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Abstract

This thesis focuses on improving power sharing and ac distribution system power
losses for parallel connected inverters in an islanded microgrid. The effect of line
impedance on power flow in ac system is presented. A new circulating current
definition for multiple parallel connected inverters connected to the same load bus is
proposed. An improved instantaneous average current sharing (IACS) scheme with
two additional gain schedulers is proposed to improve conventional IACS controller
performance under line impedance mismatch. A generalized model of single-phase
parallel connected inverters with the improved IACS scheme is derived. This model
is used for voltage and current controller design. A new power sharing scheme
utilizing a central controller for parallel connected inverters in an islanded microgrid
is presented. This scheme is optimized after incorporating a power ratio calculation.
Case studies of a rural islanded microgrid involving three DGs with eight distributed
loads demonstrate the power sharing scheme’s capability to reduce distribution

power losses and improve voltage regulation.
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Preface

Distributed generation (DG) technology has been developing fast in many countries
due to the availability of different energy resources such as photovoltaic panels, fuel
cells, and wind turbines. DG is usually managed in a more decentralized way through
the concept of a microgrid. Microgrid technology is still new and developing so
offers many research possibilities. The goal of this thesis is to develop a control
technique to improve the power sharing, reduce the distribution power losses, and
improve load voltage regulation in a DG based islanded microgrid. This thesis
comprises of seven chapters:

Chapter one provides DG background, development, technologies, advantages and
challenges. Then the microgrid concept is introduced followed by the problem

statements and research objectives.

Chapter two presents a brief explanation on the inverter configuration and a detailed
survey of parallel connected inverter control for island mode operation. Droop

control and active load sharing control with their derivatives are presented.

Chapter three investigates ac power flow analysis for inverters under the effect of
inductive, resistive and complex line impedance. Then a new circulating current
definition for multiple parallel connected inverters connected to the same load bus is

proposed.

Chapter four develops an advanced instantaneous average current sharing (IACS)
scheme to improve the conventional IACS controller which performs poorly under
line impedance mismatch. Two gain schedulers are added to the conventional IACS
controller. A generalized model of a single-phase parallel connected inverter system
is derived and used for voltage and current controller design and the parameter

selection process.

Chapter five presents a new power sharing scheme for parallel connected inverters in
an islanded microgrid. The technique requires low-bandwidth communication
between the inverters and the central controller for active and reactive power

information exchange. The proposed power sharing scheme outperforms



conventional droop control as it has a faster dynamic response, better sharing of
reactive power between inverters that have different line impedances, and has the
ability to set the active and reactive power ratio for each inverter.

In Chapter six, the proposed power sharing scheme in Chapter five is optimized by
modifying the power ratio calculation. A case study of a rural islanded microgrid that
consists of 3 DGs and 8 loads (group of houses) is presented. The distance between
each DG to each load and the ratio of power consumed by each load to the total load
are taken into consideration for power ratio calculation in the central controller. As a
result, the optimized power sharing scheme is able to reduce the distribution power

losses and improve load voltage regulation.

Finally, Chapter seven concludes the thesis, presents the author’s contribution and

suggests possible future research.

Vi



Chapter 1

Introduction

Electricity services have been predominantly served by the centralized power system
that consists of generation, transmission and distribution systems. However in recent
years, the concept of distributed generation has attracted huge interest amongst
energy policy makers, electric power system planners, operators, and developers
[1.1]. There are several reasons for this interest. First, due to the global warming,
many governments decided to increase the use of renewable energy to reduce the
green-house gas emission. Secondly, overall energy efficiency can be increased by
using the cogeneration or combined heat and power (CHP) scheme. In addition, on-
site power generation may provide higher power reliability and security for industries

that require uninterrupted service [1.2].

1.1  Distributed generation

Distributed generation (DG) sometimes called embedded generation generally refers
to the generation of electricity at a smaller scale and can be stand alone to supply
local loads or connected to distribution network for both supplying local loads and
exporting excess energy. It is mostly connected to the low or medium voltage grid
but a few large DGs can be connected to the bus bars of the high voltage grid as in
Figure 1.1. DG power capacity can range from a few kW to several hundreds of MW
[1.2].

Large scale  Mediumscale  Small scale

Central
power
station

-0
=

Sl
o LT
AXE

Extra high High Medium Low
voltage voltage voltage voltage
transmission  transmission  distribution distribution
network network network network

Figure 1.1 Connection of DG to existing transmission and distribution networks.
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1.1.1 Background and development of DG

Previously, when the electricity coverage and demand were low, electricity supply
system generators were built close to the load they were connected and only a simple
connection was used for the load connection. This distributed approach was revised
when the demand for electricity increased and electricity became a commercial
alternative for the old energy systems such as hydraulics, direct heating, and steam.
The centralized approach proved to be economically feasible and replaced the old
distributed generation system [1.3].

In United Kingdom (UK), the strive for cheaper electricity in the 1920s and 1930s
after the First World War lead to the creation of the National Grid in 1935. A 132 kV
grid was built and completed the year after. There are 7 grid areas for the UK with
the control centres located at Newcastle, Leeds, Manchester, Birmingham, Bristol,
London, and Glasgow. All these grid areas were coupled together unofficially in
1937 and was proven to be productive, offering many benefits (e.g., sharing peak
load coverage and backup power). This integrated electricity grid system has
enhanced the overall security of the electricity supply as well as reduced the cost of
generating electricity [1.4].

After the Second World War, the demand for electricity increased and the existing
grids were not sufficient so the 275kV and 400kV super grids were built in the 1950s
and 60s to support the ever increasing demand. Then, until the 1990s, the number of
large power stations increased and most were built at remote locations or near the
fuel sources. This centralized approach, although offering several disadvantages
(e.g., transmission and distribution costs, energy efficiency), was preferred because
these disadvantages outweighed the huge economies gained by building larger power
plants.

The privatisation of the electrical utilities announced in 1988 and implemented in
1990, introduced newcomers to the generation industry, sparking competition among
energy companies [1.5]. They realised opportunities in smaller scale DGs due to the
following developments: First, the change in policy allowing gas to be used as a fuel
for power generation and the availability of cheap gas from the North Sea introduced
the use of Combined Cycle Gas Turbines which shifts the trend towards generation

using natural gas. Second, the financial incentives introduced by the government to
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encourage the development of renewable generation, and finally there was growing
interest in the area of cogeneration.

Nowadays, advancements in designs and component materials related to DG such as
photovoltaic panels, micro-turbines, digital control, remote monitoring equipment
etc., have increased the range of applications and opportunities for modern DG.
These advance technologies together with restructuring of wholesale and retail
markets for electric power also opened the possibility to have energy system that
give more freedom for customers to manage their own power to meet their own
needs [1.6].

1.1.2 Typeof DG

There are now many DG technologies available. Some are already established and
tested but others are new and under development. DG technologies include
photovoltaic, wind power, fuel cells, bio fuels, hydropower and cogeneration.

Briefly the concept, advantages, challenges, applications and examples of the

mentioned DG technologies are listed in Table 1.1.

1.1.3 DG advantages
DG technology in general promises several advantages and some are now briefly

discussed.

a) Increased electric system reliability

Electric system reliability is a measure of the system’s ability to meet the electricity
needs of customers. A traditional approach of achieving a reliable system is to have
enough redundancy to ensure continuous operation when failures occur to the
transmission line or the main generators. DG can supplement this by supporting local
voltage level, supplying power during peak periods, and avoiding power outages that
can occur due to excessive load demand [1.6]. Additionally, DG can indirectly
reduce stress on grid components by preventing them from operating near their rating,

hence reducing equipment failure and power outage frequency [1.7].
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b) Power quality improvement

Customers, especially business operations, are concerned about power quality
because it can damage the electronic components in equipment and appliances. Some
power quality problems originate from utility distribution systems but most are often
local problems. The best way to deal with them is through a local solution using local
sources of active and reactive powers [1.8]. DG can be used to address this issue by
providing voltage regulation support, harmonic control, continuous power for

sensitive loads, and power factor correction [1.9].

¢) Reduction of peak power requirement

The addition of DG to the grid network reduces the peak power requirement. This
affects capital investment as investment decisions on new plant and equipment in the
power industry usually depends on the peak power requirement. This reduction
indirectly reduces the costs of electricity because acquisition of power from the most
expensive power plants can be minimized. It also minimizes maintenance costs by

reducing the wear and tear of electrical delivery equipment [1.6].

d) Reduce transmission and distribution losses

Transmission and distribution losses are a major disadvantage of a centralized power
structure. DG is normally located at the customer site so there will only be small
transmission and distribution losses. The location, DG rating, and operating power
factor should be taken into consideration to achieve optimum distribution loss
reduction [1.10].

e) Environmental friendly

Global warming has raised awareness worldwide about the importance of cleaner
energy. Environmental concerns are the main motivating factors for the increased
DG usage in Europe. DG technologies primarily use renewable energy (e.g., wind,
solar, hydro, etc.) which significantly reduces greenhouse gas emissions [1.11]. It
also promotes the efficient use of energy for electricity and heat production (e.g.,
CHP).
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Technology Concept Advantages Challenges Application Example
Photovoltaic Direct conversion of solar No pollution Low efficiency Off-grid application Powering remote village
(PV) radiation to electricity using Ideal for remote (12-20 %) Grid connection Import & export power to utility grid
Ref: [1.12-14] photoelectric materials application High capital cost | Building integrated PV | Roofing, wall and glazing system

No moving parts
Low operating cost

Intermittent
output

Hybrid power system

Combination of PV, wind, diesel
generator and batteries

Wind Power Conversion of wind energy to Small footprint Wind capacity Stand-alone device Water pumping or battery charging in
Ref: [1.15-17] mechanical energy No greenhouse variation rural area

pollution Noise pollution Grid connection Wind farm

Ideal for remote Visual impact Hybrid power system Small turbines connected with diesel

application Wildlife impact generators, batteries and PV system
Fuel Cell Device that allows hydrogen High efficiency High cost Grid connection Ensuring continuity of supply in the

Ref: [1.18-20]

and oxygen to be combined
to produce electricity (reverse
electrolysis process)

conversion
Quite operation
High power density

event of grid failure

Transportation

Zero emission vehicle

Biofuel
Ref: [1.21, 22]

Plant matter and its
derivative are used as solid
fuel or converted into liquid
or gaseous forms for the
production of electricity,
heat, chemicals or fuels

Low emission level
Cheaper than fossil fuel

Environmental
impact in the
process of
making biofuels

Electricity generation

Small size electrical power stations
(<30MW)

Hydropower
Ref: [1.23-25]

Convert kinetic energy of
water to electricity

High efficiency
Source freely available
Low cost per kilowatt

The impact on
environment

Limited site

Electricity generation

Small hydroelectric power plant

CHP
Ref: [1.26-28]

System that generate
electricity and heat in a single
process

High fuel conversion
efficiencies (around
60% - 80%)

High capital and
maintenance cost

Electricity generation

CHP Plant
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1.1.4 DG challenges
Although there are advantages of DG, there are also some disadvantages that need to
be taken into consideration, such as high capital cost, controller complexity, power

quality issues, protection, and safety concern.

a) High capital cost

One of the key issues that holds back DG mass expansion is high capital cost. For the
projected period 2008 to 2035, most DG technologies other than hydroelectricity
cannot economically compete with traditional fossil fuels (natural gas and coal)
except in a few regions. However, some DG technologies such as solar power can be
economical where electricity prices are relatively high or when there is government
incentive. In most cases, the primary economic motivation for the construction of
DG facilities always comes from government policies or incentives [1.29]. Table 1.2
compares power plant capital cost among several power plants technologies. The
capital cost includes the civil and structural costs, mechanical equipment supply and
installation, electrical and instrumentation control, project indirect costs and owners
costs. From this table, in general, the capital cost to build renewable energy plants is
higher than that for natural gas plant. However there has been a huge reduction in
capital cost for onshore wind and solar PV plants. In the near future they can

possibly match the price for natural gas plant.

