converting the electrical energy to the mechanical torque. The generators then
convert the mechanical torque to electrical energy and export the power to the
islanded microgrid loads. Therefore, the electrical power flow in the campus grid is
independent of the electrical power flow in the Example Microgrid. The generator
field current determines the generator output voltage, while the motor output torque
determines the generator output frequency. The overview of the set-up is described

below.

Two DFIGs are configured as synchronous generators by exciting the rotor windings
with DC currents, allowing the terminal voltages to be varied independently with
the two DC sources (V;*, V5"). This is similar to the field excitation of a synchronous
generator, where V", V5" are analogous to the set-points determined by the AVRs
described earlier. The DFIGs are henceforth referred to as the SGs in the context

of the Example Microgrid for this research.
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Figure 4.1 Single line diagram for Rry, case of the islanded Example Mi-
crogrid.

The smaller 22 kW SG is driven by a DC machine, where the shaft speed is controlled
with the armature voltage of the DC machine (denoted as wj in Figure 4.1). The
larger 75 kW SG is driven by an induction motor, where the shaft speed is controlled
by a Variable Speed Drive (VSD) coupled to the induction motor (denoted as wy).
The control of the shaft speed with wj, w5 is analogous to the set-points determined

by speed governors.

Similar to the Pf- and QV-droop, the output active and reactive power of the SGs
are also controlled with speed and voltage. The output active power is controlled
with the shaft speed of the prime movers, while the reactive power is controlled
through the DC excitations of the SGs.

The resistive load is a reconfigurable, three-phase balanced wound resistor bank. It is
physically further away from the rest of the microgrid components and is connected
to the PCC via a patchboard. The inductive load is a 5 kW induction motor running

at no load, drawing reactive power to magnetise its core.

The Example Microgrid operates with a voltage of 120 Vi, at 25 Hz for reasons dis-
cussed in Section 4.4. The machine and component ratings, a complete three-phase
wiring diagram, operating conditions, list of instrumentations and photographs of

the set-up can be seen in Appendix B.
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4.2 Microgrid Components

This section describes the major components of the Example Microgrid in detail,
including the SGs, prime movers, loads, power line impedances, the variac-and-
rectifier set and the VSD. The operating conditions, three-phase wiring diagrams

and parameter estimations are presented.

4.2.1 Separately-Excited Synchronous Generators

Two doubly-fed induction generators are configured as separately-excited synchronous
generators in the Example Microgrid. Synchronous machines are the preferred gen-
erators in an electrical grid, since the voltage and frequency can be regulated directly

through controlling the field excitation and shaft speed.

ISPEED SET POINT, W™ I:l VOLTAGE SET POINT, V* PriME MovER

Sl

GEARBOX

&— PriME Mover
WIND TURBINE

Figure 4.2 The set-up of a DFIG in a wind turbine application, adapted
From Fletcher and Yang [4].

A conventional application of a DFIG requires a back-to-back VSI to interface with
the grid, as seen in Figure 4.2. The rotor of a DFIG is excited with an AC voltage
through the slip rings and the stator feeds the three-phase power into the grid
[36].

In the Example Microgrid, the rotors of the DFIGs are excited with a DC voltage,
allowing the machines to operate at synchronous speed as ordinary synchronous
generators, as seen in Figure 4.3. This allows the DFIGs to fundamentally behave
as synchronous generators: having direct control of the terminal voltage through
field excitation, as well as operating at zero slip (synchronous speed) regardless of

torque.

There are physical differences between a synchronous generator and a DFIG; how-

ever, these differences do not influence the fundamental properties that are being
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investigated. For example, the 22kW SG has a large airgap, resulting in the volt-
age waveform distorting at high excitations. However, since the Example Microgrid

operates at 120 Vi, the voltage is not distorted at this excitation level.

The equivalent circuit parameters are estimated with four experimental tests: the
stator and rotor resistances through the DC test, the leakage inductances and the
magnetising inductance through the no-load and the locked-rotor test and the mo-

ment of inertia through the run-down test.

