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SUMMARY

The objective of this thesis is to propose guidelines for advanced operation,
control, and protection of the restructured distribution system by designing the
architecture and functionality for autonomous operation of the distribution system with
DGs. The proposed architecture consists of (1) autonomous state estimation and (2)
applications that enable autonomous operation; in particular, three applications are
discussed: setting-less component protection, instant-by-instant management, and short-
term operational planning. Key elements of the proposed approach have been verified:
(1) the proposed autonomous state estimation has been experimentally tested using
laboratory test systems and (2) the feasibility of the setting-less component protection has
been tested with numerical simulations.

The recent trends in distribution systems are increasing penetration of DGs most
of which are based on renewable energy resources such as the solar or wind energy, and
introduction of power-electronics-interfaced devices to the grid. These trends will
eventually restructure the distribution system. In the restructured distribution system, new
grid problems have emerged in terms of (1) protection gaps, (2) operation and control of
DGs, and (3) need for short-term operational planning. Traditional protection schemes
may lead to misoperation and difficulty in coordinating the protection of an active
distribution system with inverter-interfaced DGs. The operational characteristics of DGs
are controlled by renewable energy resources and change moment by moment as weather
conditions change. Moreover, these systems are non-dispatchable DGs and are based on

intermittent energy resources. It is difficult to forecast and schedule the operation of these

xXxi



resources in the long term, so short-term operational planning is more suitable for the
restructured distribution system.

The most efficient way to solve these new grid problems is by autonomous and
decentralized operation. In fact, the autonomous operation is primarily based on the real-
time operating conditions, which are typically computed by state estimation. However,
traditional state estimation, which is based on balanced operation, symmetric system
structure, and relatively fixed system topology, is not applicable to the restructured
distribution system, which is dynamic and unpredictable. Therefore, this thesis proposes
an autonomous state estimation that can compute accurate and real-time operating
conditions of the dynamically changing system, eventually providing the capability to
detect the continuous changing of system topology and achieve the concept of plug-and-
play. The proposed implementation of the autonomous state estimation requires the three
types of data: (1) connectivity, (2) device models, and (3) measurements. The
connectivity indicates buses/nodes where the device is connected, and the device model
is mathematical equations that represent physical characteristics of a device.
Measurements are numeric values obtained by meters; the three sets of data can be
collected and sent to the local DMS by UMPCUs or various data-acquisition units
through the data-communication system. The state estimation needs only these three
types of data to compute the best estimate of state variables and the best estimate of each
device model; collecting all validated real-time models yields the entire system model of
the distribution system. It is important to note that the autonomous state estimation is
based on the well-known weighted-least-squares method. The data and models are

validated by computing the confidence level, which quantifies the goodness of fit of

xXxii



models to measurements. If the confidence level is low, then it can be concluded that
there exist any bad data. In this case, bad-data-identification methods are applied to
identify the bad data and remove them from the measurement set.

The proposed autonomous state estimation enables autonomous operations of the
distribution system for three different operational time frames: (1) setting-less component
protection, (2) instant-by-instant management, and (3) short-term operational planning.
The setting-less component protection, the instant-by-instant management, and the short-
term operational planning should be operated every few cycles, every few seconds, and
every few minutes, respectively. First, the setting-less component protection is an
innovative protection method that is based on dynamic state estimation, which uses real-
time measurements and the component dynamic model. The dynamic state estimation
provides the confidence level that an internal fault has occurred or not. Second, the
validated model and measurements from the autonomous state estimation can be used for
the instant-by-instant management of DGs; for example, DGs can be controlled to pull
out maximum available power from renewable energy resources (e.g., the solar or wind
energy) under variable environmental conditions (e.g., solar irradiation, temperature,
wind speed, and wind direction). Last but not least, the proposed autonomous state
estimation can facilitate the short-term operational planning by providing the real-time
operating conditions of non-dispatchable DGs that are changing with environmental
conditions, which is followed by solving various optimization problems (e.g., economic
or environmental dispatch) that determine the reference operating points of dispatchable

DGs.
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Finally, this thesis describes experimental tests to verify the feasibility of the
proposed autonomous state estimation with two laboratory setups: (1) the scaled-down
power system in the PSCAL at the Georgia Institute of Technology, and (2) the smart
grid energy system in NEC Laboratories America, Inc. In addition, the proposed setting-
less component protection has been validated with numerical experiments performed on
three-phase, two-winding, variable-tap, and saturable-core transformers. The results of

the laboratory tests and the numerical experiments are described in this thesis.
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CHAPTER 1

INTRODUCTION AND OBJECTIVES OF RESEARCH

1.1 Problem Statement

New technologies aiming to create a smarter power grid have naturally resulted in
more sensors, communications, management tools, and controls. This trend naturally
focuses among others on distribution systems and integration of renewable energy
resources, possible storages, and various architectures. For example, anticipated eco-
friendly and highly efficient PHEVs are expected to have substantial impact on the
distribution system as they represent additional loads to the system and possibility of
serving as distributed resources to the system. Charging of PHEVs can result in
overloading of distribution transformers, which eventually decreases the expected life of
the transformer [1], and PHEVs can also operate as reactive power sources or as real
power sources in case of need.

Therefore, the distribution system with new technologies and DGs requires an
advanced operation and control scheme that can solve various grid problems in an
efficient, economic, reliable, stable, and secure way. For example, in a situation where
power supply from DGs and power demands of PHEVs are changing every moment,
economic dispatch, which finds least-cost dispatch of available generation resources, can
be solved more efficiently and rapidly by an autonomous local distribution system than
by a centralized control center because the local system has low time latency taken in
data communication and computation. Then, the local distribution system can make their
own decisions according to properly designed strategies and operational goals.

Indeed, the distributed and autonomous operation of the distribution system is

fundamentally based on the real-time operating conditions of the system, which can be



obtained by processing measurement data from field sensors. Such computational process
is referred to as state estimation. However, conventional centralized state estimation is
not suitable for the restructured distribution system because of uncertainties that result
from the intermittent operation of DGs and from irregular scheduling of PHEVS or
batteries. Accordingly, it is recommended to implement state estimation in an
autonomous manner. In other words, the local distribution system collects all available
information from all electric components in the local territory and then extracts local
operating conditions. This estimation process is referred to as autonomous state
estimation. Finally, the local distribution system can use these computed operating

conditions for its autonomous operation, eventually solving various grid problems.

1.2 Objectives of Research

The objective of this research work is to design the architecture and functionality
for autonomous operation of distribution systems with DGs, which consists of (1)
autonomous state estimation and (2) applications that enables autonomous operation from
the three points of view: setting-less component protection, instant-by-instant
management, and short-term operational planning. The next step is to verify the proposed
approach; (1) experimental tests of the proposed autonomous state estimation using
laboratory test systems and (2) feasibility study of the setting-less component protection
with numerical simulation.

The proposed autonomous state estimation can obtain real-time operating
conditions in the changeable and unpredictable distribution system. The autonomous state
estimation is a method that automatically identifies network topology of the distribution
system, and it can extract operating conditions of the system in real time while system
topology, resources, and loads may be continuously changing. Accordingly, this method
is capable of providing the infrastructure for plug-and-play capability, which enables

hundreds of smart devices to easily connect to and interact with grid; the DMS would



automatically detect the newly plugged-in smart devices and incorporate them into the
real-time model of the system.

The implementation of proposed autonomous state estimation requires that each
monitoring device streams three sets of data to the DMS: (1) connectivity, (2) the device
model, and (3) measurements. First and foremost, connectivity data refer to buses/nodes
to which a device is connected. Next, device model data represent the mathematical
model of a device. Finally, measurement data are numerical values of physical quantities,
such as voltages, currents, flux, and speed as appropriate for a specific device. Indeed,
typical IEDs can be programmed to provide these three sets of data. In particular, this
research work proposes a specific architecture of an IED that is named a UMPCU. The
UMPCU is similar to the merging unit with the additional capability to provide
connectivity data and model data, executing control commands received from the DMS.
As a result, UMPCUSs should be connected to high-speed communication infrastructure
that supports interoperability among multi-vendor devices.

Based on real-time operating conditions computed from autonomous state
estimation, this research work proposes autonomous operation, control, and protection of
the restructured distribution system. First, an adaptive component protection scheme is
proposed, for high penetration of DGs can cause bi-directional power flow and small
fault currents, which may lead to misoperation in traditional protection coordination.
Second, the local DMS should be able to control non-dispatchable DGs, which are based
on the renewable energy resources such as solar or wind energy, to operate at maximum
available power in any conditions. Finally, while these non-dispatchable generation units
produce maximum power, short-term operational planning can provide optimum

operating points for dispatchable DGs.

1.3 Thesis Outline

The remaining of the document is organized as follows:



Chapter 2 presents the literature review and background relevant to the origin and
history of the topic. This chapter describes the history of the restructured distribution
system and newly emerging grid problems, the real-time monitoring system and
communication, and state estimation in power systems.

Chapter 3 presents basic concept of autonomous state estimation and its
fundamental requirements. The detailed algorithm of the autonomous state estimation is
also presented.

Chapter 4 describes how to apply autonomous state estimation to autonomous
operation of the distribution system with DGs. This chapter explains three approaches of
the autonomous operation: (1) setting-less component protection, (2) instant-by-instant
management, and (3) short-term operational planning.

Chapter 5 presents laboratory demonstrations of the proposed autonomous state
estimation with actual test systems. For this purpose, two laboratory setups are tested: (1)
the scaled-down power system in the PSCAL at the Georgia Institute of Technology and
(2) the smart grid energy system in NEC Laboratories America, Inc.

Chapter 6 presents the feasibility study of the setting-less component protection
scheme with three-phase, two-winding, variable-tap, and saturable-core transformers.

Finally, Chapter 7 concludes this research work and presents remaining tasks to
be completed in future.

There are three appendices at the end of this dissertation.

Appendix A presents two innovative methods for deriving the device model: (1)
the quadratic integration method and (2) model quadratization.

Appendix B describes how to model the PV array in the standard form of device
models.

Appendix C presents the component dynamic model of the three-phase, two-
winding, variable-tap, and saturable-core transformer, which is used for the setting-less

component protection scheme.



CHAPTER 2

LITERATURE REVIEW AND BACKGROUND INFORMATION

2.1 Overview

The ultimate goal of this work is to design architecture and functionality for
autonomous operation of the distribution system with DGs by introducing a new concept
of state estimation. Therefore, this research work is fundamentally based on the following
background:

e The restructured distribution system and newly emerging grid problems,
e The real-time monitoring system and communication,
e State estimation in power systems.
This chapter presents the origin and history of the above topics based on literature

survey.

2.2 Evolution of the Electric Distribution System

Since the first centralized power generation and its distribution system were
implemented in Edison's historic Pearl Street Station in New York City, the electric power
system had evolved in terms of their size and hierarchical structure, and the design of the
modern power system was established in the 1950s; the three-phase AC system, the high-
voltage power delivery system, and the radial network topology of the distribution system
[2], [3]- This hierarchical and passive system architecture has predominated in electric
power industries until today during almost 50 years.

In the last decade, however, the traditional power system has been restructured by
new end-use devices, availability of renewable energy resources, emerging technology
such as IT and power-electronics-interfaced technology, and service requirements in

terms of reliability and power quality. This restructuring trend has been focused initially



on the distribution system near the customer side, and thus, various research groups have

created new concepts for the restructured distribution system; (1) the intelligrid, (2) the

microgrid, and (3) Smart Grid.

Intelligrid: the intelligrid, which was initiated by the EPRI affiliates, refers to
technical architecture that integrates the electric industry with the communication
system and computer control [4-7]. The ultimate goal of the intelligrid is to
develop advanced applications, automated systems, and integrated systems, which
eventually help to manage the power grid in a more efficient and reliable fashion.
In fact, for the interface between power systems and customers through
communication infrastructure, the intelligrid initiative proposes the Consumer
Portal [8], [9], which provides more advanced services to customers including
demand response, real-time pricing, theft detection, energy management, outage
detection, the DER interface and control, and remote disconnect.

Microgrid: in an attempt to meet the increasing need for the use of renewable
energy resources (e.g., the wind or solar energy), which increases energy
efficiency and reduces pollution and green gas emissions, the installation of DGs
has been recommended inside or near the distribution system [10]. For the
purpose of the full utilization of DGs, the microgrid concept, which combines a
cluster of loads and DGs to form a single controllable system, has been introduced
[11-13]. One of the most important functions of the microgrid is the islanding
mode, which isolates the microgrid from the main grid during disturbance to
secure the microgrid from power outage or damage. Indeed, for the purpose of
fast response to transients that come from islanding or re-connecting, DGs should
be controlled without data communication between the DMS and the DGs. With
respect to energy efficiency, however, the microgrid also requires the data

communication [14-16]; for example, centralized control based on data



communications can discriminate critical and non-critical loads to perform

automated load shedding.

e Smart Grid: in the modern distribution system, highly interconnected and aging
power grids are too sensitive to small changes, and thus, various grid problems
occur in aspects of stability, reliability, and efficiency. For example, in case of the
2003 blackout of the northeastern United States and the southeastern Canada, the
localized disturbance caused the cascade failures of the entire power grid, making
50 million people out of power and costing 6 billion dollars [17]. In an attempt to
provide solution to the modern grid problems, the academia, industry, and
government pay attention to the concept of Smart Grid [17-20], which aims for
the self-healing, economical, and cleaner grid by means of digital technology, IT,
and communication systems. Therefore, Smart Grid can fully utilize the
information data of the grid, thereby making it possible to perform various
applications such as demand response, real-time pricing, peak-load reduction,
volt/var control, automation, power quality, and cyber security. Furthermore, all
these applications of Smart Grid, including existing and emerging technologies,
can be integrated to make significant synergy effects in solving present grid
problems.

The common and main interests of the intelligrid, the microgrid, and Smart Grid
lie in the distribution system, and they encourage customer-side participation in grid
operation and control using real-time operational data through the communication
network. Moreover, in the new grid concepts, DGs based on renewable energy resources
are recommended to be located near the distribution system to enhance network stability
and reliability, grid efficiency, and power quality. The main reason for increasing concern
about the distribution system is that in situations where the demand is increasing
continuously and where distribution assets (e.g., electric lines, distribution transformers,

and protective equipment) are aging, the solution approach from the distribution side is



more achievable and effective than that from the centralized generation or the
transmission side.

Ironically, the new approaches (e.g., the intelligrid, the microgrid, and Smart Grid)
to solve grid problems make the distribution system more complex and unpredictable.
Indeed, the use of DGs and residential power generations enables customers to generate
electric power and then to deliver it back to the grid. Thus, the operation and control of
this bidirectional power flow requires the two-way metering system, rewarding policies,
and new contracts. Moreover, according to the vehicle-to-grid concept, the clusters of
PHEVs can act not only as power demands but as supply-side resources [21-23], and
therefore, grid operators or electric utilities need to establish deliberate operating
strategies and policies.

The following sub-sections deal with three grid problems that are newly emerging
in the restructured distribution system: (1) protection gaps in the distribution system, (2)

operation and control of DGs, and (3) need for short-term operational planning.

2.2.1 Protection Gaps in the Distribution System

In the electric power industry, power system protection is one of the most
important areas because faults in the power system not only cause power outages that
make millions of people out of power service but damage power components by flowing
huge fault currents [24]. As the scale of the power system become massive, cascading
outages occur over the wide area of the system, causing significant economical loss.

For example, the transformer is one of the most essential components in the
power system, for it increases the efficiency of power transmission by stepping up or
down the voltage level. However, once a transformer breaks down, high fault current that
is generated from the transformer can overwhelm the entire power system, seriously

damaging other devices. Therefore, from the perspective of power system protection,



system operators should detect any internal fault of the transformer and isolate it from
other parts of the system within few milliseconds.

Among various transformer protection methods, the overcurrent relay and the
differential relay have been widely used. As depicted in Figure 2.1, the overcurrent relay
monitors three-phase winding currents through CTs and trips breakers if the monitored

currents exceed a certain threshold.
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Figure 2.1:  Overcurrent relay scheme.

In addition, Figure 2.2 illustrates the differential relay scheme and its
configuration with CTs; the letters R and O represent the restraint coil and the operating
coil, respectively. Similar to the overcurrent relay, the differential relay monitors the
currents of both sides of the transformer and trips breakers if the ratio of the operating

current to the restraint current exceeds a specific quantity.
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Figure 2.2: Differential relay scheme.

Like the overcurrent relay and the differential relay aforementioned, the
traditional schemes of transformer protection have been based on monitoring a specific
quantity or quantities (currents and voltages) and acting when the quantity or quantities
enter a specific area. However, this approach has limitations because a specific quantity
or quantities do not always represent the condition (i.e., health) of the component under
protection. For example, when a transformer is energized, the inrush current can flow
through windings. Although such flow is the normal operation of the transformers, the
overcurrent relay can mistake the high inrush current for the fault current [25]. This kind
of relay misoperation can also occur in the differential relay because of the high inrush
current that appears on the operating coil.

False relay operations have been major challenges in transformer protection, and
thus, many protection algorithms [25-27] that increase security have been developed;
examples of such algorithms are time-delay settings in the differential relay, the
desensitization of relays during the inrush condition, the consideration of voltages, the

harmonic-restraint method, waveform-shape identification, and the dwell-time method.
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Nevertheless, these algorithms are insecure because they sometimes fail to identify the
inrush current because of improper relay settings. Moreover, the algorithms sometimes
compromise dependability or speed according to relay settings.

Moreover, traditional protection methods based on large fault currents could be
more severe in the restructured distribution system with a number of inverter-interfaced
DGs. Unlike conventional rotating generation units, which generate extremely high fault
currents when short circuit occurs, inverter fault currents are typically limited by silicon
devices, thus generating about twice rated currents [28-32]. Especially, this relatively low
fault current of inverters could be critical when the distribution system operates in the
islanded mode because the traditional overcurrent relay may not operate even in the event
of short circuit. Therefore, this protection gap requires a new protection scheme that can
detect the low fault current. There were several researches to solve this protection gap
[30], [32], but they require relay settings and coordination between relays. In addition,
when it comes to dynamically changing network topology, the settings and coordination
is no longer applicable. In conclusion, new philosophy of protection that is more adaptive

than traditional protection methods is required.

2.2.2 Operation and Control of DGs

With increasing concerns about energy consumption and sustainable energy, DGs
such as PV arrays, wind farms, fuel cells, and micro-turbines have drawn global interest.
Typically, the small-scale DGs are interconnected with main power grid at lower voltages
in the distribution system, bringing many advantages:

e High energy efficiency: in general, DGs based on renewable energy resources can
be located close to demands, thus minimizing power loss in the transmission
system. Additionally, combined heat and power can increase energy efficiency by

using heat emitted by the power plant.
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¢ Reduced emissions: unlike traditional fossil fuels, renewable energy resources can
reduce the emission of green house gas such as carbon dioxide, sulfur dioxide,
and nitrogen oxides.

e Uninterruptible power supply: high penetration of DGs to the grid enables the
islanding operation, where the DGs can autonomously support the local power
demands, ensuring reliable power supply to critical loads, where interruptible
service is unacceptable (e.g., hospitals or traffic signals).

¢ Reduced investment: demand-side installation can save the investment for
building the transmission and distribution system.

Although DGs have numerous advantages as previously mentioned, their
operations are not always optimized. In fact, the amount of daily energy production from
DGs varies with several environmental conditions such as the intensity and duration of
insolation; the wind's speed, direction, and duration; and temperature. Furthermore, grid
disturbances such as voltage drops or faults can severely affect the operation of DGs. For
example, DFIG-based wind turbines can experience overcurrents in the rotor windings
because of the voltage dip in the grid. Accordingly, the well-designed and effective
scheme for the operation, control, and protection of the grid is required to maximize the
utilization of DGs. Such operation and control scheme should be able to pull out
maximum power from distributed energy resources even during the constant variation of
environmental conditions. Moreover, the protection scheme should guarantee reliable
operation of DGs by minimizing the effect of the grid disturbance on the DGs.

It is necessary to note that the operation, control, and protection scheme depends
on plant-specific characteristics (i.e., the type of energy resources). For instance, the PV
cell has nonlinear characteristics between the operating voltage and current as shown in
Figure 2.3, and there is a maximum power point that generates maximum available power

from the solar energy as depicted in Figure 2.4. Note that in Figure 2.3 and Figure 2.4,
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the subscript mp, sc, and oc represent maximum power, short circuit, and open circuit,

respectively.
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Figure 2.3: I-V characteristics of a PV cell.

Maximum Power Point

.\(Vmp, Pmax)

Power

Voltage
Figure 2.4: P-V characteristics of a PV cell.
The nonlinear I-V curve, however, is severely affected not only by the
temperature of PV cells but also by solar irradiation. This behavior can be explained by
experimental data shown in Figure 2.5 and Figure 2.6. Therefore, to pull out the

maximum power from the PV generation, the control system should be able to track the
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maximum power point every moment and control the PV system to operate at the

maximum power point.
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Figure 2.5: I-V curves from experimental data at different temperatures [33].
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Figure 2.6: I-V curves from experimental data at different irradiations [33].
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As another example, the wind turbine generator also has its own specific
characteristics. As illustrated in Figure 2.7, the optimal mechanical speed (i.e., generator
speed) that pulls out the maximum available power from the wind energy depends
primarily on the wind speed. For example, DFIG-based wind turbine can track the
optimal speed by controlling the generator speed within its speed limit, which is shown in

Figure 2.7 with a red line.

1.50 - 7
optimal /
195 - tracking - 5
— curve vw=12m/s
S
< 1.00 -
& Vig=11m/s
= B DFIG T
& 0.75 . J
o tracking viy=10m/s
% 0.50 4 curve T
{ -H“"'H—u____h__ﬁ
0.25 — 7
~—
- i Hh—“—-._‘___
0.00 . . ==
0.00 0.50 1.00 1.50 2.00

Mechanical Speed (p.u.)
Figure 2.7: MPPT of the DFIG-based wind turbine [34].

As discussed so far, each DG requires its own optimized scheme of management
(i.e., operation, control, and protection) that takes into account the plant-specific
characteristics of distributed energy resources. With the increasing penetration of DGs in
distribution systems, the most efficient and economic way to manage the DGs is by
distributed and autonomous operation and control because it is almost impossible for the
central control center to manage all DGs, which are dispersed over the wide area. In other
words, local entities (i.e., local distribution systems) have the right and duty to manage

their local DGs based on local information. As a result, operation, control, and protection
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scheme of DGs can be determined inside the local boundary without knowing the entire

system.

2.2.3 Need for Short-term Operational Planning

Operational planning, one of the most essential and complex processes in the
electric power system, aims at energy balance between electricity supply and demand at
any moment of time, and therefore, it requires deliberate scheduling and adequate
dispatch. While the scheduling is a process that determines the amount of power that will
be produced by each generation unit in future to meet forecasted power demand, the
dispatch is a mechanism that calibrates balance between power supply and demand every
second based on the reference values of active and reactive power determined by the
scheduling. Actually, with the advent of the deregulated energy market, in which utility
customers such as grid operators can choose whether to buy power from existing utilities
or to use DGs inside the grid, utilities bid and sell their output power to grid operators,
and thus, operators require an optimization that minimizes the total operating cost from
the economic point of view. This optimization eventually determines the scheduling of
the hourly energy production of each generation unit and the amount of power that is
imported from or exported to the main grid.

In general, operational planning can be divided into three parts: short-, medium-,
and long-term based on the time period that the scheduling takes into account in
anticipating power supply and demand. Normally, while long-term planning deals with
from one year to one month, short-term planning does from one week to one day. When it
comes to the distribution system with high penetration of DGs, the time scope of short-
term operational planning is becoming shorter and shorter (e.g., 15 minutes). This near-
real-time span is due to time-variant characteristics of DGs. For example, the instant
variance of environmental conditions (e.g., solar irradiation, the wind speed, and the wind

direction) affects maximum power availability by changing operating points of DGs.
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Moreover, the need for the shorter time scope of operational planning arises from the
increased uncertainty of power demand such as the intermittent charging of multiple
PHEVs.

In the end, to achieve such short-term (i.e., near-real-time) operational planning,
operation should be localized and autonomous because autonomous planning in the
localized distribution system is more rapid, efficient, and economic than the centralized
one, which covers operation of the entire system. Indeed, grid operators in the local
distribution system may pay attention to the scheduling and dispatch inside their own
local territories. In other words, based on the energy price that utilities bid, autonomous
operational planning determines the hourly energy production of each generation unit that
resides inside the local distribution system and the amount of power that will be imported
from or exported to the main grid; this transaction between the local distribution system
and the main grid can save the operating cost of the local system, guaranteeing reliable
operation of the system.

The following sub-sections describe the general operating cost of generation units

and formulation of the economic-dispatch problem.

2231 Operating Cost of the Generation Unit

Given a set of generating units and the electric load, economic dispatch calculates
schedules of the generation units that will minimize the overall operating cost while
satisfying the power balance among electric loads, losses, power that is exported to or
imported from the main grid, and power generated by DGs. The total operating cost can
be computed by summing the operating costs (i.e., generating costs) of all the units as

follows:

C=Y (P, @
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where Pg; is the real power output of the unit 7, fi(Py;) is the production cost of unit i
operating at power Pg;, and 7 is the number of units committed for production. Note that
ultimate goal of economic dispatch is to minimize the total operating cost, C.

For example, in case of a thermal power plant, the operating cost of a unit, fi(Py;),

is represented approximately by a quadratic function in terms of Pg; as follows:

f(P)=a,+bP,+cP’  ($/hr), (2.2)

it gi it gi
where a;, b;, and ¢; are the coefficients and can be estimated from measurements of real

power outputs.

2232 Onptimization Problem of Economic Dispatch

The generation scheduling problem for economic dispatch is formulated as an
optimization problem that is stated as minimization of the total operating cost while
meeting constraints. To formulate mathematical equations, typically, the optimal power
flow method is used. In this method, variables in the power flow equations are divided
into control variables, u, and state variables, x. The solution of an optimization problem
determines the control variables, which are, then, provided to each DG controller as
optimal reference of power generation. Mathematically, the optimization problem can be

stated as follows [35]:

min J = F(u) = i(ai +bP,+c.P,), (2.3)
)

subject to
g(x,u)=0 (2.4)
h(x,u)<0 (2.5)
Uy i SU U =12,---,n) (2.6)

where

u=[P, PR, 1", 2.7)
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u is the vector of the output powers of generating units that are controllable; F(u) is the
function of total operating cost; x is the vector of system states; u;,, is the minimum
available power of the i-th generation unit; u;,,, is the maximum available power of the
i-th generation unit; # is the number of generation units; equation (2.4) is the equality
constraints such as power flow equations; and equation (2.5) is the inequality constraints
such as voltage constraints, circuit flow constraints, and network constraints.

In a restructured distribution system that has multi-operational models such as
normal operation or islanded one, the objective function and constraints are varying with
its mode. In fact, some operational modes such as the islanded or grid-assistant mode
happen accidentally, and thus, the objective function and constraints should be updated in
accordance with change of the operation mode [36]. In this sense, short-term operational
planning is more recommendable than medium- or long-term one in the restructured

distribution system with multi-operational modes.

23 Real-time Monitoring System and Communication

Operation, control, and protection of the highly interconnected power system
primarily depend on the real-time monitoring system that can generate real-time
operating conditions of the system. For example, independent system operators keep
monitoring operating conditions such as power flow over the generation and transmission
system to balance electricity supply and demand. Additionally, in the substation,
protective relays continuously monitor voltages and currents at a high sampling rate to
detect fault currents and operate protective devices (e.g., circuit breakers) as soon as
possible. Moreover, the real-time monitoring system can be useful in terms of asset
management, for the asset management system can estimate loss of life of assets such as
transformers or circuit breakers based on real-time measurement data.

In fact, the data communication system plays an essential role in facilitating the

real-time monitoring system. High-speed and reliable data transmission enables rapid
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collection of a large amount of data, contributing to timely decision making. However,
the monitoring system at the early stage used low-speed communication media such as
RS-232 standard, thus suffering from high time latency taken in data collection and
process. Moreover, communication standards that were initially used in the electric power
industry were non-unified and vendor-specific, and therefore, the additional cost was
incurred for the monitoring system to communicate through various standards. In
addition, performance of old-fashioned computers was too poor to be utilized in analysis
of the highly interconnected and complex power system.

In an attempt to improve the real-time monitoring system, various high
technologies have been adapted, and new standards have been established. First of all,
development of high-performance micro-processors and a large-size memory drastically
reduces the time to compute the solution regardless of complexity and size of the system,
enabling a single device to perform multi-functions including monitoring, protection, and
control. In addition to high-performance micro-processors, the IP network protocol, the
Ethernet standard, and the LAN technology, which have been mostly used in the area of
computer networks, have brought tremendous benefits to data communication in the
electric power industry [37], [38]; faster data integration, fewer communication lines, and
the WAN technology. Recently, unified communication standards such as IEC61850 [39]
and IEEE C37.118 [40] provide interoperability between multi-vendor devices,
minimizing or eliminating the use of protocol converters.

With the advent of cutting-edge technologies, the real-time monitoring system
begins to be applied to the electric power industry. For example, the SCADA system [41-
43] is a centralized management system that can monitor and control the power system.
The SCADA system consists of a master station and a number of RTUs, which are
usually located in the substation, communicating with the master station in the control
center. In general, the RTUs collect measurement data of the substation using sensors

(e.g., ammeters, voltmeters, speedometers, and flow meter) and send them to the master
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station at a high refreshing rate so that the master station can monitor the overall power
system on a real-time basis. As a result, the master station can keep aware of operating
conditions of power systems under monitoring, which can be displayed graphically via
the human machine interface. The final stage of SCADA system is the centralized control
scheme; the master station sends command signals to RTUs to control power equipment
such as circuit breakers, switches, tap changers, valves, motors, and actuators.

In the meantime, advances in the communication system inspire development of
the WAMS for situational awareness of the interconnected power system over the wide
areas. The WAMS has been successfully implemented in the western interconnection of
the power system of North America over three decades, and then, the 2003 blackout in
the eastern interconnection of North America highlights the urgent need for the
deployment of the WAMS [44]. The main advantages of the WAMS are the synchronized
phase measurement using the GPS and phasor-data concentration through phasor data
concentrators, which can provide accurate measurements based on time synchronism.
Moreover, while the measurement interval of SCADA is between 1s and 10s, that of the
WAMS is less than 200ms, and therefore, the WAMS is more suitable for the real-time
control system. Finally, the WAMS provides numerous benefits for reliable power system
operation; voltage and frequency stability, power oscillation, and temperature monitoring
of transmission lines [45].

Unlike the substation and the widely interconnected power system, structure of
the traditional distribution system was simply radial, passive, and hierarchical. Therefore,
the data communication system and the DMS are still in their infancy. For example, only
passive protective devices such as reclosers, sectionalizers, and fuses, which can operate
without communication in case of fault conditions, are installed. However, with emerging
grid concepts such as the intelligrid, the microgrid, and Smart Grid, the new power-
electronics-interfaced devices (e.g., PHEVs and DGs) and various smart meters begin to

be introduced in the distribution system, which, as a result, becomes more meshed, active,
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and bidirectional than before. Thus, development of the data-acquisition and control
system has become urgent issues for reliable and efficient operation of the distribution
system.

For example, Smart Grid proposes to extend the use of smart meters down to the
distribution transformers (e.g., pole- or pad-mounted transformers) and even to the
customer side, eventually constructing the AMI [46], [47]. By means of these meters,
which support two-way communication among the DMS and customers, the DMS can
collect real-time data available to be utilized for real-time pricing, load profiles, and asset
management. Such real-time prices, which are provided to customers, can affect their
pattern to use electricity. Furthermore, data communication through the AMI can be the
cornerstone of distribution automation; a sufficient amount of grid data can be integrated
in an instant, and then, control commands are sent to the corresponding components in
the distribution system without any manual operation.

