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ABSTRACT

CONTROL OF DISTRIBUTED GENERATION FOR GRID-CONNECTED AND
INTENTIONAL ISLANDING OPERATIONS

By

Irvin Joel Balaguer Alvarez

The current model for electricity generation and distribution in the United States is
dominated by centralized power plants. The power at these plants is typically combustion (coal,
oil, and natural) or nuclear generated. Centralized power models, like this, require distribution
from the center to outlying consumers. This system of centralized power plants has many
disadvantages. Electric utilities are becoming more and more stressed since existing transmission
and distribution systems are facing their operating constraints with growing load. Greenhouse
gas emissions have resulted in a call for cleaner renewable power sources. Under such
circumstances, distributed generation (DG) with alternative sources; such as fuel-cell, wind-
turbine, bio-mass, micro-turbine and solar-cell systems; has been considered as a promising
solution to the above problems.

DG is defined as small, modular electricity generators located close to the end customer's
load connection point. DGs can enable utilities to decrease investment costs in transmission and
distribution system upgrades while still meeting increasing power demands. Also, DGs provide
customers with improved quality and reliability of energy supplies without imposing undesirable
effects on environment. In general, DG can be intended as small sized power plants that are

designed to be installed and operated within a local load center.



This research presents the development and test of a control strategy for DG capable of
working in both intentional islanding (stand-alone) and grid-connected modes. In the grid-
connected mode of operation, the DG is connected to the utility. The utility, which is assumed to
be stiff, sets the voltage at the terminal of the DG inverter. The inverter controls the power being
injected into the grid by controlling the injected current. Thus, in this mode, the inverter operates
in the current control mode. In the stand-alone mode, the inverter supplies power to the load. It
has to maintain the voltage at the terminals of the load, irrespective of any changes in the load.
Thus, in this mode, the inverter operates in the voltage controlled mode.

The stand-alone control features an output voltage controller capable of handling deficit of
generated power (load shedding) and synchronization for grid reconnection with a seamless
transition from stand-alone to grid-connected operation modes. The grid-connected mode with
current control is also enabled for the case of power grid connection. This grid-connected control
features an output current controller capable of loss of main detection, synchronization with the
grid, and seamless transition from grid-connected to stand-alone operation modes with minimum
interruption to the load.

The operational principle and control method of the proposed system are explained in detail.
A 10kW DG inverter has been designed, built and set up for testing. Simulation and

experimental results are provided in order to verify the validity of the developed DG system.
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CHAPTER 1. INTRODUCTION

The current model for electricity generation and distribution in the United States is
dominated by centralized power plants. The power at these plants is typically combustion (coal,
oil, and natural) or nuclear generated. Centralized power models like this require distribution
from the center to outlying consumers.

This system of centralized power plants has many disadvantages. Electric utilities are
becoming more and more stressed since existing transmission and distribution systems are facing
their operating constraints with growing load. Greenhouse gas emissions have resulted in a call
for cleaner renewable power sources. Under such circumstances, distributed generation (DG)
with alternative sources such as fuel-cell, wind-turbine, bio-mass, micro-turbine and solar-cell

systems, has been considered as a promising solution to the above problems.

1.1. The Distributed Generation Concept

DG is defined as small, modular electricity generators located close to the end customer's
load connection point. They can enable utilities to decrease investment costs in transmission and
distribution system upgrades while still meeting increasing power demands and provide
customers with improved quality and reliability of energy supplies without imposing undesirable
effects on environment [1-2]. In general, DG can be intended as small sized power plants that are
designed to be installed and operated within a local load center.

To effectively and efficiently connect any of the DG sources to the existing power systems
power electronics-based conversion systems need to be developed for the proper control and

conditioning of the energy to be delivered [3]. Specifically, with most of the DG sources such as



variable frequency AC microturbines, DC fuel cells, DC photovoltaic cells and low power
variable frequency AC wind turbines, electrical power is generated as DC voltage or converted
to DC voltage, then converted to AC using a voltage sourced inverter. This voltage sourced
inverter performs the interface function between the DC bus and the AC world. Through the
proper control and conditioning of the DG, benefits such as voltage support and improved power
quality, diversification of power sources, reduction in transmission and distribution losses,
transmission and distribution capacity release and improved reliability, among others, can
enhance the utility grid without having to add or replace the existing transmission/distribution
system.

Some issues and concerns must be addressed when dealing with DG systems. Particularly,
attention must be taken into account when a design is being done for the support of power
delivery to the utility and when incorporating the concepts of both grid-connected and stand-
alone. During the grid-connected operation, each DG system is usually operated to provide or
inject pre-set power to the grid, which is the current control mode in stiff synchronization with
the grid [4-6]. When the main grid is cut off from the DG system, stand-alone operation or
intentional islanding, the DG system has to detect this islanding situation and must be switched
to a voltage control mode to provide constant voltage to the local sensitive loads [7-9]. The trend
is that they should be able to work in stand-alone mode but also connected to the power grid
(grid-connected) [10]. Thus some new challenges on the control side of the DG occurred. Among
these challenges are: reasonable voltage regulation in stand-alone mode, grid-connection mode
enabled, and automatic detection of grid disconnection. Also grid disconnection detection and an
automatic mode switching are required. In order to manage these challenges, relative complex

control strategies need to be developed.



1.2. Benefits associated with DG

In distribution systems, DG can provide benefits for the consumers as well as for the utilities,

especially in sites where there are deficiencies in the transmission system. Some of the expected

benefits of DG are [11-19]:

Green house emissions reductions: By the increase of the use of renewable energy units,
as well as high efficiency generation units, operated in an optimum manner, the green
house emissions will be decreased with respect to the conventional generation.

Energy efficiency: By an adequate planning and operation of the generation and storage
units of the DG, the electric and heat generation or combined heat and power (CHP) can
be mixed, increasing the energy efficiency of the installation. It can also be made in a
profitable way.

Reduced transmission and distribution investments: DG helps bypass ‘‘congestion’ in
existing transmission grids. DG could serve as a substitute for investments in
transmission and distribution capacity. DG can postpone the need for new infrastructure.
Because of opportunities for integration in buildings, DG development often occurs in the
same location as demand. In such cases, if production output is concurrent with demand —
such as demand for air-conditioning in hot regions — network reinforcement may be
unnecessary while generation remains in the same order of magnitude as demand.
Moreover, normal development of the grid in response to growing demand may also be
postponed or even avoided as DG has the net effect of decreasing demand in that area.
Minimization of the electric losses: On-site production reduces the amount of power that

must be transmitted from a centralized plant, and avoids resulting transmission losses and



distribution losses, as well as the transmission and distribution costs, a significant part of
the total electricity cost, due to the fact that generation buses and consumption are closer.
Network (voltage) support: The connection of distributed generators to networks
generally leads to a rise in voltage in the network.

Quality of supply improvement: In areas where voltage support is difficult, installation of
a distributed generator may improve quality of supply. As the demand for more and
better quality electric power increases, DG can provide alternatives for reliable, cost-
effective, premium power for homes and businesses.

New market opportunities and enhanced industrial competitiveness: DG can also
stimulate competition in supply; adjusting price via market forces. In a free market
environment, DG operator can buy or sell power to the electricity grid, exporting only at
peak demand and purchasing power at off-peak prices.

Reduction of the energy costs: Thanks to the intelligence and control capabilities of the
DG, its operator will schedule the operation of its generation and storage sources,
depending on the electricity and gas actual prices, climatic conditions and their forecast.
Locality, i.e. improved utilization of local resources: Distributed energy generation may
also promote local business opportunities, and develop products and services based on
local raw materials and labor. Local employment can be improved by creating new jobs
related to distributed energy generation. This, in turn, causes a need for high-quality
education. Locality also means the absence of transmission lines, large power plants, and
fuel storage, which spoil the landscape. The environmental load is also reduced due to the

avoidance of additional energy required to compensate transmission losses.



1.3. Issues associated with DG

Despite the above mentioned benefits provided by DG, there are technical limits regarding

the degree to which DG can be connected. Indiscriminate application of individual DG systems

can cause as many problems as it may solve [11]. This is because the distribution system was

intended to cope with the conventional load supply by central generation, where power flows

radially from the transmission network. Changing the power flow causes problems since DG

does not behave the same way as conventional load. The issues associated with DG can be

summarized as [14, 17, 19-27]:

Interface with AC System: The main DG requirement for interfacing with the utility
system is that it must not compromise the stability and reliability of the grid. The
interface must also guarantee compliance with already existing protection schemes.
Protection: DG needs to be retrofitted in its protection algorithms to include the
contributions of micro-sources. DG can impact a variety of levels of short-circuit current.
The DG systems have to provide enough fault current to operate the protective devices,
including circuit breakers, fuses, and fault-protection relays. The addition of DG on a
circuit may need to be studied to establish whether changes are needed for coordination
or protection equipment. Different hardware setups may be required: the rating of the
breakers responsible to implement protection may need to be revisited, and surely they
will have to be controlled with a different algorithm.

Power quality: DG can negatively affect power quality. Power quality refers to the degree
to which power characteristics align with the ideal sinusoidal voltage and current
waveform, with current and voltage in balance.

o Voltage Regulation: The primary objective of voltage regulation is to provide

each customer connected to the utility with voltage that conforms to limits voltage



range for normal operation. The operating window for DG systems is 106-132
Vims 0N a 120 Vms base, that is, 88 - 110% of nominal voltage [28].

Harmonics: Due to the power electronics and digital methods used to form the AC
waveform from DC, inverter-based DG technologies produce various harmonics
of the power system frequency. Standards states that the total harmonic distortion
(THD) must not exceed 5% of the fundamental 60 Hz frequency, nor 3% of the
fundamental for any individual harmonic [28].

Power Factor: Power factor measures the apparent power that is generated when
the voltage and current waveforms are out of synchronism. Power factor is the
ratio of true electric power (watts), to the apparent power (kVA). Although not
strictly the case, power factor problems can be thought of as contributing to utility
system inefficiencies [29]. The DG inverter should operate at a power factor >
0.85 (lagging or leading) [28]. Most DG inverters designed for utility-
interconnected service operate close to unity power factor. Specially designed
systems that provide reactive power compensation may operate outside of this
limit with utility approval.

Frequency: DG systems have to operate in synchronism with the utility. DG
systems installed in North America should have a fixed operating frequency range
of 59.3 - 60.5 Hz [28]. Systems installed in another country should follow the
frequency operating window standards of that country.

DC injection: DC injection occurs when an inverter passes unwanted DC current
into the AC or output side of the inverter. The DG inverter should not inject dc
current > 0.5% of rated inverter output current into the ac interface under either
normal or abnormal operating conditions [28]. Inverter manufacturers generally
use one of two methods to prevent the injection of dc current into the utility
interface. One method is to incorporate an ac output isolation transformer in the

inverter. The other method, which uses a shunt or dc-current sensor, initiates



inverter shutdown when the dc component of the current exceeds the specified
threshold.

