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Abstract

During the past few decades, there has been a substantial increase in the global
installed wind energy capacity that is driven by growing demands for clean and
sustainable energy sources. This has triggered rapid advancements in the tech-
nologies employed for wind energy conversion systems (WECS) to ensure reliable
and stable integration into power systems. Increasing numbers of interconnected
WECSs have created several challenges that can adversely impact the operation,
control, and stability of the power system. These challenges have been addressed
by several industrial codes aiming to minimize the possible impacts of intercon-
necting WECSs to their host power systems. The focus of such codes is to satisfy
the requirements of voltage and frequency stability under intermittent power pro-
duction by WECSs. Industrial codes have also identified the deployment of energy
storage systems (ESSs) to mitigate variations in power injected by WECSs. Con-
trol and protection of ESSs must ensure reliable operation, where responses to any
undesired event must be initiated with minimum disruption in the power injected
to the host power system.

The technologies utilized in WECSs are heavily dependent on power electronic
converters (PECs) to facilitate extracting power from the wind, and to regulate
the power injected to the host power system. On one hand, standardized designs of

PECs require featuring them with built-in protection to limit the current flow and
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attenuate voltage transients across the switching elements. On the other hand,
the controllers employed in WECSs and their ESSs operate PECs to meet the
requirements of voltage and frequency stability as per the industrial codes. Built-
in protection and controller actions can result in non-conventional behaviors of
fault currents, thus complicating the detection of faults involving a WECS and/or
its ESS. A common protection practice for WECS and ESS is to coordinate the
responses of multiple protective devices used in WECSs and their ESSs. The main
challenge for the coordinated protection in WECSs with ESSs, is due to the use of
several PECs, which can alter fault currents. In addition, conventional protective
devices suffer limited accuracy in detecting faults involving PECs, where ineffective
coordination can result in mal-function of protective devices.

This research work aims to develop, implement, and test a new method for manag-
ing the responses of multiple protective devices employed in a WECS with ESSs.
The proposed method is based on deploying multiple digital protective devices,
each of which provides protection to a specific component in the WECS and its
ESS. Each protective device is featured with phaselet-based fault detection, which
can offer accurate, fast, and reliable detection of faults. The use of the a phaselet-
based digital protective devices can help implement a reliable management of pro-
tection responses to isolate the faulty component(s). The proposed management
of protection responses is called the digital modular protection, which is developed
to have its outputs as signals to operate circuit breakers in different parts of the
protected WECS and its ESS. The digital modular protection is implemented for
performance testing on a WECS that has a battery-bank style storage system.
Performance tests are conducted for various fault and non-fault events. Test re-
sults demonstrate accurate, fast, and reliable responses for fault and non-fault

events with negligible sensitivity to the type and/or location of faults.
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Chapter 1

Introduction

1.1 General

Renewable energy has gained significant traction over the past two decades due
to the growing demands for sustainable and clean energy supplies. Wind and
solar energy conversion systems have become the leading technologies that have
been deployed for producing clean and sustainable energy. The intermittent na-
ture of wind and solar power generation is a major challenge for their integration
into power systems. This challenge stems from the standardized requirements for
the voltage and frequency stability in power systems. High power rated energy
storage systems (ESS) have been introduced as a promising solution to mitigate
variations in the power generated by wind and solar energy conversion systems
[1]. As a result, they can help meet the standard voltage and frequency require-
ments of the host-grid. Installed ESSs are mostly featured with power electronic
converters (PECs) for charging and discharging, along with regulating the power
injection to the host power system. PECs are known to complicate the operation
and coordination of protective devices [2]. This complication is a result from the

non-conventional voltage-current behaviors during faults involving PECs. Fur-



thermore, the additional power-flow path created by the ESS and its PECs can
adversely impact the coordination of protective devices installed on both sides of
the point-of-common-coupling (PCC) with the host power system. Solving these
challenges can improve the stability, reliability, and economic operation of power

systems.