In conclusion, the real-time monitoring system based on the communication
infrastructure is a key component of operation, control, and protection of the power
system, and therefore, it has developed in substations and wide-area power systems that
are highly interconnected to one another. Now, the real-time monitoring system needs to
be applied to the distribution system because power-electronics-interfaced devices and
smart devices, which have recently been introduced, make the distribution system more

complicated and dynamic.

24 State Estimation in Power Systems

The most basic information for many electric power system applications such as
optimal power flow, security assessment, and load forecasting is current operating
conditions of the system. Traditionally, operating conditions of the power system are
normally defined with complex voltage phasors at all buses or nodes [48]. Occasionally,

the system frequency, the magnetic flux linkage, the magnetizing current, and the rotor
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speed can be used to define operating conditions. All these numeric values that form the
operating conditions are referred to as state variables. Largely, there are two types of state
variables: external state variables and internal ones. While voltages of buses or nodes are
external states, variables that are confined in one device are internal states.

The state variables are primarily based on measuring units or sensors in the field.
In the substation, RTUs collect measurements through PTs or CTs and then send them to
the central control center. Recently, IEDs have been introduced to facilitate acquisition of
measurements. Finally, the raw measurement data in the central control center are
processed to generate operating conditions of system (i.e., state variables). However,
some measurements may be corrupted with the measurement error, communication noise,
and data loss, and therefore, the measurement data may not always be trustable. These
inaccurate data can lead to misoperation of power systems.

In the context of data confidence, application of state estimation to the power
system was first proposed by Fred Schweppe et al. in 1960's [49-51]. The idea is to
extract, from redundant measurements, optimal state variables that best approximate to
the mathematical model of the system. More specifically, the goal of state estimation to
obtain the best estimate of state variables base on measured quantities, and for this
purpose, maximum likelihood estimation, which is based on the statistical approach, has
been used [52]. This approach assumed that measurement errors are distributed within a
well-known distribution such as Gaussian distribution, and then, the likelihood function
can be constructed by the joint probability density function for all measurements.
Eventually, optimal state variables can be obtained by making the likelihood function be
maximized, and this objective function can be converted to the minimization problem of
the sum of normalized residuals squared, which are differences between measurements
and expected values.

Initially, Fred Schweppe et al. addressed static state estimation in which all state

variables consist of voltage phasors with an assumption that the power system operates in
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the steady state, so all voltage and current waveforms are purely sinusoidal with the
constant frequency. Another assumption of conventional static state estimation is that all
power circuits are balanced and three-phase, and all series or shunt devices are symmetric
in three phases. Such balanced operation and symmetric system enables to simplify the
three-phase power system to the single-phase positive-sequence equivalent circuit,
thereby reducing the computational burden when state estimation is performed over the
large power system.

However, the real world is much different from these balanced and symmetric
conditions. The actual power system operates not in perfectly balanced conditions but in
slightly unbalanced conditions. Furthermore, it is impossible for components of the
electric power system (e.g., transmission lines and customer-side loads) to be symmetric
since impedances of any phases cannot be same as those of other phases. As a result of
unbalanced operation and asymmetric system structure, state estimation based on the
single-phase positive-sequence equivalent circuit produces biased results [53-55], which
deteriorates the accuracy and convergence performance of state estimation. Indeed, the
negative effect of biased results increases with the system size [53]. In other words, the
more buses and power injections (e.g., generators and loads) the power system has, the
more errors the results of state estimation contain.

Another sources for the biased state estimation is measurement errors [53], [55].
In fact, the sensor with a totally different scale can generate the error. Moreover,
instrument transformers such as PTs and CTs never have unity frequency response to the
phasor magnitude and the phase angle, and thus, harmonic frequencies can make
measurements incorrect. In addition, the error can originate from phasor data that are
extracted from the analog signal; even tiny frequency deviation from nominal frequency
causes incorrect phasor computation. The other source that causes measurement errors is

long cables that connect between the instrument transformer and the sensor because the
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long distance can attenuate signal intensity. Time non-synchronism (i.e., time skewness
among measurements) can be the source of the measurement error.

With an attempt to eliminate the impact of biased state estimation, new algorithms
and technologies have been introduced; the three-phase state estimation, time
synchronism, and merging units. The three-phase state estimation, which is based on
three-phase measurements and the exact model of three-phase circuits, can achieve a
great improvement in terms of the accuracy and performance of state estimation [56-59].
The accuracy of the phase angle can be enhanced by GPS synchronization [60-62], which
minimizes time skewness among measurements in different locations. It should be noted
that time synchronism is more stressed in the WAMS. The merging unit, an analog-to-
digital converter that is detached from the relay, is usually located near the instrument
transformer of the substation and send digitized data to relays through data
communication, thereby reducing the attenuation of signals, which is induced from long
cables [63].

Finally, state estimation in the power system was usually used in the transmission
system. In contrast, the distribution system were not monitored nor controlled because of
the structural simplicity of the distribution network and the cost of installing sensors, so
state estimation was not required in the distribution. However, with the advent of DGs,
PHEVs, and various smart meters, need for monitoring and controlling the distribution
system is increasing. As a result, development of state estimation for the distribution
system has become one of important issues in operation, control, and protection of the
distribution system. Undoubtedly, the distribution electric network is more unbalanced
and asymmetric than the transmission system, and therefore, three-phase state estimation

needs to be implemented [64].
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25 Summary

This chapter summarizes the origin and history of the proposed research work in
terms of (1) the restructured distribution system and new grid problems, (2) real-time
monitoring system and communication, and (3) state estimation in power systems. As the
distribution system is restructuring with new introduction of DGs, power-electronics-
interfaced devices, and new technologies, the new grid problems has been emerging with
respect to protection gaps, high penetration of DGs, and need for short-term operational
planning. Therefore, to solve these grid problems in the restructured distribution system,
new philosophy of operation, control, and protection is required based on the real-time
monitoring system, the communication system, and accurate operating conditions that
state estimation provides in real time.

In an attempt to provide the guideline for advanced operation, control, and
protection of the restructured distribution system, this research work designs the
architecture and functionality for autonomous operation of the distribution system with
DGs, which consists of (1) autonomous state estimation and (2) applications that enables
autonomous operation from three points of view: setting-less component protection,
instant-by-instant management, and short-term operational planning. The next step is to
verify the proposed approach in two ways: (1) experimental tests of the proposed
autonomous state estimation using laboratory test systems and (2) feasibility study of the

setting-less component protection with numerical simulation.
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CHAPTER 3

AUTONOMOUS STATE ESTIMATION

3.1 Overview

This chapter, first, introduces the motivation and concept of autonomous state
estimation and then explains fundamental requirements with respect to data collection
and data types. Finally, the detailed algorithm of the autonomous state estimation is

presented.

3.2 Motivation of the Autonomous State Estimation for the Distribution System

Introduction of renewable energy resources, electrical vehicles, and storage has
restructured the distribution system, transforming the passive and radial system into an
active and dynamic one. For instance, the operational characteristics of a PV or wind-
turbine generation system depends on environmental conditions (e.g., the intensity of
insolation, the wind's speed, or temperature), which change every second or minute. In a
microgrid that consists of dispatchable DGs (e.g., gas-turbine generators and batteries),
non-dispatchable DGs (e.g., PV panels and wind-turbine generators), and PHEVs, the
operational planning should be implemented in a short term due to increased uncertainty
from variable renewable energy and the intermittent charging of PHEVs. Moreover, the
microgrid has multi-operational modes (e.g., the grid-connected, islanded, and assistant
mode), and each mode has its own operation and control scheme. In general, the mode
switches according to the conditions of the main grid or the microgrid.

In fact, the operation and control of this restructured distribution system, which is
dynamic and unpredictable, must be driven by the real-time operating conditions within
the system. For this reason, the need for state estimation to extract the real-time operating

condition of the system arises. State estimation has not been applied to these systems
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before for a variety of technical reasons. This research work proposes an approach that
enables fast execution of the state estimation process, and it is executed autonomously
without the need for human operators. This new approach for state estimation is named as
autonomous state estimation [65]. The new method has two major advantages: (1) it
provides the validated model for each device in the system (as opposed to the traditional
state estimator that provides the bus voltages and works with transmission lines and
transformers only), and (2) the autonomous state estimator executes very fast — several
times per second. The new method is described next.

The autonomous state estimation can provide real-time operating conditions in an
autonomous fashion using high-speed data communication. The basic concept is to
collect all information from all available devices inside the distribution system under
management and then use the integrated data for general state estimation. This research
work presents three types of data acquired from devices for the autonomous state
estimation: (1) connectivity, (2) device models, and (3) measurements. The connectivity
data indicate the location of devices so that their connection to or disconnection from the
grid can be detected and identified by the local DMS. The device model data are
mathematical equations that represent the equivalent circuit of electric devices, and the
measurement data refer to numeric quantities measured by sensors.

Based on connectivity and device models, autonomous state estimation identifies
state variables and then integrates all device models, forming a model for the entire
system. Using the integrated device model and the measurements streaming into the
autonomous state estimator, general state estimation is performed. A series of these
processes should be repeated whenever real-time streaming data comes in, which, in turn,
produces real-time operating conditions of the local distribution system. This frequent
repetition also makes it possible to detect grid reconfiguration caused by smart devices
plugged-in or unplugged. The overall concept of autonomous state estimation is

summarized in Figure 3.1.
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Figure 3.1:  Overall concept of autonomous state estimation.

33 Requirements for the Autonomous State Estimation

The following sub-sections describe three requirements to implement autonomous
state estimation: (1) communication infrastructure, (2) data-acquisition units and

UMPCU s, and (3) the three types of essential data.

3.3.1 Communication Infrastructure

An essential prerequisite for autonomous state estimation is the high-speed data-
communication infrastructure, which enables the fast collection of information including
measurement data (e.g., voltages, currents, active powers, and reactive powers) and
device-model data. Based on the information collected, the autonomous state estimation
can provide real-time operating conditions. As a matter of fact, the faster the data
communication, the faster situational awareness over the local distribution system the

DMS can achieve.

29



In fact, the fast situational awareness enables the plug-and-play capability in the
grid operation. For instance, when a PHEV is newly plugged into the local distribution
system, if PHEV-model data are immediately sent to the local DMS while real-time
measurement data start streaming to the DMS, the DMS can recognize the newly-plugged
PHEV and perform timely actions for the operation and control of the PHEV. In addition,
whenever the operational mode of a device (e.g., the charging or discharging mode) is
changed, the model data of the device should be updated immediately through data
communication. Otherwise, autonomous state estimation would be based on the wrong
model data, thereby generating bad operating states.

All in all, autonomous state estimation based on the high-speed data
communication increases situational awareness over the distribution system, providing
the plug-and-play capability, which eventually facilitates the distributed and autonomous

operation of the distribution system.

3.3.2 Data-acquisition Units and UMPCUs

The autonomous operation of the distribution system, fundamentally, requires the
data-acquisition and communication system that enables to monitor the operating
conditions of the grid. Therefore, this research work proposes to place any data-
acquisition units (e.g., meters, relays, recorders) or UMPCUs near most of electric
devices in the entire area of the grid for the purpose of data collection and control as
illustrated in Figure 3.2; note that the UMPCU is a device that is capable of monitoring,
protecting, controlling a device under supervision. These data-acquisition devices or
UMPCUs generate various data (e.g., measurement data and the operational status of
devices under supervision) and send them to the local DMS. Then, based on the data
collected from all available UMPCUs, the DMS determines how to operate, control, and
protect the distribution system and then takes proper actions by sending control signals to

UMPCU s or controllers.
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Figure 3.2: Autonomous operation of the distribution system.

As shown in Figure 3.2, any data-acquisition units or UMPCUs are normally
deployed at every device in the distribution system and continuously communicate with
the DMS through the communication infrastructure. As an illustration, when a new DG
(e.g., a solar panel or a wind turbine generator) is connected to the local grid, data-
acquisition units or UMPCUs first notify to the local DMS the newly-connected DG
along with the connectivity information of the DG. Then, the devices measure the various
quantities of the DG in real time and also provide the explicit device model of the DG.

In more details, as described in Figure 3.3, the UMPCU not only collects typical
measurement data (e.g., voltages, currents, breaker status, or model measurements) but
also senses the changes of models or connectivity on a real-time basis. Based on
connectivity, device models, and measurements, the UMPCU can perform a component
protection scheme that includes the process of dynamic state estimation, chi-square test,
and protection logic. From the estimated dynamic states, which is calculated from the

dynamic state estimation, quasi-static states can be extracted using phasor computation
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and then sent to the autonomous DMS. Note that measurements are tagged with GPS

time signals from a GPS antenna for the purpose of time synchronism. In principle, any

IEDs can be programmed to provide the same functionality as the UMPCU.
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Figure 3.3:

Close-in view and functionality of the UMPCU.

In contrast to the UMPCU, normal data-acquisition units (e.g., meters, relays, or

recorders) do not typically support the component protection function but have the

capability to send the three types of essential information (e.g., connectivity, device

models, and measurements) to the autonomous DMS, which is followed by autonomous

state estimation and power system applications. The close-in view and functions of the

data-acquisition units are described in Figure 3.4.

32



Device Under Management |

| H—=1H —L

L

Component Measurements

(Tap, Temperature, ...) 1

Model

Measurements
Breaker

- _
Vv

GPS Time
@ Signal

Meas ‘ Measurements
(Time-tagged)
Var Loy oo

Data-acquisition Unit Autonomous DMS
Figure 3.4: Close-in view and functionality of the data-acquisition unit.

Based on data from UMPCUs and other data-acquisition units, the local DMS
extracts the real-time model of the system via autonomous state estimation. Having the
real-time model, a number of applications can be performed related to optimization and
management of the system. As an example, the real-time model can be used to determine
optimal allocation of reactive power resources so as to levelize the voltage profile for the
present operating conditions. Similarly, one can compute the optimal policy for using
storage devices, scheduling the charging of PHEVSs, or controlling the use of non-critical
appliance. The applications of the real-time model of the distribution system can be
numerous, depending on the specific characteristics of the system.

In summary, UMPCUs or data-acquisition units play a pivotal role in supplying
essential data (e.g., connectivity, device models, and measurements) required for
autonomous state estimation, which produces the real-time operating conditions of the
grid. Furthermore, UMPCUs not only control grid operation but protect it from unwanted
fault situations, and such control and protection can finally achieve the autonomy of the

distribution system.
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3.3.3 Three Types of Essential Data

To implement autonomous state estimation, the three types of data are proposed:
(1) connectivity, (2) device models, and (3) measurements. Each data-acquisition unit or
UMPCU has its own three sets of data from electric devices under supervision and

provide them to the local DMS.

3.3.3.1 Connectivity

Connectivity data are related to points (e.g., buses or nodes) where devices are
connected to the grid. The names of these points should be unique; the naming
convention may include the company name, the asset name, or the UMPCU name.
Connectivity data are utilized for the local DMS to autonomously identify the locations
of electric devices in the distribution system. Therefore, when a new device is initially
plugged into the distribution system, a data-acquisition unit or a UMPCU sends the
connectivity data of the device to the DMS by exception. Whenever the connecting buses

or nodes change, connectivity data should be sent to the DMS again.

3332 Device Models

Device (i.e., component) model data are the mathematical models of devices that
express the relationship among voltage, current, and other quantities that are required to
describe the states of the devices. For interoperability, the mathematical model should be
expressed in a standard form. In other words, the standard form can be used to facilitate
the autonomous creation of the measurement model, which describes the relationship
among measured values and state variables and finally used for state estimation.

The proposed autonomous state estimation uses the quasi-static model, which
neglects electrical transients but captures other dynamics. Indeed, the frequency of the
system may change as generators oscillate, but over the period of the measurement (e.g.,

two cycles), voltages and currents can be expressed as phasors. As a result, the device
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model can be represented by a set of complex equations and differential equations as

expressed in equations (3.1) and (3.2), respectively:
0=g(1,V,y), (3.1

DO _ 1,700, 62)
where T is the vector of current phasors, and 7/ is the vector of voltage phasors, y(7) is
the internal states including mechanical or magnetic variables, and ¢ is the current time.
These equations can be transformed into a set of complex and real algebraic equations,
which can be linear or quadratic, using a numerical integration method. The proposed
approach uses the quadratic integration method, for this method has no numerical
oscillation compared to the trapezoidal integration method [66]. Moreover, in case of the
nonlinear device, the device model may be defined by high-order polynomial equations
and differential equations. In this case, model quadratization can be applied [67], [68],
generating the model whose order is no more than two.

Conceptually, the standard form of device models can be derived as follows: first,
complex and differential equations that describes the device behavior needs to be
developed. Then, the equations are quadratized based on model quadratization; in case of
nonlinearities of higher order, additional state variables are introduced to reduce the
nonlinearities to order not higher than two. Subsequently, the quadratized equations are
integrated using the quadratic integration method, finally providing a standard ACF that
consists of complex and real algebraic equations. Equation (3.3) represents the standard

form of device models:

7 K, L, L, L, V N, Ny 0 fi(0)
0 =K, |+|Ly Ly Lyl y@ || Ny Ny L/(t—h)]i_ L@, (33)
0 K, Ly, Ly, Ly y(tm) Ny Ny, fz(tm)
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N=|Ny Ny |, (3.7)
Ny Ny

where K is the constant vector; L and M are the device-model matrices; % is the
integration time step; ¢,, is the intermediate time (i.e., the half point in the interval, [ to ¢-
h]); f(¢) is the vector of the quadratic nonlinear terms; and Q; are the quadratization
matrices. It is also important to note that the complex equations in equation (3.3) are
converted into real equations by substituting all complex variables with their real and
imaginary parts and then separating the real and imaginary parts of the resulting
equations.

To derive the device model, this research work proposes two innovative methods:
(1) the quadratic integration method and (2) model quadratization. The quadratic
integration method converts differential equations to the standard form of device models,
which is equation (3.3), and the model quadratization reduces the nonlinearity. Further
explanation of these two methods is provided in APPENDIX A, and an example of

deriving the device model from the PV array is represented in APPENDIX B.
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It is important to note that the device model does not change with time unless the
device experiences structural changes such as the tap changes of transformers. Thus, the
device model is sent to the DMS whenever a device is newly plugged into the distribution

system or whenever device models change.

3333 Measurements

One of roles of UMPCUs and IEDs is to measure physical quantities such as
voltage, current, and temperature with high sampling rate, typically more than 2.4ks/s
(i.e., kilo samples/second). The sampled values are utilized to extract other information,
such as the frequency, the rate of change of the frequency, and the phasor. More
specifically, actual measurements in the field are categorized into two types: the across
measurement and the through measurement. Examples of across measurements and
through measurements are the voltage measurement and the current measurement,

respectively.

34 Implementation of Autonomous State Estimation

It is necessary to note that autonomous operation in the distribution system should
be based on highly trustable data to prevent false control actions. Therefore, state
estimation, which can extract accurate operating conditions from measurements and
device models, is required. To meet the requirements of the autonomous operation of the
distribution system, this research work proposes autonomous state estimation, which
evolves from conventional state estimation. Based on the real-time communication
system, raw data are collected to the DMS, where the autonomous state estimator is
installed. Once the DMS receives the three sets of data (i.e., connectivity, device models,
and measurements) from all available UMPCUSs or data-acquisition units, the

autonomous state estimator in the DMS refines the collected data to useful data.
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In fact, autonomous state estimation is the combination of state estimation and a
robotic process: (1) the role of state estimation is to produce highly accurate operating
conditions, and (2) the robotic process is to automatically create system states and build
the measurement model for state estimation. Therefore, the local DMS can autonomously
integrate device models of local electric devices, forming the measurement model based
on device models and measurements. Finally, state estimation uses the measurement
model to produce the accurate, operating conditions of the system. The overall approach

will be described next.

3.4.1 Integration of Device Models

The key concept of autonomous state estimation is to integrate all available device
models of components in the local distribution system, yielding the entire system model.
As described in Figure 3.5, the device-model integration is basically based on common
points that connect different devices. By sharing the common points, the device models
are merged into a system. In general, the local DMS integrates all available device
models that are collected from UMPCUs or data-acquisition units through

communication infrastructure.
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Figure 3.5: Basic concept of the device-model integration.
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3.4.2 Definition of State Variable

States refer to a set of variables that completely define the operating conditions of
the power system. This research work proposes two types of states: external and internal.
While external states are voltage phasors at buses or nodes, internal states are variables
that depend on a specific device; examples of internal states are the magnetic flux linkage,
the rotor speed, and mechanical power. Unlike external states, internal states can be
phasors or real variables. Note that all phasors can be converted into real variables by
dividing the phasor (i.e., the complex number) into the real and imaginary part. Typically,
external and internal state variables can be defined based on the entire device model

integrated from each device model.

3.4.3 Creation of the Measurement Model

This section describes the creation of the mathematical models of measurements
(i.e., measurement models). The measurement model is a formula that expresses the
relationship among the measured value and state variables. In this research work, four
types of measurements are proposed: (1) across measurements, (2) through measurements,
(3) virtual measurements, and (4) pseudo measurements. It is important to point out that
any measurement can be expressed as functions of state variables and measurement errors,

forming the following the measurement model:

z=h(x)+7, (3.8)
where

z=[z,2,, 22,1, (3.9)

h(x) = [y (), 7y (), B, (), B, (0] (3.10)

n=00.1 00,00 1,1" (3.11)

z 1s the vector of measured values, 4(x) is the vector of the functions of state variables, 7

is the vector of measurement errors, x is the vector of state variables, 7 is the index of a
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measurement, and m is the total number of measurements. Note that a measurement can
be expressed by state variables via a known function [i.e., one of /(x)], so the function is
named as the measurement model or the system model.

For the purpose of the automatic process of formulating measurement models, any
measurement can be expressed in the following standard format:

z, =h(x)+7,, (3.12)
h.(x) =C+Zafxi +ZZb/kxjxk, (3.13)
i Jj ok

where /,(x) is the function of state variables for the -th measurement; ¢ is the constant
term; a; are the linear coefficient terms; bj; are the nonlinear coefficient terms (i.e.,
quadratic terms); x;, x;, and x; are the state variables; and i, j, and k are the indices of
summation. Note that the standard form is composed of a measured quantity, a constant
term, the linear combination of state variables, the combination of nonlinear terms whose
order is no greater than two, and a measurement error.

Generally, the measurement model of across and pseudo measurements can be
expressed with simple equations that make a measured quantity equal to the
corresponding states or to the linear combinations of two states that correspond to
measured buses/nodes. In comparison, the measurement model of through measurements
can be extracted from the device model, which is expressed as equation (3.3). The
following sub-sections describe how to formulate the measurement model according to

the measurement type.

343.1 Formulation of the Across Measurement Model

The voltage measurement, which is a typical across measurement, measures
voltages across two buses/nodes, thus forming the following measurement model:
z, =h(x)+n, =x,-x,+1n,, (3.14)

where x, and x; are state variables that correspond to two measured points.
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3432 Formulation of the Through Measurement Model

The current measurement, which is a typical through measurements, is the
measured quantity of an electric current with direction. The measurement model of a
current measurement can be derived from the device model, which follows the standard
form as expressed in equation (3.3), and therefore, the current measurement model is one
of the rows of the following ACF, which is part of the standard form:

I= K, +L1117+L12J’(t)+1413y(tm)+N12y(t_h)+f1(t) . (3.15)
Finally, the current measurement model of the 7-th measurement can be expressed as

follows:
z, =h(x)+n,=1%+7,, (3.16)

where k indicates the k-th row of the vector, T .

3433 Formulation of the Virtual Measurement Model

Meter-based actual measurements such as the across or through measurement are
not enough for the complete observability of the system, and therefore, virtual
measurements, which are intrinsic characteristics of a specific device, should be
introduced for making the system observable and providing redundancy.

Similar to the current measurement model, the virtual measurement model can be
induced from the device model, equation (3.3). In detail, the following ACFs, which are

parts of the standard form of device models, can become the virtual measurement model:
0=K, +L2117+L22y(t) + Ly y(t,)+ Nyt —h)+ £,(1), (3.17)
0=K, +L3117 + Ly, Y () + Ly y(2,) + Ny y(t = h) + £5(2) - (3.18)

Finally, all rows in equations (3.17) and (3.18) can be used to formulate the virtual

measurement model with the following format:

O=z =h(x)+n, =Equ(k)+n,, (3.19)
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where Equ(k) indicates the k-th row of the equation (3.17) or (3.18).

3434 Formulation of the Pseudo Measurement Model

The pseudo measurement is not meter-based actual measurement, but it can be
created based on theoretically known values. For example, the pseudo measurement is
based on the network topology such as Kirchhoff's current law, the individual phase
voltage, the neutral/shield wire current, or the neutral-to-ground voltage [69]. Since the
pseudo measurement is not a directly measured value, so they are treated as
measurements with relatively large standard deviation. In case of a pseudo measurement

model that refers to a neutral voltage can be expressed as follows:
O:Zl‘ :hr(‘x)—i_nr :xk+77r3 (320)

where x; refers to a state variable that corresponds to the neutral voltage.

3.4.4 State Estimation

In general, the number of measurements (i.e., m) is larger than the number of state
variables (i.e., n). In other words, the measurement model, equation (3.8), is over-
determined set of nonlinear equations, so there is a unique solution for x only if the
system model, /(x), is exact and the measurements, z, are thoroughly precise.
Nevertheless, this condition is impossible in a real system, so typically, equation (3.8)
does not have a solution for x. However, state estimation enables to compute the most
likelihood solution by obtaining the best estimates of states that minimize measurement
errors [i.e., residuals between system models, /(x), and measurements, z]. The
measurement errors can be rearranged as follows:

n=h(x)-z. (3.21)

For simplification, it is assumed that the measurement errors are unbiased and

distributed based on the Gaussian distribution with a known standard deviation (i.e., o).

Moreover, the expected mean value of a measurement error is zero, and the measurement
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error is uncorrelated with the error of any other measurement. These conditions can be

expressed as the following equations:

Eln,]=0, (3.22)
Eln’l=0", (3.23)
E[ﬂ,ﬂj]=0> i;tj, (324)

where i and j are the indices of measurements.
Autonomous state estimation is based on the generally used state estimation, the
weighted-least-squares method, which minimizes the sum of the weighted squares of

residuals as follows:
min  J=n"Wn=[h(x)—z]"W[h(x)-z], (3.25)
where J is the objective function, and ¥ is the weight matrix, which is a diagonal matrix.

The diagonal entries of the weight matrix consist of the inverse of the squared standard

deviations of measurement errors:

I 1 1 1
W:diag{—z, ST 2}, (3.26)
O-l 0-2 Jr Jm

where o, 1s the standard deviation of the r-th measurement. The normalized measurement

error can be defined as follows:
S, =, (3.27)

where s, is the normalized measurement error of 7-th measurement. Then, the weighted-
least-squares problem can be re-formulated by an objective function that minimizes the
sum of the squares of normalized measurement errors. This objective function can be

stated as follows:

2
min  J=7" WU:Z‘(M] :ZS,-Z : (3.28)
i=1 O; i=1
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The vector of unknown state variables, x, can be obtained by solving the objective
function via a necessary condition that is expressed as follows:

ZZ =0. (3.29)
As defined in the standard format of measurement models, equations (3.12) and
(3.13), the system model, /(x), consists of nonlinear equations. Hence, a solution that
satisfies the necessary condition, equation (3.29), is obtained using Gauss-Newton
iterative method with an initial guess of state variables (i.e., x°); note that initial values
can be set as state variables that are estimated in the previous time step.
The nonlinear equations of measurement errors (i.e., #) are linearized near the

point x° as follows:

77:h(x°)+% (x=x")+hot-z, (3.30)

)C=)C0

where £.0.t denotes higher order terms. As the vector x° is much close to the solution, the
higher order terms becomes negligibly small, so terms can be omitted, producing the

following equation:

p =2 (x=x")+h(x") -z, (3.31)
ox

)C=X0

where the Jacobian matrix (i.e., the matrix of all first-order partial derivatives) of the

system model is denoted by H:

oh
Oh(x) =H (3.32)
ox r=x0
Moreover, the vector b can be defined as follows:
b=Hx"-h(x")+z. (3.33)

Now, equation (3.31) can be expressed as follows:

n=Hx—b. (3.34)
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Then, the solution for the vector x can be obtained by solving the necessary
condition, equation (3.29):

dJ _d

_ n'wn= i[(Hx—b)TW(Hx—b)] =2H"W(Hx-b)=0. (3.35)
dx dx dx

Thus, the solution can be computed as follows:
x=(HWHY ' HWH" —h(x*)+z2)=x" —(H'WH) " H'W(h(x")-z). (3.36)
Eventually, the last equation can be generalized into the following iterative equation:
N =x"—(H'WHY ' H'W(h(x")-z), (3.37)
where v means the v-th iteration, H is the Jacobian matrix of /(x) that is calculated at x =

x", and (H'WH)™ is the information matrix. All in all, the solution of the state estimation

problem can be computed using the iterative method, equation (3.37).

3.4.5 Performance Metrics

The performance of the state estimator is evaluated by the goodness of fit of the
model to the measurement data. Indeed, the goodness of fit can be quantified by the
confidence level, which is the probability of the fit between measurements and the model.
The confidence level can be calculated from the degrees of freedom, v, and chi-square
critical value, {. The degrees of freedom can be computed as follows:

v=m—n, (3.38)
where v is the degrees of freedom, m is the number of measurements, and » is the number
of unknown state variables.

Practically, the measurement of a physical quantity of the electric power system is
obtained via the instrumentation channel, which can be complex, and thus, the
measurement process could contain some error. For simplicity, we introduced a
normalized error for a measurement, assuming that the normalized error is a random

variable with Gaussian distribution, which has a standard deviation of 1.0 and a cross
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correlation of zero. Finally, the chi-square critical value, {, can be computed by summing

all the squares of the normalized errors of measurements as follows:

4=i(%} : (3.39)

where ('is the chi-square critical value, x is the best estimate of states, and & is the

normalization constant. Finally, the confidence level can be obtained as follows:

Py >¢]=1.0-Pi{y’ <£]=1.0-Pr(¢,V). (3.40)
The goodness of fit is defined as the probability that the distribution of

measurement errors are within expected bounds. The chi-square test is utilized to provide
the probability that the expected error of estimated state values will be within a specific
range. However, there are many data-acquisition units in any substation with different
accuracy, and therefore, the normalization constant, &, needs to be introduced. The
variable k can be defined as follows: if &k is 1.0, then the standard deviation of each
measurement is equal to the accuracy of the meter with which this measurement was
obtained. If k is different from 1.0, then the standard deviation of each measurement error
equals to the accuracy of the meter times k. The introduction of the variable & allows us to
characterize the accuracy of the estimated states with only one variable, which is
equivalent of providing an expected error that equals to the variable k times the standard
deviation of the measurement error. Figure 3.6 illustrates a k-factor curve that is the

parameter k versus the confidence level.
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Figure 3.6: Quality evaluation of state estimation based on the chi-square test.

3.4.6 Accuracy of Solution
The accuracy of estimated states is provided by the covariance matrix (i.e., the
information matrix), which is expressed as follows:
C. =E[()Ac—)_c)(fc—)_c)T] = (HTWH)_l, (3.41)
where X is the estimated states, and X is the true but unknown state values. Specifically,

the standard deviation of each estimated state is computed as follows:

o, =C.(@00), (3.42)

where C,(i,i) is the i-th diagonal entry of C,. The covariance matrix is also known as the
information matrix, for it provides useful information on the expected error of the

computed state variables. The information matrix is symbolized with /.