Instantaneous power tracking: The requested power from the load coming on-line is a
step function, while the prime mover in the micro-source always takes a finite amount of
time to ramp up to the newly requested value. Micro-sources have a slow response to
changes in commands and the inverter interface by itself does not provide any kind of
internal form of energy storage. This inertia-less system is not well suited to handle step
changes in the requested output power. If the connection to the grid is missing due to a
temporary malfunction then the need for some sort of storage is manifest. Storage is
required to satisfy the instantaneous power balance as a new load comes on-line without
penalizing the quality of other network quantities, such as bus voltage magnitude. Load
changes resulting in fast transients that exceed the ramping capability of generation
require storage availability from which to draw the required transient energy.
Unidirectional Area Electric Power System (EPS) Relaying: Due to the traditional radial
nature of distribution systems, most protective devices on the EPS are unidirectional in
nature and respond to a given value of current without regard to the direction of flow of
that current. Because DG produces fault current of various magnitudes for faults on the
EPS, the traditional radial nature of the distribution system is disrupted and unidirectional
relays could operate improperly.

Paralleling DG: One of the selling points for DG is that the local generation follows a
scalable system model, where due to the typical small size of the units, one can install as
many units as needed to satisfy the requests of the loads, without having too much of
extra capacity sitting idle. But this concept requires that the micro-sources can be

installed in parallel without any restrictions.



Plug and Play Configuration: When looking into the future and envisioning micro-
sources being installed by the thousands, the need for plug and play configuration
becomes manifest. The plug and play mode of operation implies simplicity of installation
and therefore speeds up the process of diffusion of the DG in the system. The ideal case
would be purchasing a unit and plugging it in a three-phase socket, having power injected
immediately (after synchronization).

Synchronization with the Grid: One of the most important issues of a DG system
connected to the utility network is the synchronization with the grid voltage vector. The
synchronization algorithm mainly outputs the phase of the grid voltage vector. The phase
angle of the utility voltage is a critical piece of information for grid connected systems.
This information can be used to synchronize the turning on/off of the power devices,
calculate and control the flow of active/reactive power or transform the feedback
variables to a reference frame suitable for control purposes. Because of these, the
accurate and fast detection of this phase angle is essential to assure the correct generation
of the reference signals.

Loss of Main Detection (Grid condition detection) or Islanding Detection: One of the
major concerns in operating DG systems connected to the grid is the possibility of
islanding due to grid disturbances, intentional disconnect for servicing, accidental
opening, intentional disconnect from the utility, and an act of nature, among others.
Islanding is the condition in which a portion of the utility system, which contains both
load and DG, is isolated from the remainder of the utility system and continues to
operate. Islanding is either due to preplanned (intentional) events or due to non-planned

or accidental (un-intentional) events [10]. Some distinctions of islanding are:



o non-intentional islanding occurs if it is not possible to disconnect the DG after the
fault, non-intentional islands must then be detected and eliminated as fast as
possible;

o intentional islanding refers to the formation of islands of predetermined or
variable extension; these islands have to be supplied from suitable sources able to
guarantee acceptable voltage support and frequency, controllability and quality of
the supply, and may play a significant role in assisting the service restoration
process;

o microgrids are seen as particular types of intentional islands basically operated in
autonomous mode, not connected to the supply system; the whole microgrid can
be seen from the distribution system as a single load and has to be designed to
satisfy the local reliability requirements, in addition to other technical
characteristics concerning frequency, voltage control and quality of supply.

In a deregulated market environment, current practices of disconnecting the DG
following a disturbance will no longer be a practical or reliable solution. As a result, the
IEEE Std. 1547-2003 states as one of its tasks for future consideration of the
implementation of stand-alone operation of DG (IEEE P1547.4: Guide for Design,
Operation, and Integration of Distributed Resource Island Systems with Electric Power
Systems) [28].

Transitions from grid-connected to stand-alone: One of the problems to face during the
transfer to stand-alone is to ensure minimal to none transients at all the load bus. The DG
inverter should operate in grid-connected and stand-alone modes in order to provide

power to the emergency load during system outages. However, grid current controller



(for grid-connected) and output voltage controller (for stand-alone) are switched between
the two modes, so the outputs of both controllers may not be equal during the transfer
instant, which will cause the current or voltage spikes during the switch process.

Load shedding: Another problem to face during the transfer to stand-alone is to
automatically readjust the power output of the units to compensate for the missing quota
of injected power from the utility system. This issue brings a challenge because of the
assumption that there is no previous knowledge of the loading levels as the system
transfer to island and also because of the assumption that no communication may exist
between the micro-sources to enforce a coordinated behavior during and after the transfer
to island.

Reclosing: Automatic circuit reclosers may also be deployed in the feeder circuit to
automatically clear faults and quickly restore service on the feeder. Reclosers reenergize
the circuit automatically at a predetermined time after a trip resulting from a feeder fault.
The response of the DG unit needs to be coordinated with the reclosing strategy and the
settings of the recloser isolation operations. Coordination and synchronization are
required to prevent possible damage to the equipment connected to the DG.

Transitions from stand-alone to grid-connected: When the grid-disconnection cause
disappears, the transition from stand-alone mode to grid-connected mode can be started.
The voltage amplitude and phase of the DG have to be synchronized with the grid to
avoid hard transients in the reconnection. Once the synchronization process is completed,

the DG can be reconnected to the grid.
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1.4. Scope of the Dissertation

This research presents the development and test of a control strategy for DG capable of
working in both stand-alone and grid-connected modes. The stand-alone control features an
output voltage controller capable of handling excess or deficit of generated power and
synchronization for grid reconnection with a seamless transition from stand-alone to grid-
connected operation modes. The grid-connected mode with current control is also enabled for the
case of power grid connection. This grid-connected control features an output current controller
capable of loss of main detection, synchronization with the grid, and seamless transition from
grid-connected to stand-alone operation modes with minimum interruption to the load.

A method to automatically switch between both modes of operation is described. This
method, based on a phase-locked loop (PLL), detects the power grid disconnection or recovery,
and switches the operation mode accordingly.

The proposed control strategy will have the following characteristics:

1. Interface with AC System

2. Power quality

a. Voltage Regulation
b. Harmonics

3. Synchronization with the Grid

4. Loss of Main Detection or Islanding

5. Transitions from grid-connected to stand-alone

6. Load shedding

7. Reclosing

8. Transitions from stand-alone to grid-connected
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Operation modes as well as the involved voltage and current controllers will be described in
detail. The design of an LCL filter to achieve attenuation of the switching frequency ripple in the
output voltage will be also described. A PLL for grid synchronization and loss of main detection
will be presented. Also, a re-connection algorithm and automatic mode switching will be

delineated.

1.5. Outline of the Dissertation

A brief description of the Distributed Generation Concept is presented in this chapter.
Chapter 2 presents a literature review of the techniques used for the control of an inverter unit in
grid-connected and stand-alone modes. The system description including circuit topology,
voltage source inverter, LCL filter, simulation set-up, and experimental set-up are given in
Chapter 3. Chapter 4 discusses the proposed control for grid-connected operation of DG. The
proposed control for intentional islanding operation is presented in Chapter 5. Conclusions and

the scope for future work are presented in Chapter 6.
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CHAPTER 2. LITERATURE REVIEW

This section summarizes the techniques used for the control of an inverter unit in grid-
connected and stand-alone modes.

R. Tirumala, et al. [30] presented an algorithm for a utility interactive DG system with a
seamless transition between grid-tied (current controller) and off-grid (voltage controller) modes
of operation. A static transfer switch (STS) was used to disconnect and reconnect the load bus to
the grid. The control ensured a smooth voltage profile across the load when the grid was
disconnected or reconnected. The control algorithm ensured that the static transfer switch was
turned off before the inverter was shifted to the voltage-controlled mode. Also, the algorithm
ensured that the voltage applied across the load matched the load voltage just before
disconnection. The steps to perform this algorithm can be summarized as follows:

1. Detect a fault on the grid and give a turn off signal to the STS.

2. Monitor the magnitude and phase of the load voltage.

3. When the STS current goes to zero, switch the inverter to a voltage-controlled mode,

with the voltage reference being derived from the load voltage.

4. Ramp up the magnitude of the load voltage from its initial value to the rated value.
For the transfer between the voltage-controlled mode and the current controlled mode, the
inverter voltage matched the grid voltage both in magnitude and phase before the static transfer
switch was turned on. The STS would be turned on when there is essentially zero voltage across
it. Once the STS was turned on, the grid current would be slowly ramped up to prevent any
voltage spikes caused by the grid inductance. The steps to perform this algorithm can be

summarized as follows:
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1. Detect that the grid is within nominal operating parameters.

2. Adjust the load voltage to match the magnitude and phase of the grid voltage.

3. Once the load voltage is equal to the grid voltage, turn on the STS and switch from

voltage-controlled mode to current-controlled mode, with the reference current being

equal to the load current.

4. Change the reference current slowly to the desired current (both magnitude and phase).

L. Yunwei, et al. [31] proposed a unified controller for use with DG system. By regulating

the output voltage, the proposed controller controlled power flow in the grid-connected mode of
operation, enabling the operation of DG when the system islands, and resynchronized the DG
with the utility before reconnecting them. The presented controller responded fast, allowing the
controlled DG to transit smoothly between the grid-connected and islanding modes without
disrupting critical loads connected to it. The resynchronization process when the utility grid
returned back to normal operating conditions form was achieved by aligning the voltage at the
DG and utility ends of a STS separation device. This process was implemented by adding two
synchronization compensators to the real and reactive power control loop, as shown in the
dashed frames of Fig. 2.1 and Fig. 2.2. To summarize, the final block diagram representation of

their proposed unified controller is shown in Fig. 2.3.
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T. Thacker, et al. [32-33] proposed a switched-mode control with detection and re-closure
algorithms scheme to regulate between the grid-connected and stand-alone modes of operation.