The synchronous generators discussed in this research are DFIGs in construction.
However, since they are operating as synchronous generators, they are referred to as
the synchronous generators for this dissertation when used within the context of the
Example Microgrid. The estimated parameters are summarised in Table 5.1, while

the testing procedure is detailed in Appendix C.

4.2.2 Prime Movers

Two motors are used to emulate the prime movers. The purpose of these two motors
is to import power from the campus grid, thus providing mechanical power for the
electricity generation. This research aims to investigate the power flow at the PCC,
therefore, the motors emulate a generic prime mover without focusing on any specific
type of generation. This substitution allows the power flow around the PCC to be
analysed independent of the prime mover power available. When assuming sufficient
generation power at all times as discussed in Chapter 2, this substitution does not

affect the operation of the Example Microgrid.

The 75 kW SG is coupled with an induction motor powered by a VSD, as illustrated
in Figure 4.3 (a). The drive uses an open-loop speed control for the induction motor.
The VSD imports power from the campus grid, converting the electrical energy to
mechanical energy through the induction motor. This allows the output active power
of the SG to be controlled through the frequency set-point (w}) of the VSD.

The 22kW SG is coupled with a DC motor, where the armature and field windings
of the DC motor are excited separately, as shown in Figure 4.3 (b). The armature
voltage of a DC motor is directly proportional to its shaft speed and is varied man-
ually via a variac. This allows the output active power of the SG to be controlled

via the armature voltage of the DC motor.

Since the prime mover dynamics are not the main focus of this study, the induction
motor and the DC motor are not parametrised. The ratings for the motors and the
VSD are included in Table B.1, Appendix B.
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Figure 4.3 The experimental set-up of the SGs.

4.2.3 Loads

A resistive and an inductive load are used in the Example Microgrid to investigate
both the active and reactive power sharing. The resistive load is a three-phase
reconfigurable wound resistor bank located on the far north wall of the laboratory
and it is connected to the microgrid PCC via a patchboard, as shown in Figure 4.4.
It must also be noted that since the resistor bank is physically further away from

the PCC, there exists a small series impedance between the resistor bank and the

PCC.
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Figure 4.4 Parallel resistance required to achieve a step load.

Each phase of the resistor bank consists of ten identical resistors, which can be con-

nected in various combinations in series or parallel to achieve different resistances.
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For experiments that focus on steady-state load sharing, the resistor bank is config-
ured to 6.35 Q2 (2.27kW) for convenience.

For experiments that aim to demonstrate the transient behaviour of the Example
Microgrid, the resistor bank is connected to a three-phase breaker (B4) to create a
step load, as shown in Figure 4.4. The resistor is configured to ~ 4.81 Q (3.0kW)
when the breaker is opened. When the breaker is closed, the combined resistance is
~ 3.07 Q (4.7kW).

A 400 V, 5 kW squirrel cage induction motor running at no-load is used as an
inductive load. An induction motor operates at a poor power factor under no-load
condition and draws a large reactive power to magnetise the core with little active
power lost through the stator windings. At steady-state, the induction motor load
draws 500 VAR at 120 Vp,, 25 Hz.

4.2.4 Line Impedance

In the laboratory, the generators and loads are installed physically close to one
another. The low voltage cables extend less than 20 m, which, according to Table 2.4,
has an impedance of 12.9/7.37° mf). This does not create a substantial voltage
drop between the two generators and therefore has a minimum effect on the load

sharing.

In power network analysis, transmission lines are represented by equivalent 7 circuits
with lumped parameters, including the series impedance (Z = R + jwL) and shunt
admittance (y = G+ jwC) [8]. Transmission lines under 80 km are classified as short
lines, which have a negligible shunt admittance [8, 55]. It is assumed that the power
lines for islanded microgrids do not exceed 80 km; therefore, in this study, the power
line is represented as a series impedance. Chapter 7 illustrates the effects of low
voltage line impedance on an islanded microgrid, where a 1.5km LV power line is
observed to obtain a marginal stability with a 0.4 p.u. load under unity power factor.
Therefore, a 1.5km power line is chosen to ensure that the Example Microgrid is
stable.