1.2 Motivation

Stable and reliable operation of interconnected WECS utilizing ESS requires ac-
curate, reliable, and fast protection responses against undesired transient events.
These objectives may be achieved by deploying protective devices capable of de-
tecting and identifying faults regardless of their location and fault type. Moreover,
complete and adequate protection of WECSs with ESSs requires a reliable man-
agement of responses from multiple protective devices. The managed protective
devices are responsible for protecting the different components of the WECS and
its ESS. This management of responses must be able to function during all modes
of operating the WECS and its ESS. The development and implementation of a
protection structure capable of meeting the aforementioned requirements are the

driving motivation for this research work.

1.3 Overview of ESS in WECS

Continuous development in ESS technologies has resulted in a variety of energy
storage units that can be used in power system applications. Among the popular
energy storage units employed in power systems, are battery banks, flywheels,
super-capacitors, and superconducting magnetic energy storage. Selection is often

based on characteristics such as: self-discharge rate, charge/discharge times, power



and energy densities, efficiency, and cost. The source of charging, and the location
of discharging may also be selected as per the nature of the application. A storage
system in a WECS can be charged from the host grid (grid-charged), dc link within
the WECS (dc link-charged), and electric generator within the WECS (generator-
charged). Furthermore, some WECSs employ hybrid energy storage systems that
may have different charging and discharging settings

Grid-charged storage systems as shown in Figure 1.1, have been utilized to improve
power system stability and reliability. These ESSs are directly charged from a
feeder or a distribution transformer, and they are discharged through the same
location of their charging. Their main objective is to change the power demands
of certain loads over specific time intervals. The encouraging performance of grid-
charged storage systems has motivated the employment of storage systems to
mitigate variations in the power generated by renewable energy sources, including

WECSs.
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Figure 1.1: A schematic diagram for a grid-connected WECS with a storage system
charged from the host grid and discharged through the PCC.

Employing grid-charged ESS for mitigating the variations in the power delivered



by a WECS has proven to improve the stability at the PCC. However, the charging
and discharging of these ESSs are independent from the power generated by the
WECS. This shortcoming of grid-connected ESSs has been overcome by introduc-
ing the dc link-charged storage system. The dc-link charged ESSs are typically
sized considering the power ratings, type, control, and configuration of the WECS.
Storage systems used in such applications are those charged with dc energy, such
as batteries (conventional and flow), super-capacitors, and SMESs. Due to their
charging features, dc-link charged ESS are commonly connected to the dc link via

dc-dc PECs, as depicted in Figure 1.2.
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Figure 1.2: A schematic diagram for a grid-connected WECS with a storage system
charged from the dec-link (within the WECS) and discharged through the PCC or
grid-side PEC of the WECS.

The generator-charged storage system as illustrated in Figure 1.3 is a new configu-
ration of storage units that have been introduced for medium and high power rated
PMG-based WECSs. This configuration uses the advantages of embedding stor-
age units within WECSs, while eliminating the need for de-dec PECs. Similar to
the dc link charged, generator-charged storage systems require storage units that

can be charged with dc energy. Furthermore, these storage units are discharged
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through the PCC by a dc-ac PEC (with a grid-tie filter and a synchronizing unit),
which is controlled by the main controller of the PMG-based WECS.
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Figure 1.3: A schematic diagram for a grid-connected WECS with a storage system
charged from the generator-side (within the WECS) and discharged through the
PCC.

1.4 Review of Protection Methods for WECS

with ESS

There has been a gradual increase in the number of distributed generating units
(DGUs) installed in power systems, including interconnected WECS. As a result,
several standards and codes address the need for ESSs to mitigate the variations in
the power injected by interconnected DGUs. Deploying ESSs often require PECs
to interface between the WECS and the grid. The additional PECs of the ESS
together with the PECs of WECS can pose several operational concerns, which
are due to the built-in protective measures used in PECs, controller actions, and
non-conventional voltage-current behaviors during and post fault conditions [5].

In addition, the charging/discharging states of ESS’s may alter the magnitudes



and directions of fault currents [2]. Considering the complications of the PECs
and multiple operating states of ESS’s, there are difficulties in selecting and co-
ordinating protective devices (relays, circuit breakers (CBs), and fuses) for such
applications.