Their proposed system configuration can be seen in Fig. 2.4.
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Fig. 2. 4 System configuration for simulated and experimental results [32-33]
Their proposed detection scheme, Fig. 2.5, used passive sensing parameters (over/under voltage
& frequency, real/reactive power deviation) with a BPF loop being fed directly to the duty cycles
instead of being fed to the current references. The advantage of BPF going directly to the duty-
cycles is that the current limiters can still be implemented without special considerations. When
an islanding event was detected, the system was automatically disconnected from the grid and

switched to voltage mode control.
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Fig. 2. 5 Islanding Detection Flowchart [32-33]
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Their proposed re-closing scheme is seen in Fig. 2.6. Like the detection algorithm, this algorithm
was autonomous and incorporated into the control of the DG. The idea was that by measuring
four key parameters: the grid voltage, VSI voltage, VSI frequency, and the line angle difference
between the grid and VSI, the system could safely reclose to the utility without having to de-
energize the DG. The scheme first measured and detected if the grid voltage had been recovered
from its fault and was back in nominal operating conditions. With the grid back to nominal
conditions, the signal coordinate transforms and detection started to use the grid’s line angle as a
reference. This caused the VSI’s PLL to start tracking the grid. Next, the magnitudes of the VSI
voltage and grid voltage were compared to ensure that they were on the same order of magnitude
before re-closing. The VSI frequency was then checked to make sure that the VSI had not left the
nominal frequency range. Finally, the system checked to see that the phase angle difference
between the VSI and grid were near zero. Once all of these conditions were satisfied,

concurrently, the DG would re-close with the grid.
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Fig. 2. 6 Re-closure Flowchart [32-33]
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The work presented in [34] by H. Zeineldin, et al., proposed a control strategy to implement
intentional islanding of inverter based DG. The proposed method was based on designing two
control algorithms, one for normal operation and the other for islanded operation. The DG
provided constant power and constant voltage during normal operation. A hybrid passive
islanding detection method was implemented to detect DG islanding. The detection algorithm
sent a signal to declare an islanded operation and the DG switched to the voltage control mode.
To overcome a large delay in detecting islanding for matching load condition cases, the Rate of
Change of Frequency (ROCOF) was used, in parallel with the OFP/UFP, as another measure to
detect islanding. The algorithm stated by monitoring both the frequency and voltage at the PCC
and calculating the ROCOF. The time at which the frequency exceeded its thresholds and the
time when ROCOF exceeded its threshold were denoted by T1 and T2 respectively and were
stored. The difference between the actual time T and T1 and T2 respectively were calculated. If
the difference exceeded a certain predetermined delay time, islanding was declared and the DG
was operated in the islanded mode. The islanding detection algorithm was responsible for
sending a signal that switched the inverter to the suitable interface control. Once islanding was
detected, the DG switched to the voltage control interface. To assure safe islanded operation of
the DG, the output active power of the DG was monitored to assure that it was less than the DG
capacity. If the load on the island was greater than the DG capacity, the DG would become
overloaded and a signal was sent to disconnect it. Fig. 2.7 and Fig. 2.8 show the flowcharts of

their designed control strategy.
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In [14], a control strategy for grid-connected and islanded operation was designed and
implemented by Y. Zhou, et al. Their proposed controller solved the following issues: how to
detect system separation fast and accurately, how to control DG in an islanded power system to
stabilize frequency and voltage, and how the controller of the DG can be transferred through grid
connected operation to islanding operation and vice versa seamlessly in order to protect the
critical load. Voltage angle difference between the local power system and the main power grid
was measured. If the angle difference was increased to an abnormal value, which cannot happen
under grid connected operation, then it was determined that the local power system was
disconnected from the main power grid. Before synchronization, voltage magnitudes and phase
angles of the islanded system at the point of common coupling (PCC) and grid were measured.
When the magnitude and angle differences between the islanded system and the main grid
approached zero the synchronization began and the hybrid power system was connected with the
power grid again.

G. Fang and M. R. Iravani [35] reported a control strategy that provided control over
frequency and voltage permitting the operation of the DG unit in both grid-connected and
autonomous modes. The features of the control strategy presented were: it provided smooth
transition capability from grid-connected mode to autonomous (islanded) mode, and it included
an islanding detection capability. Reactive power control (upper path of Fig. 2.9), which drove
the system to an unstable condition during an autonomous mode of operation, was exploited for
islanding detection. To decrease the detection time, positive feedback based on the instantaneous
PCC voltage, was added to the controller as shown in Fig. 2.10. This positive feedback ensured
that the feedback process was only effective during transients, did not impact the dc steady state

error signal, and provided attenuations for high-frequency noise.
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Fig. 2. 10 Block diagram of voltage control with positive feedback [35]

In [36], presented by G. Ilwanski and W. Koczara, the loss of mains was detected using two
methods. The first method was based on the voltage amplitude calculation and the second
method, used for detection of grid voltage failures, was based on the monitoring of the frequency
of the stator voltage provided by the grid. The mains outage detection implicated soft

disconnection of the generator from grid by STS opening, and transition to standalone operation.
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This way the selected load was supplied uninterruptedly. On the other hand, recovery of the grid
voltage caused that the stator voltage was synchronized with the grid and the generator was
softly connected to the grid by closing the STS. Their strategy for synchronization of the stator
and grid voltages was:
1. The angle between the stator voltage vector and the grid voltage vector was calculated.
2. This angle was reduced by iterative turning of the synchronously rotating frame in the
direction of the grid voltage vector.
3. The original transformation angle, calculated by integration of reference angular speed,
was decreased iteratively in every computation cycle and in each cycle a new angle was
determined.
4. When the stator voltage was synchronized with the power grid, two PLL structures
were operated simultaneously. During synchronization, the reference dq frame connected

with the stator voltage rotates with an angular speed Q while the grid voltage vector

rotates synchronously with the reference synchronous speed of the dq frame (Q;c ).

5. The relative speed and position of the grid voltage vector and the synchronously
rotating frame were decreased to zero.
6. Thus, the synchronously rotating frame was synchronized with the grid voltage,
whereas the stator voltage was synchronized with the rotating frame controller and
consequently provided stator voltage and grid voltage synchronization.
7. If the angle was close to zero, the STS was closed and the generator was connected to
the grid.

They proposed two methods for the main outage detection and soft disconnection. The first

method was based on the voltage amplitude calculation. If the power of load connected between
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the stator and breaking point was much higher or much lower than the power delivered to the
grid, the amplitude was increased or decreased rapidly after line breaking. This way the loss of
main was quickly detected. The second method used for detection of grid voltage failures was
based on the monitoring of the frequency of the stator voltage provided by the grid. The output
frequency could not be controlled using a power control method which was applied during the
grid connection operation. The frequency was continuously increased or decreased in case of the
main outage.

The aim of the research presented by R. Majumder, et al. [22, 37] was to set up a power
electronics interfaced DG system. A seamless transfer between islanded and grid connected
mode was proposed that uses an online load flow study. During resynchronization, the reference
voltage of the DG was changed to achieve the same voltage magnitude and angle at PCC as the
grid voltage while simultaneously supplying the total power demand of the DG in desired ratio.
Once the breaker was closed, the DG started to supply its rated power and the rest of the power
requirement was supplied by the grid. Their proposed sequence of control from a grid connected
operation to islanded mode and then again back to grid connected can be summarize as:

1. Detect the islanding by zero current in the breaker connecting the grid with the DG.

2. If islanded, switch to voltage control mode.

3. Calculate the reference voltage required for the DG to maintain the load power
requirement.

4. Check for the clearing of the fault.

5. If resynchronization is desired, detect the grid voltage and frequency.

6. Calculate the reference voltages for the DG to make the PCC voltage the same as the

grid voltage while continuing to supply the load requirement.
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7. Calculate the change in angle required to match the phase for proper synchronization.
8. Change the voltage reference to the new calculated value.

9. Connect the breaker.

10. Switch to the state feedback control mode.

Aiming to solve the transition problem from grid-tied mode to off-grid mode, H. Shengli, et
al. [38] presented a control strategy based on a controlled voltage method whether connected to
the grid or stand-alone. In grid-tied mode, the inverter worked as a controlled voltage source by
controlling the phase and magnitude of the filter capacitor voltage, the injection current to the
grid was regulated indirectly, so the output active and reactive powers were also successfully
controlled. Once the grid failed, the inverter regulated its output voltage amplitude quickly, while
the voltage fluctuated within permissible levels during this period, the grid currents forced
through the STS decreased to zero at a highly accelerated rate. The controller cancelled all the
gate drive pulses of the STS and reduced the inverter output voltage lower than the grid voltage
simultaneously, which introduced a reverse voltage across the coupling inductor and forced the
grid current to decrease to zero quickly. As soon as the grid current reached zero, the STS was
turned off and the controller promptly regulated the inverter output voltage to its rated value.
After disconnection from the grid, the inverter recovered its voltage amplitude to a rated level.
Based on the SST forced turn-off strategy, the inverter operated as a controlled voltage source
whether grid-tied or not. By controlling the phase and magnitude of the filter capacitor voltage,
the grid current was regulated indirectly; accordingly the output active and reactive powers were
also successfully controlled.

C.-S. Wu, et al. [4] introduced a power supply system designed with grid-connected

operation and autonomous operation modes. Through a novel anti-island (Al) detection method,
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the current status of the electricity network was detected quickly and the operation mode of the
inverter was ascertained. Based on analysis of transition between grid-connected operation and
autonomous operation modes, the output conditions of the inverter were adjusted optimally and a
seamless transition process was acquired. All transitions were conducted in zero-crossing in
order to reduce the voltage ripple of the sensitive load. Their seamless transition from
autonomous operation mode to grid-connected operation mode in detail is as follows:
1) Detects the voltage, frequency of the electricity network and judges the operation
status of the grid;
2) Adjusts the output voltage of the inverter, and makes it equal to those of the electricity
networks;
3) After adjusting, translates the operation mode of inverter (from voltage source to
current source) and closes the switch. In order to reduce the voltage ripple on the
sensitive load, the initial current is given as the current of the load,;
4) Increases the output current step by step up to maximization.
Similar to the transition process described above, the seamless transition from grid-connected
operation mode to autonomous operation mode in detail is as followings:
1) Detect a fault in the electricity networks (by means of Al method introduced in next
chapter);
2) Set the output current to that of load in order to reduce the voltage ripple impact;
3) Open the switch and change the operation mode of inverter.
For the Al detection two positive feedback mechanisms were established. One was magnitude of

voltage feedback (Fig. 2.11); the other was frequency of voltage feedback (Fig. 2.12).
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Fig. 2. 12 Diagram of frequency feedback in dq frame

A novel scheme for seamless transfer of MTG (Microturbine Generation) system operation
between grid-connected and islanding modes and vice versa was proposed by D. N. Gaonkar, et
al., [39]. The presented scheme used the estimated phase angle error obtained by the PLL for
islanding detection and re-synchronizing DG to grid. A converter control strategy for both grid-
connected and islanding modes was presented. The proposed seamless transfer scheme consisted
of a passive islanding detection and re-closure method. The presented islanding detection method
used the phase angle estimated by the PLL to detect the islanding condition. Their algorithm
devised for the detection scheme is shown in Fig. 2.13. Their re-closure scheme continuously
monitored the phase angle and terminal voltage magnitude to determine whether or not the
disturbance in the grid was over. This was necessary in order to synchronize the MTG system
and to connect back to the grid without any down-time. The re-closure algorithm continuously
monitored the terminal voltage of the grid and MTG system. Both voltage magnitudes were
compared. Both voltages had to be approximately equal to avoid large transients during re-

connection to grid. Once the voltages were approximately equal, the algorithm compared the A0
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value obtained from the PLL with the set threshold limit. As long as these minimum
requirements were met (voltage and phase angle), there were no major issues in reconnection of
islanded systems to the utility. The re-closure algorithm for connecting the MTG system to the

grid, when the utility recovers from the disturbance, is shown in Fig. 2.14.
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Fig. 2. 13 Islanding-detection scheme [39]
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The intent of the research that has been presented in [40] by C. Chien-Liang, et al., was to
introduce a practical inverter based DG system that ensured smooth mode transfer between
islanding and grid-tie modes while maintained accurate current sharing and high quality output
waveforms. The key features of the proposed DG system include: a single current loop controller
designed for a grid-tie operation to reduce the steady-state error while maintaining system
stability; for islanding operation, a dual-loop control system for outer voltage loop and a
controller for inner current loop control is proposed to limit peak current magnitude under
transient, enhance voltage loop stability, and reduce the voltage steady-state error; a phase
synchronization is implemented with PLL and an automatic phase adjustment to synchronize the
output currents among the inverters; and, a proper mode transfer procedure with smooth current
transition are suggested to minimize the excessive electrical stresses. Their proposed procedure
to change from grid-tie to islanding mode is summarized as follows.