Table 1.2 Power plant capital cost estimation [1.30]

. 2012 Price 2010 Price Difference

Power plant technologies ($/KW) ($/KW) (%)
Coal (Dual Unit APCCCS*) 4,724 4,760 -1
Natural Gas (ACT**) 676 691 -2
Nuclear 5,530 5,546 0
Fuel Cells 7,108 7,105 0
Biomass (Combined Cycle) 8,180 8,205 0
Onshore Wind 2,213 2,534 -13
Offshore Wind 6,230 6,211 0
Solar Thermal 5,067 4,877 4
Solar PV (150 MW) 3,873 4,943 -22
Geothermal-Dual Flash 6,243 5,798 8
Municipal Solid Waste 8,312 8,557 -3
Conventional Hydroelectric 2,936 3,197 -8

*APCCCS - Advanced pulverized coal with carbon capture and sequestration
**ACT - Advanced Combustion Turbine
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b) Control complexity

With the use of power electronics as an interfacing unit to the grid, controller
implementation can be complex especially when coordination is required among
parallel connected DGs. As coordination and control of DG are relatively new areas,
there is no established standard and a lack of technical experience in addressing
operational issues involving a large number of plug-and-play micro sources [1.31].

c) Power quality

Without a proper control of DG connected to grid, power quality might be affected.
In terms of voltage level, connecting a huge number of DGs to a distribution network
can force the voltage level to exceed the voltage level threshold. This can occur if the
DG capacity exceeds the required load while the upstream voltage at the substation is
held near the maximum allowable level. DG with some fluctuation in output power
(e.g., wind turbine due to mechanical fluctuation) combined with insufficient energy
storage devices to smooth this out, can cause power system flicker [1.32]. DG can
also affect the system frequency if poorly controlled. This will put a burden on the

grid operator to maintain the system frequency [1.33].

d) Protection
With the increased number of DG, it is possible for power to flow in bi-directionally,
hence new protection schemes are needed to facilitate this issue. Some of the
required protection that should be considered are [1.34]:
e DG should be disconnected from the utility grid when no longer operating in
parallel
e Protection of the utility grid from damage caused by DG plants and vice
versa.

e To prevent unnecessary trips, all protective relays should be coordinated.
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e) Safety

Connecting DG to a distribution network introduces a source of energy at a point
where previously there may not have been a source. When a fault occurs on the
distribution network and the DG operators fails to detect and disconnect the DG from
the main grid, a safety risk is created to the maintenance personnel who undertake
repair work. [1.35].

1.2 Microgrid

Microgrid is defined as a system that has at least one DG, energy storage devices and
associated loads [1.36]. The individual DG equipped with a power electronic
interface and controller is collectively called DG unit. Microgrid technology can
offer improved service reliability, better economics, and reduced dependency on the
local utility [1.37]. It can be classified into two categories, namely a grid connected

microgrid and an isolated microgrid.

1.2.1 Grid connected microgrid

This type of microgrid is usually connected to the main grid (grid connected mode)
through a static transfer switch as shown in Figure 1.2 (a). However under certain
circumstances such as fault or disturbance occurrences in the main grid, it can be
disconnected and operate in island mode. This disconnection stage is usually called
the islanding process. Each mode has different control objectives. In the grid
connected mode, each DG in the microgrid does not have to regulate the voltage of
the system as this is done by the stiffer mains grid. In this mode, the DG has to inject
appropriate currents and acts as sources of active and reactive powers. Within this
mode, with a proper control, DG can provide ancillary services to the main power
system, improve voltage and power quality supplied to local customers, and
sustaining stable operation of the power system [1.2]. In contrast, in island mode,
DGs are responsible for regulating the voltage and frequency in the microgrid and

supply power to meet the local loads requirements with acceptable power quality.
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1.2.2 Isolated microgrid

An isolated microgrid (also known as a remote microgrid) can be defined as a
downsize version of a large scale utility grid. The typical isolated microgrid is shown
in Figure 1.2 (b). DG in this microgrid has to regulate the voltage amplitude and
frequency of the system and all load power demands have to be supplied by the DG.
This standalone microgrid is suitable for supplying power to rural areas where power
demand is relatively low and it is not cost effective to install transmission lines and

supply the power from the main grid [1.38].
y ) L AR WEEE
*4il;?‘iib“';“ Wind Reﬁﬂgﬁ?ng =
Wind Static :ﬁ. turbine %

I transfer  Main £
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switch AC Grid
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Figure 1.2 Microgrid: (a) grid connected microgrid and (b) isolated microgrid.

1.3  Problem statement

The concept of DG has emerged as an alternative to conventional power systems due
to the availability and technological advancement of different kinds of energy
resources such as photovoltaic panels, fuel cells, and wind turbines [1.39]. With the
advantages of this generation concept, it has become a regular choice for electric
utility planners when catering for ever increasing load demands and for providing
customers with a reliable power. DG is usually managed in a more decentralized way
through the concept of a microgrid [1.36].

In microgrid control, system line impedance, whether inductive, resistive or a
combination of both, plays an important role in determining the control approach
since it affects the system power flow. Normally power flow analysis is based on
inductive or resistive line impedance but few researchers consider power flow
analysis with a complex line impedance. Control parameters are usually tuned for a
specific microgrid configuration and line impedance condition. However it is more
convenient to have robust control that can adapt to changes in line impedance and

system parameters.



Chapter 1: Introduction

Most researches in the low voltage microgrid control area focus on improving the
power quality (voltage and frequency regulation, harmonics, etc.) and power sharing.
There is no interest in the power loss aspect as this is usually not significant and can
be neglected. However with increasing DG power capacity and for applications such
as rural isolated microgrids, where houses are located several miles from DG
sources, power loss can be a significant problem. So it is interesting to explore the
possibility of adapting a strategy in a microgrid control system that achieves good

power sharing performance as well as minimizing the power loss.

1.4  Research objectives
In this research, power sharing aspects of parallel inverter operation in an island
microgrid is investigated and the main research objectives are:
e To study the impact of line impedance on power sharing;
e To investigate the circulating current phenomenon in parallel inverter
connection;
e To propose a control technique to improve power sharing performance; and
e To find an optimized power sharing ratio among parallel inverters to
minimize transmission losses and improve load voltage regulation in rural

islanded microgrid applications.

1.5  Scope of the research

In this research, the following assumptions are used:
e Stiff dc link
e Conventional two-level inverter topology
e Power device switching loss is neglected

e For three phase system, the loads are balanced.

10
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Scope of thesis

The thesis is organized in 7 chapters

Chapter 2 presents single and three phase inverter topologies. It also covers a
detail literature review of existing control techniques proposed by researchers
for standalone parallel connected inverters. The control techniques can be
classified into two main categories: droop control and active load sharing.

In Chapter 3, ac power flow analyses of an inverter system connected to a
common ac bus through resistive, inductive and complex line impedances are
investigated. For each line impedance case, the effect of the inverter’s output
voltage power angle and amplitude on active and reactive power flow are
investigated. In the second part of the chapter, the circulating current
phenomenon in a parallel inverter system is investigated.

In Chapter 4 an improved instantaneous average current sharing controller is
proposed for a single phase system. The gain scheduling technique is adapted
in the proposed scheme.

Chapter 5 presents a new control scheme that permits arbitrary power sharing
between parallel connected inverters in a microgrid operating in island mode.
The scheme processes the active and reactive output power information from
all the inverters in a central controller that calculates the set-points for each
inverter, based on the desired ratios of their output powers.

In Chapter 6, the power sharing scheme proposed in Chapter 5 is expanded
by adding a power ratio calculation that optimizes inverter operation of
distributed generation in a rural isolated microgrid. Parallel connected
inverters operation with the calculated power ratio ensures minimum
transmission loss in an islanded microgrid.

Chapter 7 presents the general conclusions and some recommendations for

future research.

11
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Chapter 2

Inverter Configurations and Control Techniques

This chapter presents some inverter connected configurations and a detailed survey
of various control techniques used for inverter parallel connection in a microgrid. For
the inverter configuration, single and three phase inverter configurations are
presented and their features are discussed. For the control techniques, a survey of
different control techniques with and without a communication link and their

advantages and disadvantages are discussed.

2.1  Inverter configurations
Inverter is a power switching device to convert a dc input voltage/current to an ac
output voltage/current. The ac output voltage amplitude, phase and frequency can be

fixed or variable [2.1].

2.1.1 Single-phase inverters

A typical single phase H-bridge voltage source inverter (VSI) is shown in Figure 2.1.
It consists of four power semiconductor devices (with fast recovery diodes). With
proper switching, +V4. and —Vq. can be applied across the output terminals. This
inverter configuration is suitable for uninterruptible power supply (UPS), static VAR
compensator, active filter, and as an interface for small DG (solar panels, fuel cells,

wind turbines, etc).