I=H"WH)". (3.43)
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In summary, the quality of state estimation can be quantified by expressing the
validity of measurement data with the confidence level, which is obtained from the chi-
square test. In addition, the accuracy of estimated state variables can be expressed by the
diagonal entries of the information matrix, which expresses the variance of the state

estimates.

3.4.7 Estimation Error of Measurements
The estimated value of measurements can be calculated as follows:
b=h(%). (3.44)
Moreover, the statistics of the estimation 5 are computed as follows:
E(b) = h(%). (3.45)

Coub)=El(b—b)b—b)"]. (3.46)
where p is the true values of measurements. The covariance matrix can be substituted
using the following equation:

b—b =h(%)—h(x)= HF®)G-%) = HF)(E-%). (3.47)
As a result, the covariance matrix can be expressed as follows:
Cov(b) = E|[H(G-X)G—x)" H" |= HH"WHY H . (3.48)
Finally, the standard deviation of measurements can be obtained as follows:

Colb—b)=W"'-HH'WH)"'H". (3.49)

3.4.8 Bad-data Detection, Identification, and Rejection

In the actual power system, it is possible to have failed meters or relays,
generating bad data. Autonomous state estimation, which is based on the concept of the
SuperCalibrator [70], detects the presence of bad data, identifies the bad data, rejects the

bad data, and issues alarms for the purpose of fixing the problem.
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The algorithm of the SuperCalibrator follows the weighted-least-squares method,
which minimizes the sum of normalized residuals squared. Furthermore, the performance
of the estimator is assessed using the chi-square test, which provides the confidence level,
as well as using the computation of the information matrix, which provides the expected
accuracy of states. If the results are not acceptable, the process of bad-data identification
and rejection is initiated. The SuperCalibrator is based on the detailed model of the power
system (e.g., three-phase and breaker-oriented model, instrumentation-channel-inclusive
model, data-acquisition-inclusive model), and thus, the bad data identification procedure
is much easier and less demanding computationally than the traditional state estimation
[61], [62], [69], [71].

In details, detection of the existence of bad data can be achieved with the chi-
square test, which computes the confidence level. If the measurements are free of bad
data, the confidence level will be high. On the other hand, in the presence of one or more
bad data, the confidence level will decrease.

Note that the chi-square test does not indicate which datum or data are bad, and
therefore, the identification of bad data can be achieved with other methods to be
described next. Bad data can be classified into the following types:

e Bad measurement data: the measurement may contain a very huge error when
compared with its actual value,

e Bad status/topology data: the bad data is related with the open/close status of the
breaker or switch (i.e., the topology of the system).

The methodology of the identification of bad data normally consists of two steps.
In the first step, bad data may be identified by inspection or simple consistency rules.
This step identifies the obviously bad data, depending on the system. For example, in the
state estimation of the power system, measurements of voltages or power flows are
known to have specific ranges. If a measurement is out of this range, it will be classified

as a bad measurement or at least as a measurement suspected of being bad (i.e., a suspect
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measurement). In the second step, bad data are identified with statistical analysis of the
residuals and its effects on confidence level. This analysis depends on the selected
method for the solution of the estimation problem. In the case of the weighted-least-
squares method, the possible bad data are identified with their large residuals. However, it
is known that there are two possibilities: (1) a measurement with a large residual may not
be always a bad measurement and (2) a bad measurement may have a very small residual.
A rather secure but computationally demanding way to identify a bad datum is by means
of hypothesis testing. Specifically, it is assumed that a measurement (or a group of
measurements) has been identified as suspect; this characterization may be due to a large
normalized residual or because of failure to pass a consistency check. For this purpose, a
suspected datum is removed. In other words, the corresponding measurement model (i.e.,
z, = h(x) + n,) is removed from a set of measurement models. Then, the weighted-least-
squares solution is computed again, subsequently computing the confidence level. A
drastic improvement in the confidence level indicates that the data under consideration is

actually bad.

3.5 Process of Autonomous State Estimation

This section describes the procedure of autonomous state estimation. The overall

process is summarized in Figure 3.7.
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Figure 3.7:  Overall process of autonomous state estimation.

As initialization, all state variables are set to zero as follows:

~

v 0
¥(®)
¥t | |0

I
el

. (3.50)
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3.5.1 Step 1: Capture Streaming of All Available Data

Autonomous state estimation is initiated once streaming data (e.g., connectivity,
device models, and measurements) from all available data-acquisition units or UMPCUs
for a specific instant of time have been completed, and data for the next time interval start
streaming in, thereby requiring a buffer system that separates the sets of data at specific
intervals. The process of autonomous state estimation at time ¢ is applied on the set of

data for a specific time interval, from #-4 to ¢.

3.5.2 Step 2: Update Device Models or Connectivity

Whenever devices are newly connected to the distribution system, or whenever
devices change their operational modes, the device models or connectivity of the
corresponding devices should be updated. After updating device models or connectivity,
the updated device models and other device models need to be integrated again,
formulating the integrated system model that is now newly updated. Then, based on the
new integrated system model, state variables should be defined. It is necessary to point
out that unless any device model or connectivity is updated, there is no need to
reintegrate device models and to redefine state variables. The following sub-sections

describe the integration of device models and the definition of state variables.

35.2.1 Integration of Device Models

All available device models in the DMS at the current processing time, ¢, are
integrated based on the device-model-integration approach, forming a device model that
represents the entire model of the distribution system under management. The integrated

device model follows the standard form of device models, equation (3.3).

3522 Definition of State Variables

In the restructured distribution system, the operational modes of devices or the

system topology is continuously changing, and therefore, state variables to be estimated
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should be automatically identified before performing state estimation algorithm. Based

on the three sets of data (i.e., connectivity, device models, and measurements), relevant
state variables are created and named with the connectivity data (in case of external states)
or with the device name (in case of internal states). For example, in case of the device
model of the PV array described in APPENDIX B, a total of 12 state variables are created
as described in equation (B.34).

It is necessary to note that by construction, the overall setup of autonomous state
estimation results in an observable state estimator. If there are devices that are not
instrumented with any data-acquisition unit or UMPCU, these devices will not provide
device information (i.e., connectivity, device models, and measurements), which will not
be part of the state-estimation process. This means that the autonomous state estimator
has the property of being operational even in case that some devices may not participate
in the state-estimation process.

Finally, the automatically created state variables can be defined as follows:

~

%
x(0)=| y(@) |. (3.51)
»(t,)
where 7 is the vector of all external states (e.g., voltages) of the integrated system, y(¢) is
the vector of all internal states of the integrated system, ¢ is the current time, and ¢, is the

intermediate time between one time step, [z-/ to £].

3.5.3 Step 3: Form Measurement Models

For autonomous state estimation, there are four types of measurements: across,
through, virtual, and pseudo measurements. Each measurement can be involved in the
process of autonomous state estimation by formulating its own measurement model,
which follows the standard format, equations (3.12) and (3.13); note that if a

measurement has already been used for any state estimation (e.g., dynamic state
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estimation), then there is no need to formulate the measurement model of the
measurement as long as autonomous state estimation utilizes state variables computed by
the prior state estimation, which is based on the measurement. The formulation of
measurement models for autonomous state estimation depends on the measurement type,

which is explained in Section 3.4.3.

3.5.4 Step 4: Contribution of Measurements

For the state-estimation process, all measurements, which are across, through,
virtual, and pseudo measurements, are formulated into the standard form of the
measurement model as described in equations (3.12) and (3.13). Then, all the
measurement models are contributed to generate the matrix H' WH and the vector

H'W(h(x")-z), which is described in the following sub-sections.

3.54.1 Compute the First-order Partial Derivatives of Measurement Models

The Jacobian matrix, H, consists of the first-order partial derivatives of each

measurement model, which is represented as follows:

[on oo o
' ox, ~ ox, ox, |

n

H

(3.52)

9 b

where H, is the first-order partial derivatives of the r-th measurement model, and 7 is the

number of state variables.

3542 Construct the Jacobian Matrix

The Jacobian matrix can be formed with the partial derivatives of all

measurements as follows:

H=[H'H - H - H, (3.53)

r m

where m 1s the number of measurements.
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3543 Construct the Weight Matrix

The diagonal entries of the weight matrix, 7, consists of the inverse of squared

standard deviation of measurements.

1 1 1 1
W:diag{—z, ST 2}, (3.54)

o, o, o o

where o, is the standard deviation of the r-th measurement.

3544 Compute the Measurement Models

With state variables estimated at the i-th iteration (i.e., x') the measurement model

of the r-th measurement can be computed as follows:

h()=c+Xax +> > b,x'y (3.55)

3545 Construct Vectors A(x") and z

The vectors 4(x') and z can be constructed as follows:
h(x") =[h(x"), hy (x"), -, b (X7), -, 1, (X (3.56)

z=[z,2y, 2,5, 2,] (3.57)

3546 Construct the Matrix and the Vector for State Estimation

Based on the Jacobian matrix (i.e., H), the weight matrix (i.e., /¥), and vectors

(i.e., h(x') and z), the matrix H' WH and the vector H' W(h(x')-z) are constructed.

3.5.5 Step 5: Compute State Estimates

The state variables at (i+1)-th iteration can be obtained by the following Gauss-

Newton iterative algorithm:

X =X —(H'WH ' H'W(h(x')-z). (3.58)
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3.5.6 Step 6: Convergent Test

A condition for testing the convergence of the iterative method is as follows:

X —¥l<e. (3.59)

In other words, only if all absolute differences between state variables estimated at the
(i+1)-th iteration (i.e., x'*") and those estimated at the i-th iteration (i.e., x') are less than a
threshold ¢, then the iterative method is converged, indicating state variables at the time ¢
are obtained. Therefore, proceed to the next step. However, any differences between state
variables at the (i+1)-th iteration (i.e., ') and those at the i-th iteration (i.e., x) are larger
than the threshold ¢, return to step 4 with the following update:

i<«i+l. (3.60)

3.5.7 Step 7: Compute the Chi-square Critical Value, the Degrees of Freedom, and
the Confidence Level

State variables estimated are used to check the goodness of fit of the device model
to measurements, which can be quantified by the confidence level based on the chi-

square test using the degrees of freedom, v, and the chi-square critical value, {.

3.5.8 Step 8: Bad-data Detection, Identification, and Rejection

If the confidence level is high, the estimated state variables are trustable data, so
they can be used for the operation and control of the power system. On the other hand, if
the confidence level is low, then it is assumed that there are any bad data, thus issuing the

identification and rejection process of the bad data.

3.5.9 Step 9: Update the Past-history Values

Before proceeding to the next time step, the past-history value, y(z-4), should be

updated with estimated state variables as follows:

Wt —h) < (1), (3.61)
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3.5.10 Step 10: Proceed to the Next Time Step

Proceed to the next time step with the following update:
t<t+h. (3.62)

Then, return to the step 1.

3.6 Summary

This chapter introduces the motivation, requirements, and detailed algorithm of
autonomous state estimation. As the distribution system is becoming dynamic and
unpredictable with the high penetration of DGs and inverter-based devices, the
distribution system is required to be operated and controlled in an autonomous way by
the local DMS. For this operation and control, autonomous state estimation can provide
real-time operating conditions by means of communication infrastructure, where
UMPCUs or data-acquisition units continuously send the local DMS the three types of
essential data (i.e., connectivity, device model, and measurements).

The main concept of autonomous state estimation is the integration of the device
models of all available devices in the local distribution system, providing the integrated
device model, which is then used to formulate measurement models. Based on these
measurement models, the weighted-least-squares state estimation, which is a general state
estimation algorithm, extracts the accurate operating conditions of the distribution system.
With the results estimated, the chi-square test can be performed, thus yielding the
confidence level, which is the probability that the normalized residuals are distributed
within the expected boundary. If the confidence level is low, then the process of detecting,
identifying, and rejecting bad data is applied.

In conclusion, a series of steps that consist of the collection of data, the
integration of device models, the automatic formulation of measurement models, state
estimation, and performance evaluation is repeated on a continuous basis, eventually

providing real-time operating conditions of the dynamic and unpredictable distribution
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system, which are ultimately utilized for the autonomous operation and control of the

system.
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CHAPTER 4
AUTONOMOUS OPERATION OF THE DISTRIBUTION SYSTEM

WITH DISTRIBUTED GENERATIONS

4.1 Overview

This chapter describes how to apply autonomous state estimation to the
autonomous operation of the distribution system from the three points of view: (1)
setting-less component protection, (2) instant-by-instant management, and (3) short-term

operational planning.

4.2 Autonomous Operation of the Distribution System

Recently, with the increasing penetration of DGs and power-electronics-interfaced
devices, the distribution system requires new management schemes for its autonomous
operation, control, and protection. For this purpose, UMPCUs or data-acquisition units
(e.g., relays, meters, or recorders) are installed in the local distribution system,
continuously monitoring the components of the system and generating the essential data
(i.e., connectivity, device model, and measurement). The utilization of these data can
facilitate the autonomous operation in two ways: (1) decentralized operation and (2)
centralized operation. As described in Figure 4.1, while the decentralized operation can
be achieved directly by UMPCUs or generation system controllers, the centralized
operation requires the high-speed communication system as well as the local autonomous
DMS to which all available UMPCUSs or data-acquisition units transmit their own data. In
the DMS, the integrated data are filtered by autonomous state estimation, yielding the
real-time operational conditions of the local distribution system, which are then used for

power system applications such as various optimizations. The optimized results are sent
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back to UMPCUs or controllers, which control the distribution system to operate at the

optimum points.
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Figure 4.1: Illustration of the autonomous operation of the distribution system.

In general, decentralized operation is based on fast response, so the time interval
for this operation is very short (e.g., in several cycles or seconds). In contrast, centralized
operation requires data collection from UMPCUs or data-acquisition units through data-
communication systems. Hence, the time interval for the centralized operation is
relatively longer than that for the decentralized operation.

This research work presents three autonomous operations of the distribution
system in terms of the operational time frame: (1) setting-less component protection, (2)
instant-by-instant management, and (3) short-term operational planning. As illustrated in
Figure 4.2, the function of the setting-less component protection should be performed
every few cycles, and the instant-by-instant management is implemented every few
seconds. The time intervals for both operations are too short to be taken into account for

exchanging data with other components through communication systems, and therefore,
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the setting-less component protection and the instant-by-instant management are suited to
decentralized operations. In the meantime, the short-term operational planning is
performed every few minutes and need to know the overall operating conditions of the
local distribution system in advance. As a result, the short-term operational planning
should be implemented in the local DMS on a centralized basis.

Short-term Operational Planning
(Minutes)

Instant-by-instant Management
(Seconds)

Setting-less Component Protection
(Several Cycles)

Autonomous
State Estimation

(1 Cycle) >{
D I ——

| Time

Figure 4.2: Operational time frames of autonomous operations.

In specific, the purpose of setting-less component protection is to protect devices
from internal faults of the devices. In contrast to traditional protection methods, which
have been based on the complicated coordination of many protection functions, the
setting-less component protection scheme uses an adaptive protection method that is
based on time-based dynamic state estimation and its performance metrics such as the
confidence level, which is the probability that indicates the goodness of fit of component
(i.e., device) models to measurement data. Therefore, the setting-less component
protection can detect any kinds of internal faults of devices, for the faults certainly
change the physical characteristics of the devices. For example, when short circuit occurs

inside a device, the equivalent circuit of the device is changed. Such change makes
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discrepancy between post-fault measurements and pre-fault component models, which
results in the low confidence level.

Meanwhile, DGs or inverter-based devices, which have recently emerged in the
distribution system, requires the instant-by-instant management in a decentralized way so
as to operate autonomously with fast response to various grid situations. As an example
of the instant-by-instant management, the MPPT algorithm can be implemented to enable
DGs to operate at maximum available power under ever-changing weather conditions in
such a way that the generation system controller regulates the power-electronic interface
(e.g., inverters that interface between DGs and the grid). It should be noted that the
centralized operation through the DMS is not suitable for the MPPT in two reasons: the
first reason is that the MPPT has no need to recognize the operation of the entire grid, and
the second one is that the centralized approach increases time latency in data
communication between the DMS and UMPCUs.

Finally, the short-term operational planning of the distribution system should be
based on centralized operation by means of data exchange through the communication
system. Based on the integrated data, autonomous state estimation computes the real-time
operational conditions, which are then processed by the optimizer that solves various
optimization problems with specific short-term operational purposes such as economic
dispatch, reliable operation, and environmental dispatch. Among them, this research work
deals with economic dispatch that aims to minimize overall operating cost by properly
scheduling dispatchable DGs under the condition that the local distribution system has
non-dispatchable DGs (e.g., PV panels or wind turbines), which are, in general,

recommended to generate maximum available power using the MPPT control.

4.3  Detailed Scheme of the Autonomous Operation

The detailed scheme of the autonomous operation of the distribution system is

described in Figure 4.3. In this figure, all devices including a PV generation system, a
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wind-turbine generation system, a gas-turbine generation system, and a transformer are

monitored, protected, and controlled by their own UMPCU or generation system

controller. Initially, a UMPCU or a data-acquisition unit is monitoring a device under

supervision, generating the three sets of data (i.e., connectivity, device models, and

measurements) of the device. While the UMPCU have multiple operating capabilities

such as monitoring, controlling, and protecting a device, the data-acquisition unit

basically provides monitoring functions (e.g., creating the three sets of data and sending

them to the local DMS).
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First, the three sets of data monitored by UMPCUs or data-acquisition units are,
first, used for the decentralized operation and control including (1) setting-less
component protection and (2) instant-by-instant management. The setting-less component
protection module in a UMPCU is autonomously protecting a device that is managed by
the UMPCU, based on performance metrics (e.g., the confidence level) that results from
time-based dynamic state estimation. In fact, the low confidence level indicates the
existence of internal faults inside the device, thus taking proper actions such as tripping
circuit breakers or switches. In addition to the component protection, the MPPT method,
which is an instant-by-instant management, uses the three sets of data to provide
reference operating points capable of pulling out maximum available power from non-
dispatchable renewable generation resources (e.g., PV arrays or wind turbines). For
instance, the MPPT algorithm for the PV generation system computes the reference value
of the dc voltage (i.e., V) that enables the PV system to generate maximum power,
finally providing the refence value to the PV generation system controller. Likewise, the
MPPT algorithm for the wind-turbine generation system provides the reference value of
the rotor angular speed (i.e., @) to the controller of wind-turbine generation system.

Whereas the MPPT control and the setting-less component protection is
implemented in a decentralized fashion, short-term operational planning such as
economic dispatch requires centralized approach through the autonomous DMS. As
described in Figure 4.3, all available UMPCUs or data-acquisition units send the three
sets of data (i.e., connectivity, device models, and measurements) to the autonomous
DMS, and the integrated data are tied in a bundle; note that each bundle refers to the
corresponding device. Then, autonomous state estimation in the autonomous DMS
processes the integrated data, extracting the real-time operating conditions of the
distribution system, which are then evaluated by bad-data detection/identification/

rejection. As a result, the accurate operating conditions (i.e., estimated state variables) are
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obtained, and these state variables are used by the optimization module designed for
various operational purposes.

The optimization module in the autonomous DMS should be able to solve the
optimization problem that minimizes overall operating cost while meeting power balance
within the grid. For this purpose, the active and reactive power (i.e., P,y and Q) of all
generation units should be known, and theses values can be provided by autonomous
state estimation. Finally, economic dispatch can determine the optimal active- and
reactive-power reference of dispatchable generation resources (i.e., Py .rand Oy ), but it
has no need to decide the active-power reference of non-dispatchable generators because
they normally operates at their maximum power. However, if the reactive power flow of a
non-dispatchable generator is controllable, then economic dispatch may provide the
optimal reactive-power reference (i.e., Ona ). Finally, all optimal reference values of
active or reactive powers are sent to each generation system controller. Then, to drive
target values to the reference values, the controller regulates the inverter (in case of PV
arrays or wind turbines) or the steam valve (in case of gas turbines).

The following sub-sections will explain autonomous operation, control, and
protection based on autonomous state estimation in more details:

e Setting-less component protection,
¢ Instant-by-instant management (MPPT),

e Short-term operational planning.

4.4 Setting-less Component Protection

The traditional protection scheme and coordination requires any settings of relays,
but the settings are not reliable and sometimes compromise the security; in other words,
the relay may generate false trips in spite of normal operating conditions. Furthermore, in
the distribution system with a number of DGs, the traditional overcurrent relay could not

detect small fault currents that are generated by inverter-based DGs. In this sense, a new
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protection scheme that is autonomous, setting-less, and adaptive is required, so this
research work proposes a novel protection method for a single component or a cluster of
components using dynamic state estimation based on the dynamic model of the

components [72], [73].

4.4.1 Basic Concept of the Proposed Protection Scheme

The basic idea of the proposed protection scheme is based on traditional
differential protection, which does not need to be coordinated with other protection
functions. While differential protection is based on Kirchhoff's current law, the proposed
method extends the concept of differential protection to investigating all physical laws of
a component such as Kirchhoff's voltage law or Faraday's law. These physical laws can
be expressed with the dynamic model of a component under protection, which can be
provided by dynamic state estimation [74], [75]. Finally, any violation of the physical
laws can be detected by dynamic state estimation, which uses the device model and real-
time measurement data.

The overall approach of the proposed setting-less component protection scheme is
described in Figure 4.4. In this approach, a numerical relay or a UMPCU is continuously
monitoring a component under protection, measuring terminal data (e.g., the voltage
magnitude, the voltage angle, the frequency, or the rate of frequency change), internal
component values (e.g., the temperature or the speed), and status data (e.g., the tap setting
or the breaker status). With these real-time measurement data and the device model of the
component, dynamic state estimation computes the real-time dynamic operating
conditions of the component. Then, the well-known chi-square test evaluates the
goodness of fit of measurements to the device model by computing the probability that
measurement errors are distributed within expected bounds, assuming that the

measurement errors are distributed according to the chi-square distribution.
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Figure 4.4: Overall approach of the setting-less component protection scheme.

The goodness of fit of the model to measurements can be used as the confidence
level. In other words, if the confidence is high, then the model is consistent with the
measurements, which implies that there is no internal fault. On the other hand, if the
confidence level is low, it indicates the poor fit between the model and measurements,
which implies any internal faults in the component under protection. When detecting any
internal faults, relays or UMPCUs trip breakers or switches immediately. Note that the
trip operation can also be issued when operating conditions violate their limits as
described in Figure 4.4.

It should be pointed out that the approach of setting-less component protection is
primarily based on the component (i.e., device) model and real-time measurements, so it

does not require any settings (e.g., pick-up currents or restraining quantities) or any
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coordination with other protection functions. The detailed protection logic of the

proposed setting-less component protection is described in Figure 4.5.
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Figure 4.5:  Protection logic based on dynamic state estimation.

For example, in case of transformer protection, dynamic state estimation can
extract the dynamic operating conditions of a transformer that reflects the nonlinear
magnetism characteristics of the transformer core, providing capability to adaptively
differentiate transformer internal faults from inrush currents or overexcited currents,
which are normal operating conditions of transformers. Moreover, the setting-less
component protection can be applied to detect the high impedance fault in distribution
systems. The traditional overcurrent protective relay is hard to detect the high impedance
fault because the fault current is not huge enough to be detected. In contrast, the proposed
method is capable of detecting the high impedance fault because the high impedance fault
is the case of the internal fault of distribution lines, which eventually make dynamic state

estimation and the chi-square test yield the low confidence level.
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4.4.2 Implementation of Setting-less Component Protection

The implementation of the setting-less component protection consists of four
steps: (1) the component (or protection-zone) dynamic model, (2) measurement-model

formulation, (3) dynamic state estimation, and (4) protection logic.

4.42.1 Component Dynamic Model

Dynamic state estimation extends the concept of static state estimation by using
the dynamic states and models of power system components (i.e., devices). In this
approach, state estimation is implemented based on a time-domain formulation, and as a
result, both electrical and other dynamics are taken into consideration. Therefore, the
component dynamic model is described by a set of algebraic and differential equations
that is expressed as follows:

0=g(i(n),x(1),0), (4.1)

axt) _
dt

X)=[r) 1) (4.3)

where x() is the state variables, i(¢) is the currents, v(¢) is the voltages, y(¢) is the internal

J@),x@).0), 4.2)

states, and 7 is the current time.

To implement dynamic state estimation, the component dynamic model, which is
expressed as equations (4.1) and (4.2), should be converted into a set of linear and
quadratic algebraic equations (i.e., AQCF) using two innovative methods: (1) the
quadratic integration method and (2) model quadratization. The quadratic integration
method is a numerical integration method that is applied for the quadratic model,
assuming that functions vary quadratically over the integration time step, and model
quadratization reduces model nonlinearity to have at most quadratic terms by introducing
additional state variables. Both methods are described in APPENDIX A. Finally, the

component dynamic model can be expressed in the following AQCF:
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where K is the constant vector; L , M, and N are the device-model matrices; % is the
integration time step; ¢,, is the intermediate time (i.e., the half point in the interval [z to z-
h]); f(¢) is the quadratic nonlinear terms; and Q; are the quadratization matrices. An
example of deriving the component dynamic model from the three-phase, two-winding,

variable-tap, and saturable-core transformer is represented in APPENDIX C.

4422 Dynamic State Estimation

Dynamic state estimation, which setting-less component protection uses, is based
on the well-known weighted-least-squares method, which is explained in Section 3.4.4 of
CHAPTER 3. It is necessary to note that dynamic state estimation requires real-time
measurements, component dynamic models, and the definition of component state

variables.

4423 Protection Logic

The entire protection logic is based on measurements obtained from hardware
(e.g., PMUs, relays, CTs, and PTs) and the dynamic state estimator. When receiving
measurements from both sides of a component under protection, the dynamic state
estimator runs with the component dynamic model. Then, the chi-square of all the
measurements is calculated to investigate the goodness of fit of measurements to the
model, determining whether the component is in healthy status. If the confidence level
drops to a low value for several cycles, then the measurements do not fit the model, and
thus, the dynamic model of the component is incorrect, indicating that any internal faults
happen. As a result, a relay or a UMPCU would trip breakers immediately. In the
meantime, during the state-estimation process, the operating limit is being monitored so
that the component under protection will be tripped once the operating conditions of the

component violate the operating limit.
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4.4.3 Process of Dynamic State Estimation

This section describes the process of dynamic state estimation. The overall

dynamic-state-estimation process for the proposed setting-less component protection

scheme is summarized and illustrated in Figure 4.6.
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First, the state variables of a component under protection are defined as follows:

W?)
W)
wt,) |
()

4.11)

where V() is the voltages (i.e., the external states), y(¢) is the internal states, ¢ is the
current time, ¢, is the intermediate time (i.e., the half point in the interval [z to #-A]), and &
is the integration time step.

Before applying the setting-less component protection method, past-history values,

v(t-h) and y(z-h), are initialized to zero as follows:

wi—hy] [0 ‘s
I (%.12)

Then, all state variables are initialized to zero:

v(t) 0

yo) | |0

Wiy 7ol (4.13)
0

»t,)

4431 Step 1: Capture Streaming Data at Two Consecutive Time Instances

The state estimation is initiated once the streaming of measurements for a specific
instant of time, ¢, has been completed while measurement data for the next time interval
start streaming in; for this purpose, a buffer system that separates the sets of data at the
time interval needs to be implemented. Finally, the state-estimation process at time ¢ is
applied on the set of data for the time interval, from #-4 to ¢.

In the meantime, the AQCF model of a component under protection is expressed
with various measurements at two consecutive time instances (i.e., two consecutive
samples) and past-history values, indicating that the setting-less component protection

operates on the samples of two consecutive time instances. As described in Figure 4.7, for
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the present processing time, ¢, dynamic state estimation uses two samples (i.e.,
measurements) at consecutive time instances, ¢ and #-£;; note that ¢, is defined as the
sampling period, and one integration time step, 4, is twice the sampling period .
Therefore, when a sample at the time ¢ is used as the present-time measurement, z(¢), the

sample at the time #-z; is used as the intermediate-time measurement, z(z,,).

Present
Time
Time =) -t t

Dynamic State Estimation

‘ Component Model ‘
(AQCF)
t Present Time
t; Sampling Period ‘
h One Integration Time Step (= 2¢,)
t,, Intermediate Time (= #-£,) State Estimates
72(f) Measurement at Time ¢ w(t)
z(t,,)) Measurement at Time #,, (@)
v(t,)
y(t,)

Figure 4.7: Illustration of the use of samples for the setting-less component protection at the
present time, .

4432 Step 2: Form Measurement Models

The formulation of measurement models for dynamic state estimation is similar to
the case of autonomous state estimation, which is presented in Section 3.4.3 of
CHAPTER 3. For dynamic state estimation, there are four types of measurements (i.e.,

across measurements, through measurements, virtual measurements, and pseudo
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measurements), and each measurement model is expressed as equations (3.12) and (3.13).
The following sub-sections describe how to formulate the measurement model for

dynamic state estimation according to the measurement type.

4.4.3.2.1 Formulation of the Across Measurement Model

The voltage measurement, which is a typical across measurement, measures
voltages across two buses/nodes, thus forming the following measurement model:
z,=h(X)+n,=x,—x;+1n,, (4.14)

where x; and x; refer to state variables that correspond to two measured points.

4.4.3.2.2 Formulation of the Through Measurement Model

The current measurement, which is a typical through measurement, is the
measured quantity of an electric current with direction. The measurement model of a
current measurement can be derived from the component dynamic model, as expressed in
equation (4.4), and therefore, the current measurement model at time ¢ is one of the rows

of the following AQCEF, which is part of the component dynamic model:
i()=K,+Lv(@)+L,y()+Lv(,)+ L,y )+ f,(t)=b(t—h). (4.15)
In fact, the current measurement model for the time ¢ can be expressed as follows:
z, =h.(x)+n, =i)" +7,, (4.16)
where £ indicates the k-th row of the vector, i(7).

Likewise, the current measurement model at the intermediate time (i.e., #,) is

based on one of the rows of the following AQCF:
i(t,)=K,+ L,v(t)+ Ly, y(t)+ L;v(t,)+ Ly, y(,)+ f,(t,)—b,(t—=h). (4.17)
The current measurement model for the time #,, can be expressed as follows:
2, =h ()41, =i(t,)"" +7,. (4.18)

where £ indicates the k-th row of the vector, i(#,).
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4.4.3.2.3 Formulation of the Virtual Measurement Model

Similar to the current measurement model, the virtual measurement model can be
induced from the component dynamic model, equation (4.4). In detail, the following
AQCFs, which are parts of the component dynamic models, can become the

measurement model:
0=K,+L,v(t)+ L, y(t)+ Ly;v(t,)+ L, y(t,)+ f,(t)=b,(t—h), (4.19)
0=K,+L,v(t)+L,y(t)+L,v(t,)+L,y,)+ f,&,)-b,(t—h). (4.20)
Finally, all rows in equations (4.19) and (4.20) can be used to formulate the virtual

measurement model with the following format:
0=z =h(x)+n =Equk)+n., (4.21)

where Equ(k) indicates the k-th row of the equation (4.19) or (4.20).

4.4.3.2.4 Formulation of the Pseudo Measurement Model

For example, in case of a pseudo measurement model that refers to a neutral

voltage at the time ¢ or #,, can be expressed as follows:
O=Zr =hr(x)+77r :‘xi+77ra (422)

where x; refers to a state variable that corresponds to the neutral voltage at the time # or ,,.