Conventional protective devices are the earliest designs of the required protection
for power system and power electronic applications. Such devices include; fuses
and, current-based, voltage-based, impedance-based, frequency-based, and/or di-
rectional relays. However, varying fault currents, non-conventional voltage-current
characteristics, and embedded PEC protection continue to pose problems for ac-
curate identification and detection of faults. These problems are mainly related to
the required pre-defined pick-up values and time-delay settings [7]. The authors of
[5] have presented a method using over-current and over-load relays with param-
eters dictated by the command current and/or voltage values, which are required
by the controllers of the grid-side dc-ac PECs. Despite the advantage of having
variable pick-up values, the proposed current relays have shown limited ability
to detect faults under different operating conditions. Adaptive over-current relay
method has been further improved through determining optimal pick-up values
based on the power injected to the host power system. However, the dependence
on the controller responses for regulating the power injected to the host power
system, has limited the application of these protective devices for WECSs with
ESSs. In addition, current-based relays (over-current, inverse-time over-current)
relays are subject to the standardized structure of main and back-up acting units,
where coordination becomes a mandatory requirement. This mandatory require-
ment poses yet another challenge as the level of fault currents can be dependent
on the power injected to the host power system. The need for primary and backup

actions negatively impacts the identification and detection of faults, thus compro-



mising the effective management of multiple protective devices.

The advancements in digital circuitries and microprocessor technologies, along
with signal processing tools and their implementation methods have paved the
way to introducing harmonic-based protective relays. Early designs of harmonic-
based relays have been designed using analog filters, tuned to extract certain
harmonic components in order to initiate protection action (Trip or Restrain).
Later, digital relays have been realized using microprocessor platforms alongside
signal processing techniques to facilitate the extraction of harmonic components
using finite impulse response (FIR) filters or numerical methods for estimating
Fourier series coefficients. Harmonic based relays employed for power transformer
protection, bus protection, generator protection, and motor drive protection have
demonstrated the major advantage of the reduced dependence on the magnitude
of fault currents. Compared to the conventional protection, digital harmonic-
based relays devices have allowed for integrating multiple protection functions on a
single digital platform [11]. In addition, these relays have facilitated relay-to-relay
communication, as well as protection-center coordination. While advantageous in
certain aspects, harmonic-based relays suffer from inaccurate determination of the
required harmonic components to detect and identify faults. Further complications
result from the minimum required one full cycle of the processed signal; thus the
response may not be fast enough to clear critical faults similar to those involving
PECs. Finally, the use of PECs (in motor drives, WECSs, power supplies, etc.)
have added complications to the accuracy and response speed of harmonic relays,
making them less preferred for protecting power systems components that have
PECs.

The design and development of pattern recognition methods for protective devices

aims to address the performance limitations of harmonic-based protective devices.



Popular pattern recognitions methods used in these protective devices include arti-
ficial neural networks (ANN), fuzzy logic, neuro-fuzzy, and Kalman filters. Pattern
recognition-based protective devices have shown several advantages, such as the in-
dependence from system models, and stable digital implementations. In addition,
pattern recognition-based protective devices have demonstrated notable features
for being independent from pre-defined threshold values, as well as required con-
ditions on the processed signals. These protective devices have been employed
for motor protection, transformer protection, transmission line protection, and
ground protection. However, their major limitation is due to their need for train-
ing data, which have to be collected for the system prior to their deployment.
This requirement has raised concern regarding performance under changing level
of fault currents that is very common in fault involving PECs. Furthermore, the
dependence on the training data has impacted the ability to coordinate pattern-
recognition protective devices with other protective devices. This is largely due
to changing nature of systems with PECs, for which training data may not be
prepared for.

The review of the existing protection systems for possible applications in WECSs
with ESS reveals two major challenges, which are: the accuracy of protective de-
vices and the ability to initiate coordinated responses under different operating
conditions. Despite their ability to operate with coordinated responses, conven-
tional protective devices suffer limited accuracy to detect faults involving PECs.
Harmonic and pattern recognition protective relays can offer improved accuracy,
but limited flexibility to operate in coordination with other protective devices. As
of late, a new disturbance detection and classification (DDC)-based protective de-
vices implemented using multi-frequency frames have demonstrated high accuracy

to detect faults that involve PECs. These new protective devices have been tested



in stand-alone configuration for WECS, PV systems, and motor drives. Test re-
sult have demonstrated sustained accuracy under different operating conditions,
along with negligible sensitivity to fault current levels [10]. DDC-based protective
relays detect and identify faults through extracting high frequency components
with non-stationary phases, which are only triggered by faults. This eliminates
the need for pre-defined thresholds and/or training data. Such performance fea-
tures make these devices good candidates for applications in WECS with ESS.
However, in order to effectively employ the new DDC-based protective devices in
WECS and their ESS, a layout for managing multiple responses is required.