) |

()
SZJ S‘J Cf Vac

Figure 2.1 Single phase H-bridge inverter.
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2.1.2 Three-phase inverters
A three phase VSI can be classified by the number of output terminals. Common

three-phase inverter configurations used are as follows.

a) Three-phase three-wire configuration

The three-phase three-wire arrangement shown in Figure 2.2 (a) is the classical three-
phase inverter configuration. It is suitable for applications such as adjustable speed
drive, UPS and flexible alternating current transmission system (FACTS). For power
system supply application such as on a low voltage distribution network that
normally consists of single-phase loads, a neutral wire is required. In this case a A/Y
transformer can be used. The transformer leakage inductance can function as filter
inductance. The use of a transformer gives advantages in term of isolation from the
main grid and the ability to block any dc component. However it is heavy, bulky and

costly.

b) Three-phase four-wire — split dc configuration

The three-phase four-wire with a split dc source configuration [2.2-4] is shown in
Figure 2.2 (b). The dc link capacitor is split into two capacitors and no inductor (for
filtering) is needed in the neutral line as there is no neutral switching action. With
this configuration, each phase can be controlled separately thus making current
control easy. However there are two issues with this configuration, namely, first,
unbalanced voltage of the two dc bus capacitors and second, voltage ripple due to
currents flowing in the neutral line. Mid-point control schemes have been proposed
in [2.4] to solve the first problem by adding a half-bridge chopper with Pl or
hysteresis current control to feed current to the mid-point of the split dc-bus. The

second problem can be solved by using large capacitors but this is expensive.

¢) Three-phase four-wire — four-legged inverter configuration

The four-leg inverter configuration is shown in Figure 2.2 (c). It utilizes two extra
switches to accommodate the fourth wire. Three-dimensional space vector
modulation [2.5, 6] and modified hysteresis current control [2.7] among others can

be used to control this inverter configuration.
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The addition of the two switches doubles the number of practical switching states
(compared to normal space vector modulation) and increases current control
complexity. This configuration also possess an electromagnetic compatibility
problem as switching of the fourth wire produces voltage ripple across any parasitic
capacitance, causing a common mode current [2.8]. The detail performance
comparison of split dc capacitor and four-legged inverter configurations is presented
in [2.9].
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Figure 2.2 Three-phase inverter configurations: (a) three-phase three-wire, (b) three-
phase four-wire split dc and (c) three-phase four-wire four-legged inverter.
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2.2  Parallel connected inverter control for island mode operation

In island mode microgrid operation, the inverter main objectives are to regulate the
microgrid voltage (amplitude and frequency) and supply the required current needed
by arbitrarily varying loads. Another important control aspect is to ensure that the
loads are shared properly between inverters while minimizing any circulating current
in the system. In general, the control techniques for parallel operation of inverters
can be divided into two categories: i) droop control techniques and ii) active load

sharing techniques.

2.2.1 Droop control

A well-established control method is frequency and voltage droop [2.10, 11]. This
technique tries to mimic the parallel operation of a large scale power system that
droops the frequency of the ac generator when its output power increases. By using
an inverter, the frequency and amplitude of the output voltage can be controlled
independently. To achieve the required power sharing, the droop technique makes
tight adjustments over the inverter output voltage frequency and amplitude, as a
power-dependent function, to compensate for active and reactive power imbalance.
Many researchers have focused on improving the droop control method for DG
applications. They proposed modified droop [2.12-19], adaptive droop [2.20-25],
combined droop [2.26-28], networked droop [2.29, 30] and hierarchical droop [2.31-
34] control schemes. The droop techniques are summarized in Table 2.1, Table 2.2
and Table 2.3.

a) Conventional droop

Conventional droop control [2.10, 11] is deduced from the assumption of a purely
inductive line impedance, X. The equivalent per-phase model of an inverter
connected to point of common coupling (PCC) bus is shown in Figure 2.3 (a) while
the phasor diagram is shown in Figure 2.3 (b). In an inductive system, the per-phase
active and reactive powers (P and Q) injected to the PCC bus from the inverter are:

EV sina EVcosa —V?
_ _ - 2.1
X Q X ( )

P
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V.0
ELa X

PCC

(b)
Figure 2.3 Inverter connected to PCC bus: (a) Equivalent per-phase model and (b)
phasor diagram.

Based on (2.1), and with the assumption that the power angle « is very small (sin o~
a and cos a=1) active power injected from the inverter to the PCC bus is mainly
influenced by a. On the other hand, the reactive power is mostly affected by the
amplitude difference (E-V). The inverter output voltage phase can be changed
indirectly by changing the output voltage frequency. Consequently, the frequency
droop and output voltage droop can be used to control the inverter output power. The
conventional droop control scheme block diagram is shown in Figure 2.4 (a). Figure
2.4 parts (b) and (c) show the P-w droop and Q-E droop characteristics of two
inverters with different power rating respectively. The droop characteristic for each

inverter can be expressed as
o =w,—mP (2.2)
E =E,—nQ (2.3)
where P, Qi, m; and n; are the actual active power output, actual reactive power
output, frequency droop coefficient and voltage droop coefficient of i inverter

respectively. @, and E, are the rated frequency and rated voltage amplitude

respectively.
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The frequency and voltage droop coefficient are:

m =22 (2.4)

i
imax

AE
n=—-—

(2.5)

imax

where Pimax, Qimax are the maximum active and reactive powers that can be supplied
by the i inverter and Aw and AE are the maximum allowable output voltage
frequency and amplitude deviation respectively.
It can be seen from Figure 2.4 parts (b) and (c) that, during steady state, which is the
point when en=w, and E1=E,, inverter 1 supplies P; and Q; while inverter 2 supplies
P, and Q.. When the droop coefficients are increased, good power sharing can be
achieved but at the expense of poor voltage regulation. So during the design process,
a trade-off occurs when selecting a droop coefficient value.
The main advantage of the droop technique is no communication among parallel
connected inverters is required thereby making it highly modular and reliable.
However, there are several disadvantages of the conventional droop technique, such
as:

e Load dependent frequency and amplitude deviations that induce poor

performance in load voltage regulation
e Impedance mismatch will affect P and Q sharing

e Poor transient and hot swap performance
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Figure 2.4 Conventional droop control scheme: (a) block diagram, (b) P-w droop and
(c) Q-E droop.

b) Modified droop

In order to enhance the dynamic performance of parallel connected inverters in DG
systems, the authors in [2.12] proposed modified droop control by adding a
supplemental transient droop characteristic to the conventional static droop approach.
This technique is able to achieve good transient performance. However it is difficult
to select a suitable coefficient for the derivative term in the supplemental droop
equation. Droop control for resistive line impedance that uses P-E and Q-w droops is
presented in [2.13]. Angle droop instead of frequency droop was used in [2.14, 15].
This technique has better frequency regulation than the conventional droop
technique. In [2.16], a modification of the droop equation and the addition of virtual

21



Chapter 2: Inverter Configurations and Control Techniques

complex impedance to consider the effect of complex line impedance, has been
presented. This technique achieves good current sharing and minimizes fundamental
and harmonic circulating currents but Q sharing was not presented. Droop control
with a derivative controller has been used [2.17]. It enhances power loop dynamics
but simulation and experimentation do not consider transient cases. The authors in
[2.18] proposed a modified droop equation by subtracting the rms of the measured
voltage from the voltage set point. This technique compensates voltage drop due to
the load and the droop effect. In [2.19], Q versus time rate of change of V droop with
a voltage restoration function is proposed. It improves voltage amplitude regulation
and Q sharing. Block diagrams for some modified droop controllers are shown in

Figure 2.5.

c) Adaptive droop

Several authors have proposed droop techniques with droop parameters that can be
changed adaptively with operating conditions. In [2.20], the authors presented a
static droop characteristic with an adaptive transient droop function that ensures
active damping of power oscillations at different operating conditions. However, it
was not verified experimentally. An impedance voltage drop estimation function
with online reactive power offset estimation has been proposed in [2.21] which yield
good P and Q sharing. But this strategy is complicated and sensitive to parameter
tolerance. The authors in [2.22] proposed an algorithm to modify the droop constant
based on the operating conditions. This technique is able to improve active power
sharing but reactive power sharing performance was not presented. In [2.23], control
parameters are adjusted to compromise between reactive power sharing and voltage
regulation at the load buses. The optimal droop constants were predetermined by
solving a system specific optimization problem. The same optimization based
technique is presented in [2.24]. It selects optimized droop coefficients that are
derived from the analysis of a small signal model. This technique yields stable
microgrid operation but P and Q sharing performance is not presented. In [2.25],
bifurcation theory is used in scheduling the droop parameters to improve voltage and
frequency regulation. It produces stable operation in some cases but no hardware

verification was presented.
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Figure 2.5 Modified droop control: (a) supplemental transient droop [2.12],
(b) droop for resistive line impedance [2.13], (c) angle droop [2.14, 15],
(d) complex line impedance droop [2.16], and (e) robust droop [2.18].
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d) Combined droop

Several authors have proposed a combination of droop techniques with other
techniques to improve performance. The authors in [2.26] combined the droop
method and an average power control method. This technique requires low
bandwidth communications but is able to improve the load sharing capability. In
[2.27], particle swarm optimization (PSO) was used to optimize the droop constant
and a robust controller with a double-layer PSO algorithm has been proposed for
output voltage control. This technique yields good P and Q sharing but no hardware
implementation was presented. The droop technique has been combined with an
unbalance compensator in [2.28]. It produces good voltage unbalance compensation
and compensation effort is properly shared between DGs but its implementation is

complex.

e) Networked droop

Some droop techniques use network communication to share information among
parallel connected inverters to improve the performance of conventional droop
control. In [2.29], the authors proposed an improved angle droop technique that uses
web-based low bandwidth communications (shown in Figure 2.6 (a)) to share power
angle information between all inverters in the microgrid. The power angle
information from other inverters is used in making adjustments to each inverter’s
droop equation. This technique achieves good P sharing but Q sharing performance
was not presented. The authors in [2.30] proposed the addition of a weighted power
function with networked data, to conventional droop (shown in Figure 2.6 (b)) to
improve power sharing. The first inverter sends its active and reactive powers to a
slave inverter through a communication area network (CAN) bus. The second
inverter processes this power information together with its own active and reactive
powers to get weighted powers before being used by the droop controller. The
authors claimed that this technique has superior load sharing performance compared

to a droop-only method but no P or Q plots were presented as verification.
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Figure 2.6 Networked droop (a) web based networked droop [2.29] and
(b) weighted power function with networked data [2.30].

f) Hierarchical droop

Droop techniques with hierarchical control have been proposed by several authors to
improve power sharing and voltage regulation of the conventional droop technique.
Local output voltage with power droop control is usually implemented as the first

layer. In [2.31], secondary and tertiary controls were introduced to bring the deviated
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voltage and frequency back to rated values and control the power flow respectively.
This technique can be used both in ac and dc microgrids and produces good power
sharing and voltage regulation. Communication is required between each inverter

and the secondary controller. A block diagram for this controller is shown in Figure
2.7 (a).
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Figure 2.7 Hierarchical droop (a) hierarchical control presented in [2.31] and
(b) three layer control technique [2.32].
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Three layer control is also proposed in [2.32]. Droop control is used in the first layer
and a voltage deviation compensation function is used by second layer. Third layer is
quasi-synchronization which ensures the inverter’s voltage angle is close to that at
the PCC. This technique requires measurement of the microgrid voltage for the
second and third layers. It produces good P sharing with improved voltage
regulation. However Q sharing performance was not presented. A block diagram for
this controller is shown in Figure 2.7 (b). In [2.33], secondary control was applied to
manage compensation of load bus voltage unbalance and harmonics, by sending
proper control signals to the primary level. It enhances voltage quality and improves
load sharing performance however it is not verified experimentally. Two layer
control is been presented in [2.34]. Secondary control restores the frequency and
amplitude deviations produced by the primary control (droop control). Low
bandwidth communication is required between the secondary controller and each
inverter. This technique achieves good power sharing performance with improved

voltage amplitude and frequency regulation.