4433 Step 3: Contribution of Measurements

For the state-estimation process, all measurements, which include across, through,
virtual, and pseudo measurements, are formulated into the standard form of the
measurement model as described in equations (3.12) and (3.13). Then, all the
measurement models are contributed to generate the matrix H' WH and the vector

H'W(h(x")-z), which is described in the following sub-sections.
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4.4.3.3.1 Compute the First-order Partial Derivatives of Measurement Models

The Jacobian matrix, H, requires the first-order partial derivatives of each

measurement model, which is represented as follows:

Jone onw  ahe
’ ox,  ox, ox, |

n

H

(4.23)

2 2

where H, is the first-order partial derivatives of the -th measurement model, and 7 is the

number of state variables.

4.4.3.3.2 Construct the Jacobian Matrix

The Jacobian matrix can be formed with the partial derivatives of all

measurements as follows:

H:[HlTaHzTa”'aHTa"'aH T]Ta (424)

r m

where m 1s the number of measurements.

4.4.3.3.3 Construct the Weight Matrix

The diagonal entries of the weight matrix, W, consists of the inverse of squared

standard deviation of measurements.

1 1 1 1
W:diag{—z, SR SR SRR 2}, (4.25)

o, o, I o

where o, is the standard deviation of the r-th measurement.

4.4.3.3.4 Compute the Measurement Models

With state variables estimated at the i-th iteration (i.e., x), the measurement model

of the r-th measurement can be computed as follows:

hr(x") :c+2auxui +Zijkxjixki_ (4.26)
u j ok

77



4.4.3.3.5  Construct Vectors h(x') and z

The vectors 4(x') and z can be constructed as follows:
h(xi) = [hl (xi)’ hz(xi)a' ":hr(xi)a' "7hm (xi)]T 5 (427)

Z:[21522,"',Zr,"',2m]T. (4.28)

4.4.3.3.6 Construct the Matrix and the Vector for State Estimation

Based on the Jacobian matrix (i.e., /), the weight matrix (i.e., /), and vectors

(i.e., h(x') and z), the matrix H' WH and the vector H' W(h(x')-z) are constructed.

4434 Step 4: Compute State Estimates

The state variables at (i+1)-th iteration can be obtained by the following Gauss-

Newton iterative algorithm:

X =X —~(H'WH HW(h(x')-z). (4.29)

4435 Step 5: Convergence Test

A condition for testing the convergence of the iterative method is as follows:

xi+1 _xi

<e. (4.30)

In other words, only if all absolute differences between state variables estimated at the

1y and those estimated at the i-th iteration (i.e., x') are less than a

(i+1)-th iteration (i.e., x
threshold ¢, then the iterative method is converged, indicating state variables at the time ¢

are obtained. Therefore, proceed to the next step. However, any differences between state
variables at the (i+1)-th iteration (i.e., ') and those at the i-th iteration (i.e., x) are larger

than the threshold ¢, return to step 3 with the following update:

i<«i+l. (4.31)
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4436 Step 6: Compute the Chi-square Critical Value, the Degrees of Freedom, and

the Confidence Level

State variables estimated are used to compute the goodness of fit of the
component dynamic model to measurements, which can be quantified by the confidence
level based on the chi-square test using the degrees of freedom, v, and the chi-square
critical value, {. Then, based on the confidence level calculated, the protection logic
determines if the goodness of fit of the model to measurements is good or poor. In fact,
this decision is based on a threshold value (e.g., 10%); if the confidence level is higher
than the threshold, then it can be concluded that no internal fault has occurred. Otherwise,
the device under protection has any internal fault, thus requiring protecting actions such

as tripping breakers.

4437 Step 7: Update Past-history Values

Before proceeding to the next time step, the past-history values, v(z-4) and y(z-h),

should be updated with state variables estimated:
vt —h t
{ ( )} <—{V( )] (4.32)
ye=h| [y@)

4438 Step 8: Proceed to the Next Two Sampling Periods

Proceed to the next two sampling periods as follows:

1142t (4.33)

Then, return to the step 1.

4.4.4 Setting-less Component Protection and Autonomous State Estimation

The setting-less component protection can be implemented by a UMPCU or a
relay that is monitoring a component under protection. As described in Figure 4.8, a

UMPCU performs dynamic state estimation based on three sets of data such as
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connectivity, device models (i.e., component dynamic models), and measurements,
yielding time-based dynamic states. As a matter of fact, these dynamic states can be
converted to quasi-static states by the phasor computation unit in the UMPCU, and then,
these quasi-static states are delivered to the autonomous DMS with connectivity and/or
with frequency-domain device models that are converted from time-domain device
models. As described in Figure 4.8, the quasi-static states are tagged with the GPS-time
signal from the GPS antenna so that the autonomous DMS can integrate quasi-static
states with the same time frame from different UMPCUs, providing the real-time
operating conditions of the distribution system. Note that autonomous state estimation in
the autonomous DMS does not need to estimate quasi-static states that are converted
from dynamic states because the dynamic states have already been filtered by the
dynamic state estimator in the UMPCU. In other words, autonomous state estimation
applies only on the data from data-acquisition units (as described in Figure 4.9) or from

UMPCUs that do not perform the function of dynamic state estimation.
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4.5 Instant-by-instant Management (MPPT)

The characteristics of DGs such as maximum available power and an I-V curve
are continuously varying with time, weather, season, and geographic locations. Therefore,
to maximize power generated by DGs, the generation system controller should be able to
control the operation of DGs every moment (i.e., instant by instant). Indeed, such instant-
by-instant management can be accomplished more effectively by a decentralized entity
(e.g., the generation system controller) in an autonomous fashion. This is due to the fact
that a centralized control may suffer from high time latency in data communication and
decision making. Therefore, the instant-by-instant management requires the autonomous
control, which utilizes the local data such as connectivity, device models, and
measurements of the device. In the following sub-sections, the operation and control

scheme of the PV and wind-turbine generation system.

4.5.1 Operation and Control of the PV Generation System

As shown in Figure 4.10, the PV generation system typically consists of PV
arrays, an inverter, and a transformer. Each component is monitored by a UMPCU in
such a way that the UMPCU collect three essential data (i.e., connectivity, device models,
and measurements), which are used for the instant-by-instant management (e.g., MPPT).
The MPPT algorithm can compute the optimal operating values (e.g., dc voltages), and
then, the controller controls the inverter to make the PV generation system to operate at

the optimum values.
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Figure 4.10: Instant-by-instant management of the PV generation system.

In fact, various MPPT techniques, including perturbation and observation (P&O),

incremental conductance, fractional open-circuit voltage, fractional short-circuit current,

fuzzy logic control, and a computational method [76], [77], have been developed. Among

them, this research work uses a computational method that is based on the device model

of the PV array, which is developed in APPENDIX B. Such computational method

formulates the optimization problem for obtaining the maximum power point (i.e., Vi o)

as follows:

maximize P =—v, xi

= v, X[K, + L,V + L,y(t) + Ly y(t,) — Nyt —h)+ f;0]7,

subject to

0<wv,
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where V. is the open-circuit voltage, . is the short-circuit current, v, is the terminal
voltage of the PV array, 7 is the terminal current of the PV array, and (1) means the first

row of the PV device model, equation (B.32).

4.5.2 Operation and Control of the Wind-turbine Generation System

Today, the wind-turbine generation system that has been mostly used is the DFIG
with variable generator speed. The basic architecture of DFIG is illustrated in Figure 4.11,
and it is necessary to note that the DFIG has two converters, a rotor-side converter and a
grid-side converter. These two converters draw the rotor field current from the main grid
and control the active- and reactive-power output of the wind-turbine generation system.
Additionally, the DFIG has many features to enhance the performance of the wind turbine;
for example, the grid-side converter can maintain the voltage profile especially during the
voltage dip by providing reactive power from the DC-link to the grid. Moreover, the main
advantage of the DFIG is that the rotor-side converter can control the rotor speed to the
optimal operating point, where the wind turbine can draw maximum available power

from the wind energy within the speed limits of the DFIG.

Box 7 .
\ Grid
3ph DC-Link

FIEEE

Rotor-side Grid-side
Converter Converter

Figure 4.11: Fundamental architecture of the DFIG.
In Figure 4.12, a UMPCU is monitoring the components of the wind-turbine
generation system, which consists of a DFIG, a rotor-side converter, a grid-side converter,
and a transformer, generating the three-sets of essential data (i.e., connectivity, device

models, and measurements). These data are utilized for the MPPT algorithm to compute
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the optimum rotor speed, where the DFIG can draw the available maximum power from
the wind energy at any instant in any wind conditions. Finally, the controller of the wind-
turbine generation system drives the actual rotor speed to track the optimum rotor speed

by controlling the electrical torque of the rotor.
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Figure 4.12: Instant-by-instant management of the wind-turbine generation system.

If the DFIG-based wind-turbine generation system can adjust the rotor speed, then
the next step for the MPPT is to find the maximum power point (i.e., the optimum rotor
angular speed, w,,,) in spite of the various wind speed. Among many ways to find the
MPPT (e.g., perturbation and observation, the wind-speed measurement, and power
signal feedback [78]), this research work is based on the wind-speed-measurement
method because the rotor speed can be estimated using the device model of the DFIG and
real-time measurements from the field.

In general, the output power of the DFIG can be expressed as follows [78]:

1
P=2C, () AV, (4.37)
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where C,(4,6) is the power coefficient of the DFIG, 4 is the tip-speed ratio, £ is the pitch
angle, p is the air density, 4 is the swept area of the rotor blade, and v is the wind velocity.
The optimization problem for the MPPT of the DFIG can be formulated by maximizing
the power coefficient, C,(4,5), which is the function of 4 and f [78].

1

=21
maximize C,(4, ) =0.5 176(—— 0.4(8-5)e " + 0.0068/1} , (4.38)

where

10035 .
A+0.088 [’ +1° (4.39)

1
%
The power coefficient for different pitch angles is illustrated in Figure 4.13,
indicating that given a specific pitch angle, the maximum power coefficient depends on
the tip-speed ratio, 1. Therefore, if the pitch angle is known, an optimum tip-speed ratio

(i.e., Aopr) that maximizes the power coefficient (i.e., C,) can be obtained using equations

(4.38) and (4.39).
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Figure 4.13: Power coefficient for different pitch angles [79].
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Indeed, the tip-speed ratio, 4, which is the ratio between the rotational speed of
the tip of the blade and the wind velocity, is represented as follows:

a=9R (4.40)
v

where o is the rotor angular speed and R is the rotor radius. Therefore, with the optimum
tip-speed ratio (i.e., 4oy) and the measured wind speed (i.e., v), the optimum rotor angular
speed (i.e., w,,) can be computed using equation (4.40), and this optimum speed
becomes the reference value of the rotor angular speed (i.e., @,). Finally, the wind-
turbine generation system controller adjusts the electromagnetic torque so as to drive the

actual rotor speed to the reference value (i.e., @,e).

4.6 Short-term Operational Planning

Short-term operational planning relies on the real-time model and the estimated
parameters of various generation resources to provide controls to achieve specific
operational objectives. The operational objectives will vary depending upon the status of
the system. For example, under normal conditions, the operating objectives may be as
simple as economic or environmental dispatch (e.g., the minimization of pollutants and
carbon dioxide). In case of islanding operation, the objective will be to maximize loads
supported by the island.

Under normal operating conditions, the control problem can be partitioned into
two problems: (1) the control of non-dispatchable resources and (2) the control of
remaining resources. The control of non-dispatchable resources can be separated from the
remaining control problem for a simple reason that the optimal operation will require that
the non-dispatchable resources be operated at their maximum capability. For example, the
PV system or the wind-turbine system should be operated at its maximum power point
for prevailing conditions. Then, for the operating points of non-dispatchable resources,

the remaining of the system is optimized. There may be instances that this operating
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strategy may be changed (e.g., the case of emergency conditions in the main grid or the

case of requests from the main grid to operate in the assistance mode.

4.6.1 Application of Autonomous State Estimation

The economic purpose has been accomplished in the planning stage with
forecasted electric loads and generation scheduling. In actual operation, however, the
operational characteristics of non-dispatchable DGs are changing with environmental
conditions (e.g., solar irradiation, wind speed, and wind direction), and the system
loading conditions and available generation units may be quite different from those
assumed at the planning stage. Therefore, the DMS in the local grid should be able to
autonomously optimize economic operation in real time.

In fact, the maximum available power of the non-dispatchable DG is determined
by present operating conditions and environmental conditions that are changing in real
time. For instance, the intensity of solar irradiation or the temperature of solar cells
changes the /-V characteristics. Therefore, available maximum power point is also
changed by time, so the capability to update the device model of DGs on a real-time basis
is important for short-term operating planning. This capability can be achieved by
autonomous state estimation as well as the high-speed communication infrastructure in
the local distribution system.

Autonomous state estimation facilitates such autonomous optimization in such a
way that the autonomous state estimation produces the real-time model (i.e., operating
conditions) of the local grid. The real-time model can determine maximum available
power that is generated from non-dispatchable DGs such as PV systems or wind-turbine
generators, thus reducing power that should be generated from dispatchable DGs, which,
in turn, minimizes operating cost. As a result, only the dispatchable DGs are involved in
the optimization problem for economic dispatch. Note that the real-time model, which

results from autonomous state estimation, reflects the instantaneous change of network
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topology and environmental conditions for DGs, and therefore, real-time economic
scheduling can be achieved. Finally, economic dispatch determines the desired output
power (i.e., P,y of all dispatchable units participating in production, and then, the
automatic generation control scheme uses these reference power values (i.e., Pyy) to

control the generation units.

4.6.2 Multi-operational Mode

The real-time model, which autonomous state estimation extracts from the three
sets of essential data (i.e., connectivity, device models, and measurements) is utilized to
operate and control the distribution system under a variety of operating conditions. In
general, the distribution system has three operating modes depending on the status of the
interconnection to the main power grid: (1) the grid-connected mode, (2) the islanded
mode, and (3) the assistant mode. Each mode has a different operational purpose, so the
local DMS should be able to provide proper control actions. The following sub-sections
explain the three operational modes and how to formulate the objective function and

constraints.

4.6.2.1 Grid-connected Mode

The traditional operational purpose in the power system is to minimize the
operating costs of generating units. However, with increasing concerns about the
environmental issues, the reduction of the emission of greenhouse gases has recently
been taken into account. Therefore, when the distribution system operates at the grid-
connected mode, the objectives of the operation and control are to minimize operational
cost while minimizing the production of air pollutants, which becomes the multi-
objective dispatch problem as follows [80], [81]:

min J = A F (x,u) + A4 F,(x,u), (4.41)

subject to
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A+, =1, (4.42)

g(x,u)=0, (4.43)
h(x,u) <0, (4.44)
Uy i Uy SU; (i=L2---n), (4.45)
where
Fu) = [0+ o o) fy ()= fy, (10, (4.46)
i=1
E0o10) =3 fro (o) + fg (60) + frg (510, (4.47)
i=1
u=[P,,P,,P,]", (4.48)

x s the vector of state variables of the distribution system; u is the vector of the
controllable output power of dispatchable generation units; Fj(x,u) is the function of total
production cost; F>(x,u) is the function of total emission cost; 4; and 4, are the weight
coefficients; u;,,i, is the minimum available power of the i-th dispatchable generation unit;
Uj,max 1S the maximum available power of the i-th dispatchable generation unit; » is the
number of dispatchable generation units; f,(x,u) is the cost function of the i-th
dispatchable unit; fou(x,u) is the operation and maintenance cost function of the i-th

dispatchable unit; fyy(x,u) is the cost function of buying power from the main grid;

fserr(x,u) is the cost function of selling power to the main grid; fco,,(%,#) is the emission
cost function of the carbon dioxide of the i-th dispatchable unit; fso,,(X,u) is the

emission cost function of the sulfur dioxide of the i-th dispatchable unit; fyo ;(X,u) is

the emission cost function of the nitrogen oxides of the i-th dispatchable unit; and Py is
the output power of the i-th dispatchable generation unit. Additionally, equation (4.43) is
the equality constraints such as power flow equations, and equation (4.44) represents the

inequality constraints.
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It is necessary to note that Kirchhoff's current law can be equality constraints,
which is presented in equation (4.43). Therefore, device models, which are collected from
UMPCU s or data-acquisition units, can be used as equality constrains. Meanwhile, in the
grid-connected mode, several constraints (e.g., the heat balance, the limitation of the gas
emissions of DGs, spinning-reserve capacity, and the node-voltage magnitude) can be

considered.

4.62.2 Islanded Mode

In emergency conditions when the distribution system is disconnected from the
main grid, the control strategy is aiming for ensuring grid reliability by maximizing
power supply to local loads or by load-shedding. The objective function and constraints
for this mode is same as those of grid-connected mode except that there is no power
transaction between the local distribution system and the main grid. If locally generated
power is insufficient to sustain local loads, then some of loads in the consumer side need

to be shed based on their priorities.

4.6.2.3 Assistant Mode

Given the request of power support from the main grid, the local distribution
system needs to keep providing extra power to the main grid within the permissible limit.
The objective function and constraints for this mode is same as those of grid-connected
mode except that the local distribution system should provide a certain amount of power
to the main grid. If local power is enough to support the main grid but insufficient to
sustain local loads, then it is required to shed loads or to reduce the amount of power that

should be provided to the main grid.

477  Summary

This chapter deals with conceptual methodology for the autonomous operation of

the distribution system based on autonomous state estimation. The increasing penetration
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of DGs in the distribution system requires new approaches to solve various grid problems
in an autonomous fashion. Three approaches are introduced: (1) setting-less component
protection, (2) instant-by-instant management, and (3) short-term operational planning.

The setting-less component protection method is presented in this chapter to
accomplish autonomous, setting-less, and adaptive protection in the distribution system
with DGs. The setting-less component protection relies on the dynamic model of a
component under protection that dynamic state estimation can extract from real-time
measurements and component dynamic models. In other words, after performing
dynamic state estimation, the chi-square test computes the goodness of fit of
measurements to component dynamic models, which is refers to as the confidence level.
Finally, the occurrence of internal faults is determined by the confidence level. Moreover,
states that are estimated by dynamic state estimation can be integrated in the autonomous
DMS by means of time synchronism and phasor computation.

Instant-by-instant management is useful for operating and controlling DGs, whose
characteristics vary with environmental conditions such as time, weather, season, and
geographic locations. This chapter explains how to obtain maximum power points from
DGs (e.g., PV panels or wind turbines) based on the three sets of essential data (i.e.,
connectivity, device models, and measurements). Based on optimum references, which
are computed from the MPPT algorithm, the generation controller regulates the
generation system to operate at the maximum power point.

Finally, short-term operational planning should depend on the real-time model of
various generation resources to achieve specific operational objectives. While
autonomous state estimation can provide the real-time operating conditions of non-
dispatchable DGs that utilize renewable energy resources, the optimization problem can
be formulated to determine the reference operating points of dispatchable generation

units that meet various operational purposes. This chapter describes the three operational
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modes (i.e., the grid-connected mode, the islanded mode, and the assistant mode) and

how to formulate the objective function and constraints.
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CHAPTER 5

LABORATORY DEMONSTRATIONS

5.1 Overview

The research of the electric power system usually relies on computer simulation
because it is hard to test with the actual system in the field without interrupting the
operation of the system. However, although the results of computer simulation are
acknowledged, many unexpected situations can happen, and therefore, the validation by
laboratory experiments is definitely required before testing in the actual field.

This chapter presents the laboratory demonstrations of the proposed autonomous
state estimation with actual test systems. For this purpose, two laboratory setups are
tested: (1) the scaled-down power system in the PSCAL at the Georgia Institute of

Technology, and (2) the smart grid energy system in NEC Laboratories America, Inc.

5.2 Laboratory Test System 1

In the PSCAL at the Georgia Institute of Technology, there have been efforts to
build a laboratory setup for the experimental test-bed of power system monitoring,
protection, and control [82-85]. The setup is a scaled-down power-system model that
consists of three substations, and the construction method is unique. The proposed

autonomous state estimation is implemented and tested with this laboratory setup [65].

5.2.1 Electric Power Infrastructure

All components such as transmission lines, a step-up transformer, and a generator
are realistically modeled. Figure 5.1 shows a photograph of the actual laboratory setup,
and Figure 5.2 illustrates the simplified diagram of the laboratory test system. In specific,

the acronyms SYNC-GEN, XFMR, and XLINE represent the three-phase synchronous
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generator, the delta-wye-connected transformer, the three-phase transmission line,

respectively.
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Figure 5.1:  Photograph of the laboratory setup in the PSCAL.
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Figure 5.2:  Single-line diagram of the test laboratory system.
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The laboratory setup was initially designed to implement various applications of
the power system such as autonomous state estimation, alarming processing, testing
protective relays, testing PMUS, testing interoperability among multi-vendor devices, and
implementing the IEC61850-based communication system. For this purpose, instrument
transformers like PTs and CTs are installed at every node and line, enabling relays to
measure voltages and currents. Furthermore, numerical relays send measurement data to
an autonomous state estimator through the communication system. Note that all relays
receive time signals from the GPS clock, and therefore, all the measurements can be
time-tagged and time-synchronized. Figure 5.3 illustrates connections among the

generation system, the transmission system, the data-acquisition system (i.e., relays, PTs,

and CTs), and the autonomous state estimator.
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Figure 5.3: Actual interconnections among components.
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The following sub-sections present detailed descriptions about several
components such as transmission lines; instrumentation channels and relays; and a

synchronous generator and a DC motor.

5.2.1.1 Transmission Lines

The transmission lines are designed based on a 2-mile section of three-phase
actual lines with neutral conductors. Self and mutual inductances among four conductors
and shunt capacitances are taken into account in designing the transmission lines. In more
details, a 150 turns of a magnet wire per phase in a dielectric core generates the mutual
inductances, and the capacitances of the lines are modeled using a printed circuit board
with capacitors. The impedances are slightly different from each phase, so asymmetries

are included in these transmission lines.

52.1.2 Instrumentation Channels and Relays

PTs and CTs are located in this scaled-model for relays to measure voltages and
currents at various points. These relays send the measured data to an IEC61850 client in
an autonomous state estimator. For interoperability, multi-vendor relays (e.g., GE-N60,
GE-G60, SEL-421, and Arbiter 1133A) with the PMU capability are installed; most of
relays can support time synchronism that uses the GPS signal. Especially, GE-G60 uses
the GE Hard Fiber system, which is a merging unit that uses point-to-point fiber-optic
cables to connect between relays and instrumentation channels. The Hard Fiber system

can ultimately obsolete the use of copper lines and control cables.

52.1.3 Synchronous Generator and DC Motor

The test system includes a synchronous generator that provides three-phase power
at 60Hz. Its prime mover is a DC motor that is connected to the synchronous-generator
shaft through a belt. The generated voltage is elevated by a step-up transformer and

supplied to the transmission system as illustrated in Figure 5.2. The power for the DC
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motor is normally fed from building electricity through a rectifier, but it can be fed from
Feeder Bus-1, thereby creating circulating power. Since the synchronous generator and
the DC motor are connected to each other via the timing belt, the mechanical energy is
transmitted from the DC motor to the synchronous generator. Figure 5.4 visually explains

the connection between them.

Synchronous
Generator

Figure 5.4: Mechanical connection between the synchronous generator and the DC motor.

5.2.2 Data-communication Infrastructure

An Ethernet-based communication infrastructure is installed in the test system for
high-speed data communication between the relays and the autonomous state estimator.
For this demonstration, IEC61850, an international standard for communication networks
and systems in substations, is utilized. The interoperability of IEC61850 is one of the

most essential features in situations where multi-vendor IEDs are installed.
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Currently, there exists no UMPCU that provides all data sets in real time
including connectivity, device models, and measurements. Commercially available relays
can be reprogrammed to provide this capability. For the present demonstration,
connectivity and device-model data of all devices are provided directly to the
autonomous state estimator by pre-computation using the WinIGS [86], a power-system
numerical simulator. This program uses the object-oriented-programming method, which
indicates that all devices are modeled individually as objects. Therefore, each device has
its own device model as well as unique connectivity names. Finally, the autonomous state
estimator utilizes these device models and connectivity from the WinIGS to
autonomously identify states and to create measurement models, expressed in equation
(3.8). In the meantime, the measurement data are continuously streaming from the relays
to the autonomous state estimator.

The communication scheme between the relays and the autonomous state
estimator is described in Figure 5.5. The SISCO’s AX-S4 MMS is implemented as a
communication unit, and a grid monitoring system consists of an autonomous state
estimator, database, and an OPC client; note that the OPC is a protocol that supports open
connectivity for industrial automation. As shown in Figure 5.5, IEC61850 servers (e.g.,
relays) send data to an IEC61850 client in the communication unit, and then, the data are
directly transferred to an OPC server in the same unit, which finally provides them to the
OPC client.

It is necessary to point out that the OPC client can be installed in the same
machine as the OPC server, or in another machine according to network topology and the
customized scheme. In addition, many OPC clients can simultaneously access data stored
in the OPC server. In this demonstration, both the grid monitoring system and the

communication unit are installed and implemented in one computer.
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Figure 5.5: Communication scheme between the relays and the autonomous state estimator.

As shown in Figure 5.6, an OPC manager is developed to map LNs into the

corresponding measurements for data collection. After this configuration of mapping, the

OPC manager can periodically access to the IEC61850 server and retrieve the

corresponding data.
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Figure 5.6: OPC manager.

For sharing data, a database system should be set up, so the demonstration uses
ODBC, which is a standard database-access method developed by Microsoft Corporation,
in order to connect between applications and the DBMS. The ODBC context allows
many applications to access to database without understanding the unique interface of

database.

5.2.3 Experimental Test

The scaled-down model, described in Figure 5.2, is utilized as a test-bed to
perform autonomous state estimation. While the synchronous generator keeps supplying
three-phase power to the transmission system, the relays continuously measure analog

values through PTs or CTs and send digitized data to the DMS where the autonomous
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state estimator is installed. This real-time monitoring system is finally evaluated in terms

of time latency, the confidence level, and the errors of estimated state variables.

52.3.1 State and Measurement Setup

In Figure 5.2, the symbols V1, V2, V3, 11, I, I3, and 14 indicate measurement values
that the relays are sampling and sending to the DMS. These particular values are three-
phase phasor data. It is assumed that the autonomous state estimator operates in the
generation substation only with data from the generation substation. Hence, the
measurements V', and Vs are not used as measurement data for this demonstration.
Nevertheless, the voltages V4 and Vs can be estimated by introducing information (i.e.,
connectivity, device models, and measurements) of two transmission lines, which are
denoted as XLINE-2 and XLINE-3.

For the autonomous state estimation of the test system, a total of 54 states and a
total of 75 measurements are defined as listed in Table 5.1 and Table 5.2, respectively. In
both the tables, the numbers in parenthesis indicate the number of the corresponding
states or measurements. Note that each bus has 8 external states; one bus has four nodes
(i.e., 4, B, C, and N), and each phase has two states (i.e., the real and imaginary value).
Likewise, all across and through measurements are based on three-phase phasor data. A
total of 42 meter-based measurements are mapped to the 42 LNs defined in the format of
IEC61850, and several relays stream the measurements into the autonomous state
estimator at the rate of the x sets of data per second; note that x is user selected. As a
result, the autonomous state estimator should be performed x times per second. The
performance results will show that the present laboratory setup enables x to be up to three
times per second. There was no attempt to optimize the system, but code optimization
will eventually allow this system to perform autonomous state estimation as fast as 60

times per second.
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Table 5.1:  Definition of system states.

Type Origin Number
External states V1 (8), V2 (8), V3(8), Va(8), Vs (8) 40
Internal states SYNC-GEN (6), XFMR (6) 12
Remote ground RGROUND (2) 2

Total 54

Table 5.2:  Definition of measurement data.

Type Origin Number
Meter-based Across V1(6), V2 (6), V3 (6) 18
Meter-based Through 1, (6), I, (6), I (6), 14 (6) 24
Virtual Kirchhoff —1 (6), -1 (6), —15—14 (6) 18

. . SYNC-GEN (6), XFMR (7),

Virtual Device models RGROUND (2) 15
Total 75

5232 Performance Test

Time latency in data acquisition, database processing (i.e., recording and
retrieving), and autonomous state estimation is measured to evaluate the performance of
the overall approach. The results are tabulated in Table 5.3; the data-acquisition time
means the elapsed time from when the DMS sends request signal to the relays until when
the DMS receives all requested data. The latency time of the data collection is obtained
by averaging the 60 trials, and the latency time of autonomous state estimation is a value
that averages the 546 trials for about a minute. It is important to note that most of the
time latency is due to database manipulations by the third-party software. A lesson
learned is that in the next generation of this system, a direct method of streaming data

should be implemented to drastically cut down the time latencies.
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Table 5.3:  Performance test in terms of time latency.

Type Time (ms)
Data-acquisition time 61.50
Datq Database-recording time 183.18
collection
Total 244.68
Database-retrieving time 57.94
Autongmogs State identification and state estimation 21.03
state estimation
Total 78.97

5233 State Estimation Results

The results of the performance test indicate that data collection requires at least
244.68ms and that it takes at least 78.97ms to perform autonomous state estimation.
Based on these results, the initial settings for the real-time operation of autonomous state
estimation are shown in Table 5.4. No attempt was made to optimize the timing

performance. This will be the focus of the next generation of the test system.

Table 5.4:  Initial settings for the real-time operation of autonomous state estimation.

Type Setting value
Time interval of data collection 300ms
Time interval of autonomous state estimation 100ms
Weight of across measurement 1.0
Weight of through measurement 1.0
Weight of virtual measurement 0.1
Degrees of freedom 75 -54=21

The proposed approach provides typical results from a one-minute test of the

autonomous state estimator. During the test period, the state estimator was executed 60
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times (i.e., once per second). The results are presented in the following two figures:
Figure 5.7 illustrates a voltage measurement with its estimated values, and Figure 5.8
does a current measurement with its estimated values. Note that, in both the figures, the
solid lines represent the estimated results, and the dotted lines describe the measured
values. The differences between the measured and estimated values are mainly
attributable to time latency resulted from serial data measurement and collection, which
means that the 75 measurement data are not exactly time-synchronized. Another reason
for the differences is that current measurements are not accurate, for the magnitude of

currents is too small compared with the sensitivity of the sensors of the relays.
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Figure 5.7: Estimated results of V,, the phase-A voltage measurement across Main Bus and
RGROUND.
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Figure 5.8: Estimated results of 1,, the phase-A current measurement from Main Bus to XLINE-1.
Performance metrics of the autonomous state estimator are shown in the
following three figures: Figure 5.9 illustrates the chi-square values (i.e., the sum of
normalized residuals squared), Figure 5.10 represents the computed confidence level, and
Figure 5.11 shows the average standard deviation of the error of the estimated states. It is
important to note that the confidence level is almost 100% over the entire testing duration,

which verifies that the estimated state variables are highly trustable.
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Figure 5.9: Chi-square critical values.
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Figure 5.10: Confidence level.
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Figure 5.11: Average standard deviation of the error of the estimated states.

5.3 Laboratory Test System 2

The research work also presents the laboratory demonstration of the proposed
autonomous state estimation using the smart grid energy system in NEC Laboratories
America, Inc., which include a PV system, a programmable load that can emulate daily
load profiles, and an energy-storage system that has three operational modes: (1) the
standby mode, (2) the inverter mode, and (3) the charger mode. The objective of this
demonstration is to verify whether autonomous state estimation can keep tracking of the

multi-operational modes of the grid.

5.3.1 System Description

The smart grid energy system is designed to test the IPMS, which operates and
controls energy systems that consist of renewable energy resources and energy-storage

systems in accordance with various operational objectives (e.g., economic or
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environmental dispatch). In this demonstration, autonomous state estimation is also
implemented in the IMPS, to provide the accurate operating conditions in real time.