1) The upper level controller detects the fault on the voltage grid and extracts the current
information.

2) Through a CAN bus, the upper level controller provides the current information and
commands the current-controlled inverters to change their outputs so that the current on
the STS can be minimized to avoid mode transfer transient.

3) The upper level controller provides the turn OFF signal for the STS after a certain
waiting time.

4) Through the CAN bus, the upper level controller commands a selected inverter to
change from current-controlled mode to voltage-controlled mode at the next zero

crossing.
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5) That inverter regulates the bus voltage to a desired level and provides the output
current information.

Their procedure to change from islanding to grid-tie mode is summarized as follows.

1) The upper level controller detects if the grid voltage recovers, and keeps detecting the
grid voltage magnitude and phase information.

2) Through the CAN bus, the upper level controller provides the grid voltage information
and commands the inverter to adjust its voltage to track the grid voltage in both
magnitude and phase.

3) The upper level controller keeps monitoring both voltages. It turns on the STS once the
two voltages are synchronized in phase and magnitude.

4) Through the CAN bus, the upper level controller commands the inverter to change its
controller from voltage controlled mode to current-controlled mode at the next zero
crossing. It assigns the current references so that zero current goes through the STS
during transfer transient.

5) The current controlled inverters change the current reference to a desired level.

In [41], presented by L. Qin, et al., the transition from grid-connected to standalone operation
using a Solid State Relay (SSR) was discussed. A feed-forward that could boost the dynamic
response and benefited the transition from grid-connected to stand-alone was added to the
controller. They proposed to force the grid current to be zero by using a voltage amplitude
regulation method. Then, the SSR was turned off and the reference output voltage was recovered
to the rated value. The principle of zero current regulation was to retain the current control mode
in transition but change the current reference to zero. After the current dropped to zero, the SSR

was turned off and the system was switched to voltage control.
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A seamless transfer of grid-interactive inverters between grid-connected and stand-alone
modes was proposed by Y. Zhilei, et al. [42]. In grid-tied mode, an output voltage controller was
used for compensating the filter capacitor current, and a grid current controller was used to
control the grid current. In stand-alone mode, the output voltage controller was used to regulate
the output voltage and to set the output of the grid current controller to zero. Therefore, the
transfer between the two controllers did not exist with their proposed method. In order to realize
a seamless transfer between grid-tied and off-grid modes, they proposed a controller that
matched the magnitude, frequency, and phase of the grid voltage before connecting to the utility.
The detailed process of their seamless transfer between the two modes is as follows:

1) Off-grid mode to grid-tied mode:
a) Detect that the grid is operating in nominal condition.
b) Adjust the reference voltage to match the frequency and phase of the grid
voltage.
c) Change the voltage reference to the grid voltage at the positive zero-crossing of
the output voltage, which makes the output voltage equal to the grid voltage, even
in polluted grid voltage.
d) Once the load voltage is equal to the grid voltage, the STS is turned on.
e) Increase the reference grid current slowly from zero to the desired value (both
magnitude and phase).

2) Grid-tied mode to off-grid mode:
a) Detect a fault on the utility.

b) Decrease the reference current to zero at zero crossing of the grid current.
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c) Change the STS voltage from high level to low level at zero crossing of the
grid voltage. This will turned off the STS.
d) Synchronize the reference voltage with the grid voltage.
e) Change the reference voltage at zero-crossing of the grid voltage.
From this algorithm, the transfer between both modes was only the change of the reference
voltage between the two modes. The transfer between the output voltage controller and the grid

current controller did not exist in their proposed method.
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CHAPTER 3. SYSTEM DESCRIPTION

3.1. Circuit Topology

Fig. 3.1 shows the proposed main circuit topology for grid-connected and stand-alone
operations voltage source inverter. The system consists of a DG unit that is modeled by a DC
source, a sinusoidal pulse-width-modulated (SPWM) voltage source inverter, an LCL filter to
achieve attenuation of the switching frequency ripple in the output voltage, a load, and the

controller needed to implement grid connected and stand-alone operations.
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Fig. 3. 1 Schematic diagram of the grid-connected inverter system

The voltage source inverter performs the interface function between the DC bus and the three

phase AC world. The inverter consists of power electronics devices actuated by gate pulses:
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these devices are high frequency static switches that periodically apply repetitive pulses with
different widths and polarities at the AC terminals, with the goal to create an AC waveform of
desired magnitude and phase.

The controller includes control for grid-connected and stand-alone operations, PLL,
coordinate transforms, parallel interconnection to the grid (represented by ideal, sinusoidal
voltage sources behind line impedances) through the Point of Common Coupling (PCC)
breakers. The loss of main detection, load shedding algorithm, and re-connection to the grid are

also included.

3.2. Voltage Source Inverter
A typical DG system based on micro-source is depicted in Fig. 3.2. There are two basic
elements: the part where the electricity is generated (micro-source) and the part that performs

the interface with the rest of the system (voltage source inverter).

—
Three
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. —I Output
source 1 Link
—

Voltage Source
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Fig. 3. 2 Typical diagram of micro-source generation system
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All the power, DC or non-power frequency AC, generated by each DG must use an
electronic inverter (to convert DC voltage to a three-phase AC voltage with desired magnitude
and phase) to interface with the electrical power system. This power electronic interface provides
significant flexibility and permits the DG to function as a semi-autonomous power system [31].

There are two main requirements to convert DC voltage to a three-phase AC voltage: a
matrix of switches and a switching sequence. Fig. 3.3 shows the circuit that allows synthesizing
the AC voltage at the three-phase terminals starting from a DC voltage. From left to right, there
is the DC bus and then the matrix of six power electronics devices. Each device has bi-
directional current flow capability. The flow of current out of the DC bus is regulated by signals

sent to the gates to each of the devices present in the inverter.

1 43} 343} H(
2 43} 44Q o

Fig. 3. 3 DC to Three-Phase AC Inverter Diagram

The operation of this bridge requires two restrictions. First, two devices on the same leg may

never be conducting. Second, at least one device per leg must be conducting. The first constraint
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comes from the fact that if for example, devices numbered 1 and 2 are conducting at the same
time then the DC source is shorted, resulting in very high currents that will destroy both devices.
The second constraint stems from the fact that the current flowing in each of the phases on the
AC side must have a path where to flow: if for instance neither device numbered 1 and 2 is
closed, then the current flowing on the AC side in the ‘a’ phase would have no path where to
flow.

Consider the switching sequence shown in Fig. 3.4, where devices 1, 4, and 5 are closed: this

configuration satisfies both the above constraints. The voltages at the AC terminals are:

Voo =+Vy (3.1)
Vi, =V, (3.2)
v, =0 (3.3)

From Eqg. 3.1 to Eq. 3.3 it can be noticed that the output voltages can be either +Vdc’ —VOIC

or zero. By carefully selecting a switching sequence it is possible to make those three levels of
voltage appear in one particular phase. Furthermore, it is possible to create a three phase system
of sinusoidal voltages with desired amplitude and phase. This is called a six pulse operation of
the bridge. In reality the output waveform of the AC voltage is a squared wave with a particular
amplitude and phase at the fundamental frequency. In order to solve this problem, more complex
switching sequences with higher switching frequencies are needed.

One of these complex switching sequences is the pulse width modulation (PWM) technique.
This PWM technique works on an averaging effect using the switching frequency as a base
period where the averaging occurs. Fig. 3.4 shows how the basic principle of the PWM technique

works: it allows the instantaneous average output to be held closer to the desired fundamental
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output. The voltage waveform is made of pulses of different widths: hence the name pulse width
modulation. The sinusoidal signal is compared with a sawtooth waveform (carrier). When the
carrier is less than the sinusoidal signal, the PWM signal will be in high state (1). Otherwise it

will be in the low state (0).

p—

source signals

)

PWM signal

Time
Fig. 3. 4 PWM Operation of the Bridge
(For interpretation of the references to color in this and all other figures, the reader is
referred to the electronic version of this dissertation)
3.3. LCL filter

For attenuating the current ripple produced at the output of the inverter, an LCL filter is

placed in between inverter and grid. An LCL filter can achieve reduced levels of harmonic
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distortion with lower switching frequencies and with less overall stored energy [43]. Fig. 3.5

shows the LCL filter where Li and Lg are inductors on inverter side and grid side respectively.

LCL Filter
Inverter L; Ly

i s
Ve —|<:I Vi CfTVc Vgé

Fig. 3. 5 LCL Filter configuration circuit

Zi: Lis (3.4)

Z =L_s 3.5

g bg (3.5)
1

Z =—— 3.6

¢ 75, (3.6)

From the economical point of view, the design of the LCL filter is made in such a way that
the magnitude of the inductor should be minimum and the magnitude of the capacitor should be

maximum. By selecting large capacitor the filter volume is reduced [44-45].