Given the nature intermittent and unpredictable nature of wind, WECS suffer
limitations in providing power to the grid. As such, ESS are required to be paired
with WECS [11]. This work focused on the use of battery banks due to their

features of high energy density and charge/discharge cycles.

1.5 Thesis Objective

The objectives of this research work are to develop, implement, and test a new
method for managing the responses of multiple protective devices employed in
a WECS that has an ESS. The proposed digital protection will deploy multiple
digital relays, each providing protection for a specific location in the WECS and
ESS. Each digital relay is designed using phaselet frames to detect and identify
faults in the WECS, ESS and host power system. Accurate, reliable, and fast
detection and identification of faults by the phaselet-based digital protective de-
vices can allow the desired management of responses providing isolation of the
faulty component(s). The developed management of protective device responses
is called digital modular protection. The digital modular protection is implemented

for performance testing using a WECS that have a battery storage system.



1.6 Thesis Structure

The remained of the thesis is composed of the following five chapters. Chapter two
provides an overview of different methods used to create protection coordination
as a widely used means to manage responses of multiple protective devices. This
chapter also highlights the challenges for employing the protection coordination
in systems that have multiple power electronic converters. Chapter three presents
the digital modular protection as a new method for managing responses of multiple
protective devices, which are used in systems that have several power electronic
converters; also providing an algorithm for its digital implementation. Chapter
three also provides simulation test results for the digital modular protection, when
responding to fault and non-fault events. Chapter four presents a real-time im-
plementation of the digital modular protection, along with an experimental setup
for a 3.5 kW, grid-connected WECS with battery storage units. This chapter also
presents experimental test results for the digital modular protection under various
fault and non-fault events. Chapter five presents a summary of this thesis, along
with the conclusions drawn from the performance results of the digital modular
protection. Chapter five also identifies some avenues for future research works

that can be based on the presented digital protection.
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Chapter 2

Coordinated Protection

Responses

2.1 General

The functionality, stability, and maintained reliability of any power system are
safeguarded by the proper design, accurate planning, flexible generation and dis-
tribution of electric power, and adequate responsive protective devices. Power
system protection has multiple functions, to isolate faulty components, and to
identify the location of the faulty component. These functions must be achieved
with minimized damages and interruptions to the power system. Accomplishing
said functions is predicated on eliminating the disruptions of the power flow from
source to load in order to satisfy load power demands. A trade-off for limiting the
disruptions in power flow is to design protective devices with large pick-up values
and response times. However, this trade off comes at the cost of prolonging the
operation of a power system under fault conditions, damaging components and
creating a dangerous maintenance environment. This calls for mandates that re-

quire protective devices isolate faulty components, thus facilitating a stable power
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system and allowing safe maintenance. Power system standards and codes aim
to ensure proper design and operation of protective devices to achieve a balance
between reliability and stability. This balance is often referred to as selectivity,
which is defined for a protective device to respond to a fault with a minimum
disruption in the power flow [12].

Standards and industrial codes mandate a reliable operation of protective devices
in power systems. These standards and codes require each protective device to
be backed up by another protective device, increasing the probability of the fault
being responded to. In order to accommodate primary and backup responses,
protection zones are established to define the response domains of the protec-
tive device and its backup. Protection zones may be defined by a pick-up value
of the protective device, outlining when that protective device should respond.
A primary response is initiated by a protective device to clear a fault occurring
within its protection zone. Failure of a protective device to clear a fault within
its protection zone should trigger a response from the backup, whose protection
zone is outside that of the primary. The challenge in creating primary and a
backup responses is due to the need to accurately identify the protection zones for
each protective device. Introducing coordinated protection responses has offered a
systematic solution to the overlap of coordination zones for different protective de-
vices. Coordinating of multiple protective devices has been become a standardized
practice for wide-area component, bus, and feeder protection. The complicated
nature of power systems require the use of different types of protective devices (e.g
current-based relays, voltage relays, frequency relays, impedance relays, differen-
tial relays, etc.) to respond to various types of fault conditions. The operation of
such diverse protective devices can be supported by establishing the coordinated

protection. This chapter provides a brief review of the methods used to establish
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the coordinated protection in power systems.