The overall system diagram is described in Figure 5.12. A PV system has a total
of 21 PV panels, generating maximum 6kW, and a programmable load can simulate daily
load profiles. Meanwhile, an energy-storage system with a maximum output of 10kW
provides power to the system according to the optimization algorithms of the IPMS. The
test system is connected to the main grid (i.e., the utility), exporting or importing the
energy. The power flow can be measured by a grid meter at the point of connection to the
main grid. Furthermore, an Arbiter relay, a PV inverter, the energy-storage system, the
load, and Tigo Maximizers (i.e., MPPT devices) are streaming measurement data to a

database system of the IPMS in real time.
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Figure 5.12: Diagram of the smart grid energy system.
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The energy-storage system with four battery compartments has three modes: (1)
the standby mode, (2) the inverter mode, and (3) the charger mode. In the standby mode,
the DC-to-AC inverter and the AC-to-DC charger are disconnected from both the
batteries and the grid; the switches at both the sides of the inverter and the charger are
open as shown in Figure 5.13. Only small amount of power is consumed by a user display
that is represented by the conductance G. In the inverter mode, the switches at both sides
of the inverter are closed, but in the charger mode, the switches at both the sides of the
charger are closed. Note that the autonomous state estimator in the IPMS should be able
to automatically change the device model of the storage system according to its operation
mode, to generate correct operating conditions. In this model, the conductances G, and

G, are added to take into account the average power loss of the inverter and the charger,

respectively.
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Figure 5.13: Detailed circuit of the storage system.
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5.3.2 Test Scenarios

This laboratory demonstration is performed during one and a half days. With the
programmable load, a usual daily profile is given during the test as depicted in Figure
5.14. Furthermore, Figure 5.15 represents the on and off status of the inverter and the
charger; when the inverter mode or the charger mode is on (i.e., when the switches of
both the sides of the inverter or the charger), the value of the inverter or the charger is one,
respectively. Otherwise, the value is zero. As described in Figure 5.15, the inverter mode
is on around 11am and 10pm on the first day, and then, the mode turns off after a certain
time. Right after the inverter mode turns off, the charger mode is on around 11:40am and
23:50pm on the first day. After several hours, the charger mode turns off. It is necessary

to point out that if both the charger and inverter mode turns off, the operational mode is

standby.
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Figure 5.14: Daily load profile.
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Figure 5.15: On and off status of the inverter and the charger in the energy-storage system.

For autonomous state estimation, the PV inverter, the load, and the energy-storage
system are modeled and integrated. In other words, autonomous state estimation is
performed with the integrated model of all three devices and the corresponding
measurements. Finally, the estimated results can be evaluated from the two points of view:

(1) the validation of the measurements and (2) the validation of the operational mode.

5321 Validation of Measurements

If there are bad measurements, the statistical evaluation of autonomous state
estimation would indicate the existence of bad data by producing the low confidence
level. For this test scenario, the individual component is tested with the corresponding

measurement data, and then, the integrated model of three devices is tested.

53.2.2 Validation of Operational Modes

The statistical evaluation of autonomous state estimation is capable of checking if
the system under monitoring operates correctly according to its operational mode. In the

test-bed, the energy-storage system has three operational modes, and therefore, the device
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model of the system should be able to be changed according to the corresponding mode.
Otherwise, the confidence level would be low, and then, it can be concluded that the
actual operation of the system do not match the device model. A total of six test scenarios

are listed in Table 5.5.

Table 5.5: Test cases.

Test Case Actual Operation Device Model
1 Inverter mode Standby mode
2 Inverter mode Charger mode
3 Charger mode Standby mode
4 Charger mode Inverter mode
5 Standby mode Inverter mode
6 Standby mode Charger mode

5.3.3 Experimental Test

The following sub-sections present the test results in terms of (1) the validation of

measurements and (2) the validation of the operational mode of the system.

5.3.3.1 Test Results of the Validation of Measurements

For this laboratory demonstration, three devices that include the PV inverter, the
load, and the energy-storage system are modeled. Then, each device is individually tested

to validate the measurement data, and then, the integrated model of three devices is tested.

5.3.3.1.1 PV Inverter

The measured and estimated values of voltages measurements at the phases A and
B are presented in Figure 5.16 and Figure 5.17, indicating that the estimated values are
almost same as the measured ones. The blue solid line and red dotted line represent

measured and estimated values, respectively.
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Figure 5.16: Measured and estimated values of voltage measurements at the phases A and B.
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Figure 5.17: Measured and estimated values of voltage measurements at the phases A and B
(zoomed in).

The measured and estimated values of the active-power measurement are
presented in Figure 5.18 and Figure 5.19, indicating that the estimated values are almost
same as the measured ones. The blue solid line and red dotted line represent measured

and estimated values, respectively.
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Figure 5.18: Measured and estimated values of the active-power measurement.

Figure 5.19: Measured and estimated values of the active-power measurement (zoomed in).

Finally, Figure 5.20 represents the confidence level, indicating that the confidence

level is 100% over the testing period.
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Figure 5.20: Confidence level in the test with the data of the PV inverter.
5.3.3.1.2 Load

The measured and estimated values of voltages measurements at the phases A and
B are presented in Figure 5.21 and Figure 5.22, indicating that the estimated values are
almost same as the measured ones. The blue solid line and red dotted line represent

measured and estimated values, respectively.
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Figure 5.21: Measured and estimated values of voltage measurements at the phases A and B.
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Figure 5.22: Measured and estimated values of voltage measurements at the phases A and B
(zoomed in).

The measured and estimated values of the active-power measurement are
presented in Figure 5.23 and Figure 5.24, indicating that the estimated values are almost
same as the measured ones. The blue solid line and red dotted line represent measured

and estimated values, respectively.

Figure 5.23: Measured and estimated values of the active-power measurement.
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Figure 5.24: Measured and estimated values of the active-power measurement (zoomed in).

Finally, Figure 5.25 represents the confidence level, indicating that the confidence

level is 100% over the testing period.

Figure 5.25: Confidence level in the test with the data of the load.
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5.3.3.1.3 Energy-storage System

Figure 5.26 represents the confidence level over the testing period, indicating that
the transient decrease of the confidence level occurs when the inverter or charger switch
operates as marked with red circles. There are two reasons for this transient decrease: the
first reason is that device models in use are based on the static model in the frequency
domain, and the second one is that the sampling rate is not high enough to capture the
transient moments. However, the transient period is very short, and thus, the low

confidence level in the transients can be negligible unless fast-response controls are

required.
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Figure 5.26: Confidence level in the test with the data of the energy-storage system.
Furthermore, it can be pointed out that when the charger mode turns on, the
confidence level slightly decreases after a certain period of time. This behavior is marked

with red circles in Figure 5.27, which also presents the measured values of the power
input to the charger as well as the confidence level. In this figure, the acronyms CC and

CV represent the constant-current mode and the constant-voltage mode, respectively.
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Note that the confidence level is low when the storage system are in the constant-

voltage charging mode, where the current that flows to batteries decreases significantly

while the voltage keeps a constant level. In fact, power-electronics-interfaced devices

such as inverters or chargers generate current harmonics, which eventually affect the

accuracy of current or power measurements especially when the current magnitude or

active power is relatively low. After all, in the constant-voltage mode, where a small

amount of active-power flows to the charger, the confidence level could slightly decrease

because the device model of the storage system, described in Figure 5.13, has several

active-power-related equations including the following two equations:
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5.3.3.1.4 Integrated Model

The device models of the PV inverter, the load, and the energy-storage system are
integrated into one device model, which is, then, tested for autonomous state estimation.
As aresult, Figure 5.28 shows the confidence level, which is nearly 100% during the

testing period but decrease temporarily at the transient moment of switch operations.
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Figure 5.28: Confidence level in the test with the data of the integrated model.

5332 Test Results of the Validation of Operational Modes

A total of six test scenarios are performed to verify if autonomous state estimation
can keep tracking of the multi-operational modes of the test system. For these tests, the
integrated device model of three devices (i.e., the PV inverter, the load, and the energy-

storage system) is used.

5.3.3.2.1 Inverter Operational Mode and Standby Device Model

The first mismatch case is that the actual storage system operates in the inverter
mode, but the device model is based on the standby mode. Figure 5.29 presents the
confidence level, pointing out that the confidence level is almost zero during the period
of the mismatch
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Figure 5.29: Confidence level in the first test case.

5.3.3.2.2 Inverter Operational Mode and Charger Device Model

The second mismatch case is that the actual storage system operates in the
inverter mode, but the device model is based on the charger mode. In Figure 5.30, the
confidence level becomes zero when the device model is inconsistent with the actual

operational mode of the storage system.

Figure 5.30: Confidence level in the second test case.
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5.3.3.2.3 Charger Operational Mode and Standby Device Model

The third mismatch case is that the actual storage system operates in the charger
mode, but the device model is based on the standby mode. As described in Figure 5.31,
the confidence level is zero at the moment of the mismatch between the actual

operational mode and the device model.

15
g
=
i I u
2 o

300 06:00 72,00 18.00 00.00 0600 12.00

15 :
@
-g 1 [ | |
=
&
2 0
(%]

00 06:00 2:00 18.00 00.00 06:00 12.00

g :
@ 100 H

@
-

g 50
o

[ = | |
8 ofoo 12.00 18.:00 00.00 06.00 12.00

Time

Figure 5.31: Confidence level in the third test case.

5.3.3.2.4 Charger Operational Mode and Inverter Device Model

The fourth mismatch case is that the actual storage system operates in the charger
mode, but the device model is based on the inverter mode. The confidence level is
presented in Figure 5.32, indicating that the confidence level is zero at the moment of the

mismatch between the actual operational mode and the device model.
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Figure 5.32: Confidence level in the fourth test case.

5.3.3.2.5 Standby Operational Mode and Inverter Device Model

The fifth mismatch case is that the actual storage system operates in the standby
mode, but the device model is based on the inverter mode. The confidence level is
presented in Figure 5.33, indicating that the confidence level is zero at the moment of the

mismatch between the actual operational mode and the device model.

Figure 5.33: Confidence level in the fifth test case.
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5.3.3.2.6  Standby Operational Mode and Charger Device Model

The sixth mismatch case is that the actual storage system operates in the standby
mode, but the device model is based on the charger mode. The confidence level is
presented in Figure 5.34, indicating that the confidence level is zero at the moment of the

mismatch between the actual operational mode and the device model.
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Figure 5.34: Confidence level in the sixth test case.

54  Summary

In this chapter, to verify autonomous state estimation at the laboratory level, two
test-beds are used: (1) the scaled-down power system in the PSCAL at the Georgia
Institute of Technology, and (2) the smart grid energy system in NEC Laboratories
America, Inc.

The first laboratory test system consists of a synchronous generator, a DC motor,
transmission lines, a step-up transformer, and resistive load, and the data-acquisition
system (i.e., PTs, CTs, numerical relays, and merging units) is installed to collect
measurement data from the system. For interoperability, the IEC61850 and Ethernet
protocol are used for data communication. With connectivity and device models provided

by the WinlIGS, autonomous state estimation is performed, generating the trustable
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operating conditions of the system with a confidence level of 100%. The performance of
the autonomous state estimation is evaluated in terms of computational speed, the
confidence level, and average standard deviation of the error of estimated values.

The second laboratory test system has PV panels, a PV inverter, a energy-storage
system with four battery compartments, and a programmable load that can emulate daily
load profiles. The energy-storage system has three operational modes: (1) the standby
mode, (2) the inverter mode, and (3) the charger mode. On the concept of autonomous
state estimation, the device model of the energy-storage system should be able to be
changed in accordance with the modes, and the experimental test results prove that
autonomous state estimation provides the correct operating conditions based on the multi-

operational modes.
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CHAPTER 6
FEASIBILITY STUDY: SETTING-LESS COMPONENT

PROTECTION OF THE THREE-PHASE TRANSFORMER

6.1 Overview

This chapter presents the feasibility study of the setting-less component protection
scheme with the three-phase, two-winding, variable-tap, and saturable-core transformer.
First, hardware requirements and various possibilities for the proposed protection scheme
are described, and then, numerical experiments are performed with an example test
system and various test scenarios. For the numerical experiments, the WinlGS, a power-
system numerical simulator, is used to generate measurement data in the format of
COMTRADE, and typical performance results (e.g., the confidence level, the estimated
states, the estimated values of measurements, and normalized residuals between

estimated and measured values) are also stored in COMTRADE files.

6.2 Hardware Requirements

The best conditions for the proposed protection scheme are as follows: (1) the
data-acquisition system is accurate, (2) measurements are time-synchronized, and (3) the
data-communication system is as fast as possible so as to support the required throughput,
which depends on the sampling rate.

First, the general data-acquisition system is shown in Figure 6.1. The accuracy of
the data-acquisition system depends on the accuracy of each individual component in the
data-acquisition channel. The most accurate instrument transformers are wound-type PTs
for the voltage measurement and magnetic-core CTs for the current measurement. The

instrument transformers are recommended to be the highest accuracy class.
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Figure 6.1: Typical data-acquisition system.

Second, the time synchronization of measurements should be satisfied to ensure
the accuracy of measurements. Currently, GPS-synchronized measurements can be
synchronized to the accuracy of better than one microsecond.

Finally, the communication system should provide fast data transmission to
minimize time latency and should be able to meet throughput requirements so that data
are continuously streaming into the processing unit.

When taking into account the three conditions aforementioned (i.e., accurate
measurements, time synchronism, and fast data communication), two selections can be
recommended. The first recommended selection includes a setting-less protection relay
(or a UMPCU) with PMU capability, and PTs/CTs with the highest accuracy as described
in Figure 6.2. The second recommended selection is related to near-future developments
as shown in Figure 6.3. The introduction of merging units provides another alternative for

the implementation of the proposed protection method. Indeed, the use of merging units
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is advantageous for the proposed method, for measurements based on merging units are

highly accurate.
a ~ —~
b ~ —~
¢ —~ —~
—~
1, 14 ? ? ? ?
Iy . Transformer Is .
Vo Vs |Ve e ’Ci vi |V |Ve |WN
N

3

Setting-Less

Protection
Relay
Figure 6.2: Recommended instrumentation and the data-acquisition system with cables.
a ~ —~ 4
b Y N B
¢ ~ ~ ¢
e N
i, 14 ? ? ? ?
I . Transformer & .
Va (Vs |V e .| |va |ve |vc |wN
N
LN
LR N \P
Mergi Mergi
Unit 1 Unit 2
Process Bus (Fiber Optic)
Setting-Less
Q Protection
@ Relay
Figure 6.3:

Secondary recommended instrumentation and the data-acquisition system with
merging units and the process bus.
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6.3 Implementation of the Proposed Protection Scheme

This section describes the implementation of the setting-less component
protection of the three-phase, two-winding, variable-tap, and saturable-core transformer.
The proposed protection algorithm is fundamentally based on dynamic state estimation,
thus requiring the definition of the states of the transformer, the definition of
measurements, the component dynamic model of the transformer, measurement-model
formulation, dynamic state estimation, and finally the protection logic.

Among these, the component dynamic model of the three-phase transformer is
presented in equation (C.52), which is developed in APPENDIX C, and the formulation
of measurement models, dynamic state estimation, and the protection logic are described
in Sections 4.4.3.2,4.4.2.2, and 4.4.2.3 of CHAPTER 4, respectively.

The following sub-sections deals with the remaining parts of the implementation

of the proposed protection method, including the definition of states and measurements.

6.3.1 Definition of States

For a three-phase, delta-wye-connected transformer, a total of 68 states are
defined when the exponent 7 is five: 34 for the present time, ¢, and 34 for the intermediate

time, #,. The detailed descriptions of the states are listed in Table 6.1.

Table 6.1:  All state variables for the three-phase, delta-wye-connected transformer when # is five.
State Type Time Description
X1 = vu(t) External t Phase-a terminal voltage at the primary side
X2 = w(t) External t Phase-b terminal voltage at the primary side
X3 =ve(f) External t Phase-c terminal voltage at the primary side
X4 =v4(t) External t Phase-A terminal voltage at the secondary side
xs = vp(t) External t Phase-B terminal voltage at the secondary side
X6 = v(?) External t Phase-C terminal voltage at the secondary side
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x7=v(f) External Neutral terminal voltage at the secondary side

Xg = Ina(?) Internal Magnetizing current at the primary-side phase-a coil

Xo = e4(t) Internal Phase-a winding voltage at the primary side

X10 = A4(%) Internal Magnetic flux linkage at the phase-a core
x11 = i14(f) Internal Phase-a terminal current at the primary side
X12 = I31.4(%) Internal Phase-A terminal current at the secondary side
x13 = y14(%) Internal Additional state for the nonlinear term at the phase a
X14 = y24(%) Internal Additional state for the nonlinear term at the phase a
X15 = y34(%) Internal Additional state for the nonlinear term at the phase a
X16 = z4(f) Internal Additional state for the nonlinear term at the phase a
X17 = Iup(?) Internal Magnetizing current at the primary-side phase-b coil
x13 = ep(?) Internal Phase-b winding voltage at the primary side

X19 = Ag(%) Internal Magnetic flux linkage at the phase-b core
X0 = i115(%) Internal Phase-b terminal current at the primary side
X1 = 1315(¢) Internal Phase-B terminal current at the secondary side
X2 =y15(%) Internal Additional state for the nonlinear term at the phase b
X3 = yop(t) Internal Additional state for the nonlinear term at the phase b
X4 = y35(2) Internal Additional state for the nonlinear term at the phase b
Xos5 = zp(f) Internal Additional state for the nonlinear term at the phase b
X26 = Imc(?) Internal Magnetizing current at the primary-side phase-c coil
X27 = ec(f) Internal Phase-c winding voltage at the primary side

X8 = Ac(?) Internal Magnetic flux linkage at the phase-c core
X29 = I11c(?) Internal Phase-c terminal current at the primary side
X30 = I31¢(%) Internal Phase-C terminal current at the secondary side
X31 =y1c(?) Internal Additional state for the nonlinear term at the phase c
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X320 = Ya2c(?) Internal t Additional state for the nonlinear term at the phase c
X33 = ¥3c(%) Internal t Additional state for the nonlinear term at the phase c
X34 = z¢(%) Internal t Additional state for the nonlinear term at the phase c
X35 = V(ty) External tm Phase-a terminal voltage at the primary side
X36 = Vp(tm) External t Phase-b terminal voltage at the primary side
X37 = vtn) External o Phase-c terminal voltage at the primary side
X38 = V(1) External Ly Phase-A terminal voltage at the secondary side
X390 = V(L) External tm Phase-B terminal voltage at the secondary side
X40 = v(ty) External L Phase-C terminal voltage at the secondary side
X41 = va(t) External L Neutral terminal voltage at the secondary side
X402 = Ipa(ty) Internal t Magnetizing current at the primary-side phase-a coil
X43 = e4(ty) Internal tm Phase-a winding voltage at the primary side
Xa4 = Aa(ty) Internal tm Magnetic flux linkage at the phase-a core
X45 = T124(tw) Internal tw Phase-a terminal current at the primary side
Xa6 = T31.4(tm) Internal o Phase-A terminal current at the secondary side
X47 =Y14(tn) Internal tw Additional state for the nonlinear term at the phase a
X48 = Vou(tm) Internal o Additional state for the nonlinear term at the phase a
X49 = V34(tm) Internal tw Additional state for the nonlinear term at the phase a
x50 = z4(t) Internal L Additional state for the nonlinear term at the phase a
Xs51 = Lup(ty) Internal tm Magnetizing current at the primary-side phase-b coil
xs53 = ep(ty) Internal tm Phase-b winding voltage at the primary side
Xs53 = Ap(ty) Internal ty Magnetic flux linkage at the phase-b core
Xs4 = I128(tm) Internal tw Phase-b terminal current at the primary side
X355 = I318(tn) Internal ty Phase-B terminal current at the secondary side
Xs56 = Y18(tm) Internal tw Additional state for the nonlinear term at the phase b
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Xs57 = Y28(tn) Internal ty Additional state for the nonlinear term at the phase b
Xs58 = ¥38(tm) Internal tw Additional state for the nonlinear term at the phase b
Xs59 = zp(tm) Internal ty Additional state for the nonlinear term at the phase b
X60 = Imc(tm) Internal tm Magnetizing current at the primary-side phase-c coil
Xe1 = ec(tn) Internal b Phase-c winding voltage at the primary side

Xe2 = Ac(tn) Internal b Magnetic flux linkage at the phase-c core

Xe3 = I1rc(tm) Internal L Phase-c terminal current at the primary side

Xe4 = B3rc(tm) Internal L Phase-C terminal current at the secondary side
Xes5 = Vic(tn) Internal L Additional state for the nonlinear term at the phase ¢
X66 = Vac(tm) Internal tm Additional state for the nonlinear term at the phase ¢
X67 = V3c(tn) Internal tw Additional state for the nonlinear term at the phase ¢
Xes = zc(tm) Internal tw Additional state for the nonlinear term at the phase ¢

6.3.2 Definition of Measurements

For the proposed transformer protection, the following measurements can be

defined:

e Actual measurements: six voltages of phase a-N, phase b-N, phase c-N, phase A-

N, phase B-N, and phase C-N at the time #; seven currents of phase a, phase b,

phase c, phase A, phase B, phase C, and phase N at the time #; six voltages of

phase a-N, phase b-N, phase c-N, phase A-N, phase B-N, and phase C-N at the

time #,,; and seven currents of phase a, phase b, phase c, phase A, phase B, phase

C, and phase N at the time ¢,,. Typically, it is assumed that these measurements

have measurement errors with standard deviation equal to 0.1pu.

e Virtual measurements: measurements induced from the component dynamic

model of the three-phase transformer, which is expressed in equation (C.52). The

8th- to 34th-row and 42nd- to 68th-row equations in equation (C.52) can become
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virtual measurements. Typically, it is assumed that these measurements have

measurement errors with standard deviation equal to 0.01pu.

e Pseudo measurements: two phase N-g voltages at the times ¢ and ¢,,. These
measurements represent quantities that are not measured generally (e.g., the
ground voltage and the neutral current). Typically, it is assumed that these
measurements have measurement errors with standard deviation equal to 0.1pu.

Note that for the three-phase transformer, there are 26 actual measurements, 54 virtual
measurements, and 2 pseudo measurements; there are a total of 82 measurements. It

should be noted that there are 68 states, and therefore, this provides a redundancy of 20.6%
[i.e., (82-68)/68x100].

It is important to point out that when two consecutive sampling points are
captured, the first point becomes a measurement for the intermediate time, #,,, and the
second point becomes a measurement for the current time, .

All across, through, virtual, and pseudo measurements that are used for the
proposed setting-less component protection of the three-phase transformer are listed in

Table 6.2, Table 6.3, Table 6.4, and Table 6.5, respectively.

Table 6.2:  Actual across measurements for the three-phase transformer.

Type Name Measurement Model Standard Deviation
Across voltage aN z1 = v(t) — valF) 0.1 (p.u.) * Vscaleh
Across voltage bN 23 = () — valF) 0.1 (p.u.) * Vscaleh
Across voltage cN z3=vt) — va(?) 0.1 (p.u.) * Vscaleh
Across voltage AN 24 =v4(t) — vp(d) 0.1 (p.u.) * Vscalel
Across voltage BN z5 = vp(f) — vn(?) 0.1 (p.u.) * Vscalel
Across voltage CN z6 = vc(f) — va(?) 0.1 (p.u.) * Vscalel
Across voltage aNm 27 =vy(tn) — valtn) 0.1 (p.u.) * Vscaleh
Across voltage bNm 28 = V(L) — valtn) 0.1 (p.u.) * Vscaleh
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Across voltage cNm 29 = Ve(tm) — Val(tn) 0.1 (p.u.) * Vscaleh
Across voltage ANm z10 = Va(ty) — va(tn) 0.1 (p.u.) * Vscalel
Across voltage BNm z11 = vp(t,) — valtn) 0.1 (p.u.) * Vscalel
Across voltage CNm 212 = vtm) — valtn) 0.1 (p.u.) * Vscalel

Vscaleh and Vschalel are the scales of the standard deviation of voltage measurements at

the primary side and at the secondary side, respectively. These scales are typically

determined according to their nominal values.

Table 6.3:  Actual through measurements for the three-phase transformer.

Type Name Measurement Model Standard Deviation
Through current a z1 = i,(f) = 1st-row in equation (C.52) 0.01 (p.u.) * Iscaleh
Through current_b 2, = ip(f) = 2nd-row in equation (C.52) 0.01 (p.u.) * Iscaleh
Through current ¢ z3 = i(t) = 3rd-row in equation (C.52) 0.01 (p.u.) * Iscaleh
Through current A z4 = i4(f) = 4th-row in equation (C.52) 0.01 (p.u.) * Iscalel
Through current B zs = ig(f) = Sth-row in equation (C.52) 0.01 (p.u.) * Iscalel
Through current C z = ic(f) = 6th-row in equation (C.52) 0.01 (p.u.) * Iscalel
Through current N z7 = iy(t) = Tth-row in equation (C.52) 0.01 (p.u.) * Iscalel
Through current_ am zg = i,(t,) = 35th-row in equation (C.52) | 0.01 (p.u.) * Iscaleh
Through current_bm z9 = ip(t,) = 36th-row in equation (C.52) | 0.01 (p.u.) * Iscaleh
Through current_ cm z10 = i(t,) = 37th-row in equation (C.52) | 0.01 (p.u.) * Iscaleh
Through current Am z11 = i4(t,) = 38th-row in equation (C.52) | 0.01 (p.u.) * Iscalel
Through current Bm z1p = ig(t,,) = 39th-row in equation (C.52) | 0.01 (p.u.) * Iscalel
Through current Cm z13 = ic(t,,) = 40th-row in equation (C.52) | 0.01 (p.u.) * Iscalel
Through current Nm z14 = iN(t,) =41st-row in equation (C.52) 0.01 (p.u.) * Iscalel
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Isacleh and Isaclel are the scales of the standard deviation of current measurements at the

primary side and at the secondary side, respectively. These scales are typically

determined according to their nominal values.

Table 6.4:  Virtual measurements for the three-phase transformer.

Type Name Measurement Model Standard Deviation
Virtual virtual t 1 z; = 0 = 8th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual t 2 z, = 0 = 9th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual t 3 z3 = 0 = 10th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual t 4 z4 = 0 = 11th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual t 5 zs =0 = 12th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual t 6 z¢ = 0 = 13th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual t 7 z7 = 0 = 14th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual t 8 zg = 0 = 15th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual t 9 z9 = 0 = 16th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual t 10 z1p =0 = 17th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual t 11 z1; = 0 = 18th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual t 12 z15 = 0 = 19th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual t 13 z13 = 0 =20th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual t 14 z14 =0 = 21st-row in equation (C.52) 0.01 (p.u.)
Virtual virtual t 15 z15 =0 =22nd-row in equation (C.52) 0.01 (p.u.)
Virtual virtual t 16 z16 = 0 = 23rd-row in equation (C.52) 0.01 (p.u.)
Virtual virtual t 17 z17 = 0 = 24th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual t 18 z13 = 0 = 25th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual t 19 z19 = 0 = 26st-row in equation (C.52) 0.01 (p.u.)
Virtual virtual t 20 Z30 = 0 =27nd-row in equation (C.52) 0.01 (p.u.)
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Virtual virtual t 21 271 = 0 = 28rd-row in equation (C.52) 0.01 (p.u.)
Virtual virtual t 22 Z35 = 0 = 29th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual t 23 Zp3 = 0 = 30th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual t 24 zp4 = 0 = 31st-row in equation (C.52) 0.01 (p.u.)
Virtual virtual t 25 Zy5 = 0 = 32nd-row in equation (C.52) 0.01 (p.u.)
Virtual virtual t 26 Z36 = 0 = 33rd-row in equation (C.52) 0.01 (p.u.)
Virtual virtual t 27 zy7 = 0 = 34th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual tm 1 zp3 = 0 = 42nd-row in equation (C.52) 0.01 (p.u.)
Virtual virtual tm 2 Zy9 = 0 =43rd-row in equation (C.52) 0.01 (p.u.)
Virtual virtual tm 3 z30 = 0 = 44th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual tm 4 z31 = 0 = 45th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual tm 5 z3p = 0 = 46th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual tm 6 z33 = 0 = 47th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual tm 7 734 = 0 = 48th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual tm 8 z35 = 0 = 49th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual tm 9 736 = 0 = 50th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual tm 10 z37 = 0 = 51st-row in equation (C.52) 0.01 (p.u.)
Virtual virtual tm 11 z33 = 0 = 52nd-row in equation (C.52) 0.01 (p.u.)
Virtual virtual tm 12 z39 = 0 = 53rd-row in equation (C.52) 0.01 (p.u.)
Virtual virtual tm 13 z40 = 0 = 54th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual tm_ 14 z41 = 0 = 55th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual tm 15 z4 = 0 = 56th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual tm 16 z43 = 0 = 57th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual tm 17 z44 = 0 = 58th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual tm 18 z45 = 0 = 59th-row in equation (C.52) 0.01 (p.u.)
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Virtual virtual tm 19 246 = 0 = 60th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual _tm_ 20 z47 = 0 = 61st-row in equation (C.52) 0.01 (p.u.)
Virtual virtual tm 21 z43 = 0 = 62nd-row in equation (C.52) 0.01 (p.u.)
Virtual virtual tm 22 249 = 0 = 63rd-row in equation (C.52) 0.01 (p.u.)
Virtual virtual tm 23 z50 = 0 = 64th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual tm 24 z51 = 0 = 65th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual tm 25 z5p = 0 = 66th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual tm 26 zs3 = 0 = 67th-row in equation (C.52) 0.01 (p.u.)
Virtual virtual tm 27 zs4 = 0 = 68th-row in equation (C.52) 0.01 (p.u.)

Table 6.5: Pseudo measurements for the three-phase transformer.

Type Name Measurement Model Standard Deviation
Pseudo voltage N z1=0=v\0) 0.1 (p.u.) * Vscalel
Pseudo voltage Nm 2z =0=vp\(tn) 0.1 (p.u.) * Vscalel

Note that if there is no through measurement for the neutral phase (i.e., the phase N),

pseudo measurements for the phase-N current can be added.

6.4  Feasibility Test with Numerical Experiments

The setting-less component protection for the transformer is tested with the
simulated data. Specifically, a test system was used to create a number of scenarios. For
each scenario, the system was simulated, and measurements were generated and stored in
COMTRADE files [87].

As a way to test the feasibility of the proposed setting-less component protection
method, the WinIGS is used to create measurements and the component dynamic model
of the three-phase transformer; the component dynamic model is provided in the form of

matrices and vectors as expressed in equation (C.52) while measurement data are
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generated in COMTRADE files. Then, both measurements and the component model
become the input data of a setting-less protective relay that performs dynamic state
estimation and protection logic. After processing all measurements data from the WinlIGS,
the protective relay yields test results, which includes the estimated states, the estimated
values of the measurements, the raw measurements, the residuals between the estimated
and measured values of the measurements, the normalized residuals, the degrees of
freedom, the chi-square critical values, the confidence levels, and the processing time;
note that these results are also stored in COMTRADE files. Figure 6.4 describes the

overall approach for the feasibility test of the setting-less component protection algorithm.

Device Model =
> —
WinlGS o — (CTST\E[?;S:I[;SE)
Setting-Less Protective Relay
Measurements
(COMTRADE)

Figure 6.4: Feasibility test scheme for verifying the proposed protection method.