REsIsTOR BANK PCC
DCE
XCITATION PV 1.10
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B
/ = C
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Figure 4.5 75 kW SG connected via a series 1.1 €) resistance.
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Since low voltage cables are resistance dominant, a balanced three-phase wound resis-
tor bank is used to emulate the line impedance in the experimental set-up. A Rpp =
1.1 Q2 wound resistor bank is connected between the output of the generator and the
PCC. The series resistor bank emulates a 1.55km power line when the breaker B5

is opened and is shorted out when B5 is closed, as seen in Figure 4.5.

4.2.5 Auxiliary Devices
Variac-and-Rectifier Set

DC voltages are required for field excitation in order to control the output voltage
amplitude; however, the variac-and-rectifier sets produce a pulsating DC voltage.
Since the rotor inductance is not sufficient to filter out the harmonics, a 50 Hz
component is introduced in the generated output voltage. A digital filter is therefore

introduced with the cut-off frequency at 50 Hz to.

Two variac/rectifier sets are connected in parallel to excite the SGs since the current
from a single variac is insufficient in reaching the terminal voltage of 120 Vi,. One
rotor terminal of the SG is connected to the positive DC terminal, while the other
two are connected together to the negative DC terminal. The rotor of the 75 kW SG
is Y-connected and the rotor of the 22kW SG is A-connected as shown in Fig.4.6 (a)
and Fig.4.6 (b) respectively.

Faf
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+ -
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a. 75 kW Y-connected rotor. b. 22kW A-connected rotor.

Figure 4.6 SGs excited via a variac/rectifier.

A total of six variacs are used for the experiment: two 380V, 50 A variacs are used
to excite the 75 kW SG, two 380 V, 30 A variacs are used to excite the 22kW SG
and two 380 V, 30 A variacs are used to energise the armature and field windings of
the DC motor.

A variac-and-recitifier set produces a pulsating DC voltage. This results in the

output voltage of the synchronous generator to be
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Variable Speed Drive

A 45 kW three-phase VSD is used to drive the induction motor at synchronous speed
(25 Hz/750 rpm) with an open-loop control. This implies that loading the generator,
hence the motor, reduces the speed. Therefore, due to the slip of the induction
motor, its coupled SG operates at slightly, but negligibly less than the synchronous
speed. Since the motor is only lightly loaded, the 75 kW SG is measured to operate
at approximately 749.5 rpm.

4.3 Instrumentation Set-up

The experimental results presented in Chapter 6 are recorded with two Yokogawa
power meters and a three-phase power meter for steady-state response and an oscil-
loscope for both the transient and the steady-state response. Additional instrumen-
tation devices were used to record the input parameters to the Example Microgrid,
i.e. the torque, speed, and field excitations of the SGs. The connection for each mea-
surement device is shown in Figure 4.7 and the list of instrumentation is included
in Table B.2, Appendix B.
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Figure 4.7 Instrumentation set-up.

Yokogawa Three-Phase Power Meter
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The resistor bank is accessed via a patch-board from the two SGs and the induction
motor. The neutral is not accessible through the patch-board, therefore the Yoko-
gawa meters are configured in a three-phase three-wire setting, instead of three-phase

four-wire for Y-connected SGs.

The Yokogawa is designed to measure a fundamental frequency at 45 Hz - 65 Hz. The
Example Microgrid operates at 25 Hz, which is below the recommended bandwidth of
the Yokogawa. An oscilloscope is therefore used to verify the steady-state readings.
The readings from the Yokogawa, which are verified by the oscilloscope, are recorded

as the steady-state results.

Four-Channel Rigol Oscilloscope

A four-channel oscilloscope is used to measure Phase A voltage and current of the
22kW SG, Phase A current of the 75kW SG and the Phase A current of the in-
duction motor load. For steady-state results, a digital filter at 50 Hz is applied
to all signals. However, due to the limitation of the oscilloscope, the filter cannot
be applied to a time frame longer than 20 ms. The detailed oscilloscope setting is

discussed with each measurement result in Chapter 6.

Three-Phase Power Meter

A power meter is used to measure the steady-state active and reactive power of the
induction motor load. The power meter calculates the three-phase power from the

Phase A measurement since the motor is balanced.