2.2.2 Active load sharing techniques

To achieve proper current sharing and voltage regulation in a parallel inverter
connected system, some information is shared between the parallel connected
inverters. The second kind of control scheme, collectively named active load sharing
scheme, utilizes communication among parallel inverter modules [2.35]. These
schemes employ different mechanisms to share information among the inverters. The
reported active load sharing techniques can be classified as: master slave control
[2.36-43], circular chain control [2.44, 45], centralized control [2.46], average
current sharing control [2.47-52], and average power sharing control [2.53]. Most of
these control techniques are used in UPS application but some can be applied to DG
applications. The characteristics, advantages and disadvantages of these control

techniques are summarized in Table 2.4 and Table 2.5.
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a) Master slave control [2.36-39, 41-43]

In master slave control (shown in Figure 2.8), the master inverter regulates the
voltage and frequency and other inverters become slaves. In other words, the master
module acts as a voltage source while the slaves operate as current sources. In
general, this control technique achieves good current sharing and stability. There are
some variants to this control technique, which depend on the selection of the master
module. In a dedicated scheme, one fixed module is selected as the master unit.
There is also a rotating scheme in which the master is arbitrary chosen. In another
variant, the module that produces maximum rms current is selected as the master
module [2.35].

In [2.36], the reference current for slave inverter was source from the power
distribution centre while in [2.37], output current from the master module was used
as reference current for the slave module. The authors in [2.38] introduced a phase
control algorithm into the conventional master slave technique to enable precise
current sharing even if the modules have different ratings. P and Q share buses that
are driven by the inverter that has the highest output power (master inverter), was
proposed in [2.39]. In this approach, slave inverters calculate the difference between
their output power and the power in the shared buses and make adjustments in the
output voltage frequency and amplitude. Another variant of the master control
strategy is current limitation control [2.40]. In this technique, there is a master
module that controls the load voltage and the slave modules only supply and share
the load current with the master module. A slave module receives a reference current
command from the previous module which has limited amplitude, resulting in non-

sinusoidal output current from each inverter.
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Figure 2.8 Master slave control technique.

b) Circular chain control (3C) [2.44, 45]

In the 3C technique (shown in Figure 2.9) [2.44, 45], successive inverter modules
track the current of the previous inverter to achieve equal current distribution. The
first module tracks the last to form a circular chain connection. Each inverter
regulates its output voltage based on the common reference voltage. However a
problem occurs when there is a damaged or failed inverter in the loop. If this is not
detected and isolated quickly, it will impact the performance of the overall system
and in the worst case, can cause total system failure. Two lines are usually used for

communication to achieve bidirectional communication and to increase reliability.

c) Centralized control [2.46]

In this technique (shown in Figure 2.10), the central controller regulates the load
voltage in an outer loop and sends reference current to each inverter. The reference
current is determined by adding the output of voltage controller and the average load
current (total load current divide by number of inverters). The current controller in
each inverter processes the difference between the reference current and its output
current. This control technique produces excellent current sharing but lacks
reliability and redundancy. The need to measure load current renders this control

unsuitable for system with distributed loads.
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Figure 2.10 Centralized control technique.

d) Average current sharing control [2.47-52]

This control technique uses the same concept that is applied to parallel connected
dc/dc converters. A common current bus with the system average current information,
is used. The average current is computed by connecting this current bus to the current
sensor of each inverter through a resistor. The central controller can also be used to

calculate the average current values before transmitting to each inverter. The average
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current is used as reference for each inverter and the current control can be
implemented either within the inner or outer current loops. In this technique, all the
inverters in the microgrid take part in the voltage, frequency, as well as the current
regulation, demonstrating the democratic nature of this controller. The control
diagram is shown in Figure 2.11.

Instantaneous output voltage control with current deviation and current deviation
cancellation control utilizing a current share bus, were introduced in [2.47]. Robust
voltage and current controllers were used in [2.48] to improve voltage regulation and
current sharing performance. In [2.49], average current sharing was realized through
three shared buses (inverter reference, sensed load current, and feedback voltage)
interconnecting all the paralleled modules. It produces a fast dynamic response but
with the addition of an extra communication bus. A multi-inverter system with an
instantaneous average current sharing scheme was modelled in [2.50] by introducing

a disturbance source to represent all the sources that may cause current imbalance.
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Figure 2.11 Average current sharing control technique.

31



Chapter 2: Inverter Configurations and Control Techniques

In [2.51], a sinusoidal reference voltage was digitally generated through a
synchronous square-wave signal shared among all the modules in parallel operation.
Current sharing control was realized in an analogue manner by means of applying its
circulating current to adjust its reference voltage. The authors in [2.52] introduced a
compensation strategy to conventional average current sharing, by feeding back the
reference current of each inverter. This approach improves the weighted current

distribution among inverters and all inverters share the load based on their rating.

e) Average power sharing control [2.53]

This technique is similar to average current sharing but in this technique, the
averaged P information is used instead of current. Hence only low bandwidth
communication is required compared to high bandwidth communication used in
average current sharing. Each inverter unit controls their output P sharing using an
active power regulator and Q sharing is achieved through phase locked loop control.
This technique achieves good power sharing performance but is only suitable for a

balanced system.
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Table 2.1 Conventional and modified droop techniques

Control techniques Concept Advantages Disadvantages Ref | Year
o Load dependent frequency and amplitude
deviations that induce poor performance in [2.10] | 1988
No communication load voltage regulation '
Conventional droop P-wand Q-E droop High modularity * L?ap;?ggnce mismatch will affect P and Q
Good reliability e Only based on predominantly inductive [2.11] | 1993
line impedance. '
o Poor transient and hot swap performance
Power derivative integral term is o Difficult to select the suitable coefficients
introduced to the conventional droop Fast transient response for derivative term that ensures stable [2.12] | 2004
equation to improve the transient response operation
Pﬁ:ggga%%gtml for resistive output Good active power sharing performance e Q sharing is not presented [2.13] | 2007
Angle droop Good frequency regulation e Q sharing is not presented [2.14] | 2009
Angle droop
A supplementary loop is proposed around - . -
. Stabilizes the operation for the droop o Only cater for a specified range of
the conventional droop control of each DG control that have high gain operation [2.15] | 2010
converter to stabilize the system and ensure
Modified droop satlsfaf:tor_y load sharing .
Modification of droop equation and Good current sharing
addition of virtual complex impedance to L . -
consider the effect of complex line 2?:3:2;'2;\5 ZLljrr];jeanTsental and harmonic ¢ Q sharing is not presented [2.16] | 2010
impedance. 9
Droop control with derivative controller is Enhance nower loop dvnamics ¢ Simulation and experiment do not cover [2.17] | 2011
used P pdy transient cases '
Droop equation is modified by deducting
rms of measured voltage value to the ﬁ;glde;g dcg;ggenes?ftsc\t/oltage drop due to e Poor Q sharing performance [2.18] | 2013
voltage set point P
Q vs time rate of change of V droop with Improved reactive power sharing o Difficult to determine restoration gain to [2.19] | 2013

voltage restoration function

achieve stable operation
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Control techniques Concept Advantages Disadvantages Ref | Year
Comblng static d.roop characterls_tlcs with Active damping of power oscillations Au?hor_s did not present experimental [2.20] | 2008
an adaptive transient droop function validation of this technique
Introduces the impedance voltage drops This strategy is complicated and sensitive
estimation function and employs online Good P and Q sharing [2.21] | 2009

. ST to parameter tolerance
reactive power offset estimation
Algorlthm to mod!f_y droop constant based Improve active power sharing performance Q sharing performan(?e '.S _not presented [2.22] | 2010
on operating condition. Improvement is not significant
Adaptive voltage droop scheme
Droop parameters are determined by two Improve decoupling between P and Q Complicated

Adaptive droop methods, i) trade-off between Q sharing Improve Q sharing under several line Can only cater for a specified range of [2.23] | 2010
and voltage regulation and ii) solving impedance conditions operation
optimization problems
Selection of droop parameters from set of Only for limited case (not robust)
optimized droop coefficients that are Stable microgrid operation under several P and Q sharin f t [2.24] | 2008
determined based on the analysis of small operational conditions g performance are no '
signal model presented
Bifurcation theory is used in scheduling the —_
droop parameters to improve voltage and Stable operation under certain cases CL:IOTT:teI(ijc;?eSgS presented [2.25] | 2010
frequency regulation P
Combined droop method and average
power control method that require a low Improved load sharing capability Need communication [2.26] | 2004
bandwidth communication
Particle swarm optimization is used to
optimize the droop constant. L1 robust

Combined droop control theory with the double-layer PSO Good active and reactive power sharing Complicated [2.27] | 2010
algorithm has been proposed for output
voltage control.