6.4.1 Example Test System and Test Scenarios

To test the feasibility of the proposed protection method, a test system that
includes a three-phase transformer under protection and other components around the
transformer is created as illustrated in Figure 6.5. The system consists of a 15k V-
150MVA-rated generator, an 18kV-350MVA-rated generator, a 15kV-200M VA-rated
generator, transformers, and transmission lines, and loads. The three-phase transformer
under protection is located at the middle of the entire system, which is marked with a red

circle in Figure 6.5; note that the red circle indicates the protection zone of the
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transformer. Monitored are six voltages and seven currents at the terminals of the

transformer.
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Figure 6.5: Test system for the proposed protection method.
In this test, the exponent n of equation (C.1), which expresses nonlinear
characteristics between the magnetizing current and the flux linkage of the transformer
core, is five, and the transformer is delta-wye-connected. The settings of the transformer

under protection are shown in Figure 6.6.
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Figure 6.6:  Settings of the three-phase transformer under protection.
The actual parameters of the single-phase transformer model in Figure C.1 are
given in Table 6.6; these parameters are applicable to every phase of the three-phase

transformer.
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Table 6.6:

Transformer parameters.

Parameter Value Parameter Value
| 2.3805 Q re 158700 Q
L 0.096822 H Ly 420.964824 H
r 0.198375 Q io 0.002050
Ly 0.008068 H Ao 0.862803
N 0.288675

Note that the scales of the standard deviations of measurements are defined as follows:

Vscaleh = 230, Vscalel = 115, Iscaleh = 0.4, and Iscalel = 0.8.

Five sets of different test scenarios are tested using the setting-less component

protection scheme:

Test A: the normal operating condition,

Test B: transformer energization (inrush current),
Test C: transformer overexcitation,

Test D: the through-fault condition,

Test E: the internal-fault condition.
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64.1.1 Test A: Normal Operating Condition

For the normal operating condition, the test system in Figure 6.5 is used. A set of
measurement signals that are monitored during the normal operating condition is shown

in Figure 6.7.

Program XfmHms - Page 1 of 1

Voltage_XFMR1_AG (V)
188.7 k- X 56 (V

63.14 k—
-62.45 k—

-188.1 k-
Voltage_XFMR2_AG (V)

94.26 k| ~\yoftnac XFYR2 BG ()
Itagé CG (V)
31.30 k| /\/\

-31.48 k—

-94.35 k—

395.2 urrent_XFm_ (A)

131.0 -

-133.3

-397.5—

806.6

269.3 1

-268.0 —

-805.3 —

Figure 6.7: Measurements of the transformer (test A: the normal operating condition).
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64.1.2 Test B: Transformer Energization (Inrush Current)

For transformer energization, the test system in Figure 6.5 is used. A set of

measurement signals that are monitored during the energization is shown in Figure 6.8.

Program XfmHms - Page 1 of 1

Voltage XFMR1_AG (V)

286.4 k+

73.12 k—

-140.1 k—+

-353.3 k-

167.9 k—

55.14 k—

-57.67 k+

-170.5 k—

909.2

267.6

-373.9

-1.015 k-

1.593 k—

368.2 ||

-856.4 —

— T L e e e A
3.000 3.020 3.040 3.060

Figure 6.8: Measurements of the transformer [test B: transformer energization (inrush current)].
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64.1.3 Test C: Transformer Overexcitation

For transformer overexcitation, the test system in Figure 6.5 is used. A set of

measurement signals that are monitored during the overexcitation is shown in Figure 6.9.

Program XfmHms - Page 1 of 1

219.6 k. xltag_XFMR1_G V)

73.01 k-

-73.53 k-

-220.1 k-

Voltage_XFMR2_AG (V)

116.7k  yaita XFMR2_BG (V)
\/ﬁ,taﬁvpgrmz (

Kal FMRS /
aa § N A h

-45.87 k—

-127.2 k-

Current_XFMR1_A (A)

512.0

126.8 -

-258.4

-643.6

1.054 k—

273.9

-506.4 —

-1.287 k-

e L e e e e e B T
3.060 3.080 3.100 3.120

Figure 6.9: Measurements of the transformer (test C: transformer overexcitation).
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64.14 Test D: Through-fault Condition

For the through-fault condition, the test system in Figure 6.5 is used, but single-

phase-to-ground fault is given at a certain bus outside the transformer under protection;

the faulted location is marked with a red circle in Figure 6.10. The fault lasts for 0.05

seconds, and then, it is cleared.

¥

™ oy

Figure 6.10: Fault location in the test system (test D: the through-fault condition).
A set of measurement signals that are monitored during the through-fault
condition is shown in Figure 6.11. The single-phase-to-ground fault is given for 0.05

seconds, starting at 3.20 seconds.
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64.1.5 Test E: Internal-fault Condition

For the internal-fault condition, the test system in Figure 6.5 is used. The single-
phase-to-ground fault occurs at the phase-A terminal on the primary (i.e., left) side of the
transformer for 0.05 seconds, and then, the fault is cleared. In Figure 6.12, the faulted

location is marked with a red circle.
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Figure 6.12: Fault location in the test system (test E: the internal-fault condition).
A set of measurement signals that are monitored during the internal-fault
condition is shown in Figure 6.13. To simulate the internal-fault condition, the single-
phase-to-ground fault is given inside the transformer at the phase A of the primary side

for 0.05 seconds, starting at 3.20 seconds.
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Program XfmHms - Page 1 of 1

286.5 k—

71.49 k—

-143.5 k—

-358.5 k—

128.5 k

36.60 k—

-55.31 k—

-147.2 k—

3.717 k—

64.34 —

-3.588 k—

-7.241 k—

1.838 k

436.1 1

-965.5 —

-2.367 k—

Voltage_XFMR1_AG (V)

Voltage_XFMR2_AG (V)
Voltage_XFMR2_BG (V)

i

Current_XFMR1_A (A)
Current_XFMR1_B (A)
Current_XFMR1_C (A)

PRI LUSTERSIRL RIS RISIRLSS.

Current_XFMR2_B (A)
Current_XFMR2_C (A)
Current XFMR2_|

Figure 6.13: Measurements of the transformer (test E: the internal-fault condition).
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6.4.2 Test Results

This section presents the test results of the setting-less component protection in
the five test scenarios, providing the confidence levels, the estimated and measured
values of the across measurements, and the estimated and measured values of the through

measurements.

6.4.2.1 Simulation Results for Test A: Normal Operating Condition

For the normal operating condition, the confidence level obtained by the
developed dynamic state estimator is shown in Figure 6.14. The result graph shows that
the confidence level stays at 100% all the time, which means that the measurements are
consistent with the model, and there is no internal fault during the simulation.

Confidence_Level (Percent)

100.00

0.000 —

T —
3.10 3.20 3.30 3.40

Figure 6.14: Confidence level (test A: the normal operating condition).

The measured and estimated values of the current measurements at the primary
and secondary side are compared with different colors as shown in Figure 6.15. Note that
the measured and estimated values of all through measurements match very closely; the
measured value is z, and the estimated value, /(x), can be computed from the system
model, (), and estimated state variables, x. The confidence level of 100% indicates that
dynamic state estimation has found the best estimates of x that minimizes the sum of
squares of normalized residuals as expressed in equation (3.28). Meanwhile, this figure
indicates that the measured values of all through measurements closely match the
estimated ones, and thus, it can be concluded that the standard deviation (i.e., 6) of

through measurements has a reasonable value (i.e., 0.01).
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Program XfmHms - Page 1 of 1

ThroughMeasurement_Current_Estimated_PhaseA_Side1_t, A (kA)

3951 m7)  phrdughMdasfirerhe = Qurrgnt/\Mdasured\ Pllas@A [Sidg1_f A/(kA
-397.3 m—
4m ThroughMeasurement_Current_Estimated_PhaseB_Side1_t, B (kA)
379.4m TRrofighMeAsufenmfent Cyiyrefyt_Medsuikd (PhAseR Slidefl_t/\B (kA)
-376.4 m—
390.5 m— ThroughMeasurement_Current_Estimated_PhaseC_Side1_t, C (kA)
-om foufhMeaduréméht_Cufient Measuretl_PhadeC\ Side1\t, & (KA)
-390.8 m—
806.0 m— ThroughMeasurement_Current_Estimated_PhaseA_Side2_t, A (kA)
0 M7 AThyoyyhMeagurBmént [Cufrerft_Meaduréd RhaeA) Sitled) t, A (KA)
-804.9 m—
780.9 m— ThroughMeasurement Current_Estimated_| PhaseB Side2_t, B(kA)
- m hrgughMgasfyrefherit_Gurrent\Méasyired | Phas@B [Sidb2 , B
-777.5 m—
ThroughMeasurement_Current_Estimated_PhaseC_Side2_t, C (kA)
761.3 m ThrolighMeAsutenienf) Clirréht_Medsufed \Phasel_PidgR_t)\C (kA
-766.7 m—
ThroughMeasurement_Current_Estimated_PhaseN_Side2_t, N (kA)
3439 M rhdudhMeashrefnent_Gurfent] Maasfired_PhaskN [Side2 ft, N (kA)
-3.599 m—
100.00 — Confidence_Level (Percent)
0.000 —

3.10 3.20 3.30 3.40

Figure 6.15: Estimated and measured values of the current measurements with the confidence level
(test A).
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The measured and estimated values of the voltage measurements at the primary and

secondary side are also compared in Figure 6.16. Note that the measured and estimated

values match very closely. Similar to the through measurements, the standard deviation

(i.e., o) of across measurements has a reasonable value (i.e., 0.1) since the estimated

values of all across measurements closely match the measured ones while the confidence

level is 100%.

Program XfmHms - Page 1 of 1

188.7 —

-187.3 -

187.4

-187.3 -’

186.6

-188.0 —

94.24 —

-93.54 —

93.87

-94.34 -

93.16

-93.82 -

100.00

0.000 —

AcrossMeasurement_Voltage_Estimated_PhaseAN_Side1_t, A (kV)
AdrosMé@asfirefherft_Vbltdge \Measyyed) Plias@AN) Sitle1) t, A (KV)

AcrossMeasurement Voltage Estlmated PhaseBN S|de1 t B(kV)

\
\
[
|
|

|

T
|
{
|
|
|

i
|
|
| ]
|

\
| |

| | |
| | 1
\\ |
| {
| \

AcrossMeasurement_Voltage_Estimated_PhaseCN_Side1_t, C (kV)
Atra$sMeadurémeht_Volfagé Measuretl_PhaseCN_Siddl_t/\C (kV

AcrossMeasurement_Voltage_Estimated_PhaseAN_Side2_t, A (kV)
ActosfMédasiireient_Voltdge (Measyied| PHaséAN) Sifle2/\t, A (KV)

AcrossMeasurement t_Voltage_Estimated_PhaseBN_Side2_t, B(kV)

AcrossiMedsufemént/\Vditage Mea$uréd_fPhdseBN_Side2_f, B

AtroAsMeasurémefnt_Nolfagd) Measiretl_FhageCN_Sjde2_t/\C (kV

Confidence_Level (Percent)

3.10 3.20 3.30 3.40

Figure 6.16: Estimated and measured values of the voltage measurements with the confidence level

(test A).
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From Figure 6.15 and Figure 6.16, it can be concluded that the estimated voltages and
currents match closely the measured ones during the normal operation condition.

The estimated value, measured value, residual, and normalized residual of the
current measurement at the primary side are presented in the following figure. Note that
the residuals are very small. Additionally, the residuals of all measurements in this figure
are relatively high at the beginning of the test, and then, they are decreasing as time
passes. This is due to the fact that the initial values of the past-history values, v(z-4) and
y(t-h), are set to zero because they are unknown when the test begins. However, the
actual past-history values at the initial time are not zero, so these inaccurate values
eventually increase the residuals. Nevertheless, these relatively large residuals are not

significant and decreasing as time passes.

Program XfmHms - Page 1 of 1

¢:\000\project_dse_2\backup_20130402_matlab_thesis data\xfmr_n5_normal_results_1 - Feb 20, 2012, 08:29:03.000

395.1::]
-397.3
395.1 ThroughMeasurement Current Measured F‘haseA Slde1 t A(kA
A NN r\ NN J /\/\ﬂ/‘ \K//
VAVAVAVAVAVAVAVAVAVAWL A N A [ ,
-397.3:]/\0&/ VATAVAVAVAY J\/ \ »/\/\/ Y \/ \/ \/\/ \/\\/d \ d Y, \\/

44.95 :] ement_Current_| |_PhaseA_Side1_t, A (kA)
-171.4

ThroughMeasurement_Current_Estimated_PhaseA_Side1_t, A (kA)

ement_Current_Esti |_PhaseB_Side1_t, B (kA)
ThroughMeasurement_Current_Measured_PhaseB_Side1_t, B (kA)

11.24
-42.86

379.4
-376.4
379.4
376.4
1941 ThroughMeasurement_Current_Residual_PhaseB_Side1_t, B (kA)
-52.79

48.53 ement_Current_Nor i idual_PhaseB_Side1_t, B (kA)

oo
il
o]
o
P

-13.20
ThroughMeasurement Current Estimated_PhaseC_Side1_t, C (kA)

390.5 h n
N \l“/\/\/\ N A\ NAN ANNNAAN
.3903::] VAYAVAVAVAVAVAY J/JA\M/W \M\/JM“\/

3005 ThroughMeasurement_Current_Measured_PhaseC_Side1_t, C (kA)

-390.8

30.53

-131.4 :]
7.632 T
-32.85 rrrj

ement_Current_Normali idual_PhaseC_Side1_t, C (kA)

Figure 6.17: Estimated value, measured value, residual, and normalized residual of the current
measurement at the primary side (test A).
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The estimated value, measured value, residual, and normalized residual of the current
measurement at the secondary side are presented in the following figure. Note that the
residuals are very small. Additionally, the residuals of all measurements in this figure
except the phase-N current measurement are relatively high at the beginning of the test,
and then, they are decreasing as time passes. The phase-N current measurement has
relatively small values compared to other through measurements, so the initial values of

the past-history have little influence on the residuals of the phase-N through measurement.

Program XfmHms - Page 1 of 1

c:\000\project_dse_2\backup_20130402_matlab_thesis data\xfmr_n5_normal_results_1 - Feb 20, 2012, 08:29:03.000

806.0 ThroughMeasurement_Current_Estimated_PhaseA_Side2_t, A (kA)

-804.8

806.0 ThroughMeasurement_Current_Measured_PhaseA_Side2_t, A (kA)
-804.9
1201 ThroughMeasurement_Current_Residual_PhaseA_Side2_t, A (kA)
-198.9

15.01
-24.86
780.9 ThroughMeasurement_Current_Estimated_PhaseB_Side2_t, B (kA)
-7177.5
780.8 ThroughMeasurement_Current_Measured_PhaseB_Side2_t, B (kA)
-777.4
390.2 ThroughMeasurement_Current_Residual_PhaseB_Side2_t, B (kA)
-110.9

48.78 ThroughMeasurement_Current_NormalizedResidual_PhaseB_Side2_t, B (kA)

-13.86

761.3 ThroughMeasurement_Current_Estimated_PhaseC_Side2_t, C (kA)

-766.7
761.3 ThroughMeasurement_Current_Measured_PhaseC_Side2_t, C (kA)
-766.7

70.05
-330.6
8.756 ThroughMeasurement_Current_NormalizedResidual_PhaseC_Side2_t, C (kA)
-41.32

3.438 ThroughMeasurement_Current_Estimated_PhaseN_Side2_t, N (kA)

-3.597

3.439 ThroughMeasurement_Current_Measured_PhaseN_Side2_t, N (kA)
-3.599
8.259 ThroughMeasurement_Current_Residual_PhaseN_Side2_t, N (kA)
-7.936
1.032 ThroughMeasurement_Current_NormalizedResidual_PhaseN_Side2_t, N (kA)
-992.0

/ I I I
3.10 3.20 3.30 3.40

Figure 6.18: Estimated value, measured value, residual, and normalized residual of the current
measurement at the secondary side (test A).
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The estimated value, measured value, residual, and normalized residual of the voltage
measurement at the primary side are presented in the following figure. Note that the
residuals are very small. Additionally, the residuals of all measurements in this figure are
relatively high at the beginning of the test, and then, they are decreasing as time passes.

Program XfmHms - Page 1 of 1

c:\000\project_dse_2\backup_20130402_matlab_thesis data\xfmr_n5_normal_results_1 - Feb 20, 2012, 08:29:03.000

188.7 AcrossMeasurement_Voltage_Estimated_PhaseAN_Side1_t, A (kV)

-187.3 —

188.7 - AcrossMeasurement_Voltage_Measured_PhaseAN_Side1_t, A (kV)

-187.3 —

AcrossMeasurement_Voltage_Residual_PhaseAN_Side1_t, A (kV)
100.3 m—

-25.97 m-
4.359 m—

-1.129 m—

187.4 AcrossMeasurement_Voltage_Estimated_PhaseBN_Side1_t, B (kV)

-187.3 —

187.4— AcrossMeasurement_Voltage_Measured_PhaseBN_Side1_t, B (kV)

-187.3 —

AcrossMeasurement_Voltage_Residual_PhaseBN_Side1_t, B (kV)
30.21 m—

-113.7 m—

1.314 m— AcrossMeasurement_Voltage_NormalizedResidual_PhaseBN_Side1_t, B (kV)

-4.942 m—

186.6 . AcrossMeasurement_Voltage_Estimated_PhaseCN_Side1_t, C (kV)

-188.0 —
186.6 AcrossMeasurement_Voltage_Measured_PhaseCN_Side1_t, C (kV)
-188.0 —
76.31 m—
-16.13 m—

3.318 m- AcrossMeasurement_Voltage_NormalizedResidual_PhaseCN_Side1_t, C (kV)

-701.2 u-

\ \
3.10 3.20 3.30 3.40

Figure 6.19: Estimated value, measured value, residual, and normalized residual of the voltage
measurement at the primary side (test A).
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The estimated value, measured value, residual, and normalized residual of the voltage
measurement at the secondary side are presented in the following figure. Note that the
residuals are very small. Additionally, the residuals of all measurements in this figure are
relatively high at the beginning of the test, and then, they are decreasing as time passes.

Program XfmHms - Page 1 of 1

c:\000\project_dse_2\backup_20130402_matlab_thesis data\xfmr_n5_normal_results_1 - Feb 20, 2012, 08:29:03.000

04.24 AcrossMeasurement_Voltage_Estimated_PhaseAN_Side2_t, A (kV)

-93.54 —

04.24 AcrossMeasurement_Voltage_Measured_PhaseAN_Side2_t, A (kV)

-93.54 —

2.383 m AcrossMeasurement_Voltage_Residual_PhaseAN_Side2_t, A (kV)

-1.439 m—
207.3 u—

-125.1 u-

93.87 AcrossMeasurement_Voltage_Estimated_PhaseBN_Side2_t, B (kV)

-94.33 —

93.87 - AcrossMeasurement_Voltage_Measured_PhaseBN_Side2_t, B (kV)

-94.34 —

AcrossMeasurement_Voltage_Residual_PhaseBN_Side2_t, B (kV)
1.308 m—

-5.558 m—

13.7 u- AcrossMeasurement_Voltage_NormalizedResidual_PhaseBN_Side2_t, B (kV)

-483.3 u—

93.16 AcrossMeasurement_Voltage_Estimated_PhaseCN_Side2_t, C (kV)

-93.82
93.16 . AcrossMeasurement_Voltage_Measured_PhaseCN_Side2_t, C (kV)

-93.82
4.592 m—
-834.4 u-

399.3 u_, AcrossMeasurement_Voltage_NormalizedResidual_PhaseCN_Side2_t, C (kV)

-72.56 u—

\ \
3.10 3.20 3.30 3.40

Figure 6.20: Estimated value, measured value, residual, and normalized residual of the voltage
measurement at the secondary side (test A).
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The simulation results are available for further research and analysis. They are
stored in the format of COMTRADE, generating the following files:

e XFMR N5 NORMAL results 1.cfg and XFMR N5 NORMAL results 1.dat:
the estimated values of all state variables, the estimated and measured values of
all across measurements, the residuals of all across measurements, the normalized
residuals of all across measurements, the estimated and measured values of all
through measurements, the residuals of all through measurements, the normalized
residuals of all through measurements, the estimated and measured values of all
pseudo measurements, the residuals of all pseudo measurements, the normalized
residuals of all pseudo measurements, the degrees of freedom, the chi-square
critical values, the confidence levels, and the processing time.

e XFMR N5 NORMAL results 2.cfg and XFMR N5 NORMAL results 2.dat:
the estimated and measured values of all virtual measurements, the residuals of all
virtual measurements, and the normalized residuals of all virtual measurements,
the degrees of freedom, the chi-square critical values, the confidence levels, and

the processing time.

6422 Simulation Results for Test B: Transformer Energization (Inrush Current)

For the transformer energization, the confidence level obtained by the developed
dynamic state estimator is shown in Figure 6.21. The result graph shows that the
confidence level stays at 100% all the time, which means that the measurements are
consistent with the model, and there is no internal fault during the simulation.

Confidence_Level (Percent)

100.0

0.000

I B S A I ; I
3.10 3.20 3.30 3.40

Figure 6.21: Confidence level (test B: transformer energization).
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The measured and estimated values of the current measurements at the primary

and secondary side are shown with different colors as shown in Figure 6.22. Note that the

measured and estimated values match closely even when the transformer is energizing
around 3 seconds.

Program XfmHms - Page 1 of 1

680.2 m—

ThroughMeasurement_Current_Estimated_PhaseA_Side1_t, A (kA)
hreughMeasurement_Current_Measured_PhaseA_Side1_t, A (kA)

-486.3 m—

5358 m—  JTou

ghMeasurement_Current_Estimated_PhaseB_Side1_t, B (kA)
VIV VA

A

AN AR
\ M A AN

A R
Y

vV \ / f “W\ W ’[w\\\ /
373.8m- | ' Y vV V V V V \ vV oV
415.6 m ThroughMeasurement_Current_Estimated_PhaseC_Side1_t, C (kA)

-om ThioughMeaduremeént Cuyrent Meaguredl_Phaseq\Sidei\t, G (KA)
-779.8 m—
876.1 m—

ThroughMeasurement_Current_Estimated_PhaseA_Side2_t, A (kA)
ThioughMeagurgment /Curre: pagured

RhageA\ Sitle2\ t, A (KA)

-1.685 —
1 _ ThroughMeasurement_Current_Estimated_PhaseB_Side2_t, B (kA)
075 hrgughMeasurement_Gurrent, Measyred_PhaseB_Side2_t, B,(kA
-971.4 m-
1.467 ThroughMeasurement_Current_Measured_PhaseC_Side2_t, C (kA)
-785.4 m—

ThroughMeasurement_Current_Estimated_PhaseN_Side2_t, N (kA)

3117 m hroughMeasurement_Current_Measured_PhaseN_Side2_t, N (kA)

-33.61 m—
100.0 — Confidence_Level (Percent)
0.000 —
T ‘ T T ‘ T T ‘ T T ‘ T
3.10 3.20 3.30 3.40
Figure 6.22: Estimated and measured values of the current measurements with the confidence level
(test B).
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The measured and estimated values of the voltage measurements at the primary and
secondary side are also compared in Figure 6.23. Note that the measured and estimated

values match closely even when the transformer is energizing around 3 seconds.

Program XfmHms - Page 1 of 1

2548 AcrossMeasurement_Voltage_Estimated_PhaseAN_Side1_t, A (kV)
y AgrosgMeasurement_Voltage Measured, PhaseAN,_Side1, t, A (kV)

-251.6 —
AcrossMeasurement_Voltage_Estimated_PhaseBN_Side1_t, B (kV)

1997 MorhsshegsupenentiVattage Negsurkd [PhaseBN Sidk1 L BNKW 1 A A A\ [\ [\ |
T AR A AN A AAN A
( | AN AN AN AN AN AN A A A A A A A A A A A A A A A
YRR AR AN AN AN AN AN AN AN AN AN AN AN AN AV AN AV ANAN AR AN AN AR
,\Q\Mf/*‘,éq\w»\\ Pvrvrvrvrvr v v vy v vy vy
| | V) FAPAT VPRI YNV L VL q!\r\ur\\,‘y\\’,\’,ﬂ
\H"/\‘HH‘,\'&\'HH%CWHWNHHM“\'O,\‘ RYBRIRIRIRIRAYRIRY
/RIRIRVRIATRIRIRIR \“U VYUYV UV YV YV Y

2147{‘3%»\%"0}'\%44?“&}%%@@&# VYV VY VYV VYV VYUYV

257.6 AcrossMeasurement_Voltage_Estimated_PhaseCN_Side1_t, C (kV)
57.6 7, rassMeasurement_Voltage Measured_PhaseCN_Side1_t, C (kV

-241.4—

161.3 - AcrossMeasurement_Voltage_Estimated_PhaseAN_Side2_t, A (kV)
. AcrossMeasurement_Voltage_Measured_PhaseAN_Side2_t, A (kV)

-140.3 —

106.5 AcrossMeasurement_Voltage_Estimated_PhaseBN_Side2_t, B (kV)
-5 AcrbssMeasurementyVoltage_Measured_PhaseRBN_Side2_t, Byk

-119.2 —

12294 5 rogsMeasurement_Yoltage_Measuyred_PhaseCN_Side?2 _t, C (kV)

-132.7 -
Confidence_Level (Percent)

100.0

0.000 -

3.10 3.20 3.30 3.40

Figure 6.23: Estimated and measured values of the voltage measurements with the confidence level
(test B).
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From Figure 6.22 and Figure 6.23, it can be concluded that the estimated voltages and
currents match closely the measured ones during the transformer energization.

The estimated value, measured value, residual, and normalized residual of the
current measurement at the primary side are presented in the following figure. Note that
the residuals are very small.

Program XfmHms - Page 1 of 1

c:\000\project_dse_2\backup_20130402_matlab_thesis data\xfmr_n5_energization_results_1 - Feb 20, 2012, 08:29:0

680.2 m ThroughMeasurement_Current_Estimated_PhaseA_Side1_t, A (kA)

-486.3 m

680.2 m ThroughMeasurement_Current_Measured_PhaseA_Side1_t, A (kA)

-486.3 m
8.898 u ThroughMeasurement_Current_Residual_PhaseA_Side1_t, A (kA)
-9.023 u

2.224 mj

-2.256 m

535.8 m ThroughMeasurement_Current_Estimated_PhaseB_Side1_t, B (kA)
-373.8 m
535.8 m ThroughMeasurement_Current_Measured_PhaseB_Side1_t, B (kA)
-373.8 m

8.864 u ThroughMeasurement_Current_Residual_PhaseB_Side1_t, B (kA)

-8.744 u
ThroughMeasurement_Current_NormalizedResidual_PhaseB_Side1_t, B (kA)

2.216 mj

415.6 m ThroughMeasurement_Current_Estimated_PhaseC_Side1_t, C (kA)

-779.8 m

415.6 m ThroughMeasurement_Current_Measured_PhaseC_Side1_t, C (kA)

-779.8 m
8.852 u]
-8.920 u
2213 m ThroughMeasurement_Current_NormalizedResidual_PhaseC_Side1_t, C (kA)

-2.230 m

\ \ \ \
3.10 3.20 3.30 3.40

Figure 6.24: Estimated value, measured value, residual, and normalized residual of the current
measurement at the primary side (test B).
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The estimated value, measured value, residual, and normalized residual of the current
measurement at the secondary side are presented in the following figure. Note that

residuals are very small.

Program XfmHms - Page 1 of 1

c:\000\project_dse_2\backup_20130402_matlab_thesis data\xfmr_n5_energization_results_1 - Feb 20, 2012, 08:29:0
876.1 ThroughMeasurement_Current_Estimated_PhaseA_Side2_t, A (kA)
-1.685

876.1 ThroughMeasurement_Current_Measured_PhaseA_Side2_t, A (kA)

-1.685
13.58 ThroughMeasurement_Current_Residual_PhaseA_Side2_t, A (kA)
-14.11

1.698
-1.763

ThroughMeasurement_Current_Estimated_PhaseB_Side2_t, B (kA)
10757 A ANANANANANANANANANNAANANANNNANANANANANNNANANNS
-971.4 m]

ThroughMeasurement_Current_Measured_PhaseB_Side2_t, B (kA)
1.075
-971.4 m]

13.62
-13.93

ThroughMeasurement_Current_Residual_PhaseB_Side2_t, B (kA)

1.703 ThroughMeasurement_Current_NormalizedResidual_PhaseB_Side2_t, B (kA)

-1.741

1.467 ThroughMeasurement_Current_Estimated_PhaseC_Side2_t, C (kA)

-785.4
1.467
-785.4 m]

13.49
-14.14

ThroughMeasurement_Current_Measured_PhaseC_Side2_t, C (kA)

1.686 ThroughMeasurement_Current_NormalizedResidual_PhaseC_Side2_t, C (kA)

-1.768
ThroughMeasurement_Current_Estimated_PhaseN_Side2_t, N (kA)

38161 )
3147 ThroughMeasurement_Current_Measured_PhaseN_Side2_t, N (kA)

-33.61
13.48 ThroughMeasurement_Current_Residual_PhaseN_Side2_t, N (kA)
-14.04
1.685 ThroughMeasurement_Current_NormalizedResidual_PhaseN_Side2_t, N (kA)
-1.755

\ \ \ \
3.10 3.20 3.30 3.40

Figure 6.25: Estimated value, measured value, residual, and normalized residual of the current
measurement at the secondary side (test B).
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The estimated value, measured value, residual, and normalized residual of the voltage
measurement at the primary side are presented in the following figure. Note that residuals

are very small.

Program XfmHms - Page 1 of 1

c:\000\project_dse_2\backup_20130402_matlab_thesis data\xfmr_n5_energization_results_1 - Feb 20, 2012, 08:29:0

254.8 AcrossMeasurement_Voltage_Estimated_PhaseAN_Side1_t, A (kV)

-251.6 -

254.8 AcrossMeasurement_Voltage_Measured_PhaseAN_Side1_t, A (kV)

-251.6 —

AcrossMeasurement_Voltage_Residual_PhaseAN_Side1_t, A (kV)
197.8 u—

-223.8 u-’
8.601 u—

-9.730 u—

199.7 - AcrossMeasurement_Voltage_Estimated_PhaseBN_Side1_t, B (kV)

-214.7 -

199.7 AcrossMeasurement_Voltage_Measured_PhaseBN_Side1_t, B (kV)

-214.7 —

AcrossMeasurement_Voltage_Residual_PhaseBN_Side1_t, B (kV)
188.7 u—

-193.5 u-

8.205 u_. AcrossMeasurement_Voltage_NormalizedResidual_PhaseBN_Side1_t, B (kV)

-8.415 u-

257.6 - AcrossMeasurement_Voltage_Estimated_PhaseCN_Side1_t, C (kV)

-241.4 -
257.6 AcrossMeasurement_Voltage_Measured_PhaseCN_Side1_t, C (kV)
-241.4-
190.7 u—
-217.6 u-

8.290 U, AcrossMeasurement_Voltage_NormalizedResidual_PhaseCN_Side1_t, C (kV)

-9.463 u—

3.10 3.20 3.30 3.40

Figure 6.26: Estimated value, measured value, residual, and normalized residual of the voltage
measurement at the primary side (test B).
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The estimated value, measured value, residual, and normalized residual of the voltage
measurement at the secondary side are presented in the following figure. Note that
residuals are very small.