3.3.1. Specifications for the design of LCL filter
The following are the parameters for the design of the LCL filter:

Output Power of inverter: Pi— 3= 10 kW
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Apparent Power of inverter: Si = 10 kVA

Output Voltage of Inverter: Vi = 208 VII

Switching frequency: fS = 10 kHz

\Y qc= 400 V
Input DC voltage:

=V, /0.612 = 208 / 0.612 = 339.869 V)
dc ll—rms

Grid Voltage: Vg = 208 VII

PIoad -1 3.33kW

Inverter current: fL =7 507
load —1¢

=27.5A=28A

A

Inverter ripple current: AIL = 10% :(0.10)(fL)z (0.10)(28) =~ 2.8A

Reactive Power storage at C = AQ = 5%

3.3.2. Design of LI

The ripple current depends on the DC link voltage, inductance, and the switching frequency.
The DC link voltage and switching frequency are constant, thus the inductance can be calculated

using the following procedure:

AfL
v, =L = (3.7)
S

where § is the phase voltage duty cycle at maximum output and is given by:

Mo-pk-1p _2(208V2)

o= = =0.
Ve J3(400)

(3.8)
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{ s L dc
Al =§-L _="dc 3.9
L " Lf 6 Lf (3:9)
S
Vd
L =(0.1416)| —4C (3.10)
Al f
L's
L = (0.1416) L:% —1mH (3.11)
(2.8)(10x10°%)

3.3.3. Design of C ¢

Considering the capacitor stores 5% of the system power as reactive power, maximum

capacitance is:

Q =5%S (3.12)
Q= 5%83_ p = (0.05)(10kVA) = 500VA (3.13)
Q
C,=——— (3.14)
f 3'Vi2 ¥0)
C, = Q = 500 =31uF (3.15)

f 3v2.0  (3)(1202)(2760)

3.3.4. Design of Lg
As most of the ripple is filtered by LI &Cf , grid side inductor value is taken as half the

value of LI )

Ly = 05k =L, = 05(ImH) = 0.5mH (3.16)

44



3.4. Simulation and Experimental Set-ups

3.4.1. Simulation Set-up

The performance of the proposed control strategies will be evaluated by computer simulation

using SABER. Fig. 3.6 shows the simulated system. This system will be tested under the

following conditions:

Switching frequency, fs, 10 kHz

Filter inductor, LI’ 1mH

Filter inductor, Lg’ 0.5mH

Filter capacitor, C_, 31 uF

f 3

Output voltage 208 Vr 3® @ 60 Hz grid connection, with V ¢ 400 V

ms—II’ d
Output capacity 10 kW from DG

Total load 10 kW

The load will be adjusted to consume 10 kW. The DG system will be simulated to supply 10

kW and zero reactive power. The system will be operated initially in grid-connected operation.
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3.4.2. Experimental Set-up

Fig. 3. 6 Simulated system

The hardware prototype of Fig. 3.6 will be implemented for experimental verification. The

control, PLL, grid condition detection, and re-closure algorithms will be programmed using a
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universal DSP control board developed at the Power Electronics and Motor Drives Laboratory at
Michigan State University. The system will be tested under the following conditions to
experimentally verify the simulation results:

e Switching frequency, fs, 10 kHz

e Dead time 3us
e Filter inductor, LI’ 1mH

e Filter inductor, Lg’ 0.5mH

e Filter capacitor, Cf, 50 uF
e Simulated Output voltage 104 Vrms—ll’ 30 @ 60Hz grid connection, with
\Y qc = 200 V

e Output capacity 2.5 kW from DG

e Total load 2.5 kW

The reason for simulating the output voltage is to ensure the algorithms and controllers are
functioning properly under low-power tests; such that there is a reduced risk of operator and
equipment damage if the system fails.

Shown in Fig. 3.7 are the inverter, the DSP board, the filter, and the rectifier.
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Fig. 3. 7 Experimental set-up

The DG will be started up in grid-connected operation mode, and then the separation device

will be opened. When the DG is disconnected from the grid it operates in stand-alone mode.
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CHAPTER 4. PROPOSED CONTROL FOR GRID-CONNECTED OPERATION OF DG

4.1. Introduction

There are two modes of operation for the DG inverter — the grid-connected mode and the
stand-alone mode. Each mode has its own control requirements and control structure. In the grid-
connected mode of operation, the DG is connected to the utility. The utility, which is assumed to
be stiff, sets the voltage at the terminal of the DG inverter [10]. The inverter controls the power
being injected into the grid by controlling the injected current. Thus, in this mode, the inverter
operates in the current control mode.

In the stand-alone mode, the inverter supplies power to the load. It has to maintain the
voltage at the terminals of the load, irrespective of any changes in the load. Thus, in this mode,
the inverter operates in the voltage controlled mode.

This chapter discusses the grid-connected mode of operation and its controller design, while

the stand-alone mode will be discuss in the next chapter.

4.2. Circuit Topology

Fig. 4.1 shows the main circuit topology. This system consists of the micro-source
represented by the DC source, the conversion unit which performs the interface function between
the DC bus and the three phase AC world, and the LCL filter that attenuates the current ripple
produced at the output of the inverter. The controller presented provides constant DG output and

maintains the voltage at the PCC before and after the grid is disconnected.
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Fig. 4. 1 Schematic diagram of the grid-connected inverter system

4.3. Controller

For grid-connected operation, the controller shown in Fig. 4.1 is designed to supply constant

current output in order to provide a pre-set power to the main grid [46]. An important aspect to

consider in grid-connected operation is the synchronization with the grid voltage [47]. For unity

power factor operation, it is essential that the grid current reference signal be in phase with the

grid voltage. This grid synchronization can be carried out by using a PLL [48-49]. Also, the PLL

is used to determine the frequency and angle reference of the PCC [3]. Fig. 4.2 shows the control

topology used.
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Fig. 4. 2 Block diagram of the current controller for grid-connected
When using the current control, the output current from the filter, which has been
transformed into a synchronous frame by Park’s transformation (Eq. 4.1) and regulated in DC-

quantity, is fed back and compared with reference currents | This generates a current

DQref *
error that is passed to the current regulator (Pl controller) to generate voltage references for the

inverter. In order to get a good dynamic response V, is fed forward. This is done because the

DQ
terminal voltage of the inverter is treated as a disturbance and the feed-forward is used to

compensate for it. The voltage references in DC-quantities, VDQref’ are transformed into a
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stationary frame by the inverse of Park’s transformation (Eq. 4.2) and utilized as command

voltages for generating high frequency pulse width modulated (PWM) voltages.

XD ) —c0s@ —cos(0+2x13) —cos(0—-2x13) Xa

XQ =—| sin@ sin(@+27/3) sin(6@-2x/3) Xb (4.1)
1/2 1/2 1/2 X

X

L0 c

where 0 = ot and o is the frequency of the electric system.

Xa —cosé sind 1/2 XD
Xb =|—-cos(0-2x13) sin(@-2x/3) 1/2 XQ 4.2)
X —cos(@+2x13) sin(@+2x/3) 1/2 X

L0

4.3.1. Synchronization Controller for Grid Reconnection: Proposed Algorithm

When the DG is in islanded mode operation and the grid-disconnection cause disappears, the
transition from stand-alone to grid-connected mode can be started [42]. To avoid hard transients
in the reconnection, the DG has to be synchronized with the grid voltage [50-52]. The DG is
operated in synchronous island mode until both systems are synchronized. Once the voltage in
the DG is synchronized with the utility voltage, the DG is reconnected to the grid and the
controller will pass from voltage control mode to current control mode. This synchronization is
achieved by implementing the following algorithm:

o  Assume that the phase difference between grid voltage and inverter voltage is given by:

b= Ng -2V, (4.3)

o  Inorder to obtain information of ¢, two sets of voltage values are used:

3
k=V, Ve, +V Vap V1 Vae = E[cos((,ﬁ)] (4.4)
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3 .
g :VIaVGb +VIbVGc +VICVGa = Z[—cos(e) +\/§sm(¢)] (4.5)
where,
VGa =VGm sin(at)

_ i 0
VGb _VGm sin(wt +120™)

_ i _1200
VGC _VGm sin(wt —1207)

V.. =V
a

| m sin(at + 6)

_ : 0
Vlb _Vlm sin(wt +120~ +6)

V, =V, sin(wt—120° +6)
Ic Im

Using the variables k and g, sin(¢) can be found as:

sin(¢>=% (4.6)

Fig. 4.3 shows how sin(¢) is used to obtain the compensated phase angle for which the grid

voltage and the DG voltage are synchronized. When the grid is recovered, a PLL observer,
whose output will generate the grid frequency and phase, processes the grid phase voltages. If
the amplitude and frequency of the voltages are within the limits defined by standards, a
synchronizing signal will be generated. When the sine of the phase error is between -0.04 and
0.04 radians, the voltages are considered to be synchronized and the control of the supply-side

inverter will be switched from stand-alone to grid-connected control mode.
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Fig. 4. 3 Synchronization controller

4.4. Transfer Functions

Fig. 4.4 shows the block diagram of the DG interface control for grid-connected operation.

Fs) 209
Filter ¢ L oad

—
\ 4

Fig. 4. 4 Block diagram of the current controlled inverter

The PI controller produces a signal that is proportional to the time integral of the controller.

The transfer function of the PI controller is given by:

K

_ !
D =Kpy+— @.7)

where KP is the proportional gain and KI the integral gain.

The inverter stage does not have any significant transient time associated with it and hence it

is modeled as an ideal gain. This ideal gain can be given by GI (s) =1.
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The schematic circuit of the filter stage is shown in Fig. 4.5. It consists of an LCL filter and a

parallel RLC load.

I—1 Vx I—2 Id
—00 0 > +
Vln 1 Vd
R. L. C
Filter: F(s) L =
Load: Z(s)

Fig. 4. 5 LCL Filter and parallel RLC load

The transfer function of the filter is given by:

|d(S) 1
FO-7 e~ 3 > (48)

in® s L, +s ch12+s(L1+|_2)+z
The transfer function of the load, Z(s), is given by:

Vi (s)
Z(s)=-9—= - 11 (4.9)

L St
This can be re-expressed as:
sL, R

Z(s) = L L (4.10)

2
S RLCLLL +sLL + RL

Using Fig. 4.4 and equations (4.7), (4.8) and (4.10), the transfer function of the current controlled

system is derived as:

55



Vy(s) FZD
__d _
H()= et © ~ (1-FZ +FD) (4.11)

2= 651.4665 @12
s2 1150.4545 +142117
6.4516x1010 (52 +150.454s +142117)
F(s)= (4.13)
52 +150.4545% +9.8219x107 53 +1.456x10-952 + 5.5783x1013s + 0.4187
D-08+2 (4.14)
S
H(s) = 3.365x101352 +1.051s (4.15)
s© +150.1085° +9.83x10" s + 6.62x101053 + 2.31x101352 + 7.58x101°s + 2.28x10%7
where R =4330, L, =4584mH, C =1535mF, L =ImH, L,=05mH, C =3LuF,

4.5. Simulation Results
The performance of the proposed control strategies was evaluated by computer simulation

using SABER. Fig. 4.6 shows the simulated system.
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Fig. 4. 6 Current controller for grid-connected ope

ration

The R load was adjusted to consume 10 kW. The DG system was designed to supply 10 kW

and zero reactive power. The system was operated initially in grid-connected operation. Fig. 4.7

shows the voltages and currents at the PCC during grid-connected operation.
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Fig. 4. 7 Phase voltages and currents during grid-connected operation

When the grid-disconnection cause disappears, the transition from stand-alone mode to grid-
connected mode can be started. The DG was operated in synchronous island mode until both
systems were re-synchronized. While in synchronous island mode, the synchronization controller
decreases or decreases the frequency to a limited value, as seen in Fig. 4.8. Also seen in that
figure are the voltages of the DG and grid; here the DG voltage can be seen to synchronize with
the grid and when the phase angle between the two voltages are approximately equal, the
algorithm reconnects the system to the utility and switches the mode of control from voltage
control to current control. As can be seen, the proposed algorithm successfully forces the voltage

at the DG to track the voltage at the grid.
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Fig. 4. 8 Synchronization for grid re-connection
Once the synchronization was completed, the DG was reconnected to the grid and the
controller was switched from voltage control mode to current control mode. Fig. 4.9 shows the

phase voltage Va without and with the synchronization algorithm implemented. As can be

noticed, the transients are minimal and virtually negligible indicating that the algorithm avoids a

hard transient in the reconnection from stand-alone operation to grid-connected operation.
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Fig. 4. 9 Phase voltage without (top) and with (bottom) synchronization

4.6. Experimental Results

A hardware prototype has been implemented for experimental verification. The control, PLL,
grid condition detection, and re-closure algorithms have been programmed using a universal
DSP control board developed at the Power Electronics and Motor Drives Laboratory at Michigan
State University. The DG is started up in grid-connected operation mode. Fig. 4.10 demonstrates

how the system line to line voltage and phase current behaves during grid-connected mode.
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Fig. 4. 10 Line to line voltages and phase current during grid-connected operation

Fig. 4.11 shows the process of synchronization where the line to line voltage at both ends of
the separation device is illustrated. At the beginning of the synchronization, both voltages are out
of phase. As can be seen, the proposed algorithm successfully forces the voltage at the DG to
track the voltage at the grid until the synchronization process is completed. Also shown is the

smooth transition of the currents.
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Fig. 4. 11 Transition from stand-alone to grid connected operation
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CHAPTER 5. PROPOSED CONTROL FOR INTENTIONAL ISLANDING OPERATION
OF DG WITH SEAMLESS TRANSITION FROM GRID CONNECTED OPERATION
5.1. Introduction

The control of the DG system is important in both grid-connected and stand-alone modes and
the system stability becomes very crucial during the transfer between these two modes. If the
system does not have a proper transfer procedure, severe transient voltages or currents will
occur, which may damage the entire system [40]. Fig. 5.1 shows a waveform showing this

situation after grid disconnection at time tl A seamless transfer can ensure smooth operation

and quick attainment of steady state.