Good compensation of voltage unbalance
Unbalance compensator is added Compensation effort is properly shared Complicated [2.28] | 2013

between DGs
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Table 2.3 Networked and hierarchical droop techniques

Control techniques Concept Advantages Disadvantages Ref | Year
Improved droop technique that uses web- . . Require communication
basped low bandrz/vidth cgmmunication * Good active power sharing Q sharing performance is not presented [2:29] | 2010
Require communication
Networked droop Weighting power function is added to . Performance under impedance mismatch is
. : Improve load sharing error
conventional droop to improve power unknown [2.30] | 2012
sharing P and Q sharing performance are not
analysed properly.
Secondary control and tertiary control are
introduced to bring the deviated voltage Good power sharing and voltage regulation Need communication [2.31] | 2011
and frequency back to the rated values and Standardized for ac and dc microgrid Q sharing performance is unknown '
control the power flow respectively.
Multilayer droop control
1% layer — introduce power proportional
term to conventional droop Good P sharing . .
2" layer — compensate voltage deviation Improve voltage regulation Q sharing performance is unknown [2.32] | 2012
Hierarchical droop 3" layer — quasi-synchronization to ensure
the angle of inverter is close to PCC
Secondary control is applied to manage the
compensation of sensitive load bus voltage Enhance voltage quality Need communication [2.33] | 2012
unbalance and harmonics by sending Improve load sharing performance '
proper control signals to the primary level
Secondary control restores the frequency Good power sharing Need communication
and amplitude deviations produced by the Improved voltage amplitude and frequency [2.34] | 2013

primary control.

regulation
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Control techniques Concept Advantages Disadvantages Ref Year
Master module acts as a voltage source inverter while the slaves
operate as a current source inverters S Good current sharing capability and stability * Total system failure can occur if [2.36] | 1995
Reference current for slave inverter is given by power distribution communication fail
centre.
8:&2”,;23:? from master module s used as reference current for Good current sharing capability and stability e Only suitable for inverters that have equal
All inverters can be selected as master module and the selection of Automatlc_selectlon of master module in case 1 parameters [2.37] | 1998
- - - - inverter fails.
master module is made through via a single common status line
Phase control algorithm is introduce to conventional master slave . . . .
- : - - Load current can still be supplied from slave inverter | e Linear load only results are not presented so
technique to enable precise current sharing even if the modules have ifth . fail hari o b ified [2.38] | 2004
different rating even if the master inverter fails. current sharing performance cannot be verifie
Employ P and Q share buses that is driven by the inverter that have
the highest output power (master inverter).
Slave inverters calculate the difference between their output power Fast dynamic response and precise load sharing e Pl controller in power loops may cause [2.39] | 2004
and power in the share buses and make adjustment in the output instability to the overall system.
Master slave voltage frequency and amplitude
There is a master module that controls the load voltage and the slave « Total system failure can occur if
modules will only supply the load current. A slave module will . L -
receive reference current command from the previous module which Stable voltage regulation communlcatlon_ fail . . [2.40] | 2004
has limited amplitude. e Output current is not sinusoidal
. Current is shared based on rating
Central command generates references for different DGs based on ; - . o . . 2411 | 2012
sensed voltage and current at different nodes Fast transient dynam_lcs e Power sharing ratio is changing with load [2.41]
Improve power quality
New communication platform for master slave architecture utilizing
the communicating function of DSP and human machine interface on Improved energy management system e Increase in complexity [2.42] | 2012
main devices
Master slave method without any communication link between DGs
and loads. No communication among inverters e Power sharing ratio is changing with load
Current at PCC of each inverter is sensed, transformed to dq frame, Current is shared based og ratin 9 ging [2.43] | 2012
applied appropriate gain and reverted back to abc frame to become a 9
reference current for that particular inverter.
Circular chain connection is used to connect all modules and each « Total system failure can occur if [2.44] | 2000
3C module has an inner current loop control to track the inductor current Good current sharing performance ication fail
of its previous module communication fai [2.45] | 2007
Central controller regulates the load voltage using outer loop and : -
Centralized sends current reference to each inverter. Reference current is Good current sharing performance * Only suitable for inverter and load that are [2.46] | 2003

determined by dividing the total load with number of parallel inverters

located nearby.
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Table 2.5 Average current sharing and average power sharing control techniques

Control techniques

Concept

Advantages

Disadvantages

Ref

Year

Average current
sharing

Instantaneous output voltage control with the
current deviation and current deviation
cancellation control utilizing the current share
bus circuit.

Good current sharing performance

averaged current-sharing control with robust
voltage and current controllers

Fast dynamic response
Equal current distribution

Total system failure can occur if
communication fail

[2.47]

1998

[2.48]

2001

Average current method is realized through 3
share buses (inverter reference, sensed load
current and feedback voltage) interconnecting
all the paralleled modules without extra
control modules.

Fast dynamic response and equal load
current sharing

Too many share buses
Total system failure can occur if
communication fail

[2.49]

2002

Multi-inverter system with instantaneous
average-current-sharing scheme is modelled
by introducing a disturbance source to
represent all the sources that may cause
current unbalances

Good theoretical prediction of real
system

Current dynamic is relatively slow because
its bandwidth is limited by the voltage loop

[2.50]

2003

Sinusoidal reference voltage is generated in
digital manner through a sharing synchronous
square-wave signal among all the modules in
parallel operation.

Current sharing control is realized in analog
manner by means of applying its circulating
current to adjust its reference voltage

Good current sharing

Transient performance is not presented.

[2.51]

2004

A compensation strategy is added to
conventional average current sharing
Reference current of each inverter is fed back
as a compensation signal to improve
weighting current distribution

All inverters share the linear or
nonlinear load based on their rating

Total system failure can occur if
communication fail

[2.52]

2005

Average Power
Sharing

Active power bus is used instead of
instantaneous current bus.

Good power sharing performance

Only good for balanced system
Total system failure can occur if
communication fail

[2.53]

2003
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2.3 Summary

In this chapter, single and three phase inverter configurations have been presented.
Their characteristics, applications, advantages and disadvantages were briefly
discussed. The second part of the chapter reviewed control of parallel connected
inverters used in islanded microgrid. The control techniques are divided into two
categories: i) droop and ii) active load sharing control. Based on research trends,
most researchers favour and focuses on droop control techniques as they have
advantages in terms of flexibility due to lack of communication among parallel
inverters. However, due to advancements in the communications infrastructure, there
is also potential for some active load sharing techniques to be expanded and
improved. Considering this fact, and having advantages in term of producing good
voltage regulation and current sharing performance, average current sharing is
selected to be improved in a single phase microgrid application (chapter 4). For three
phase microgrid application for a larger system, where DGs are located far from each
other, average current sharing is not suitable as it requires high bandwidth
communication. So an average power sharing technique is more suitable and has

been selected to be used in three phase microgrid in chapters 5 and 6.
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Chapter 3

AC Power Flow Analysis and Circulating Current among Parallel

Connected Inverters

In this chapter, ac power flow analysis of an inverter based system connected to a
common ac bus through purely resistive, inductive or complex line impedances is
investigated. For each line impedance case, the effect of an inverter’s output voltage
power angle and amplitude on the active and reactive power flow are studied.
Several active and reactive powers plots are generated to visualize the impact of line
impedance on the power flow in an AC system. In the second part of the chapter, the
circulating current phenomenon in a parallel connected inverter system is analysed.
Circulating currents for multiple parallel connected inverters are defined and
simulations allow investigation of circulating current due to voltage phase, amplitude

and frequency imbalance.

3.1  AC power flow analysis, accounting for the effects of line impedance

Line impedance is an important factor when implementing a control technigue for an
inverter for microgrid operation, whether it is operating in grid connected or island
mode. At high and medium voltage levels, line impedance is highly inductive but at a
lower voltage level, line impedance is considered approximately resistive but
sometimes can be complex [3.1]. Line impedance determines the inverter control
strategy as the active and reactive powers flow depend on this parameter [3.2].

The equivalent per-phase model of an inverter connected to PCC bus is shown in

Figure 3.1. Complex power injected by an inverter to the PCC bus is given by
S=P+jQ (3.1)

where P is the active power and Q is the reactive power, defined as

2

EV V EV . V2.
P=—cos(0—-a)——cos8 =——sin(@—-a)——sind 3.2
> (0-a) Z Q Z (0-a) > (3.2)
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where E is the inverter output voltage amplitude measured at the filtered bus, V is the
point of common coupling bus voltage amplitude, and o is the power angle. Z and 6
are the magnitude and phase of the overall system impedance respectively, which

consist of resistance and inductive reactance, R and jwL.

3.1.1 Purely inductive line impedance

For an inductive line impedance system, which is normally associated with medium
and high power lines or a low voltage line with relatively large output inductance, it
can be assumed that the line resistance is negligible (Z=X and 6 = 90°) and the

equations in (3.2) reduced to:

EV sina EVcosa —V?
_ _ vt a =V 3.3
X Q X (33)

p

Based on (3.3), and with the assumption that the power angle « is very small (sin o=
a and cos a=1) active power and reactive power injected to the PCC bus is mainly
influenced by « and amplitude difference (E-V) respectively.

Figure 3.2 shows the active and reactive power plots for different voltage levels with
purely inductive line impedance (R=0 Q and X=0.3 Q). Active and reactive power
plots when E =V and « is varied are shown in Figure 3.2 parts (a), (b) and (c) while
the plots when « is fixed at 0 and E is varied, are shown in Figure 3.2 parts (d), (e)
and (f). From Figure 3.2 (a), inverter active power output increases as a increases
and vice versa. Figure 3.2 (b) shows that at o = 0, reactive power is 0 and when a
becomes more +ve or —ve, the reactive power from the inverter decreases. The rate of
active and reactive power change increase when the voltage level increases. Both the
active and reactive power plots are combined and shown in Figure 3.2 (c). From this
figure, with purely inductive line impedance, the variation of « has more effect on

the active power than the reactive power.

/0 V£0

PCC

Figure 3.1 Equivalent per-phase model of an
inverter connected to PCC bus
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Figure 3.2 (d) shows when « is fixed at 0, changing E will not affect the active

power. In Figure 3.2 (e), reactive power coming from the inverter increases as E

increases and vice versa. Figure 3.2 (f) compares both active and reactive power

plots with varying E, on the same plot.
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Figure 3.3 shows the active and reactive power plots with a purely inductive line

Ive power

230V with varying E and «. For all value of E, the act

impedance and V

increases as « increases and vice versa, as shown in Figure 3.3 (a). In Figure 3.3 (b),

for all values of E, the reactive power follows a bell shaped curve as a increases from

-15° to 15° and the magnitude of the reactive power increases as E increases. For

3.3 (c).
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3.1.2 Purely resistive line impedance
For a resistive system, which is common in low voltage power cables, the inductive
reactance is negligible compared to resistance (hence, Z=R and 6 =0°) and the

equations in (3.2) become:

P

_ EVcos(a)-V? o —EVsina

= - (3.4)

From (3.4) and with very small «, the active and reactive powers are mostly affected
by amplitude difference (E-V) and a respectively, which are the reverse for inductive
dominated systems. Figure 3.4 shows the active and reactive powers plots for
different voltage levels for purely resistive line impedance (R=0.3 Q and X=0 Q).
Active and reactive power plots when E =V and « is varied are shown in Figure 3.4
parts (a), (b) and (c) while the plots when « is fixed at 0 and E is varied are shown in
Figure 3.4 parts (d), (e) and (f).