Program XfmHms - Page 1 of 1

c:\000\project_dse_2\backup_20130402_matlab_thesis data\xfmr_n5_energization_results_1 - Feb 20, 2012, 08:29:0

161.3 - AcrossMeasurement_Voltage_Estimated_PhaseAN_Side2_t, A (kV)

-140.3 -

161.3 AcrossMeasurement_Voltage_Measured_PhaseAN_Side2_t, A (kV)

-140.3 —

16.10 u AcrossMeasurement_Voltage_Residual_PhaseAN_Side2_t, A (kV)

-15.91 u-
1.400 u—

-1.384 u—

106.5 AcrossMeasurement_Voltage_Estimated_PhaseBN_Side2_t, B (kV)

-119.2 -

106.5 AcrossMeasurement_Voltage_Measured_PhaseBN_Side2_t, B (kV)

-119.2 —

13.61 u- AcrossMeasurement_Voltage_Residual_PhaseBN_Side2_t, B (kV)

-12.59 u-

1.183 u AcrossMeasurement_Voltage_NormalizedResidual_PhaseBN_Side2_t, B (kV)

-1.095 u—

1229 AcrossMeasurement_Voltage_Estimated_PhaseCN_Side2_t, C (kV)

-132.7 -
1229 AcrossMeasurement_Voltage_Measured_PhaseCN_Side2_t, C (kV)
-132.7 -
12.71 u—
-14.77 u—

1.105 u- AcrossMeasurement_Voltage_NormalizedResidual_PhaseCN_Side2_t, C (kV)

-1.285 u—

3.10 3.20 3.30 3.40

Figure 6.27: Estimated value, measured value, residual, and normalized residual of the voltage
measurement at the secondary side (test B).
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The simulation results are available for further research and analysis. They are

stored in the format of COMTRADE, generating the following files:

6.4.2.3

XFMR N5 ENERGIZATION results 1.cfg and

XFMR N5 ENERGIZATION results 1.dat: the estimated values of all state
variables, the estimated and measured values of all across measurements, the
residuals of all across measurements, the normalized residuals of all across
measurements, the estimated and measured values of all through measurements,
the residuals of all through measurements, the normalized residuals of all through
measurements, the estimated and measured values of all pseudo measurements,
the residuals of all pseudo measurements, the normalized residuals of all pseudo
measurements, the degrees of freedom, the chi-square critical values, the
confidence levels, and the processing time.

XFMR N5 ENERGIZATION results 2.cfg and

XFMR N5 ENERGIZATION results 2.dat: the estimated and measured values
of all virtual measurements, the residuals of all virtual measurements, and the
normalized residuals of all virtual measurements, the degrees of freedom, the chi-

square critical values, the confidence levels, and the processing time.

Simulation Results for Test C: Transformer Overexcitation

For the transformer overexcitation, the confidence level obtained by the

developed dynamic state estimator is shown in Figure 6.28. The result graph shows that

the confidence level stays at 100% all the time, which means that the measurements are

consistent with the model, and there is no internal fault during the simulation.

Confidence_Level (Percent)

100.00

0.000 —

Figure 6.28: Confidence level (test C: transformer overexcitation).
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The measured and estimated values of the current measurements at the primary
and secondary side are shown with different colors as shown in Figure 6.29. Note that the
estimated and measured values match well.

Program XfmHms - Page 1 of 1

ThroughMeasurement_Current_Estimated_PhaseA_Side1_t, A (kA)

508.5 m— urrent_Measured, PhaseA_Side1

-414.1 m—

419.7 m—

N Y.

ThroughlVJeasurement_Current_Estimated_Pha§eB_Side1_t, B (kA)

3733m-

401.0 m—

-535.3 m-

829.3 m—

-1.078 —

852.8 m—

-806.2 m—

924.5 m—

-785.4 m-

ThroughMeasurement_Current_Estimated_PhaseN_Side2_t, N (kA)

12.21 m—

ThroughMeasurement_Current_Measuyed_PhaseN_Side2_t, N (kA)

-9.391 m—

Confidence_Level (Percent)

100.00 —

0.000 —

T ‘ T T ‘ T T ‘ T T ‘ T
3.020 3.040 3.060 3.080

Figure 6.29: Estimated and measured values of the current measurements with the confidence level
(test C).
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The measured and estimated values of the voltage measurements at the primary and
secondary side are also compared in Figure 6.30. Note that the estimated and measured
values match well.

Program XfmHms - Page 1 of 1

199.6

-207.1 -
AcrossMeasuremerlt_VoItage_Estimatgd_PhaseBN_Side1:t, B (kV)

189.5 _

-188.8 —

210.4 4

-199.9 —

111.4

-107.4—

97.29 . AcrossMeasurement_Voltage_Estimated_PhaseBN_Side2_t, B (kV)

-101.6 —

98.14 4

-103.4 —

Confidence_Level (Percent)

100.00

0.000 —

T ‘ T T ‘ T T ‘ T T ‘ T
3.020 3.040 3.060 3.080

Figure 6.30: Estimated and measured values of the voltage measurements with the confidence level
(test C).
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From Figure 6.29 and Figure 6.30, it can be concluded that the estimated voltages and
currents match well with measured ones during the transformer overexcitation.

The estimated value, measured value, residual, and normalized residual of the
current measurement at the primary side are presented in the following figure. Note that
the residuals are very small. Additionally, the residuals of all measurements in this figure
are relatively high at the beginning of the test, and then, they are decreasing as time
passes.

Program XfmHms - Page 1 of 1

c:\000\project_dse_2\backup_20130402_matlab_thesis data\xfmr_n5_overexcitation_results_1 - Feb 20, 2012, 08:29

508.5m ThroughMeasurement_Current_Estimated_PhaseA_Side1_t, A (kA)

4141 m

508.5m ThroughMeasurement_Current_Measured_PhaseA_Side1_t, A (kA)

4141 m

0.842 u ThroughMeasurement_Current_Residual_PhaseA_Side1_t, A (kA)

-38.59 u
2.461 m]

-9.647 m

497 m ThroughMeasurement_Current_Estimated_PhaseB_Side1_t, B (kA)

-373.3m

4197 m ThroughMeasurement_Current_Measured_PhaseB_Side1_t, B (kA)

-373.3 m

2916 u ThroughMeasurement_Current_Residual_PhaseB_Side1_t, B (kA)

-10.59 u
9.791 m ThroughMeasurement_Current_NormalizedResidual_PhaseB_Side1_t, B (kA)
-2.647 m
401.0m ThroughMeasurement_Current_Estimated_PhaseC_Side1_t, C (kA)
-535.3 m
401.0m ThroughMeasurement_Current_Measured_PhaseC_Side1_t, C (kA)
-535.3 m
13.04 u]
-12.67 u
3.261 m ThroughMeasurement_Current_NormalizedResidual_PhaseC_Side1_t, C (kA)

-3.166 m

T T T T
3.020 3.040 3.060 3.080

Figure 6.31: Estimated value, measured value, residual, and normalized residual of the current
measurement at the primary side (test C).
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The estimated value, measured value, residual, and normalized residual of the current
measurement at the secondary side are presented in the following figure. Note that
residuals are very small. Additionally, the residuals of all measurements in this figure
except the phase-N current measurement are relatively high at the beginning of the test,
and then, they are decreasing as time passes. The phase-N current measurement has
relatively small values compared to other through measurements, so the initial values of
the past-history have little influence on the residuals of the phase-N through measurement.

Program XfmHms - Page 1 of 1

c:\000\project_dse_2\backup_20130402_matlab_thesis data\xfmr_n5_overexcitation_results_1 - Feb 20, 2012, 08:29

829.3 m ThroughMeasurement_Current_Estimated_PhaseA_Side2_t, A (kA)

-1.078

829.3m ThroughMeasurement_Current_Measured_PhaseA_Side2_t, A (kA)
-1.077

12.85 ThroughMeasurement_Current_Residual_PhaseA_Side2_t, A (kA)

-44.40

1.605 m]
-5.550 m

852.8 m ThroughMeasurement_Current_Estimated_PhaseB_Side2_t, B (kA)
-806.2 m
852.8m ThroughMeasurement_Current_Measured_PhaseB_Side2_t, B (kA)
-806.2 m
82.40 ThroughMeasurement_Current_Residual_PhaseB_Side2_t, B (kA)
-17.15
10.30 m ThroughMeasurement_Current_NormalizedResidual_PhaseB_Side2_t, B (kA)
2144 m
924.5m ThroughMeasurement_Current_Estimated_PhaseC_Side2_t, C (kA)
-785.4 m
924.5m ThroughMeasurement_Current_Measured_PhaseC_Side2_t, C (kA)
-785.4 m

16.12
-51.21
2.015m ThroughMeasurement_Current_NormalizedResidual_PhaseC_Side2_t, C (kA)
-6.401 m

1221 m ThroughMeasurement_Current_Estimated_PhaseN_Side2_t, N (kA)

-9.391 m

1221 m ThroughMeasurement_Current_Measured_PhaseN_Side2_t, N (kA)
-9.391 m
8.851 ThroughMeasurement_Current_Residual_PhaseN_Side2_t, N (kA)
-9.045
1106 m ThroughMeasurement_Current_NormalizedResidual_PhaseN_Side2_t, N (kA)
1131 m

T T T T
3.020 3.040 3.060 3.080

Figure 6.32: Estimated value, measured value, residual, and normalized residual of the current
measurement at the secondary side (test C).
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The estimated value, measured value, residual, and normalized residual of the voltage
measurement at the primary side are presented in the following figure. Note that residuals
are very small. Additionally, the residuals of all measurements in this figure are relatively
high at the beginning of the test, and then, they are decreasing as time passes.

Program XfmHms - Page 1 of 1

c:\000\project_dse_2\backup_20130402_matlab_thesis data\xfmr_n5_overexcitation_results_1 - Feb 20, 2012, 08:29

199.6 AcrossMeasurement_Voltage_Estimated_PhaseAN_Side1_t, A (kV)

-207.1 —

199.6 . AcrossMeasurement_Voltage_Measured_PhaseAN_Side1_t, A (kV)

-207.1 -

AcrossMeasurement_Voltage_Residual_PhaseAN_Side1_t, A (kV)
21.00 m—

-3.629 m—
913.1 u—

-157.8 u—
189.5 AcrossMeasurement_Voltage_Estimated_PhaseBN_Side1_t, B (kV)
e f\/\N\_/\/
189.5 . AcrossMeasurement_Voltage_Measured_PhaseBN_Side1_t, B (kV)

-188.8 —

3.864 m AcrossMeasurement_Voltage_Residual_PhaseBN_Side1_t, B (kV)

-22.07 m—

168.0 U AcrossMeasurement_Voltage_NormalizedResidual_PhaseBN_Side1_t, B (kV)

-959.4 u—

2104, AcrossMeasurement_Voltage_Estimated_PhaseCN_Side1_t, C (kV)

-199.9 -
210.4 . AcrossMeasurement_Voltage_Measured_PhaseCN_Side1_t, C (kV)

-199.9 -
6.303 m—
-6.871 m—

274.0 u— AcrossMeasurement_Voltage_NormalizedResidual_PhaseCN_Side1_t, C (kV)

-298.8 u—

T ‘ T T ‘ T T ‘ T T ‘ T
3.020 3.040 3.060 3.080

Figure 6.33: Estimated value, measured value, residual, and normalized residual of the voltage
measurement at the primary side (test C).
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The estimated value, measured value, residual, and normalized residual of the voltage
measurement at the secondary side are presented in the following figure. Note that
residuals are very small. Additionally, the residuals of all measurements in this figure are

relatively high at the beginning of the test, and then, they are decreasing as time passes.

Program XfmHms - Page 1 of 1

c:\000\project_dse_2\backup_20130402_matlab_thesis data\xfmr_n5_overexcitation_results_1 - Feb 20, 2012, 08:29
AcrossMeasurement_Voltage_Estimated_PhaseAN_Side2_t, A (kV)

111.4
-107.4—
1114 AcrossMeasurement_Voltage_Measured_PhaseAN_Side2_t, A (kV)
-107.4 - m
4711 u AcrossMeasurement_Voltage_Residual_PhaseAN_Side2_t, A (kV)
-101.0 u—
40.97 u—
-8.559 u—
97.29 AcrossMeasurement_Voltage_Estimated_PhaseBN_Side2_t, B (kV)
-101.6 —
97.29 . AcrossMeasurement_Voltage_Measured_PhaseBN_Side2_t, B (kV)
-101.6 —
AcrossMeasurement_Voltage_Residual_PhaseBN_Side2_t, B (kV)
165.1 u—
-1.166 m—
14.36 U AcrossMeasurement_Voltage_NormalizedResidual_PhaseBN_Side2_t, B (kV)
-101.4 u—
98.13 AcrossMeasurement_Voltage_Estimated_PhaseCN_Side2_t, C (kV)
-103.4 —
98.14 . AcrossMeasurement_Voltage_Measured_PhaseCN_Side2_t, C (kV)
-103.4 -
607.7 u—
-168.9 u—
52.97 U, AcrossMeasurement_Voltage_NormalizedResidual_PhaseCN_Side2_t, C (kV)
4469 ) /\/_/\/‘/W\J_\

T T T T
3.020 3.040 3.060 3.080

Figure 6.34: Estimated value, measured value, residual, and normalized residual of the voltage
measurement at the secondary side (test C).
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The simulation results are available for further research and analysis. They are

stored in the format of COMTRADE, generating the following files:

6.4.2.4

XFMR N5 OVEREXCITATION results 1.cfg and

XFMR N5 OVEREXCITATION results 1.dat: the estimated values of all state
variables, the estimated and measured values of all across measurements, the
residuals of all across measurements, the normalized residuals of all across
measurements, the estimated and measured values of all through measurements,
the residuals of all through measurements, the normalized residuals of all through
measurements, the estimated and measured values of all pseudo measurements,
the residuals of all pseudo measurements, the normalized residuals of all pseudo
measurements, the degrees of freedom, the chi-square critical values, the
confidence levels, and the processing time.

XFMR N5 OVEREXCITATION results 2.cfg and

XFMR N5 OVEREXCITATION results 2.dat: the estimated and measured
values of all virtual measurements, the residuals of all virtual measurements, and
the normalized residuals of all virtual measurements, the degrees of freedom, the

chi-square critical values, the confidence levels, and the processing time.

Simulation Results for Test D: Through-fault Condition

For the through-fault condition, the confidence level obtained by the developed

dynamic state estimator is shown in Figure 6.30. The result graph shows that the

confidence level stays at 100% all the time, which means that the measurements are

consistent with the model, and there is no internal fault during the simulation.

1000 -, _Confidence_Level (Percent)

0.000 -
3.10 3.20 3.30 3.40

Figure 6.35: Confidence level (test D: the through-fault condition).
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The measured and estimated values of the current measurements at the primary
and secondary side are shown with different colors as shown in Figure 6.36. The
estimated values match well the measured values.

Program XfmHms - Page 1 of 1

ThroughMeasurement_Current_Estimated_PhasgA_Side1_t, A (kA)
1.210 ThroughMeasurement_Current_Meas eA_Side1_t, A (kA)
-703.7 m—
489.6 m— : 1ated_Phase?_§|de1_t, B (kA);‘
A NN M‘ J“N’w} [

AN

VUV VY VUV VWYY T

-484.5 m- " h
ThroughMeasurement_Current_Estimated_PhasgC_Side1_t, C (kA)

647.7m7  ThyoughMeasurement_Current Meas) retl_PhageG, Side1, t, C (kA)

-857.5 m—
1.537 ThroughMeasurement_Current_Estimated_PhasgA_Side2_t, A (kA)
' ThroughMeasurement_Current_Meagured_F 5‘- A, Side2 t, A (kA)
-2.369 —
1.839 - ThroughMeasurement_Current_Estimated_PhasgB_Side2_t, B (kA)
: ThroughMeasurement_Current_Measyled_PhaseB_Side2_t, B (kA)
-1.255 —
808.5 m ThrogighMeasutemenf\ Cirrent_Meadsufed
-803.6 m—
ThroughMeasurement_Current_Estimated_PhasgN_Side2_t, N (kA)
46.60 m— ThroughMeasurement_Current_Measilired PhaseN, Side2_t, N (kA)
-46.98 m—
100.0 — Confidence_Level (Percent)
0.000 —

3.10 3.20 3.30 3.40

Figure 6.36: Estimated and measured values of the current measurements with the confidence level
(test D).
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The measured and estimated values of the voltage measurements at the primary and

secondary side are also compared in Figure 6.37. The estimated values match well the
measured values.

Program XfmHms - Page 1 of 1

288.6 AcrossMeasurement_VoItage_Estiméted_PhasenN_Side1_t, A (kV)
“971 AcrossMeasurement_Voltage Measured_PhaseAN Side1 t, A (kV)

-365.7 —
222.8 AcrossMeasurement_Voltage_Estimated_PhaseBN_Side1_t, B (kV)

' Resplegsurements Vojtage easufd LhaseBNISigel A Bk n n A A n A A DS
AV A A AR A A y/
mew wmwmumw.w,www\w\/
JVUVV YV VYUY MWMMMMMMMww

-257.6 !

268.8 - AcrossMeasurement_Voltage_Estimated_PhaseCN_Side1_t, C (kV)
- AcrossMeasurement_Voltage_Measured_Phase! i

-232.7 —

125.5 . AcrossMeasurement_Voltage_Estimated_PhaseAN_Side2_t, A (kV)
5.5 AcrossMeasurement_Vpltage_Measured_PhaseAN|| Sifle2, t, A (kV)

-148.2 —

129.0 . AcrossMeasurement_Voltage_Estimated_PhaseBN_Side2_t, B (kV)
. AcrossMeasurement_Voltage_lleasured_Phase| ide2_t, B(kV.

-129.4 —

97.19 4

-96.97 —

Confidence_Level (Percent)

100.0

0.000 -

3.10 3.20 3.30 3.40

Figure 6.37: Estimated and measured values of the voltage measurements with the confidence level
(test D).
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From Figure 6.36 and Figure 6.37, it can be concluded that the estimated voltages and
currents match well the measured ones during the through-fault condition.

The estimated value, measured value, residual, and normalized residual of the
current measurement at the primary side are presented in the following figure. Note that
the residuals are very small. Additionally, the residuals of all measurements in this figure
are relatively high at the beginning of the test, and then, they are decreasing as time
passes.

Program XfmHms - Page 1 of 1

c:\000\project_dse_2\backup_20130402_matlab_thesis data\xfmr_n5_through_fault_results_1 - Feb 20, 2012, 08:29:

1.210 ThroughMeasurement_Current_Estimated_PhaseA_Side1_t, A (kA)

-703.7 m

1.210 ThroughMeasurement_Current_Measured_PhaseA_Side1_t, A (kA)

-703.7 m
ThroughMeasurement_Current_Residual_PhaseA_Side1_t, A (kA)

46.58 u

177.5u
11.64 m]

-44.36 m

489.6 m ThroughMeasurement_Current_Estimated_PhaseB_Side1_t, B (kA)

-484.5 m

489.6 m ThroughMeasurement_Current_Measured_PhaseB_Side1_t, B (kA)

-484.5 m

197.6 u ThroughMeasurement_Current_Residual_PhaseB_Side1_t, B (kA)

-52.60 u

49.40 m ThroughMeasurement_Current_NormalizedResidual_PhaseB_Side1_t, B (kA)

-13.15m

647.7 m ThroughMeasurement_Current_Estimated_PhaseC_Side1_t, C (kA)

-857.5m

647.7 m ThroughMeasurement_Current_Measured_PhaseC_Side1_t, C (kA)

-857.5m
33.69 u]
-132.6 u

8.423 m ThroughMeasurement_Current_NormalizedResidual_PhaseC_Side1_t, C (kA)

-33.14 m

Figure 6.38: Estimated value, measured value, residual, and normalized residual of the current
measurement at the primary side (test D).
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The estimated value, measured value, residual, and normalized residual of the current
measurement at the secondary side are presented in the following figure. Note that
residuals are very small. Additionally, the residuals of all measurements in this figure
except the phase-N current measurement are relatively high at the beginning of the test,
and then, they are decreasing as time passes. The phase-N current measurement has
relatively small values compared to other through measurements, so the initial values of
the past-history have little influence on the residuals of the phase-N through measurement.

Program XfmHms - Page 1 of 1

c:\000\project_dse_2\backup_20130402_matlab_thesis data\xfmr_n5_through_fault_results_1 - Feb 20, 2012, 08:29:

1.537 ThroughMeasurement_Current_Estimated_PhaseA_Side2_t, A (kA)

-2.369

1537 ThroughMeasurement_Current_Measured_PhaseA_Side2_t, A (kA)
-2.369
124.0 ThroughMeasurement_Current_Residual_PhaseA_Side2_t, A (kA)
-203.8

15.50

-25.48

1.839 ThroughMeasurement_Current_Estimated_PhaseB_Side2_t, B (kA)
-1.255
1.839 ThroughMeasurement_Current_Measured_PhaseB_Side2_t, B (kA)
-1.255
396.1 ThroughMeasurement_Current_Residual_PhaseB_Side2_t, B (kA)
-113.8

49.51 ThroughMeasurement_Current_NormalizedResidual_PhaseB_Side2_t, B (kA)

-14.23

808.5 ThroughMeasurement_Current_Estimated_PhaseC_Side2_t, C (kA)

-803.6

808.4 ThroughMeasurement_Current_Measured_PhaseC_Side2_t, C (kA)

-803.6

75.97
-336.6

ThroughMeasurement_Current_NormalizedResidual_PhaseC_Side2_t, C (kA)

9.497
-42.08
46.60 ThroughMeasurement_Current_Estimated_PhaseN_Side2_t, N (kA)
g —_— e
-46.97 !

46.60 ThroughMeasurement_Current_Measured_PhaseN_Side2_t, N (kA)
' — el e

et

-46.98
15.48 ThroughMeasurement_Current_Residual_PhaseN_Side2_t, N (kA)
-15.58
1.934 ThroughMeasurement_Current_NormalizedResidual_PhaseN_Side2_t, N (kA)
-1.948

Figure 6.39: Estimated value, measured value, residual, and normalized residual of the current
measurement at the secondary side (test D).

174



The estimated value, measured value, residual, and normalized residual of the voltage
measurement at the primary side are presented in the following figure. Note that residuals
are very small. Additionally, the residuals of all measurements in this figure are relatively
high at the beginning of the test, and then, they are decreasing as time passes.

Program XfmHms - Page 1 of 1

c:\000\project_dse_2\backup_20130402_matlab_thesis data\xfmr_n5_through_fault_results_1 - Feb 20, 2012, 08:29:

288.6 AcrossMeasurement_Voltage_Estimated_PhaseAN_Side1_t, A (kV)

-365.7 —

288.6 . AcrossMeasurement_Voltage_Measured_PhaseAN_Side1_t, A (kV)

-365.7 —

AcrossMeasurement_Voltage_Residual_PhaseAN_Side1_t, A (kV)
100.1 m—

-44.41 m-
4.353 m—

-1.931 m—

222.8 AcrossMeasurement_Voltage_Estimated_PhaseBN_Side1_t, B (kV)

-257.6 —

2228 AcrossMeasurement_Voltage_Measured_PhaseBN_Side1_t, B (kV)

-257.6 —

30.23 m AcrossMeasurement_Voltage_Residual_PhaseBN_Side1_t, B (kV)

-113.7 m—

1.314 m AcrossMeasurement_Voltage_NormalizedResidual_PhaseBN_Side1_t, B (kV)

-4.942 m—

268.8 AcrossMeasurement_Voltage_Estimated_PhaseCN_Side1_t, C (kV)

-232.7 -
268.8 . AcrossMeasurement_Voltage_Measured_PhaseCN_Side1_t, C (kV)

-232.7
76.27 m—
-16.16 m—

3.316 M AcrossMeasurement_Voltage_NormalizedResidual_PhaseCN_Side1_t, C (kV)

-702.4 u—

3.10 3.20 3.30 3.40

Figure 6.40: Estimated value, measured value, residual, and normalized residual of the voltage
measurement at the primary side (test D).
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The estimated value, measured value, residual, and normalized residual of the voltage
measurement at the secondary side are presented in the following figure. Note that
residuals are very small. Additionally, the residuals of all measurements in this figure are
relatively high at the beginning of the test, and then, they are decreasing as time passes.
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Figure 6.41: Estimated value, measured value, residual, and normalized residual of the voltage
measurement at the secondary side (test D).
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The simulation results are available for further research and analysis. They are

stored in the format of COMTRADE, generating the following files:

6.4.2.5

XFMR N5 THROUGH_FAULT results 1.cfg and

XFMR N5 THROUGH_ FAULT results 1.dat: the estimated values of all state
variables, the estimated and measured values of all across measurements, the
residuals of all across measurements, the normalized residuals of all across
measurements, the estimated and measured values of all through measurements,
the residuals of all through measurements, the normalized residuals of all through
measurements, the estimated and measured values of all pseudo measurements,
the residuals of all pseudo measurements, the normalized residuals of all pseudo
measurements, the degrees of freedom, the chi-square critical values, the
confidence levels, and the processing time.

XFMR N5 THROUGH_FAULT results 2.cfg and

XFMR N5 THROUGH_FAULT results 2.dat: the estimated and measured
values of all virtual measurements, the residuals of all virtual measurements, and
the normalized residuals of all virtual measurements, the degrees of freedom, the

chi-square critical values, the confidence levels, and the processing time.

Simulation Results for Test E: Internal-fault Condition

For the internal-fault condition, the confidence level obtained by the dynamic

state estimator is shown in Figure 6.42. During most of the time, the confidence level is

100%, which means that the measurements are consistent with the model. However, at

3.2 seconds, the confidence level drops to 0%, which indicates that an internal fault or

faults have occurred somewhere in the transformer. Then, the confidence level recovers

back to 100% in 0.05 seconds, indicating that the faults are cleared. However, the

confidence level is oscillating during 0.05 seconds after the faults are cleared. This is due

to the fact that the past-history values, v(z-4) and y(z-4), are inaccurate right after the
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faults are cleared (i.e., when the system model is changed). Nevertheless, this oscillation

is decreasing as time passes.

100.00 Confidence_Level (Percent) fl“-
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| * d I i . ) | . |
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Figure 6.42: Confidence level (test E: the internal-fault condition).
The measured and estimated values of the current measurements at the primary
and secondary side are compared with different colors as shown in Figure 6.43. Note the
estimated values matches well the measured values for the time intervals outside the fault

duration. They do not match well during the internals fault(s).
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Figure 6.43: Estimated and measured values of the current measurements with the confidence level
(test E).
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The measured and estimated values of the voltage measurements at the primary and

secondary side are also compared in Figure 6.44.
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Figure 6.44: Estimated and measured values of the voltage measurements with the confidence level

Note that there is a specific duration in which the confidence level is zero, and therefore,

3.20

(test E).

3.30

it can be concluded that any internal faults have occurred in the transformer under

protection during this period.
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The estimated value, measured value, residual, and normalized residual of the

current measurement at the primary side are presented in the following figure. Note that

the residuals are high during the internal fault condition and small outside the fault time

interval.
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Estimated value, measured value, residual, and normalized residual of the current
measurement at the primary side (test E).
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The estimated value, measured value, residual, and normalized residual of the current
measurement at the secondary side are presented in the following figure. Note that the
residuals are high during the internal fault condition and small outside the fault time
interval.
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Figure 6.46: Estimated value, measured value, residual, and normalized residual of the current
measurement at the secondary side (test E).
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The estimated value, measured value, residual, and normalized residual of the voltage
measurement at the primary side are presented in the following figure. Note that the
residuals are high during the internal fault condition and small outside the fault time
interval.
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Figure 6.47: Estimated value, measured value, residual, and normalized residual of the voltage
measurement at the primary side (test E).
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The estimated value, measured value, residual, and normalized residual of the voltage
measurement at the secondary side are presented in the following figure. Note that the
residuals are high during the internal fault condition and small outside the fault time

interval.
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measurement at the secondary side (test E).
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The simulation results are available for further research and analysis. They are

stored in the format of COMTRADE, generating the following files:

XFMR N5 INTERNAL FAULT results 1.cfg and

XFMR N5 INTERNAL FAULT results 1.dat: the estimated values of all state
variables, the estimated and measured values of all across measurements, the
residuals of all across measurements, the normalized residuals of all across
measurements, the estimated and measured values of all through measurements,
the residuals of all through measurements, the normalized residuals of all through
measurements, the estimated and measured values of all pseudo measurements,
the residuals of all pseudo measurements, the normalized residuals of all pseudo
measurements, the degrees of freedom, the chi-square critical values, the
confidence levels, and the processing time.

XFMR N5 INTERNAL FAULT results 2.cfg and

XFMR N5 INTERNAL FAULT results 2.dat: the estimated and measured
values of all virtual measurements, the residuals of all virtual measurements, and
the normalized residuals of all virtual measurements, the degrees of freedom, the

chi-square critical values, the confidence levels, and the processing time.

6.5 Summary

In this chapter, the setting-less component protection scheme is applied to the

three-phase, two-winding, variable-tap, and saturable-core transformer. First, hardware

requirements are discussed in terms of the accuracy of measurements, time synchronism,

and fast data communications. Based on the requirements, there are two recommended

selections: the first selection consists of a setting-less protection relay, PTs, CTs, and

cables, and the second one includes a setting-less protection relay, PTs, CTs, cables,

merging units, and the process bus equipped with fiber optic cables.
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To verify the proposed protection scheme, numerical experiments are performed
with the following five test scenarios: (1) the normal operating condition, (2) transformer
energization, (3) transformer overexcitation, (4) the through-fault condition, and (5) the
internal-fault condition. For the numerical experiments, the WinlGS software and the
COMTRADE format are used. The results of the numerical experiments indicates that the
confidence level becomes zero only when the internal faults occur inside the transformer
under protection, finally verifying that the proposed setting-less component protection
can reliably differentiate transformer internal faults from other conditions that indicate

normal transformer operation.
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CHAPTER 7

CONCLUSIONS AND FUTURE RESEARCH DIRECTION

7.1 Conclusions

This research work focuses on new operation, control, and protection schemes for
the restructured distribution system, which is characterized by the high penetration of
DGs and power-electronics-interfaced devices. These new schemes are aiming to solve
newly emerging grid problems in the distribution system from the three points of view: (1)
protection gaps, (2) the operation and control of DGs, and (3) the need for short-term
operational planning. First, the small fault currents of inverter-based DGs and
dynamically changing system topology have been reasons for protection gaps that may
lead traditional protection methods to false operations, so new philosophy of protection
should be introduced and developed. Next, the characteristics of DGs based on renewable
energy resources are continuously varying with environmental conditions, thereby
requiring instant-by-instant management to maximize the utilization of the DGs. Finally,
short-term operational planning is recommended in the restructured distribution system
because it is difficult to schedule the long-term planning of non-dispatchable DGs, which
is, in general, unpredictable in the long term. Moreover, the unintentional changes of
operational modes (e.g., switching to the islanded mode in emergency conditions) are
occurring in microgrids, so operational purposes and constraints must switch and adapt in

real time.

7.1.1 Design of Autonomous State Estimation

In an attempt to solve the newly emerging grid problems, this research work
proposes the autonomous and decentralized operation, providing architecture and

functionality as guidelines. The most fundamental tool for the autonomous operation is
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the ability to autonomously extract the model of the system in real time. This research
work introduces the concept of autonomous state estimation, which integrates all
information from all available devices in the local distribution system for extracting
accurate operating conditions in real time. For autonomous state estimation, the three
types of essential data are defined: (1) connectivity, (2) device models, and (3)
measurements. The connectivity refers to externally connecting points, and the device
model represents mathematical equations that describe the characteristic of a component.
The measurement data are numeric quantities measured by sensors in the field. For the
integration of these data, this research work proposes to deploy UMPCUSs or data-
acquisition units (e.g., meters, relays, or recorders) over a wide area; the UMPCU can not
only monitor a device under management but protect or control the device autonomously.

Based on connectivity and device models, autonomous state estimation
autonomously identifies state variables and integrates all device models, forming the
entire system model. Along with measurement data that streaming into the autonomous
state estimator, general state estimation, the well-known weighted-least-squares method,
is performed. This procedure is repeated in real time, which eventually produces the real-
time operating conditions of the local distribution system, making it possible to detect the
reconfiguration of system topology, which occurs when devices are plugged-in or
unplugged or when switches are operating.