2.2 Responses of Protective Devices

Power system protection is typically designed to create protection zones, which
can be defined for a point-of-branching (a bus, a feeder, a load center, etc.). In
each protection zone different types of protective devices may be deployed, provid-
ing complete coordination to various types of undesired conditions, such as short
circuit faults, open circuit faults, ground-faults, etc. In general, protective devices
should only respond to faults within but not outside their protection zone, this is
commonly known as selectivity. When a fault occurs within a protection zone of
a protective device, that device must immediately respond by tripping the circuit
breakers on the edge of the protection zone. Conversely, faults occurring outside
the protection zone of a particular protective device must restrain from respond-
ing, despite fault currents flowing through its zone. Examples of protective devices
include current differential relays, over-current, inverse over-current, inverse-time
over-current, and fuses. These devices are widely used in bus protection, motor
protection, generator protection, and transformer protection. These protective
devices have shown notable performance in responding to different faults, along
with abilities to operate in selective coordination.

In general, each protective device has a time-current curve that shows the response
time as a function of the fault current detected by that device. Figure 2.1 shows
a typical time-current curve for an over-current protective device. Figure 2.1
assumes an ideal system, where the fault current maintains a high magnitude
until the device trips. However, in practical systems fault currents tend to vary
for a variety of reasons, including: the contact area of the fault, degree of arcing,

equivalent impedance of fault branch, configuration of the faulty component(s),
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Figure 2.1: A Typical time-current curve for an over-current protective device.

and grounding configuration. In most cases, fault currents tend to change in
magnitude. Protective devices are designed with a time delay to accommodate
the nature of fault currents and improving accuracy.

The minimum level of fault current for which the device will initiate a response
is called the pick-up value. In fuses, the thermal or long-time response is usually
about the same as the current rating of the device. In protective devices, it is
possible to calibrate the pickup value as per the current ratings of the protected
system. The time delay is an intentional delay in the response of a protective de-
vice after detecting a current higher than its pickup value. Time delays are used to
provide time for another protective device to operate, or for a non-fault transient
to diminish. Examples of non-fault transients may include motor starting cur-
rents, transformer inrush currents, load ON-OFF actions, and/or interconnecting
a distributed generation unit. The specifications of any protective device include

determining the pickup value, time delay, operating voltage and power ratings. In
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order to most effectively practice protective device coordination, adjustable selec-
tivity is required. Coordinating the responses of primary and backup protective
devices is realized through adjusting the settings of the protective devices. Thus
only faulted components are isolated, while minimizing the impact on the rest of

the power system.

2.3 Protective Device Coordination

Protective devices may be employed with settings providing their pick-up and time
delay values, allowing the management of protective devices responses, which are
typically installed to operate within specific zone of protection. The concept of
coordinating the responses of protective devices is a widely used industrial practice
to manage protective devices, and set their responses to create acting and back-up

units. The coordination of protective devices can be created using:
1. Pick-up values of protective devices;
2. Time setting values of protective devices;

3. A combination of pick-up and time setting values (complete coordination.

2.3.1 Pick-up Value-Based Coordination

This approach for creating a protection coordination is based on setting different
pick-up values for protective devices in order to achieve concentric protection
zones. Pick-up value based coordination is illustrated using a radial section of a

power system shown in Figure 2.2.