Va Wh
600 . : . : :
CS VS

e

400

T
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T
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_EDD 1 1 1 1 1
0.12 0.13 0.14 0.15 0.16 0.17 018

Tirmels)

Fig. 5. 1 Simulation waveforms of load voltages and grid currents during the grid
disconnection [38]
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In order to solve this transition problem, this chapter presents the development and test of a
control strategy for DG capable of working in intentional islanding connection mode with a
seamless transition from grid-connected to stand-alone operation modes. The control scheme
proposed is based on a voltage-controlled method for the stand-alone DG inverter. The stand-
alone mode with voltage control is featured with a grid condition detection algorithm to detect
the instant at which the DG is cut from the main grid, a load shedding algorithm to disconnect
part of the load in order to steer the power system from potential dangers, and a voltage

controller with seamless transition from grid-connected to stand-alone operation modes.

5.2. Grid Condition Detection

The instant at which the DG is cut off from the main grid must be detected in order for the
system to change between grid-connected to stand-alone modes [53]. This detection is achieved
by using a PLL which consists of Clarke’s transformation (Eq. 5.1), Park’s transformation (Eq.

5.2), a Pl regulator, and an integrator [5, 54]. The schematic of the PLL is illustrated in Fig. 5.2.

v 2/3 Y3 |V
a ab
_ 5.1
_Vﬂ { 0 ]/ﬁ} [Vbc] -1
Vv - %
VOI B {_s?r(:see z:)r;ﬂ Va (5:2)
L9 B
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Fig. 5. 2 PLL structure

The lock is realized by setting Vq to zero. A PI regulator can be used to control this variable

and the output of this regulator is the grid frequency [55]. As can be noticed in Fig. 5.1, in

addition to the frequency, the PLL is capable of tracking the magnitude of its input signals (VOI
and Vq ), e.0. the grid voltages. These two parameters, frequency or voltage magnitude, are used

in the loss of main detection algorithm to detect the grid condition [28]. The algorithm sends a
signal that switches the inverter to the suitable interface control.

Fig. 5.3 shows the implementation of this algorithm. The output of a comparator block
activates a monostable circuit. If the monostable circuit stays in on-state for 0.16 seconds,
corresponding to 10 cycles, this is considered as an abnormal condition [28]. This abnormal

condition sends a signal that switches the inverter to the suitable interface control.
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Fig. 5. 3 Loss of Main Detection

This switching between grid-connection and stand-alone operation modes is done by using an
over/under frequency method (OFP/UFP) or an over/under voltage method (OVP/UVP) that
cause the DG inverter to switch if the frequency or amplitude of the voltage stays outside of
prescribed limits. When the grid is disconnected, this causes that the voltage amplitude or
frequency changes, as shown in Fig. 5.4. When these changes in voltage or frequency exceed
certain thresholds, grid disconnection is considered and the operation mode is consequently

switched. The algorithm is shown in Fig. 5.5.
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While serving as good indications for islanding detection, the quick voltage or frequency
variations lead to a serious concern: the DG would operate out of the allowable voltage or
frequency range quickly after islanding occurs [56]. To avoid this, intelligent load shedding
algorithms need to be implemented in a DG system to make sure that the demand is within

available generation by disconnecting some least important loads [57].

5.3. Intelligent Load Shedding

Load shedding is defined as the process in which a part of the system load is disconnected
according to a certain priority in order to steer the power system from potential dangers [58-59].
During the grid connected operation, the DG is operated to provide the optimum power to the
grid according to many factors such as the availability of energy, energy cost, and so on [39].
The main grid is supplying or absorbing the power difference between the DG and local load
demand. When the main power grid is out (power outage), the DG that continues to inject pre-
determined optimum power can cause voltage and frequency transients depending on the degree
of power difference. The power difference makes the voltage and frequency drift away from the
nominal values [37]. When the voltage and frequency drifts have reached certain levels, it is
deemed that an islanding is occurring. This methodology is enough for islanding detection.
However, it is not enough for intentional islanding operation because often the local DG is either
less or greater than local load demand, and intelligent load shedding is needed. Therefore, it is
essential to have an analytical solution of the voltage and frequency transients locally for the DG
to have information and make decisions, and for intelligent load shedding to secure energy

delivery to sensitive loads.
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To develop the load shedding algorithm, a constant impedance load is used. Fig. 5.6 shows
the theoretical voltage transients for a constant impedance load under various active power
differences (from -50% to +50%) after main power outage, while Fig. 5.7 shows the theoretical
frequency transients under various reactive power differences. As seen from Figs. 5.6 and 5.7,
with no load shedding it would be insufficient for keeping the voltage or frequency within the

limits required.

Vd(25%)

V(0%)

Vdl(-25%)

Vel(-50%)

t(s)

Fig. 5. 6 Voltage Transients under various Active Power Differences
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Fig. 5. 7 Frequency Transients under various Reactive Power

The challenge is how to switch the DG inverter system to voltage control mode and bring the
voltage back to the normal range (0.88 — 1.1 Vpu) for intentional islanding operation. The
analytical solution of the simple case scenario shown in Fig. 5.6 provides a possible solution to
this challenge. Fig. 5.6 shows that the voltage change rate is related to the power differences
between the DG and load demand. The approach proposed is to detect the voltage change rate
and profile after the power outage and determine how much load shedding is needed before
going to the intentional islanding operation and switching to the voltage control mode. In order

to accomplish this, the system shown in Fig. 5.8 has been analyzed.
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Fig. 5. 8 System to implement load shedding

To determine the amount of load to be disconnected the following algorithm, based on Fig.

5.9, is proposed:

N4

>

S2

ly <> R: §R2 @ Idpu<> § Rou=R1//R;

Fig. 5. 9 System in per unit to implement load shedding
o  Obtain the voltage amplitude expression for load shedding:

Using the circuit shown in Fig. 5.9, the expressions for the load voltages V__ ,V,__ and V
apu’ bpu c

pu
can be found:

Vapu = IdpuRpu sin(wt + 0) (5.3)

. 2r
pru = IdpuRpu sm(a)t+6’—?j (5.4)
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V. =1, R sin(a)t+0+2—”j (5.5)
cpu dpu pu 3

UsingV__ ,V, ,and V__ anexpression for the voltage amplitude can be found,
apu’ "bpu cpu

Vok \f \/Vazb +V2 +V2 (5.6)

_ |2 2 4 2 .2 T
Vpk_ /gﬁldpuRpu\/cos (a)t+0+§J+cos (ot +6)+sin (a)t+¢9+€j (5.7)
_ 2 z 2 .2 T
Vpk_\/ZIdpuRpu\/cos (a)t+0+3j+cos (ot +6)+sin [a)t+0+6j (5.8)

o  Derive the slope of the voltage amplitude

d (vpk (t)) 2 dpuRpqu
sS= m = (5.9)
\/cosz (a)t+0+§j+c052(a)t+6?)+sin2(a)t+0+:]
o) Derive |

dpu

—s4/2, [cos? [a)t+9+73[)+0052 (cot+9)+sin2 [a)t+9+7éj

| = (5.10)
dpu 20R K
pu
Using
Rou =Ripu ! Ropy (5.11)
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and solving for R1 where R1 represents the load to be shed,

Ripu = Vg (5.12)

s\/cosz(a)t+'9+gj+0052(a)t+0)+sin2(a)t+9+ )+\/_a)l

dpu

where
. T T . T T .
K :sm(a;t+.9+§jcos(a)t+9+§j—sm(a)t+6+€jcos(a>t+0+€j+sm(a)t+¢9)cos(a>t+0)
(5.13)
5.4. Transition from Grid-connected to Stand-alone: Proposed Controller
The proposed voltage closed loop control for stand-alone operation with seamless transition
is shown in Fig. 5.10. The control works as voltage regulation through current compensation.

The controller uses voltage compensators to generate current references for the current

regulation.
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Fig. 5. 10 Voltage controlled inverter

As shown, the load voltage, V. and V., are forced to track their references (VDref and

D Q

VQref ) by using a voltage regulator (Pl compensator). The outputs of this compensator, IDref

and | are compared with the load current (ID and | Q ), and the error is fed to a current

Qref”’
regulator (Pl compensator). The output of the current regulator acts as the voltage reference
signal that is fed to the sinusoidal pulse-width modulator (SPWM) to generate the high frequency
gating signals for driving the three-phase voltage source inverter. The current loop is included to
stabilize the system and to improve the system dynamic response by rapidly compensating for

near-future variations in the load voltages [11]. In order to get a good dynamic response VDQ IS
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fed forward. This is done because the terminal voltage of the inverter is treated as a disturbance
and the feed-forward is used to compensate for it [60].

A compensation coefficient, K, is added to the current control loop as a feedforward control
unit. This feedforward control achieves accurate tracking of the sinusoidal reference. The
compensation coefficient processes the magnitude of the input voltage of the PWM modulator
and counterattacks the severe transitions influenced by the grid disconnection. Then, this input
voltage is fed to the PWM modulator to produce the drive signals for the inverter switches.
Therefore, the modulated wave does not include the transient components that resulted from the

grid disconnection.

5.5. Transfer Functions

Fig. 5.11 shows the block diagram of the DG interface control for intentional islanding

operation.
E DK ' BRI
Vit + ~e| K| +AD ol + AV N d
$ 12 in ,
—:O_.KPH%W_O—»KPZ sWO_' 1 Filter -4 Load
Vg g

Fig. 5. 11 Block diagram of the voltage controlled inverter
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The PI controllers produce a signal that is proportional to the time integral of the controller.