The results of state estimation can be evaluated by the goodness of fit of models
to measurement data. Indeed, the goodness of fit can be quantified by the confidence
level, which is the probability that the distribution of measurement errors are within
expected bounds. In general, the high confidence level indicates that the system model is
consistent with measurement data. On the other hand, if there are any bad data, then the

confidence level is definitely low.
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7.1.2  Autonomous Operation of the Distribution System with DGs

This research work applies autonomous state estimation to the autonomous
operation of the distribution system from the three points of view: (1) setting-less
component protection, (2) instant-by-instant management, and (3) short-term operational
planning. These autonomous operations have different operational time frames; the
setting-less component protection operates every few cycles, the instant-by-instant
management does every few seconds, and the short-term operational planning does every
few minutes. Taking into consideration the time frames and operational purposes, both
the setting-less component protection and the instant-by-instant management need to be
implemented in a decentralized way, but the short-term operational planning is more
suited to centralized operation by the local DMS.

First, an innovative component protection scheme that is autonomous, setting-less,
and adaptive is proposed in this research work. The key concept is to use dynamic state
estimation, which produces the dynamic model of a component under protection using
real-time measurements and component dynamic models. Then, the results of dynamic
state estimation are evaluated using the well-known chi-square test, providing the
confidence level, which becomes an indicator that determines if any internal faults occur
or not. Meanwhile, the dynamic states estimated can be converted to quasi-static states
using GPS-synchronized measurement and phasor computation and then provided to the
local DMS.

Second, this research work proposes how to use the three sets of essential data
(i.e., connectivity, device models, and measurements) for determining the maximum
power points of a DG. Then, a generation controller uses the maximum power points for
regulating the DG to pull out maximum available power from renewable energy
resources. This research work deals with the MPPT of the PV panels and DFIG-based

wind turbines.
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Finally, this research work proposes short-term operational planning based on
autonomous state estimation, which computes the real-time operating conditions of non-
dispatchable DGs that utilize renewable energy resources. Then, for the remaining
generation units dispatchable, operating points that achieve multiple operational
objectives (e.g., economic or environmental dispatch) can be optimized. Furthermore,
this research work defines objective functions and constraints based on the three
operational modes (i.e., the grid-connected mode, the islanded mode, and the assistant

mode).

7.1.3 Laboratory Demonstration of Autonomous State Estimation

The autonomous state estimation has been experimentally tested in two laboratory
setups: (1) the scaled-down power system in the PSCAL at the Georgia Institute of
Technology, and (2) the smart grid energy system in NEC Laboratories America, Inc. The
purpose of these experimental demonstrations is to prove the feasibility of the proposed
autonomous state estimation.

The scaled-down power system at the Georgia Institute of Technology has a
generation system (e.g., a three-phase synchronous generator and a DC motor), a
transmission system (e.g., transmission lines, a step-up transformer, and switches), loads,
and a data-acquisition system (e.g., PTs, CTs, numerical relays, and merging units). For
data communication, IEC61850 and Ethernet protocols are implemented, ensuring
interoperability between multi-vendor devices. In this demonstration, while the WinIGS
provides the connectivity and device model data, the numerical relays are streaming
measurement data to the local DMS through data-communication lines. Then, based on
these data, an autonomous state estimator in the DMS extracts accurate operating
conditions in real time. Several performance metrics (e.g., the confidence level,
computational speed, and average standard deviation of estimated states) are also

presented.
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The autonomous state estimation has been also implemented in the smart grid
energy system in NEC Laboratories America, Inc., which consists of PV panels, a PV
inverter, a storage system with four battery compartments, and a programmable load that
can emulate daily load profiles. In particular, the storage system operates in three
operational modes: (1) the standby mode, (2) the inverter mode, and (3) the charger mode.
The main purpose of testing with this laboratory setup is to verify the capability of
autonomous state estimation to adapt to dynamic grid situations such as multi-operational
modes. The test results verify that an autonomous state estimator in this demonstration
can track of the multi-operational modes of the storage system, providing real-time

operating conditions.

7.1.4 Feasibility Test of Setting-less Component Protection of the Transformer

This research work finally performs numerical simulation for the feasibility study
of the setting-less component protection method. In specific, the three-phase, two-
winding, variable-tap, and saturable-core transformer is tested, for transformers often
lead relays to false trips in case of energization and excessive inrush currents or
overexcitation that generates distorted currents. Numerical experiments with five test
scenarios are performed: (1) the normal operating condition, (2) transformer energization,
(3) transformer overexcitation, (4) the through-fault condition, and (5) the internal-fault
condition. For this test, this research work uses the WinIGS to build a test system, to
emulate the given test scenarios, and to generate measurement data. The results of these
numerical experiments prove that the proposed setting-less component protection for the
transformer is capable of successfully distinguish internal faults from other conditions
(e.g., normal operating conditions, energization, overexcitation, and through-fault

conditions).
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7.1.5 Component Modeling

In appendices, two modeling techniques are presented (i.e., the quadratic
integration method and model quadratization) and several device models such as the PV

array and the three-phase transformer.

7.2 Contributions

This thesis describes two major contributions, which are fundamental for the
protection, control and operation of the smart power grid. These are: (1) the autonomous
state estimation that provides the real-time model of the system in an autonomous manner
and at very high speeds — the real-time model is fundamental for the model-based control
and operation of an electric power grid, and (2) the setting-less protection approach with
an application to the protection of transformers.

The autonomous state estimation is an automated state estimation for the
restructured distribution system. In other words, the autonomous state estimation utilizes
three types of essential data (i.e., connectivity, device models, and measurements) from
all available devices in the distribution system to automate the process of general state
estimation (e.g., the formulation of measurement models), eventually computing the
accurate real-time operating conditions of the distribution system. As a result, this
automated process of the autonomous state estimation enables capturing the dynamic
changes of system topology. Any changes in the system topology or newly plugged-in
devices are automatically included in the autonomous state estimation without human
intervention. Previously, various researches on the state estimation for the distribution
system have been conducted [64], [88-93], but they do not deal with defining data types
and standard format for the purpose of automating the state-estimation process.
Consequently, the previous methods of distribution-system state estimation lack of
adaptability to the dynamic conditions of the distribution system as well as plug-and-play

capability.
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The setting-less component protection scheme is based on dynamic state
estimation and the confidence level (i.e., the goodness of fit of measurements to the
component model). This new protection method is autonomous, setting-less, and
adaptive; in other words, the method can securely differentiate any internal faults of the
component from other normal conditions without manual settings or coordination with
other protective functions. For validation, this research work applies the proposed method
to transformer protection because secure relay operations have been a crucial issue in
transformer protection (i.e., the inrush currents or overexcitation currents of transformers
causing false relay operations). Naturally, various protection algorithms (e.g., time-delay
settings, the desensitization of relays, voltage consideration, the harmonic-restraint
method, waveform-shape identification, and the dwell-time method) have been developed
[25-27], but these methods are not perfect for identifying inrush currents or sometimes
compromise dependability or speed because of relay settings. In contrast, the proposed
new protection scheme can securely distinguish internal-fault conditions from other
normal conditions (e.g., transformer energization, transformer overexcitation, or through-

fault conditions) as verified in numerical simulations and tests.

7.3 Future Work Direction

This research work introduces autonomous state estimation and its application to
design the architecture and functionality of the autonomous operation of the distribution
system with DGs. The feasibility has been assessed with laboratory demonstrations and
numerical experiments. The extension of this research work focuses on two issues: (1) the
upgrade of the existing laboratory test system with more generation systems and
autonomous controllers and (2) the actual development and implementation of the
proposed autonomous operation in terms of setting-less component protection, instant-by-

instant management, and short operational planning.
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The first extension of this research work is to integrate more generation systems,
which include renewable energy resources such as the solar or wind energy, to the
existing laboratory system. This multi-generation system could be a test-bed for
implementing autonomous state estimation and its applications to the autonomous
operations. Furthermore, the extended demonstration may include the plug-and-play test
of various loads, DGs or energy-storage systems, eventually developing autonomous
controllers to the point where reliable, stable, efficient, and secure operation can be
demonstrated.

The next remaining work is to actually develop and implement the autonomous
operation of the distribution system in three areas: (1) setting-less component protection,
(2) instant-by-instant management, and (3) short-term operational planning. The
feasibility test of the setting-less component protection needs to be extended to inverter-
interfaced DGs, which contain semiconductor-based active devices such as diodes,
thyristors, and other switching electronics. This extended test is significant because of the
increasing penetration of inverter-interfaced DGs, which generate relatively small fault
currents. Next, for implementing the instant-by-instant management, the explicit and
accurate models of generation resources including the PV array and the wind turbine are
required first, and then, the MPPT algorithm and the control schemes should be
developed according to the type of DGs. In fact, the control of the PV system or the
wind-turbine system is based on the inverter, and thus, inverter-control schemes should
be designed. Last but not least, for the short-term operational planning, more detailed
objective functions and constrains should be defined, taking into account various grid

conditions such as multi-operational modes, spinning reserve, and battery size.
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APPENDIX A

DEVICE MODELING TECHNIQUE

A.l Overview

In this appendix, two innovative methods for deriving the device model are
presented: (1) the quadratic integration method and (2) model quadratization. The
quadratic integration method converts the differential equations to the standard form of
device models as expressed in equation (3.3), and the model quadratization reduces the

nonlinearity.

A.2  Quadratic Integration Method

In an attempt to implement differential equations in device modeling, the
quadratic integration method can simplify the differential equations [66], [94], generating
the standard form of device models, equation (3.3). This integration method is a fourth-
order-accurate method, thereby being more accurate than the traditional trapezoidal
integration method and free from artificial numerical oscillations. The basic concept of
quadratic integration method is that functions vary quadratically over the time period of

one integration step, /4, as described in Figure A.1.
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Figure A.1: Quadratic integration method.

The quadratic function x(7) in one integration time step, from #-4 to ¢, can be

expressed as follows:

x(t)=a+br+ct’, (A.1)
where
a=x(t-r1), (A.2)
b =%(— 3x(t—h)+4x, —x(1)), (A.3)
c= h%(x(z —h)—2x, +x(1)). (A.4)

For example, a dynamic system is represented as follows:

ax(t) _
= Ax(0). (A.5)

where 4 is the coefficient matrix. If this equation is integrated from ¢-4 to ¢ and from 7-A

to t-h/2, then the following matrix equation is obtained:
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%A I—gz‘l X(t) I+%A

. {x }: 4 |x(t-h), (A.6)
1-24 224 L] | 1+24

6 3 6

where / is the identity matrix.

A.3  Model Quadratization

The model nonlinearity can be quadratized with additional states and equations in
such a way that the order is no greater than two [67], [95], and then, the model can be
expressed as the standard form of device models, equation (3.3). For example, the
nonlinearity of the transformer saturable core can be characterized with the nonlinear

function of the magnetizing current and the magnetic flux linkage as follows:

n

% sign(A(t))=0, (A.7)

0

im (t) = iO

where i,(?) is the magnetizing current, A(¢) is the magnetic flux linkage, iy and 4, are the
equation constants, sign() is the sign function, and # is the exponent.

The number of additional internal states is determined by the following rule:

m=m, +m,, (A.8)

where
my = int(logy(n)), (A.9)
my = (# of ones in the binary representation of n) — 1. (A.10)

Accordingly, the nonlinear function of the transformer can be quadratized as follows:

WO =0 4), (A.11)
yz(t):yl(t)za (A.12)
Yoty = Y1 (07, (A.13)

V@O =, ©)-,(1), (A.14)
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Vo2 (0) =Y, () 5 (0), (A.15)

V@) =y,,0)y,, (©), ifneven, Ny
(0= v, (- A0) Ay, i 1 0dd, (A.16)
i, (t) =1,-sign (A1) -y, (1), (A.17)

where j1 to jm; are the internal state variables corresponding to the ones in the binary
representation of n except the most significant bit.

One of advantages of model quadratization is that model nonlinearity can be
reduced even though the quadratized model is same as the high-degree polynomial
equation with no approximation. Therefore, the iterative computation of state estimation
becomes more efficient. Another advantage is that model quadratization can reformulate
the nonlinear model into the standard form of device models as represented in equation

(3.3).

A4  Summary

The main purpose of this appendix is to introduce two innovative methods to
facilitate to derive the device model from mathematical equations of the component
model: (1) the quadratic integration method and (2) model quadratization. By means of
these two methods, any component can be formulated in the standard form of device

models, which is expressed as equation (3.3).
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APPENDIX B

PV-ARRAY MODEL

B.1 Overview

This appendix describes how to model the PV array in the standard form of device
models, equation (3.3), which plays a pivotal role in integrating device models for the
purpose of autonomous state estimation. First, the ideal PV cell is modeled, followed by
modeling the practical PV array. To express the PV array model in the standard form, the
exponential term should be implemented using Taylor series and then quadratized using
the model quadratization method, finally generating the device model in the ACF. Once

the device model is obtained, state variables for the PV array model can be defined.

B.2 Component Model Description

To obtain the PV model, the single-diode model is used [33], [96]. The ideal
equivalent circuit is depicted in Figure B.1, representing the terminal current and voltage
of a PV cell as 7 and V, respectively. It is necessary to point out that the equivalent circuit
in Figure B.1 represents the model of an ideal PV cell as described in the following basic

equations:

I :Ipv,cell _Id 5 (Bl)

qv
I,=1 .|lexpl— -1 B.2
d 0,cell|: p( aij :|’ ( )

where 1, .. 1S the current generated by the incident light, 7, is the Shockley diode current,
Iy.coir 1s the reverse saturation current of the diode, ¢ is the electron charge (i.e.,
1.60217646x10"°C), k is the Boltzmann constant (i.e., 1.3806503x10%J/K), T'is the

temperature of the p-n junction (K), and a is the diode ideality constant.
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Ipy,cen A) N l 1,

Figure B.1: Equivalent circuit of the ideal PV cell.

In general, no PV system consists of only one PV cell, but a set of PV cells are
connected in series or parallel to increase the output terminal voltage or current,
respectively. These connected PV cells become a PV panel, and a set of PV panels can
also be connected in series or parallel to obtain a large PV system (i.e., a PV array).
Furthermore, the practical PV array contains the equivalent series resistance, R, and the
equivalent parallel resistance, R,, as shown in Figure B.2. Finally, the practical PV array

is expressed as follows:

=1, —I{exp(V;[fsl J—l}— V;ffl , (B.3)
where
I, =1, .aN,, (B.4)
I,=I,,uN,, (B.5)
vV =NkT/q, (B.6)

1,, 1s the light-generated current of the PV array with N, cells connected in parallel, Iy is
the saturation current, and V; is the thermal voltage of the PV array with N; cells

connected in series.
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Iy <‘> 2|1 R,

Figure B.2: Equivalent circuit of the practical PV array.

Most of parameters, which define the nonlinear I-V equation, can be determined
using experimental data specified in the datasheets of the PV manufacturer. Among the
parameters of the I-V equation, however, two parameters, /,, and /, randomly vary with
the temperature of the PV cell, 7, and the solar irradiation, G, as expressed in two

subsequent equations:

G
Ipv = (Ipv,n +KIAT)G_ 9 (B7)
3

T g, (1 1
I,=1,|-2| ex £l ——— B.8
0 O,n(T) p|: ak (7,” T]j|9 ( )

where

AT=T-T,, (B.9)

1, 1s the light-generated current at the nominal condition (i.e., 25°C and 1000W/m?); K;
is the coefficient of the current temperature; 7 and 7, are the actual and nominal
temperature, respectively (K); G and G, are the actual and nominal irradiation on the
device surface, respectively (W/m?); Iy, is the diode saturation current at the nominal
condition; and Ej is the bandgap energy of the semiconductor.

In conclusion, the PV model can be described in equations (B.3), (B.7), and (B.8)

with the two parameters, the PV current (i.e., /,,) and the saturation current (i.e., /o).
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These two parameters, which define the I-V characteristics of the PV array, are the
functions of the temperature of solar cells, 7, and the solar irradiation, G, which are

changing at every moment.

B.3  ACF Model Description

To express the PV-array model in the standard form of device models as
expressed in equation (3.3), external and internal state variables are defined in Figure B.3.
The external states include the terminal voltages (i.e., v, v, v3, and v4), and the internal
states are the two voltages (i.e., vy and v,) and the diode current (i.e., /). It should be
pointed out that whereas v; and v; denote the real parts of the terminal voltages, v, and vy
are the imaginary parts of the terminal voltages, which are always zero because the
terminal voltages are direct voltage. Likewise, the real parts of the terminal currents are
defined as i; and i3, and the imaginary parts of the terminal currents are i, and i4, which

are also zero because the terminal currents are also DC.

IPVCA) A4 lld V. Z R,

. V3 (Vy)

Figure B.3: Definition of the external and internal states of the PV-array model.

Based on the external and internal state variables defined, the PV-array model can
be represented by the following equations:
.1

4 =E(v1—vx), (B.10)

S
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i,=0, (B.11)

Iy =—E(v1 -V, (B.12)
i, =0, (B.13)
v, =0, (B.14)
v, =0, (B.15)
va :vx_v37 (B16)
A%
I, zlo{exp( a j—l}, (B.17)
V.a
v, 1
lpv—ld—R‘ +E(vl—vx)=0. (B.18)

P 1
In equation (B.17), the exponential function can be expanded with the following Taylor

series:

2 3
exp Va =1+ Ya +l Va +l Va +HOT, (B.19)
Va Va 2\Va 6\Va

where H.0O.T indicates the higher order terms. Note that the terms higher than three order
are very small, and therefore, they can be omitted. In addition, as presented in equation
(3.3), the order of nonlinear terms should be no more than two, thus introducing

additional state variables, y;. Finally, equations (B.10) to (B.18) can be rearranged as

follows:
1 1
b _EVI _RTSVx , (B.20)
i,=0, (B.21)
1
L = _Evl +_va, (B.22)
i,=0, (B.23)



0=v,, (B.24)

0 = V4’ (B.25)
O=v,—v +v,, (B.26)

1 1

0=—"Ly — 0 g -y
Ka a d 2(Vta)2 yl 6(Vta)3 yl a (B27)
O:Ipv+ivl— L+L v.—1,, (B.28)
Rl P Rl

0=—y +v,°. (B.29)

The aforementioned equations can be defined with the following state vectors:

I7=[v1, Vy, Vi, v4]T, (B.30)

Y= v, 1, )" (B.31)
where |/ is the external voltages in phasor form, and y(¢) is the internal states. Finally,
equations (B.20) to (B.29) can be expressed as the following ACF, becoming the standard
form of the device model, equation (3.3):

Kl Lll L12 Ll3 V Nll N12 ﬁ (t)

T
0(=|K, |+| Ly Ly Lyl y@ [-| Ny Ny L/(t—h)}jL L@, (B32)
0 K, Ly, Ly, Ly || ¥(,) Ny, N, f3(0)

where

I=lii,i,i]", (B.33)

B.4 State Variables

Finally, state variables for a PV array can be defined as follows:

~

%

W) |, (B.34)
()
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indicating there are a total of 12 state variables.

B.5 Summary

This appendix presents how to model the PV-array model. The device model
developed can be utilized to define state variables for the device and to generate the three
types of data (i.e., connectivity, device models, and measurements), which are essential to
implement autonomous state estimation as well as the MPPT algorithm for the PV

generation system.

204



APPENDIX C

THREE-PHASE-TRANSFORMER MODEL

C.1 Overview

This appendix presents the component dynamic model of the three-phase, two-
winding, variable-tap, and saturable-core transformer, which is used for the setting-less
component protection scheme. The development proceeds as follows: first, a single-phase
transformer is described with mathematical equations, which are then are quadratized and
integrated, finally generating the component dynamic model of the single-phase
transformer in the AQCF as expressed in equation (4.4). Subsequently, the models of

each phase are interconnected to provide the overall three-phase model.

C.2  Component Model Description of the Single-phase Transformer

The three-phase saturable-core transformer contains nonlinear characteristic
between the magnetizing current and the flux linkage of the transformer core, which is

described by the following polynomial function with high degrees:

A0

i (6)=i,=2| sig (). (C.1)

where i,(?) is the magnetizing current, A(¢) is the magnetic flux linkage, iy and 4, are the
equation constants, sign() is the sign function, and # is the exponent.

To derive the device model of the three-phase transformer, at first, it is required to
derive state-space equations for the single-phase model. For this purpose, the equivalent
circuit for the practical single-phase transformer is described in Figure C.1. The loss in
the primary winding occurs at the resistance 7, in series with the primary winding.

Similarly, the resistance r, accounts for the loss in the secondary winding. Two
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inductances L; and L, represent the magnetic flux leakage of the primary and secondary
winding, respectively. The shunt core resistance, 7., characterizes the core loss, and both
the shunt inductance, L,,, and the magnetizing current, i,(f), take into consideration the

reactive power loss in the magnetizing core.

r Ll I:N r
(0 o:w»—w .o w»—rvm—o s(t)
INGEEN0) . lm(t) e(t) Ne(t) ls(t) = i31(2)
Va(t) &— <—— V()
i(?) iy(?)

Figure C.1: Single-phase-transformer model.
Circuit analysis can describe the single-phase transformer model, yielding the

following equations:

i) =1, (1), (C.2)

L(t)+i,(t)=0, (C.3)

i3 (t) = i3L (t) ) (C-4)

L) +i, () =0, (C.5)

r.i()+r.Ni;(t)=ri (t)+e(t), (C.6)
o (amY

i ()= z{ . ] , )

MO =20 =i O+ L, i, (0400, (C3)

0 =40 =, (0 L 21, 0+ Ne), (C9)

e(t) = %l(t). (C.10)

Above equations can be rearranged as follows:
L) =10, (1), (C.11)
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() +i,(t)=0, (C.12)

(1) =1, (1), (C.13)
i) +i,(1)=0, (C.14)
r.i()+r.Niy(t)=ri () +e(t), (C.15)
0=i,(t) lo( 7 ) , (C.16)
M= =iy O+ L i, 0 +et0), (C.17)
W04 = 1ty 0+ L 1, 0+ Ne), (C.18)
0=e(t)—L ) (C.19)

B a7 '

Based on the above equations, state variables can be determined as follows:
$14() = [vl (0),v,(),v3(0),v4(0),1,, (1), (1), A(2), iy, (1), 15, (t)] " (C.20)

where $,4(?) is the vector of state variables without introducing additional state variables

for nonlinear terms. However, the high-order nonlinear term in equation (C.16) needs to
be quadratized into several nonlinear terms whose order is at most two, thereby

introducing additional state variables and equations.

C.3 Quadratized Model Description of the Single-phase Transformer

The single-phase-transformer model has a nonlinear term, so the model should be
quadratized by introducing additional state variables and equations. When the exponent n
is five, the quadratized model is provided below. Note that equations (C.30), (C.31), and

(C.32) have quadratic terms.
L) =1i,(2), (C.21)

() +i,(t)=0, (C.22)
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The state variables of the single-phase transformer are defined as follows:

I (1) = I, (?) 5
() +i,(1) =0,
r i)+ NG =i, (1) +e(0),

0=i (t)—=z(),

) d .
0= Vl(t) - Vz(t) —e(t) - nhyp (®) - L, Elu (),
0= 120 =1, ()= N -e() = iy (0~ L, 21, 1),

0=e(r>—%z<r),

02)’1(0‘[%) )

0

0=y,() -3,

0=30-r,022,

0

0=~y y;(O) +2(1).

X4 () = [y (2), v, (£), v5(0), vy (0), 8, (1), e(2), A(2), 1, (2), 15, (2),
11(©), ¥, (), y5(2), z(1)] !

where X,,(?) is the vector of the state variables of the quadratized single-phase

transformer.

C4

AQCF Model Description of the Single-phase Transformer

(C.23)
(C.24)
(C.25)

(C.26)

(C.27)

(C.28)

(C.29)

(C.30)

(C31)

(C.32)

(C.33)

(C.34)

The equations that describe the single-phase transformer can be written simply as

follows:

Xy iy (6) = X, 3, (04 X, %xwu) ),
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(C.38)
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0,, =diag([0,0,0,0,0,0,0,0,0,0,0,0,0]),

=0, =

0,=0,=

(C.42)

diag([0,0,0,0,0,0,—(1/ 4,)’,0,0,0,0,0,0]),

O =

(C.43)

diag([0,0,0,0,0,0,0,0,0,~1,0,0,0]),
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Equation (C.35) can be solved for i,(f) using row operations, eventually being

rearranged as follows:

(C.45)

O+ 1),

d
A-)cl¢(t)+BEx1¢

i1¢ 0]

(C.46)
(C.47)

B=Y-X,,
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00 0 000O0T10O0O0O0O

00 0 0000010000

0 0 0 0000O0O0T1O00O00O0

00 0 0000O0O0O0TO0O

00 0 0000O0O0O0OTO

(00 0 0000O0O0O0GO0O0 1]

To derive the AQCEF of the single-phase transformer model, the differential
equations in equation (C.45) should be integrated using the quadratic integration method
with the integration time step, 4. Note that in equation (C.45), only the seventh-, eighth-,
and ninth-row equations, which are induced from the differential equations [i.c.,
equations (C.27), (C.28), and (C.29)] have differential terms, so they should be integrated

quadratically. The integration results are as follows:

iy (1) %,(2) { f(t)}
. =L —~N-x,,(t—h)+ , C.49
L,mm )} Lw(rm) S (C49)
where
e 0
ﬁAz + B, %Az
L= 4 0 C.50
- 0 Al ’ ( . )
h h
—ﬁA2 EAz +B,
0 4
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N= , (C.51)

A, 1s the first six rows of the matrix 4, A, is the 7th to 9th rows of the matrix 4, A5 is the

10th to 13th rows of the matrix 4, and B, is the 7th to 9th rows of matrix B.

C.5 AQCF Model Description of the Three-phase Transformer

The AQCF model of the three-phase delta-wye-connected transformer can be

derived by integrating the three sets of the AQCF of the single-phase transformer as

described in Figure C.2.
va(?) v4(0)
i) —> o ? PhaseA ————® <+ i)
Equivalent Circuit
vp(?) va(?)
) | Equivalent Circuit_§
v(?) v(?)
i(f) —> — ¢ Phase C * <+ iy
Equivalent Circuit_4___ o — ; D)

val(?)
Figure C.2: Delta-wye connection of three single-phase transformers.
In order to integrate the three sets of the AQCF of the single-phase transformer,
the pointers of the AQCF of the single-phase transformer need to be re-assigned to those

of the AQCEF of the three-phase transformer. Figure C.3 represents the indices of the
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AQCFs of the single-phase transformer and the three-phase delta-wye-connected

transformer.
Single Phase Three Phase A-Y
1(14) - 3 (16) « oo s ° o
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26-34 9
(60-68) S
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7 (41)

Figure C.3: Indices of the AQCFs of the single-phase transformer and the three-phase delta-wye-
connected transformer.

The pointer mapping of external and internal states between the AQCF of the single-
phase transformer and that of the three-phase delta-wye-connected transformer are shown

in Table C.1.

Table C.1:  Pointer mapping between the AQCEF of the single-phase transformer and that of the
AQCEF of the three-phase transformer.

Indices of the AQCF of the three-phase transformer
Phase that correspond to the sequential indices of the
AQCEF of the single-phase transformer

1,3,4,7,8,9,10, 11, 12, 13, 14, 15, 16,

! 35,37, 38, 41,42, 43, 44, 45, 46, 47, 48, 49, 50
5 2,1,5,7,17, 18, 19, 20, 21, 22, 23, 24, 25,

36, 35, 39, 41, 51, 52, 53, 54, 55, 56, 57, 58, 59
; 3,2,6,7,26,27,28,29,30,31,32,33, 34,

37, 36, 40, 41, 60, 61, 62, 63, 64, 65, 66, 67, 68
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The device matrices, L and N, which are described in the AQCF of the single-
phase transformer, equation (C.49), are integrated into the AQCF of the three-phase
transformer based on the following algorithm, thereby providing the integrated matrices,
Li; and Ny

For PHASE=1:3

For [7=1:26
K| = POINTER ppjase(1)
For J=1:26
K> = POINTER priase(J)

L, (K,,K,) = L;(K,,K,) + L(IJ)

End
For J=1:13

K, = POINTER pp14s:(J)

Ny, (K,,K,) = N,,(K,,K,) + N(J)
End

End
End
where PHASE is the phase index of the single-phase transformer, and POINTER py4s8() 18
the function that converts the index of the single-phase transformer to that of the three-
phase transformer. For instance, POINTER,(3) is 4.
As a result of integrating three sets of the AQCF of the single-phase transformer,

the component device model of the three-phase transformer can be obtained as follows:

i3¢(t) L, L, L, L, V3¢(t) f3¢,1(t) b (t—h)
. 0 _ L, L, Ly L,| y®) N Srp2(0) B b,(t—h) ’ (C.52)
Ly (,) Ly L, Ly Ly | v(t,) S @) | | bs(t—h)

0 Ly, L, Ly Lyl Vs (@,) f3¢,2 @,) b,(t—h)

where
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bt=h)| | N, N,
bt=h)| [Ny Ny [vw(r—h)}
bt—hy| | Ny Ny || ys,t=h)|
b4(t_h) N41 N42

b(t—h)=

b5y () =1, (0,1, (0,1, (0),1,(0), 5 (0,1 (1), 1, (D]
Vig () =[v, (0),, (1), (1), v, (0),v5 (), ve (), vy (O],

y3¢(t) = (1,4 (1), €,(2), A, (2), 11,4 (0), 13,4 (2), ¥, 4 (), Y24 (D), 5,4 (D), 2, (),
Lp (1),€5(0), Ag(),11,5 () 15,5 (), V15(8), Yo (£), V35 (0), 25 (D),
Le (D)0 (0), Ac ()11, (D), 53,0 () Y10 () Yoo (), V3 (), 2 ()] n

Sip (f)}

S0 = Lﬁm(t)

I V3¢(t) ]
J’3¢(t)

V3¢(tm)

_y3¢(tm)_
i V3¢(t) ]
J’3¢(t)
V3¢(tm)
_Y3¢(tm)_

by & 3,7 vyt 7] 0

PR SO OO O Fo)

i V3, (1) ]
y3¢(t)
V3¢(tm)
_y3¢(tm)__

[V3¢(t)T y3¢(Z)T V3¢(tm)T y3¢(tm)T]Q7
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i _V3¢(t)__
y¢(t)
[V3¢(t)T J’3¢(t)T V3¢(tm)T y3¢(tm)T]Q8 v3(t)
3 \"m
_y3¢(tm)_
V3, (1)
T T T T J’3¢(t)
f3¢’2(t)= [V3¢(t) Y3¢(t) V3¢(tm) J’3¢(tm) ]Q9 v3¢(l‘m) , (C.59)
_y3¢(tm)_
V3¢(t)
V34(0)
Py 7 @7 vy, 100
v3¢(tm)
L y3¢(tm) |
l’ll L12 L13 L14
L,= L, L, L, L, ’ (C.60)
Ly, L, L, L,
L4l L42 L43 L44
Ny Ny
N,, N
N =| 2 (C.61)
¥ Ny Ny,
N41 N42
C.6  State Variables

Finally, state variables for the delta-wye-connected three-phase transformer are

defined as follows:

indicating there are a total of 68 state variables.

Vi, (1)
y3¢(t)
Vig @)
Vg (¢,)
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C.7  Summary

This appendix presents how to develop the component dynamic model of the
three-phase, two-winding, variable-tap, and saturable-core transformer, which is used for
the setting-less component protection scheme. Finally, the component dynamic model is

expressed in the AQCEF, as presented in equation (C.52).
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