Figure 3.4 (a) shows that when a=0, active power is 0 but as « becomes more +ve or
-ve, the active power from the inverter decreases. From Figure 3.4 (b), reactive
power decreases as «a increases and vice versa. The rate of active and reactive power
changes increases when the voltage level increases. Both the active and reactive
power plots are combined in Figure 3.4 (c), for comparison. From this figure, for a
purely resistive line impedance, the variation of o affects the reactive power more
than the active power. Figure 3.4 (d) shows when a is fixed at O, active power
increases as E increases and vice versa. From Figure 3.4 (e), changing E will not
affect the reactive power. Figure 3.4 (f) compares both active and reactive powers

with varying E, on the same plot.
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Active and reactive power plots with purely resistive line impedance (R=0.3 Q and
X=0 Q) and V=230 V with varying E and « are shown in Figure 3.5. In Figure 3.5
(@), for all values of E, the active power follows a bell shaped curve as « increases
from -15° to 15° and the magnitude of active power increases as E increases. Figure
3.5 (b) shows that for all E, the reactive power decreases as a increases and vice

versa.
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Figure 3.5 P and Q plots under purely resistive line impedance (R=0.3 Q and
X=0 Q) and V=230V with varying E and «: (a) P, (b) Q, and (c) P and Q.
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3.1.3 Complex line impedance

Most impedance analyses are usually done by assuming either pure inductance or
pure resistance. However, in many real world applications, the line impedance is
complex. In this case, the active and reactive power flows comply with equation
(3.2). Complex impedance can be divided into three categories:

) X=R;
(i) X/R>1;and
(iif) R/X>1.

Figure 3.6 shows the active and reactive power plots for different X/R ratio (Z is
fixed at 0.3 Q). Power plots when E is fixed at 230 V and « is varied are shown in
Figure 3.6 parts (a), (b) and (c) while the plots when « is fixed at 0 and E is varied
are shown in Figure 3.6 parts (d), (e) and (f). Figure 3.6 (a) shows for X/R > 1, active
power increases as o increases and vice versa. In Figure 3.6 (b), for X/R=1 to
X/R=3.8, reactive power decreases as « increases and vice versa. As the line
impedance becomes more inductive, the reactive power plot becomes more like a
bell shape. Both active and reactive power plots are compared in Figure 3.6 (c).

When « is fixed and E is varied, the active power increases as E increases and vice
versa however the gradient of active power change decreases as the line impedance
become more inductive, as shown in Figure 3.6 (d). Figure 3.6 (e) shows for X/R > 1,
reactive power increases as E increases and vice versa. Both active and reactive

power plots are compared in Figure 3.6 ().
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in Figure 3.7 (b). Both active and reactive power plots are compared in Figure 3.7

(c). When « is fixed and E is varied, the active power increases as E increases and

3.7 (d). Figure 3.7 (e)
d vice versa however the

igure
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resistive. Both active and reactive power plots are compared in Figure 3.7 (f).

(M) d 4amod annay

(M) d 4amod ananoy

E, Percentage of V (%)

Power angle, a (°)

N
\\\\\\\ W

A
““““ A

AN
NN
VANV
\\\\\\\ AORRRRRY
,,,,;,,,,,%,,,,,,,,,,,
\

AR

WY

A\
\\\\\\\ A
AR
AN
IO
““““““ )
i
L
0
“““““ |
)
i

\
N

|
\
i

W

|

i

,,

i
/,”,N%,,,
\\\\\\\\ l @

/,N,,,w

\

,,,,,,

A

i
W\
W

N\
U

(awAd) O 4amod annoesy

E, Percentage of V (%)

Power angle, a (°)

(A1) d 1amod sAnoy

Percentage of VV (%)

E,

Power angle, a (°)

3 Qand V=230 V: (a) P

=0

io with Z

3.7 P and Q plots for different R/X rat

Figure
with fixed E and varying «; (b) Q with fixed E and varying «; (c) P and Q with fixed

0 and varying E and (f)

ith a
0 and varying E.

(&) Qw

=0 and varying E

th a

(d)Pw

E and varying «

P and Q with a

52



Chapter 3: AC Power Flow Analysis and Circulating Current among Parallel Connected Inverters

3.1.4 Effects of line impedance: Summary

In this section, the effects of different line impedance characteristic to the power
flow in ac system are investigated. Under purely inductive line impedance, active
power and reactive power injected to the PCC bus is mainly influenced by « and
amplitude difference (E-V), respectively. These conditions are true when o is
relatively small (-15° to 15°).

For purely resistive line impedance, the opposite conclusion from the purely
inductive line impedance can be observed. In this condition, the amplitude difference
(E-V) gives bigger impact on the active power flow while changes in o (small angle)
affect more on reactive power flow.

For complex line impedance, three conditions can exist: i) X = R; ii) X/R > 1 and iii)
R/X > 1. When E=V=230 V, for X/R > 1, active power increases as a increases and
vice versa while for X/R = 1 to X/R = 3.8, reactive power decreases as o increases
and vice versa. As the line impedance becomes more inductive, the reactive power
plot becomes more like a bell shape. When « = 0, for X/R > 1, the active power
increases as E increases and vice versa however the gradient of active power change
decreases as the line impedance become more inductive. On the other hand, with the
same condition, the reactive power increases as E increases and vice versa.

When E=V=230 V, for R/X=1 to R/X=3.8, active power increases as a increases and
vice versa. As the line impedance becomes more resistive, the reactive power plot
becomes more like a bell shape. On the other hand, for R/X > 1, reactive power
decreases as o increases and vice versa. When « = 0, for R/X > 1, the active and
reactive power increases as E increases and vice versa. However the gradient of

reactive power change decreases as the line impedance become more resistive.
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3.2 Circulating current in parallel inverters

Circulating current is an important aspect that should be taken into account when
dealing with parallel inverters in a microgrid. Previous literature has discussed
circulating current in parallel connected inverter applications [3.3-9]. Ideally, it is
desired that each parallel connected inverter have an output voltage that has the same
phase, amplitude and frequency, however in real life operation this is difficult to
achieve because each component has its own inaccuracy. In general, there will be a
circulating current flowing in the parallel system if there is voltage mismatch of
inverter output voltages in term of amplitude, phase or frequency [3.3]. In [3.4], the
authors added another factor, namely modulation. They proved that without uniform
modulation, the circulating current still occurs even though all the parallel connected
inverters have the same modulating signals. In [3.5], the authors discussed the
circulating current by representing the two paralleled inverters with two parallel
connected dual buck converters that share a same DC link. Based on the circulating
current analysis, the authors proposed a controller that can change the switching
pattern when the circulating current exceeds certain limits in order to reduce the
circulating current. Circulating current for a 3-phase grid connected parallel inverters
system has been discussed in [3.6]. The authors proposed a circulating current
definition for each individual phase. The active and reactive components of
circulating currents were defined in [3.7, 8]. The authors in both cases used the
circulating current analysis to properly design the output impedance of their systems.
In [3.9], circulating current was defined as the negative of difference between
average current in the system and the output current of an inverter. All this literature
discussed circulating current for two parallel connected inverters system. No
literature so far has discussed circulating current in a parallel connected inverters
system that contains more than two inverters. It is interesting to know the definition
and characteristics of circulating current in this kind of system. These aspects are

covered in this section.
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3.2.1 Circulating current in two parallel connected inverters system

Figure 3.8 shows the equivalent circuit of two parallel connected inverters supplying

a load through system impedances. I, and I, are the output currents of inverter 1 and

inverter 2 respectively and they are defined as:

_EV U
[ =—_ "o _>-Mm 3.5
=77 1 (3.5)
r-5Y Ys (3.6)
2 ZZ

where E,, E,, V., Z, and Z, are the output voltage of first inverter, output voltage

of second inverter, load voltage, system impedance of first inverter and system
impedance of second inverter, respectively. The load voltage can be derived using

the Millman’s theorem:

E
T+T — — = — =
— Z, Z, 0 (Elzz + EZZl)
Ve =TT 1 1 77.:77477 3.7)
—_— 4 — ZlZZ+ 2 0+ lZO
Z Z, Z,

where Z_ is the load impedance. By common definition, circulating current in this

system is given by [3.3, 4]

T
Iy = (3.8)

However, it can be argued that the calculation can be done in the opposite way, that

is:

[, =-2_1 (3.9)
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E, Z, [
— T
2
E, 7 T

/

Figure 3.8 Two parallel inverters systém.

So in this case, the circulating current can be defined based on which inverter the

circulating current is seen from. The circulating current seen by inverter 1 and 2 are
given by (3.10) and (3.11) respectively.

> (3.10)

3.11
2 (3.11)
Substituting (3.5) and (3.6) into (3.10) and (3.11) results in

_UuZ,-U,,2 (3.12)
27.7,

H1

T = JAZZl _JAlzz (3.13)
ik 27,7,

The average output current from the two inverters is:

oLl
= (3.14)

It can be shown that the different between each inverter output current and the
average current is the same as the circulating current seen by each inverter [3.9].

— -  2L-L-1 I,-1, -

Il - Iavg = 2 2 IH1 (315)

I
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3.2.2 Circulating current in an N parallel inverters system
Figure 3.9 shows the equivalent circuit of N parallel inverters supplying a load

through system impedances. Current from each inverter is:

- o =8k (k=1,2,..,N) (3.17)

where I, E, and Z, are output current, output voltage and system impedance of the

K™ inverter respectively. As with the two inverter system, the generalized equation

for load voltage, V_, is derived using the Millman’s theorem and given by (3.18).

_ — N (E.
5+T2+...+5 Z(Z_JJ
v-_%4 % S el (3.18)
°T1 1 1 1 1 a1
= +=+.t=—t= T+Z 4
Z 2 Zy Z, Z, 4 Zj
The average output current is given by:
ZN:_
£t
T, =< (3.19)

The circulating current seen by each inverter is defined as the different between its

output current and the average current.

_— N_
NI, = >"T,

J
Ly = k—l‘avng':l (k=12,..,N) (3.20)

where 1,, is the circulating current seen by the k™ inverter. Substituting (3.17) into

(3.20) results in

-1 i1
I, = a i (k=1,2,...,N) (3.21)

Equation (3.21) is a novel equation definition for the circulating current seen by the

k™ inverter.
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Figure 3.9 N parallel inverters system.