The transfer functions of the PI controllers are given by:

K|

E=Kpy+—1L (5.14)
K

D=Kp,+—2 (5.15)

where KP are the proportional gains and KI the integral gains.

The inverter stage does not have any significant transient time associated with it and hence it is

modeled as an ideal gain. This ideal gain can be given by GI (s) =1.

The transfer function of the LCL filter is given by:

I (s) 1

d
F(s) = _ (5.16)
V. (s) &3 2
in® s L, +s CfL12+s(L1+L2)+Z
The transfer function of a parallel RLC load, Z(s), is given by:
sL, R
Z(s) = L L (5.17)

s2R C. L. +sL +R

LLL L L
Using Fig. 5.11 and equations (5.14) to (5.17), the transfer function of the current controlled

system is derived as:

V. (s)
H(s)=—9 = FZDE (5.18)
Y (s) (1+KF-FZ+FD+FZDE)
d -ref

By using K =09425, R =4.33Q, L, =4584mH, C, =1535mF, L =1mH , L, =05mH ,
C.=31uF, K =08, K. =25 K. =—— K .= then
f oo Bpp TUE R T8 Bpp T g M2 T g T
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E=08+%2 (5.19)
S
1
D=1.25+— (5.20)
25s
4.203x1013(52 +31.2825 +1)
H(s) =

$8 +150.4545° +9.8219x107 5% +1.5601x10M L3 + 7.7068x101352 + 2.1418x10105 + 4.0878x1014

(5.21)

5.6. Simulation Results

The performance of the proposed control strategy was evaluated by computer simulation
using SABER. Fig. 5.12 shows the simulated system.

The R load was adjusted to consume 10 kW. The DG system was designed to supply 10 kW
and zero reactive power. The system was operated initially in grid-connected operation. The grid
was disconnected at 0.3 seconds. After the island was detected the control mode was changed
from current controlled to voltage controlled operation. Fig. 5.13 shows the currents at the PCC
before and after grid disconnection without the seamless transition controller implemented, while
Fig. 5.14 shows the currents at the PCC before and after grid disconnection with the seamless

transition controller implemented.
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Fig. 5. 12 Simulated systems
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Fig. 5. 14 From grid-connected to stand-alone operation without severe transients
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Fig. 5.15 shows a line-to-line voltage and a phase current at the PCC before and after grid

disconnection with the seamless transition controller implemented. As can be noticed, the

proposed controller successfully suppresses the severe transients caused by the disconnection of

the grid.
500.0 100.0
grid-connected | stand-alone

S 00 - ;00 ..................................... W A WY S VY N W NN T A N
5000 1000

100.0

grid-connected stand-alone
ZaL 'R SRR A SRR S S SRR R A
.1000 ‘I 1 | | | | | I | | | | | | 1 | |
0.33 034 035 036 0.37 0.38 039 04 041 042 043 0.44 045 0.46 047 048 049

tis)

(V):1(s)
grid_condition

-------

Fig. 5. 15 From grid-connected to stand-alone operation without severe transients

To keep the magnitude of the voltage in its normal operational range when there is a power

mismatch, the load shedding algorithm proposed was implemented. Fig. 5.16 shows the

theoretical voltage transients under a power difference without the load shedding algorithm

implemented. For this case, when the voltage is out of the normal operating point, the load
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shedding algorithm cut off the power difference from the load and the voltage was brought back
to the normal range. Fig 5.17 shows that the suitable load disconnection results in voltage

recovery, compared to the case of “no load shedding”.

200.0

| NN

50.0

(V) 1 t(s)
Va

S 0.0

-50.0

-100.0
-150.0
-200.0 4

02 022 024 026 028 03 032 034 0.36 0.38
t(s)

Fig. 5. 16 Phase voltage V4 without load shedding algorithm
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Fig. 5. 17 Phase voltage V4 with load shedding algorithm
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5.7. Experimental Results

The DG is started up in grid-connected operation mode, and then the separation device is
opened. When the DG is disconnected from the grid it operates in stand-alone mode. Fig. 5.18
shows a voltage and phase currents when the disconnection device is opened and the seamless

controller from grid-connected to stand alone is not implemented.

Grid connected’| Stand alone - @

e e — vy

1 voltage

! currents

Fig. 5. 18 Transition from grid-connected to stand-alone operation with severe transients
Fig. 5.19 shows the grid voltage, the DG line to line voltage, and the phase current before
and after grid disconnection with the seamless transition controller implemented. As can be
noticed, the proposed controller successfully suppresses the severe transients caused by the

disconnection of the grid.
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Fig. 5. 19 Transition from grid-connected to intentional islanding operation without severe
transients

Fig. 5.20 shows the line to line voltage for the grid and the DG when the system is operating
in the islanding mode. Also shown are the load currents for the same type of operation. Fig. 5.21
shows the line to line voltages of the DG and the phase currents when the system is operating in
the islanding mode. As can be seen, the proposed control scheme is capable of maintaining the

voltages within the designed levels.
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Fig. 5. 21 DG line to line voltages and phase currents during intentional islanding operation
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To test the load shedding algorithm, a test case where the islanded network is supplying
330W and importing 330W of active power from the grid was analyzed. Starting from this point,
in steady-state, the DG is disconnected and the network will become islanded. As shown in Fig.
5.22 it can be noticed that the suitable load disconnection results in voltage recovery. A total load
of around 640 W is curtailed to 320 W through load shedding, which is within the DG
capabilities. It can also be noticed from Fig. 5.21 that the load shedding assists the voltage to

reach acceptable values above the threshold selected.

Fig. 5. 22 Implementation of the load shedding algorithm
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CHAPTER 6. CONCLUSIONS AND FUTURE WORKS

6.1 Conclusions

This research presented the development and test of a control strategy for DG capable of
working in both intentional-islanding (stand-alone) and grid-connected modes. The stand-alone
control featured an output voltage controller capable of handling excess or deficit of generated
power and synchronization for grid reconnection with a seamless transition from stand-alone to
grid-connected operation modes. The grid-connected mode with current control was also enabled
for the case of power grid connection. This grid-connected control featured an output current
controller capable of loss of main detection, synchronization with the grid, and seamless
transition from grid-connected to stand-alone operation modes.

An automatic mode switch method based on a PLL controller was described in order to
detect the power grid disconnection or recovery and switch the operation mode accordingly.

The proposed control strategy has the following characteristics:

e Interface with AC System

Power quality

e Synchronization with the Grid

e Loss of Main Detection or Islanding

e Transitions from grid-connected to stand-alone
e Load shedding

e Reclosing
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e Transitions from stand-alone to grid-connected
The simulation results showed that the detection algorithm can distinguish between islanding
events and changes in the loads and apply the load shedding algorithms when needed. The
experimental results showed that the proposed control schemes are capable of maintaining the
voltages within the standard permissible levels during grid-connected and islanding operation
modes. In addition, it was shown that the re-closure algorithm causes the DG to resynchronize
itself with the grid. Also, the simulation and experimental results show that seamless transfer has

been achieved.

6.2 Future Works

There are some issues that could be explored in the future related to this work:

e Throughout this thesis, the DG unit was modeled by an ideal DC source and therefore,
the dynamic of the input source was neglected. As a future work, the effect of these
dynamic on the islanding detection and control of islanded systems can be studied.

e A situation particular to the three-phase signals is the concept of unbalance. The three-
phase signals are unbalanced if they either have unequal magnitudes or phase-
displacements unequal to 120 degrees. The performance of the three phase PLL
algorithm presented is not good when the utility voltage presents voltage unbalances. If
these unbalances are not taking into account, the information of the utility voltage,
obtained from PLL structures, can present undesired errors. Based on the theory of
symmetrical components, an unbalanced set of signals can be decomposed into positive-,

negative- and zero-sequence components. The positive-sequence component is a
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balanced set of signals. To eliminate the distorted utility voltage effects, a positive
sequence computation block can be used with good performance. This situation can be
considered as a future work.

One of the selling points for DG is that the local generation follows a scalable system
model, where due to the typical small size of the units, one can install as many units as
needed to satisfy the requests of the loads, without having too much of extra capacity
sitting idle. This concept requires that DGs can be installed in parallel without any
restrictions.

Storage need to be incorporated to satisfy the instantaneous power balance as a new load
comes on-line without penalizing the quality of other network quantities, such as bus
voltage magnitude. Load changes resulting in fast transients that exceed the ramping
capability of generation require storage availability from which to draw the required
transient energy. This inertia-less system presented is not well suited to handle step

changes in the requested output power.
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Appendix 1. Transfer Functions of the current controlled inverter

Fig. A1.1 shows the block diagram of the DG interface control for grid-connected operation.

Fs) 209
Filter |e'+ Load

—
\ 4

Fig. Al. 1 Block diagram of the current controlled inverter

The PI controller produces a signal that is proportional to the time integral of the controller.

The transfer function of the PI controller is given by:

K

_ |
D =Kpy+— (AL.1)

where kj is the proportional gain and k; the integral gain.

The inverter stage does not have any significant transient time associated with it and hence it

is modeled as an ideal gain. This ideal gain can be given by G(s) = 1.

The schematic circuit of the filter stage is shown in Fig. A1.2. It consists of an LCL filter and

a parallel RLC load.
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Vin
R. L. C
Filter: F(s) L =
Load: Z(s)

Fig. Al. 2 LCL Filter and parallel RLC load

The transfer function of the filter is given by:

_ 14 (5)
V. (s)

In

F(s)

By Kirchhoff Current Law, the following expression is obtained:

V. -V

X _in _
sLl +sCfVX+Id(s)—0

Equation (Al.3) can be re-expressed as:

V.
X __In _
+sC VX+Id(s)—0

sy
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Using Ohm’s Law, the current Iy is given by:

14(5) = — X (A1.5)

From equation (A1.5), the voltage Vy is given by:
=14 (sL2 +2) (AL1.6)

Substituting equation (A1.6) into equation (Al1.4)

46l +2) Vi

e SL1

dn s (Id(sL2+Z))+Id(s)=0 (AL7)

Equation (A1.7) can be re-expressed as:

1.2 V.
fabz 1a% Vin 20 1 vscr 220 (AL.8)

S|_1 S|_1 S|_1 d fd2 fd

;2 7 L2 V
I C,L,+sC,Z+—+-—=5+1|= (A1.9)
d f2 f S|_1 |_1 s|_1
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<

L
0 _ g |s%C L, +sC 7+ %124

ly 2st1

<

3 2
ﬁ:s C, LL,+s°C 1,7 +5(L1+ |_2)+z

Then, the transfer function of the filter, F(s), is given by:

!
F(s)= a®®) _ 1

Vin® % Ll s Lz es(L L, )42

The transfer function of the load, Z(s), is given by:

By Kirchhoff Current Law:

d RL LL CL
V V
4 :R_d+Td+SCLVd
L St
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(Al1.11)