DC Current, Torque and Speed Measurement

The excitation current from the two paralleled variacs are measured with a digital
clamp meter for the 22KW SG. For the 75 kW SG, the sum of two analogue ammeters

is recorded.

A torque transducer and a digital multimeter are used to measure the mechanical
torque at the coupled shaft for the 22kW SG. The conversion is 25 mV /N:

Vmeasured [m V]
25 [mV]

=T, [Nm] (4.1)

A stroboscope is used to measure the 22kW SG shaft-speed under steady-state
conditions. Since the speed is identical everywhere in the microgrid, this value is

recorded as the operating frequency of the Example Microgrid.
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4.4 Running the Experiments

Two sets of experiments are conducted and reported in Chapter 6: the steady-state
load sharing experiment and the transient step load experiment. The black starting
of the Example Microgrid is identical for all the experiments. The operation are
slightly different between the experiments. This section discusses the black starting

and running of the experiments.

4.4.1 Black Starting

To synchronise a generator to an infinite bus, the incoming generator and the grid are
required to have the same voltage amplitude, frequency, phase sequence and phase
angle [5]. As specified in Table 5, IEEE1547-2003 [7], the voltage synchronisation
difference must be less than 10% of the base voltage, frequency difference must be

less than 0.3 Hz and phase angle less than 20° difference.

Although the 75kW SG is not an infinite bus and the grid formed by the two
generators in the Example Microgrid is weak, it is still possible to employ the afore-
mentioned method. This traditional method was used initially, where the circuit
breaker connecting to two generators were closed when the two voltage waveforms
of the generators are aligned. However, this caused a large starting transient that
re-opens the circuit breaker. Therefore, an alternative synchronisation method is

employed as follows.

At the start of the experiment, the two generators are connected in parallel with
the resistor load bank. The line impedance and the induction motor load are dis-
connected from the grid to reduce the number of variables. Four steps are taken to

connect the generators in parallel:

1. Magnetising the rotor: The 22kW and 75 kW SGs are excited with 23 A
and 35 A DC field current respectively, allowing the terminal voltages to be
approximately 120 Vi, at rated speed. Magnetising both rotors allow the two

SGs to be locked at synchronous speed once they are started.

2. Synchronising the two SGs: The 75 kW motor-generator set is started by
ramping up the VSD to 25Hz. This allows the 75kW SG to operate as a

generator, driving the 22kW SG as a synchronous motor.

3. Balancing the active power: The 22kW SG is switched from motoring to
generating mode by increasing the input torque of the 22 kW SG. The 22 kW
is left idling when the torque measurement (73) reaches O N-m. To increase
Ty, the shaft speed set-point (w3) is raised by increasing the armature voltage

of the DC driving machine.
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4. Balancing the reactive power: The field excitations are adjusted until the
PCC voltage and the circulating reactive power reaches 120 Vi, and 0 VAR
respectively. This is achieved by aligning the current waveforms (I, Is) with
the PCC voltage. Since there is no reactive load, aligning the current wave-
forms with the PCC voltage ensures that both machines are operating at unity

power factor.

Once the two SGs are synchronised, the series line resistance (Rrr,) and the induction
load is then switched in. The 75 kW SG supports both the active and reactive power
load at this point. If necessary, the field excitation is readjusted to alleviate the

circulating reactive power.

Black starting the Example Microgrid is a tedious process, where there are several
variables that are dependent on one another: the magnitude and phase of the two

generators’ voltages, as well as their output currents.

4.4.2 Operating Conditions

The generator has a critical speed just below the synchronous speed (50 Hz) due to
the long coupling shaft. In order to prevent mechanical vibrations, the generators
run at half of their rated speed, i.e. 25 Hz.

The nameplate rated excitation currents cannot be provided to either of the genera-
tors due to the current limitations of the excitation variacs. In addition, to simplify
the analysis, the grid voltage is chosen to be below the saturation point of the
SGs obtained from their open-circuit terminal voltage curve. The generators are

therefore operating at a reduced voltage of 120 Vi..