3.2.3 Simulation setup: Circulating current in three parallel connected
inverters system

Several MATLAB/Simulink simulations have been conducted to investigate the

circulating current in a three parallel inverters system. To simplify the simulation,

three voltage sources (E,, E,and E,) are used to represent the output voltage of three

inverters (after LC filtering). All the three voltage sources are connected to a load

(Z,) through their respective line impedances (Z,, Z, and Z,). The system

configuration is shown in Figure 3.10. The active and reactive powers calculation
blocks are used to calculate the output power (P1, Qi, P2, Qa, P3, Q3), power
absorbed by line impedance (Pp1, Qb1, Pp2, Qb2, Pps, Qps), circulating power (P,
Qu1, P2, Qn2, Pus, Qus), power absorbed by line impedance due to circulating
current (Ppn1, Qori, Porz, QpHz, Pous, Qows), and load power (P, Qo). Ini, Iz and
Iz shown in Figure 3.10 are the circulating currents seen by voltage sources 1, 2 and
3 respectively and these currents are calculated using equation (3.20). There are 9
simulations, divided into five parts. All are simulated for 0.1s and the output current
from all voltage sources, circulating currents, load current, and average current are
plotted for each simulation. The system parameters used for each test are listed in
Table 3.1. The power rating of one inverter (all the three inverters have the same
power rating) is selected for the Spase Value. Highlighted boxes in the table contain

the parameters that are different from the control parameters (Test 1).
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Figu_re 3.10 Circulating current simulation for three parallel connected voltage
sources.

a) Part I: Ideal condition (Test 1)

In this part, the ideal condition of parallel operation is simulated. The system
parameters in column Test 1 (Table 3.1) are used. The voltage sources and line
impedances for the three parallel voltage sources are identical. All of them are

connected to the RL load.

b) Part II: Circulating current due to phase difference (Test 2, 3, 4 and 5)

Simulations in this part are intended to show the circulating current occurrence in a
parallel system due to phase differences among voltage sources. In Test 2, the load is
the same as Test 1. Partial loading is used for Test 3 and the load is disconnected for
Test 4. Tests 3 and 4 are intended to show the effect of load on circulating current. In
Test 5, the same load as Test 1 is used but the line impedances from voltage sources

1 and 3 are changed to see the effect of line impedance on circulating current.
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c) Part I1I: Circulating current due to amplitude difference (Tests 6 and 7)

In this part, the effect of voltage amplitude difference of parallel connected voltage
sources on the circulating current is investigated. For Test 6, the amplitude of the
first and third voltage sources are changed while the other parameters are the same as
Test 1. Test 7 is the same as Test 6 but with the load disconnected from the system.

d) Part IV: Circulating current due to frequency difference (Test 8 and 9)

Investigation on the effect of voltage frequency difference of parallel connected
voltage sources on the circulating current is performed. For Test 8, the frequency of
the second and third voltage sources are changed while other parameters are the same

as Test 1. Test 9 is the same as Test 8 but with the load disconnected from the

system.
Table 3.1 System Parameters
Test1 | Test 2 | Test 3|Test 4|Test 5 | Test 6|Test 7 |Test 8|Test 9
\ base (V) 230
S pase (VA) 3000

Aj(pu) | 1 1 1 1 1 1 1
Ei]l ai(°) 0 0 0 0 0 0 0
fo(Hz) | 50 | 50 | 50 | 50 | 50 | 50 | 50 | 50 | 50
Ay(pu) | 1 1 1 1 1 [1.022]1.022
Eo|l ay(°) 0 | 15| 15| 15 | 15| 0 0
fa(Hz) | 50 | 50 | 50 | 50 | 50 | 50 | 50 |50.02]50.02
Azpu | 1 1 1 1 1 |0.983|0.983
Es| a3(°) 0 |-08|-08|-08|-08| 0 0
fa(Hz) | 50 | 50 | 50 | 50 | 50 | 50 | 50 |49.96|49.96
Ry (pu) |0.028|0.028 | 0.028 | 0.028 | 0.017 | 0.028 | 0.028 | 0.028 | 0.028
X (pu) |0.036|0.036 | 0.036 | 0.036 | 0.027 | 0.036 | 0.036 | 0.036 | 0.036
R, (pu) |0.028|0.028 | 0.028 | 0.028 | 0.028 | 0.028 | 0.028 | 0.028 | 0.028
X (pu) | 0.036 | 0.036 | 0.036 | 0.036 | 0.036 | 0.036 | 0.036 | 0.036 | 0.036
R (pu) |0.028|0.028 | 0.028 | 0.028 | 0.045 | 0.028 | 0.028 | 0.028 | 0.028
X3 (pu) | 0.036 | 0.036 | 0.036 | 0.036 | 0.045 | 0.036 | 0.036 | 0.036 | 0.036
R, (pu) [0.284|0.284 0567 | o [0.284[0.284| o« |0284| o
X, (pu) |0.0890.089|0.178| o [0.089/0.089| o« |0.089| oo

Zy
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3.2.4 Simulation results: Circulating current in 3 parallel connected inverters
In this subsection, the simulation results of the circulating current in a 3 parallel
inverters system are presented. Power and current measurements from each test are

also presented in Table 3.2 and Table 3.3 respectively.

a) Part I: Ideal condition (Test 1)

Simulation results for Part A are shown in Figure 3.11. When the system parameters
are the same for the three voltage sources, each source supplies the same current to
the load. The average current will be the same as the output current from each source
so there is no circulating current. This is expected as there will be no voltage
difference among the voltage sources so the current from all voltage sources will

only flow to the load.
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Figure 3.11 Simulation results for Test 1.
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Table 3.2 shows that all the voltage sources equally shared the active and reactive
powers (1.017pu and 0.35pu each) required by the load. Due to the non-existence of
circulating current, there is no circulating power and no power is absorbed by line
impedance due to circulating current. The sum of powers absorbed by line
impedance and load power is equal to the sum of output powers. From Table 3.3, the
sum of output current is equal to the load current which means currents from voltage
sources only feed the load.

Table 3.2 Simulation results — power measurements

Test1 | Test2 | Test3 | Test4 | Test5 | Test6 | Test7 | Test8 | Testo
P, (pu) 1.017| 0950 0.454| -0.068] 1.217| 0.999] -0.020 1.079| 0.063

P o1 (pu) 0.033] 0030 0.007| 0.0002] 0033 0.031]0.00003] 0.036| 0.0002

P 1 (pu) o| -0.068] -0.068] -0.068] 0.195| -0.020] -0.020( 0.063] 0.063

£ P on1 (PU) o| -0.004] -0.002| 0.0002| 0.0006| -0.0001 0.00003] 0.004| 0.0002
S ST 0.350| 0.404| 0.228] 0058 0676 0.326] -0.025] 0.305] -0.049
Q1 (pu) 0.041] 0038 0.009] 0.0003] 0052 0.039]0.00004] 0.045 0.0002

Q 11 (pu) o| 0058 0058 0058 0330 -0.025| -0.025| -0.049| -0.049

Q oy (pu) o[ 0.0009] 0.0006] 0.0003] 0.017] -0.002| 0.00004| -0.0001| 0.0002

P, (pu) 1.017| 1.394| 0.903] 0385 1.335 1.324] 0283 1.261] 0.249

P oz (pU) 0033 0055 0023 0007] 0051] 0061] 0.006] 0.046] 0.003

P 1> (pu) 0| 0385 0385 0385 0323 0283 0283 0249 0.249

£ P on (PU) o 0030 0019 0007 0028 0008 0.006] 0019 0.003
2 o, (pu 0350 0.077] -0.112] -0.296] 0.050] 0.715] 0.356] 0.165] -0.200
Q2 (pu) 0.041] 0069 0029 o0.008] 0064 0077 0.007] 0058 0.004

Q 1> (pu) 0| -0.296| -0.206] -0.296] -0.323| 0.356] 0.356] -0.200] -0.200

Q oy (PU) of o0.006] 0007 0008 0002] 0029 0.007] 0.002] 0.004

P, (pu) 1.017| 0.717| 0.219] -0.306] 0.516] 0.748] -0.253| 0.719] -0.305

P os (pU) 0.033] 0024] 0006 0.004] 0017 0.016] 0.005] 0025 0.005

P i3 (pu) o[ -0.306] -0.306] -0.306] -0.510] -0.253| -0.253| -0.305] -0.305

£ P ouz (PU) o| -0.015] -0.005] 0.004] -0.020] 0.003] 0.005] -0.015| 0.005
* os (v 0350 0584 0414] 0252] 0340 0027 -0.318] 059| 0.259
Q ps (pu) 0.041] 0030 0008 o0.006] 0017 0021] o0.006] 0030 0.006

Q 13 (pu) o 0252] 0252] 0252 o0.008] -0.318] -0.318] 0.259] 0.259

Q o (pU) of o.008] 0006 0.006] -0.004] -0.014] 0.006] 0.008] 0.006

P qum (PU) 3051| 3061 1575 0011] 3.068] 3.070] 0011] 3.058] 0.008

P osum (PU) 0.098| o0.110] 0037 0011] 0.101] 0.109] 0.011] 0.106] 0.008

P tisum (PU) o[ oo11] o011 o0011] 0009 0.011] o0.011] o0.008] 0.008

E L E . E o | 0tem (pu) o[ oo11] o011 o0011] 0009 0.011] o0.011] o0.008] 0.008
Q qum (PU) 1.051] 1.065] 0530] 0014 1.065] 1.067] o0013] 1.061] o0.010

Q peum (PU) 0.124] 0138 0.046] o0014] 0132] 0137] o0013] 0134 0.010

Q psum (PU) o o014 0014 0014 0015 0013 0013] 0010 0.010

Q pisum (PU) of 0014 0014 0014 0015 0013 0013] 0010 0.010

Load  [Pe @) 2.952| 2951 1538 of 2967 2961 0| 2952 0
Q, (pu) 0928 0927] 0483 0| 0932 0930 0| 0927 0
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Table 3.3 Simulation results — current measurements

Test1|Test2|Test 3| Test4|Test5|Test6|Test 7| Test 8| Test9

I, ms (A) 1.076| 1.033| 0.508| 0.089( 1.392| 1.050| 0.032| 1.121| 0.080

1, rms (A) 1.076| 1.396| 0.910( 0.485| 1.336| 1.473| 0.446| 1.272| 0.320

I3 rms (A) 1.076| 0.925| 0.468| 0.396( 0.618| 0.761| 0.414| 0.930| 0.400
1,+1,+1 5 mms (A) 3.227| 3.353| 1.886| 0.971| 3.346| 3.284| 0.891| 3.323| 0.800
I, rms (A) 3.227| 3.226| 1.647 0| 3.235| 3.231 0| 3.227 0
Li+l,+l5 -1, s (A) 0| 0.127| 0.239| 0.971| 0.111| 0.053| 0.891| 0.096| 0.800

b) Part Il: Circulating current due to phase difference (Test 2, 3, 4 and 5)
Simulations in Part Il are intended to show the effect of voltage phase difference
among parallel voltage sources on the circulating current. The simulation results for
Test 2, 3, 4 and 5 are shown in Figure 3.12 parts (a), (b), (c) and (d) respectively.
Circulating currents exist when there are voltage differences among parallel voltage
sources and these currents are the same for all the three tests even though the loading
condition is different in each test. In Test 2, partial loading is used so it can be seen
that the output current from each voltage source is reduced but the circulating current
remains the same. When the load is disconnected from the system in Test 4, the
output currents become the same as the circulating currents. From these results, it can
be concluded that the circulating current is independent of the load condition and
when there is no load, the output current of each voltage source is the circulating
current seen by each voltage source. In Test 5, with the same loading condition as
Test 2 but with changes in line impedances for voltage sources 1 and 3, different
circulating currents can be observed as shown in Figure 3.12 (d). This is expected
because when the line impedances from voltage sources 1 and 3 are reduced and
increased respectively, more current comes from voltage source 1 and less current
comes from voltage source 3. These in turn affect the circulating currents in the
system. So it can be concluded that circulating currents in a parallel system are
affected by the system line impedances.