15



________________________

E B e
' ol ] 4
R N L)
HEH I B
i Be— il
R @ 1 Zone
[ | []Q I 11
L A~ 1y 3
it el i
I o H
B o ¥
A o 11 Zone
- oA )
EL ............. B :i
i - i
| e i
: - — :
: oo fZone
IR <~ S HE |

Figure 2.2: Protection zones for protective devices used in radial power systems

For the radial system in Figure 2.2, a fault in Zone 4 will trigger a fault current
that is detected by all protective devices PD1, PD2, PD3, and PD4. However, due
to the fault being located behind the total impedance of the line, its magnitude
will be smaller than a similar fault in Zone 3, Zone 2, or Zone 1. Therefore,

the pick-up value for PD4 should be smaller than PD3, PD2, and PD1. This
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Figure 2.3: Time-current curves for the pick-up value coordinated devices in Figure
2.3. PD1, PD2, PD3, and PD4 are set to have their responses coordinated by
changing their pick-up values.

is accommodated by setting the pick-up values for PD1, PD2, and PD3 higher
than PD4. These pick-up values offer isolating only the zone where the fault has
occurred. The time-current curves for the pick-up value coordinated devices PD1,
PD2, PD3, and PD4 are shown in Figure 2.3.

It’s important to note that the standard practice for time-current curves is to
have the maximum fault current at the rightmost portion of the curve, so that
the fault is detected by the protective device. If the pick-up value increases, the
time-current curve must shift to the right, this shift ensures that protective devices
with curves to the left will respond before the protective devices with curves on

the right of Figure 2.3.
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Figure 2.4: Time-current curves for time-delay based coordination. PD1, PD2,
PD3, and PD4 are set to have their responses coordinated by changing their time-
delay values.

2.3.2 Time Setting-Based Coordination

This approach for coordinating the protection responses is based on setting differ-
ent time delay values for protective devices to create concentric protection zones.
As shown in Figure 2.2, the protective device in Zone 4, PD4, has to respond first
to a fault in that zone. Time-delay based coordination can be implemented by
setting shorter time delays for the downstream protective devices than than the
upstream ones. This is illustrated in Figure 2.4

Additionally, several standards (ANSI C37 and UL Standard 489) require each
protective device to trigger immediate responses to severe faults. This is achieved
through an instantaneous element, which is a separate contact parallel to the
main contact. Faults that produce a current higher than the pick-up value of the

instantaneous element will cause the protective device to immediately trip. Severe
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faults involving more than two protective devices in series can exceed the pick-up

value of the instantaneous elements. For these faults, the responses can be:

i) Multiple protective devices may respond to the same fault;

ii) One protective device responds, however, it may not necessarily be the lowest

rated protective device.

Current limiting mechanisms can be used to respond to severe faults, thus pre-
venting an upstream protective device from responding to the same fault. Modern
solid-state protective devices are equipped with instantaneous blocking features,
which allow fast responses to severe faults. These instantaneous blocking fea-
tures operate when a severe fault is detected, where a blocking signal is sent to
the upstream protective device to restrain its response. The previous discussion
represents special cases that may require protective devices to respond to severe

faults without considering their time-delay based coordination.

2.3.3 Complete Coordination

Complete coordination is an approach that utilizes both pick-up and time delay
values to coordinate the responses of multiple protective devices. For this partic-
ular approach, the time-current curves of the protective devices involved must not
intersect, preventing more than one protective device responding to the same fault.
Furthermore, the setting of the time-current curves should allow sufficient space
separation to maximize their selectivity. These settings are illustrated in Figure
2.5, which shows time-current curves for fully-coordinated protective devices.

Full coordination requires ensuring the time delay and pick-up values are within

the range of the main unit. However, the values will be at an offset from the main
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Figure 2.5: Time-current curves with sufficient spacing to maximize selectivity for
fault catching for a fully coordinated protection scheme.

unit, ensuring that the backup unit doesn’t act before the main unit, as shown in
Figure 2.6.

The time-current curves of completely coordinated protective devices must also
be used to ensure protection from secondary effects of fault currents. This re-
quirement is established because un-faulty components are able to carry the fault
current until an appropriate response is initiated. Withstand curves are also cre-
ated to illustrate the high level of current and time durations a component can
sustain before it’s damaged. These curves are plotted on time-current curves of
the fully-coordinated protective devices to set the limits for the responses of the
main or backup protective devices. If a time-current curve for a protective device
overlaps with a withstand curve for a component, then there is a range of currents
for which that component is not adequately protected.