(A1.12)

(A1.13)

(Al.14)

(A1.15)



Equation (A1.15) can be re-expressed as:

I, =V L-FL-FSC (Al.16)
d d|R sL L
L "L
ly |1 1
\/—: R—+T+SCL (A117)
d L°L St

v
Z(s)=-d (z) - 1 (AL.18)

This can be re-expressed as:

L, R
Z(s) = L (A1.19)

s°R C L +sL +R

LLL L 'L

Using Fig. Al.2 and equations (Al1.12) and (A1.19), the transfer function of the current

controlled system is derived as:

H(s)=—d " (A1.20)
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g —ref ~
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(A1.22)

(A1.23)

(A1.24)

(A1.25)

(A1.26)

(A1.27)

(A1.28)



Substituting equation (Al1.27) into equation (A1.23)
visv, =4 (AL.29)
Substituting equation (Al1.22) into equation (A1.29)
eD +V :F—‘; (A1.30)

From equation (A1.30)
\Y
e:[—d— | ]3 (A1.31)

From equation (A1.31)

Vv Y,
a1 ) d
et~ _(FZ 1) s (A1.32)

Equation (A1.32) can be re-expressed as:

, d d__d (A1.33)
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g — ref ={

1 1

d—ref 1 1

\Y

d-ref 1-ZF+FD

-+
FZD D

1

___J’__
FZD D Z

| =

z

Vd

Then, the transfer function of the voltage controller, H(s), is given by:

Where

Z(s)=

F(s) =

FZD

P

FZD

SLLRL

(1-FZ +FD)

2

R C, L +sL +R

LLL

L

1

L

3 2
$3C, 1L, +s°C L Z +s(L1+ L2)+Z
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R =4.33Q

LL =4.584mH

CL =1.535mF
Ll =1mH

L, =0.5mH

C. =31uF

651.4665s
2(5)=—

$” +150.454s +142117

6.4516x10%0 (52 +150.454s +142117)
F(s)=

s° +150.4545% +9.8219x107 s3 +1.456x10-952 +5.5783x10-5s + 0.4187
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D:0.8+§

3.365x1013s2 +1.051s

H(s)=
s© +150.1085° +9.83x10" 5% + 6.62x101053 + 2.31x101352 + 7.58x101°s + 2.28x1017

99



Appendix 2. Derivation of the Load Shedding Equations

The approach proposed is to detect the voltage change rate and profile after the power outage
and determine how much load shedding is needed before going to the intentional islanding
operation and switching to the voltage control mode. In order to accomplish this, the system

shown in Fig. A2.1 has been analyzed.

A\

>

Sz

g C) RS SR, @ Idpu<> = RuRi/IR;

Fig. A2. 1 System to implement load shedding

o Obtain the voltage amplitude expression before load shedding. The expressions for the
load voltages V__, V., and V__ can be found:
apu’ bpu cpu

Va _
o IOI sin(wt + 6) (A2.1)
V,
by g _2z
B Id Sln(a)t—HQ 3 j (A2.2)
v 2
C_| i i
R Id S|n(a)t+49+ 3 ] (A2.3)
In per unit:
Vapu
Rp = Idpu sin(wt + 0) (A2.4)

u
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Vv
&:I sin(wt+9—2—”]
dpu 3

Vc u 27
_tpu I sin(a)t+9+—j
R dpu 3

Solving for the voltages:

\Y

apu = IdpuRpu sin(wt + 0)

\ =1 R sin(wt+0+2—”j
cpu dpu pu 3

o UsingV__,V,_ ,andV
apu’ "bpu cpu

pk \/7 2 +V2 +V2

Vabpu :Vapu _pru dpu' pu

(A2.5)

(A2.6)

(A2.7)

(A2.8)

(A2.9)

an expression for the voltage amplitude can be found,

=1, R _sinfwt+0)—1, R sin(a)t+0—2—”j
dpu pu 3

Vabpu - IdpuRpu ]

\/§sin(a)t+6'+

Vabpu - Idpu R pu

. VA
:ﬁldpuRpu sm(a)t+6‘+€]

Vabpu

Vbcpu :pru _chu - IdpuRpu sm(

V, =1, R_ |sin a)t+49—2—7[
bcpu  dpu pu 3

sin(awt + ) —sin(a)t +¢9—2§ﬂ

3]

a)t+(9—2—”j—l R sin(a)t+9+2—”j
3 dpu "pu 3

—sin(wt+0+2§ﬂ
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(A2.10)

(A2.11)

(A2.12)

(A2.13)

(A2.14)

(A2.15)

(A2.16)



bcpu dpu pu[ \/§COS(a)t+0)]
Voepu = \/_IdpuRpu cos(wt +6)
. 2 .
\Y =V _ -V_ =1, R _ sinfot+68+— |—1, R _sin(wt+0)
capu cpu apu dpu pu 3 dpu pu

\Y =1, R sin(cot+6+2—”)—sin(a)t+9)
capu dpu pu 3

\Y =1, R
capu dpu pu

«/§cos(a)t +¢9+%ﬂ

V. =4l

R cos(a}t + ¢9+£j
capu dpu pu 3

V2 3I2 R2 sm2 wot+0+Z
abpu dpu pu 6

2 2 2 2
Vbcpu 3|dpuRp cos” (awt+0)

v2 —312 R? awzﬁm+e+%j

capu dpu pu
V2 av2 o gy2
abpu  “bcpu  capu

dpu pu

2 +V2 +V2
abpu  “bcpu  “capu

:ﬁldpuRpu\/cosz (a}t+9+%J+0032(a)t+9)+sin2(a)t+6'+%j

pk \/7 2 +V2 +V2

_312 R2 {cos2 (a)t+0+%j+cosz(a)t+9)+sin2(a)t+0+%ﬂ
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(A2.17)

(A2.18)

(A2.19)

(A2.20)

(A2.21)

(A2.22)

(A2.23)

(A2.24)

(A2.25)

(A2.26)

(A2.27)

(A2.28)



_ |2 2 T 2 .2 T
Vpk_\/;\/gldpuRpU\/COS (a)t+¢9+§j+cos (oot +0)+sin (a)t+9+€j (A2.29)

_ 2 K 2 2 3
Vpk —\/EldpuRpu\/cos (cot+6?+ 3j+cos (wt+6)+sin (a)t+0+ 6) (A2.30)
o Derive the slope of the voltage amplitude

d (V (t))
so_n Pk (A2.31)

dt
21, R_wK

5= dpu_pu (A2.32)

\/cosz (a)t +9+Zj+c052 (oot + 49)+sin2 (a)t + 6+7é]
where

K :sin[cot+0+%)cos(a)tﬂéhr%j—sin(a)t+6+%)cos(a>t+9+%j+sin(a)t+6)cos(a>t+9)

(A2.33)
Solving for Idpu
—s\2 cosz(wt+0+”)+cosz(a)t+9)+sin2(a)t+0+”j
o, = 3 6 (A2.34)
Pu 20R_ K
pu
Using RIou = R1//R2 and solving for Rl where Rl represents the load to be shed,
—\/Ea)l
Ripu = dpu (A2.35)

2 « 2 o2
s\/cos (a;t+9+3j+cos (ot +0)+sin (a)t+6'+ )’L\/_wldpu
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Appendix 3. Transfer Functions of the voltage controlled inverter

Fig. A3.1 shows the block diagram of the DG interface control for intentional islanding

operation.
V : o TN
dref+ ~ g Kl  +ADble Do +A Vi Rl ; d
_io_,KP1+ %W_O—’sz* : V_.O_. 1 f—Filter (-4 Load

Vg |d

Fig. A3. 1 Block diagram of the voltage controlled inverter

The PI controllers produce a signal that is proportional to the time integral of the controller.

The transfer functions of the PI controllers are given by:

K,

E=Kpy+— 0t (A3.1)
K,

D=Kp,+—2 (A3.2)

The inverter stage does not have any significant transient time associated with it and hence it

is modeled as an ideal gain. This ideal gain can be given by G(s) = 1.

The schematic circuit of the filter stage is shown in Fig. A3.2. It consists of an LCL filter and

a parallel RLC load.
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L, V, L,

— o0 0
Vin —1
R. L. C
Filter: F(s) L =
Load: Z(s)

Fig. A3. 2 LCL Filter and parallel RLC load

The transfer function of the filter is given by:

Id (S) 1

F(s)

The transfer function of the load, Z(s), is given by:

sL, R

2(s)=— L L
S RLCLLL+SLL+RL

Vi, (8) s?’Cf L1L2+52Cf L2 +s(L1+ L2)+Z

(A3.3)

(A3.4)

Using Fig. A3.9 and equations (A3.3) to (A3.4), the transfer function of the current controlled

system is derived as:

V4 )
H(s)= VY
d —ref )
Vd —ref ~Va =¢
6B =14 _ ref
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(A3.5)

(A3.6)

(A3.7)



eE—-1, =Db

bD+V, -KI  =V.
in

d d
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(A3.8)

(A3.9)

(A3.10)

(A3.11)

(A3.12)

(A3.13)

(A3.14)



(A3.14) in (A3.9)

V, V
bD+vV, —K-d-_d
d Z Fz

From (A3.15)

From (A3.17)

o (1, K 1.1
FZD ZD D Z

(A3.18) in (A3.6)

Va—ref =€Vy
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(A3.15)

(A3.16)

(A3.17)

(A3.18)

(A3.19)



v B . S R Y (A3.20)
d-ref (EFZD EzZD ED ZE d

From (A3.0)
Vv, (s)
H(s) = —4 = FzbE (A3.21)
Vy et © (1+ KF —FZ + FD + FZDE)

Using K=09425, R =4.33Q, L, =4584mH, C| =1535mF, L, =ImH , L, =05mH,
C.=31uF, K_. =08, K. =25, K., =—— K. =— then

f oo Rp TYS 1T Rpo T g N2 T T
29— 651.4665 (A3.22)

s” +150.454s +142117

6.4516x1010 (52 +150.454s +142117)

F(s) = (A3.23)
52 +150.4545% +9.8219x107 53 +1.456x10-952 +5.5783x1013s + 0.4187
E-08+2 (A3.24)
S
1
D=125+—— (A3.25)
255
V, (s)
H = ‘ T (1+KE F;ZDFED FZDE (A3.26)
d—ref (L+KF-FZ+FD+ )
4.203x1013(s2 +31.2825 +1)
H(s) =

$6 +150.4545° +9.8219x10" 5% +1.5601x101 153 + 7.7068x1013s2 + 2.1418x10%6 s + 4.0878x1014

(A3.27)
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Appendix 4. Block Diagram of the 2407A DSP Controller

Fig. A4.1 shows the block diagram of the basic configuration for the LF2407A DSp
controller. The major interfaces of the board include the target RAM, SRAM memory, analog

interface, analog signals interface, PWM output signal interfaces, among others functions.

25 =-oooo o

fo e =

-]

AL LTS

A,
Y= -
\4

Fig. A4. 1 Block diagram of the 2407A DSP controller
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