The Example Microgrid operates at 120 Vi,, 25 Hz and the operating condition of
the grid is summarised in Table 4.1. The maximum operating power is estimated

by allowing for a minimum power factor of 0.8.

Table 4.1 Operating conditions of the Example Microgrid.

| | SG1 SG 2 Ry IML, Rry
Nameplate Rating 75 kW 22 kW 6.75 Q2 550 kW 1.20 Q
Operating Sy (KVA) 18.75 5.50 2.18 0.54 -

Operating Pq. (kW) 0.8(Smaz) 0.8(Smaz) 2.18 0.20 -
Operating Qmaz (KVAR) | 0.2 (Smaz) 0.2 (Smaz)  0.00  0.50 -

Appendix C determines the operating voltage by investigating the relationship be-
tween (a) terminal voltage and core saturation (b) reactive power, magnetising in-
ductance and saturation. In addition, Appendix D provides the reasoning for operat-
ing the Example Microgrid at 120 Vi, by analysing the results obtained for operating
the grid at 180 Vi..
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4.4.3 Steady-State Load Sharing Configuration

The conventional PF-droop controller allows the two generators to share the active
power load proportionally, according to the droop equation (Eq.(2.3)). The con-
troller adjusts the frequency set-point according to the active power load measured
at the local bus. Similarly, the reactive power load is shared proportionally as pre-
scribed by Eq.(2.6), where the controller adjusts the voltage set-point according to

the reactive power load measured.

The manual adjustment of the set-point according to the droop equations is difficult.
Even though droop controllers typically have a relatively low bandwidth (under
1kHz [29]) compared to other control strategies, it is still too fast for the response
time of an operator to adjust the set-points of two SGs. An alternative method is

therefore employed to examine the PF- and QV-relationship.

The active load sharing between the generators is controlled by adjusting the speed
hence the torque of the 22kW SG. The DC motor armature current (DC I, in
Figure 4.7) is increased to allow the 22kW SG to pick up more load, and vice
versa. However, with the increasing output current, the terminal voltage of the
generator drops due to the lack of a voltage regulator. Therefore, the 22 kW SG field
current (Igp) is increased to maintain a constant PCC voltage. The independent and

dependent variables are summarised in Table 4.2.

Table 4.2 Summary of variables used in the Load Sharing Tests.

’ Variables ‘ PF-Droop ‘ QV-Droop ‘

Independent DC I, I, Ip
Dependent P, Q P, Q
Constants Viee f

The reactive power load sharing between the generators is controlled by adjusting
the voltage of both SGs. To increase the 22kW SG share of reactive load, its field
current (Ig) is increased while the field current of 75kW SG (If) is decreased.
However, the generator slows down with the increase of output current. Therefore,
in order to keep the frequency of the grid constant, the torque is adjusted until it
is identical to the value prior to the adjustment of the field currents. This is more
evident in the 22 kW SG, as it is smaller and the change in load has a larger influence

on its output current.

In summary, the conventional droop controllers allow the generators to share the
load autonomously through drooping the generators’ frequency and voltage to a
lower value. Therefore, without a secondary controller to restore the deviations, the
microgrid operates at below the rated frequency and voltage depending on the load

demand.
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In the load sharing experiment conducted, the load sharing between the generators
is also adjusted through the frequency and the voltage of both generators. However,
the frequency and voltage does not deviate from the rated values since it is always

adjusted back manually.

4.5 Summary

An Example Microgrid is proposed for this research to allow the study of steady-
state load sharing for weak sources in islanded microgrids. A three-phase, three-wire
balanced AC system is set-up with two separately-excited SGs, a resistive load and

an inductive load in the laboratory.

The rotors are excited with DC currents, allowing them to exhibit the fundamental
behaviour of a separately-excited synchronous generator. The terminal voltage of
the SG is controlled through the DC excitation, while the speed is controlled with

the prime mover output torque.

Instead of running the Example Microgrid at the standard 400V, 50 Hz, it is oper-
ating at 120V, 25 Hz. Although the generators’ ratings are quartered by halving the
operating voltage, the characteristics (such as the drooping of speed due to loading)

of the generator are not compromised.