In terms of power flow in the system (refer Table 3.2), for tests 2, 3 and 4, the
circulating power from each voltage source is the same for all the three tests. Also
the output power at a no load condition (Test 4) is the same as the circulating power.

For the three tests, the sum of circulating powers is the same as sum of power
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absorbed by line impedances due to circulating current (Puysum= Ppnsum = 0.011pu and
Qusum= QpHsum= 0-014DU)-
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Figure 3.12 Simulation results for Part Il. (a) Test 2; (b) Test 3; (c) Test 4; and (d)
Test 5.
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In Test 2, the output powers from all voltage sources are all positive but with
different magnitude. This indicates that there are no net active or reactive power
exchanges among inverters. For this case, the only negative impact of circulating
current in the system is the extra active and reactive power losses (0.011pu and
0.014pu respectively) in the line impedances due to unequal current from each
voltage source. From Table 3.3, there is 0.127pu difference between total output
current and load current. This is the circulating currents that causes the system extra
power losses.

In Test 3, when the load is changed to partial loading, the second voltage source
absorbs 0.112pu active power which means there is net reactive power exchange
from other voltage sources to this voltage source. In real world inverter application,
this can make the DC link voltage increase and affects the overall control and
stability of inverters. For this test, there is a difference of 0.239pu between total
output current and load current as shown in Table 3.3.

When the load is completely disconnected in Test 4, the first voltage source absorbs
0.068pu of active power and supplies 0.058pu of reactive power, the second voltage
source supplies 0.385pu of active power and absorbs 0.296pu of reactive power, and
third voltage source absorbs 0.306pu of active power and supplies 0.252pu of
reactive power. All of these powers are the results of 0.971pu of current difference
between the sum of the output currents and the load current shown in Table 3.3.
Furthermore there are 0.011pu and 0.014pu losses of active and reactive power
respectively in the line impedance due to the circulating currents.

For Test 5, when compared to Test 2, when the line impedances are changed, the
output power from each voltage source is also changed. This power change is
expected as the current from each voltage source is also changing with line
impedance. In this particular case, there is no net power flow among inverters but
Pphsum decreases from 0.011pu to 0.009pu while Qppsym increases from 0.014pu to
0.015pu.

65



Chapter 3: AC Power Flow Analysis and Circulating Current among Parallel Connected Inverters

c) Part IlI: Circulating current due to amplitude difference (Test 6 and 7)

In this part, the effect of voltage amplitude difference among parallel voltage sources
on the circulating current is investigated. The simulation results for tests 6 and 7 are
shown in Figure 3.13 parts (a) and (b) respectively. In Test 6, circulating currents
exist when there is amplitude difference among parallel connected voltage sources.
As in part Il, the circulating currents remain the same even when the load is
disconnected from the system as shown in Test 7. Referring to Table 3.2, in Test 6,
there is no net power exchange among voltage sources as all produce positive active
and reactive output power. However due to the circulating current, there are extra
power losses in the line (Pprsum = 0.011pu and Qpnsum= 0.013pu). In Test 7, under a
no load condition, the first voltage source absorbs 0.02pu and 0.025pu of active and
reactive power respectively. The second voltage source supplies 0.283pu and
0.356pu of active and reactive power while voltage source 3 absorbs 0.253pu and
0.318pu of active and reactive power. Due to these power flows, there will be
0.011pu and 0.013pu loss of active and reactive power respectively in the line
impedances. From Table 3.3, in Test 7, the excessive current is about 0.891pu.
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Figure 3.13 Simulation results for Part I11. (a) Test 6 (b) Test 7.
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d) Part IV: Circulating current due to frequency difference (Tests 8 and 9)

Simulations in Part IV are intended to show the effect of voltage frequency
difference among parallel voltage sources on the circulating current. The simulation
results for tests 8 and 9 are shown in Figure 3.14 parts (a) and (b) respectively. The
circulating currents exist in a system when frequencies of parallel connected voltage
sources differ from each other. As expected, the circulating currents remain the same
even when the load is disconnected as shown in Figure 3.14 (b). In terms of power
flow, for Test 8, there is no net power flow among voltage sources (each voltage
source outputs positive active and reactive powers) but the circulating currents
produce extra power losses in the line impedances. In Test 9, the first voltage source
supplies 0.063pu of active power and absorbs 0.049pu of reactive power and second
voltage source supplies 0.249pu of active power and absorbs 0.2pu of reactive
power. Voltage source 3 absorbs 0.305pu of active power and supplies 0.259pu of
reactive power. Due to these power flows, there will be 0.008pu and 0.01pu losses of

active and reactive powers respectively in the line impedances.
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Figure 3.14 Simulation results for Part IV. (a) Test 8 (b) Test 9.
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3.3  Summary

In this chapter, ac power flow analysis for inverters under the effect of inductive,

resistive and complex line impedance has been investigated. Several active and

reactive power plots were obtained to visualize the impact of voltage power angle
and amplitude on active and reactive power flowing in an ac system at different
voltage levels.

In the second part of the chapter, circulating current was defined for a multiple

parallel connected inverters connected to the same load bus. Several simulations

were performed to visualize the circulating currents phenomenon due to the phase,
amplitude and frequency differences among parallel connected inverters. Several
conclusions can be made based on these simulations:

e Circulating current occurs when there are difference in output voltage amplitude,
phase and frequency of parallel connected inverters.

e Circulating current is a current superimposed on normal power currents and is
used as a tool to describe imbalance between inverters.

o Circulating current exists regardless of the load.

e At low loading or a no load condition, circulating current can cause power
exchange among parallel connected inverters. This can affect the overall control
and even damage the inverter. At high loading conditions, usually there will be no
net power flow among inverters. In this case, the circulating current determines
the power sharing ratio of parallel connected inverters. However this normally
produces extra power losses in line impedances.

¢ In areal world situation, when the rating of an inverter is different, S; = 2S,, then
it is common to supply the load based on this ratio. In this case the current from
inverter 1 will be double that of inverter 2. So provided there is no net active or
reactive power flowing between inverters, the only negative impact is the extra

line impedance losses.
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Chapter 4

Improved Instantaneous Average Current Sharing (IACS) Control

In this chapter, an improved IACS controller is proposed for a single phase system.
A gain scheduling technique is adapted in the proposed technique. The objective is to
improve the performance of the conventional IACS controller in term of current and
power sharing between inverters under difference line impedance conditions. A
generalized model of a single-phase parallel connected inverter system is derived.
The model incorporates details of the control loops that use a proportional-resonant
controller but not the switching action. The voltage and current controller design and
parameter selection process are discussed. The simulation and experimental results
will show that adaptive gain scheduling manages to improve the performance of the

conventional IACS controller.

4.1  Background

From Chapter 2, in all active load sharing schemes, the output currents of parallel
connected inverters are regulated at each switching cycle. These schemes have good
performance, both in current sharing and voltage regulation, but do not incorporate
the effects of line impedance. In an actual distributed system, the line impedance of
one unit can be significantly different from the impedance of another unit.

As presented in section 3.1, load sharing is affected by line impedance variation.
More important, the X/R ratio of line impedance affects the stability margin of a
microgrid [4.1, 2]. If the system is informed of the line impedance then its effect can
be compensated. Without this information, the controller is unable to compensate the
voltage drop and power loss due to the line impedance. Few researchers have
considered the effect of line impedance in the design of the control scheme [4.3-5].
In [4.3], the author proposed a combined droop method and power adjusting
mechanism. A small ac voltage signal is injected into the system as a control signal.
The quantity to be shared controls the frequency of this control signal. As far as an
instantaneous current sharing control scheme is concerned, only [4.6] discussed the

effect of line impedance on controller performance.

70



Chapter 4: Improved Instantaneous Average Current Sharing Control

4.2  Parallel connected inverter system configuration
This section discusses the single inverter construction and parallel inverter

configuration with IACS control used in this chapter.

4.2.1 Single inverter construction

A typical inverter consists of a dc power source, a bridge type inverter and an LC
filter as shown in Figure 4.1. Assuming an ideal source from the DG side, the dc bus
dynamics can be neglected. The inverter converts the dc input to an ac output based
on the modulation signal from the SPWM modulator. L;, R; and C; represent the
inductance, resistance, and capacitance of the output filter, respectively. The line
impedance between the inverter and the load network is the equivalent impedance
due to the connecting lines or cables. This line impedance can be inductive or

resistive. The load can be resistive, inductive, or capacitive; linear or nonlinear.

Ve LC filter Z
BbH
= Inverter Ri Ls Riine  Liine
E VW"'WJ- VW_’W
Controller P SPWM {0
% J C; -Load
3 |

Figure 4.1 Block diagram of an inverter.

4.2.2 Multiple parallel connected inverter system

Figure 4.2 shows an instantaneous average current sharing scheme for a multiple
parallel connected inverter system. Each inverter in the system receives a pre-
synchronized reference voltage and delivers its own measured output current value to
the current sharing bus from which the reference current is generated. This reference
current becomes the reference for the outer current sharing loop of each inverter. The
error between this reference and the output current of an individual inverter is fed to
the current controller and the high gain of this controller provides an adequate
corrective signal that is added to the modulating signal. In other words, the current
sharing controller tries to increase the current if its output current is less than the
reference current and decreases the current when the output current is more than the

reference by adjusting the inverter output voltage.
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Figure 4.2 Instantaneous average current sharing scheme for a multiple inverter
system.

4.3  1ACS controller

A conventional IACS controller in general has good voltage regulation and current
sharing performance. However, it can be improved to be adaptive to line impedance
variations during operation. An improved IACS controller embedded with two gain
schedulers is presented in this section.

4.3.1 Conventional IACS controller

Figure 4.3 shows the conventional IACS controller. Each inverter has three feedback
control loops and one feed-forward control loop. The three feedback control loops
are: i) inner current, ii) voltage control, and iii) outer current sharing. The inner
current feedback loop and voltage feedback loop can provide good overall
performance for both steady state and transient responses as shown in [4.7], for a

single inverter system. For the inner current loop, the capacitor current is selected as
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