The low voltage, resistive-dominant 1.55 km power line is represented with a 1.1 €
resistor bank connected in series with the generators. Although compromises are
made by substituting SGs with DFIGs and power cables with resistor banks, the

aspects that are pertinent to the study of load sharing are pertained.

The primary aim of this research is to set up a simulation environment that ac-
curately represents the physical system in the laboratory. This chapter discusses
the experimental set-up of the Example Microgrid, and the next chapter presents

simulation set-up based on this chapter.
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CHAPTER D

Microgrid Example Case: Modelling and Simulation

This chapter presents the simulation model of the laboratory set-up of
the Example Microgrid described in Chapter 4. The components that
are directly connected to the PCC are modelled in detail, including the
SGs, the loads and the line impedance. The other components are re-
duced to their simplest form without compromising the pertinent aspects
of the system. The SG models are validated by loading the machines

and comparing the experimental and simulation results.

5.1 Simulation Set-Up

A simulation model is devised to represent the experimental set-up, allowing for the
behaviours of the physical system to be observed and predicted. By performing tests
on a realistic model, the response of a real system can be inferred. The simulation
model developed in this chapter is based on the experimental set-up described in
Chapter 4. The model presented here is used as the base model for Chapter 7 and
Chapter 8.

The simulation of the Example Microgrid is performed using MATLAB® R2013b

with Simulink®. Simulink, an extension of MATLAB, is an application-specific

program that is used for simulating systems in both dynamic- and steady-state in

a block diagram environment [56]. This research makes use of the SimPowerSys-
M

tems " Toolbox for simulating electric power systems [57], as well as Simscape  [58]

and basic Simulink [59] for the control systems.

A Simulink model is developed for the Example Microgrid presented in Appendix B.1.
Figure 5.1 is the overview of the Simulink model, which can be compared to the ex-

perimental set-up shown in Figure 4.1.
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Figure 5.1 Simulink model of the Example Microgrid.

This study focuses on the load sharing of the microgrid at the PCC during steady-
state. Therefore, only the components that are directly connected to the PCC are
modelled in detail. This includes the two SGs, the resistive and inductive load
(Rr,IMy), as well as the line impedance (Rry,). All the other components that are
not directly connected to the PCC are reduced to their simplest representable forms
and are not examined. The prime movers, VSD and the variac/rectifier sets are

therefore replaced with a speed, torque, or field current set-point in the model.

The operating conditions of the Simulink model are identical to the experimental
Example Microgrid, with a voltage of 120 Vi, at 25 Hz. A complete simulation
environment, including the chosen solver, initial conditions, variables, tolerance and

integration methods, etc is included in Appendix B.
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5.2 Component Modelling

The developed model is required to be as simple as possible while still being able
to realistically represent the physical system [60]. A couple of factors are taken
into account when deciding on the modelling complexity for each component: time

constants, the degree of influence to the overall model and the detail of study.

5.2.1 Synchronous Generators

The Simulink machine blocks are comprehensive, widely adopted in control systems,
machine and power system studies. Therefore, the standard Simulink machine block
is used in this study instead of modelling the machine from first principles. This
allows for the study to be focused on the interactions between the generators rather

than the machine itself.

The only disadvantage is that this research uses DFIGs as SGs, therefore modelling
and simulation of the machine requires additional customisation. For example, the
rotor of the SG is excited with DC currents; however, the stator voltage saturation
is specified as a function of the stator current only. The effects of rotor current
on the saturation cannot be included in the standard Simulink block, therefore two

different models are investigated to model the SGs.

Firstly, a synchronous machine model is used. The equivalent circuit of the DFIG
is often reduced to a synchronous machine by omitting the magnetising inductance
and the rotor impedance to simplify the analysis [61]. Since the DFIGs operate as
synchronous generators in this research, this model is looked at initially. Secondly,
an asynchronous machine model is investigated because a DFIG is essentially an

induction machine with a wound rotor.

Appendix C compares the synchronous machine and the asynchronous machine
Simulink blocks by comparing their simulation results to the experimental me