Achieving complete coordination of protective devices usually comes at a higher
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Figure 2.6: An example of main and back-up PD time-current curves, illustrating
main and backup protection zones.

cost to meet the constraints of a power system. Additionally, fully coordinated
protective devices may require the use of special inherently selective schemes. Cur-
rent differential relays have demonstrated inherently selective schemes, where the
relay measures the currents entering and exiting each circuit associated with its
protective zone. The relay understands that if the currents entering the zone do
not equal the currents exiting, then a short circuit must exist and the monitoring
device can respond instantaneously. Current differential protection is more costly
than the conventional over-current protection selective and reliable responses re-

quire more than instantaneous elements.

2.4 Difficulties in Coordinated Protection

The previous section has provided an overview of the practiced methods for cre-

ating coordination in power systems. The salient aspect of achieving an accurate
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and reliable coordinated responses of different protective devices, is based on the
assumption that a fault current is accurately detected and identified by all coor-

dinated protective devices, as shown in Figure 2.7.
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Figure 2.7: Time-current curves for PD1, PD2, PD3 and PD4, along with a fault
current in zone 4

For the radial system (Figure 2.2), a fault in zone 4 with high fault current can
be detected by protective devices upstream towards the source. This agrees with
the general assumption that the power flow is from the source (upstream) to the
load (downstream). Additionally, the assumption of high fault currents has lead
to widely deployed coordinated protective devices. However, in some cases, the
power flow can be bi-directional (feeders hosting WECS), where fault currents
may have different levels. In such cases the coordination of protective devices
can be jeopardized. Moreover, faults involving power electronic converters, can
complicate the requirements to accomplish coordinated responses. [13, 14, 15, 16,

17, 18]
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Power electronic converters are widely used in wind energy conversion systems
to optimize the power extracted from the wind, as well as to regulate the active
and reactive power delivered to the host power system. Achieving these functions
requires the PECS to be outfitted with voltage and/or current controllers that ad-
just the switching pulses (activating the switching elements in PECs). Controller
actions ensure command values for power delivery are satisfied, while maintain-
ing output voltage, and frequency to meet the host power system requirements.
However, controller actions can significantly alter fault currents and/or voltages,
complicating the detection of faults. The capability to change the power delivered
to the host power system can vary the levels of fault currents, which can result in
fault currents below the pick-up values for the protective devices. Figure 2.8 shows
an example of a grid-connected PEC, and its influence on the currents triggered
by a fault on its output side.

The influences of PECs and their controllers alter fault currents before and after
the PEC, making it difficult to identify the protection zones for protective devices

coordination (Figure 2.8). Difficulty in identifying the protection zones is reflected
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by the maloperation of coordinated protective devices when responding to faults
involving PECs. Observing Figure 2.9, the fault current experienced by PD2
is lower in magnitude compared to those experienced by PD0O and PD1. As a
result, the fault current falls below the pick-up value of PD2, resulting a failure
to detect a fault. This failure causes the coordination to be nullified, jeopardizing

the operation of the power system.
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Figure 2.9: The fault current of the output side of the PEC: (a) the current
through PDO, (b) the current through PD1, and (c) the current through PD2.

2.5 Summary

This chapter has discussed the industrial practices for deploying multiple pro-
tective devices to ensure adequate protection against fault events. One of the
widely used methods is the coordinated management of responses for the multiple
protective devices. Industrial practices have a selection of coordination meth-

ods, however, the complete coordination has been favored over other coordination
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methods. Protective devices, under a complete coordination scheme, can have
different settings for their pick-up and time delay values. The complete coordina-
tion method has demonstrated good abilities to manage the responses of multiple
protective devices to clear faults with reduced on unfaulted parts of the system.
Nonetheless, the coordination protection can maintain a good performance for
faults that do not involve PECs, or switched loads. In such systems, the complete
coordination may be nullified for the failure of protective devices to detect and
adequately respond to faults. The main contributor to such a mal-operation is the
alteration of fault currents by built-in protection and controller actions of PECs.
These performance limitations demonstrate a need for other approaches to over-
come the limitations in managing the responses of multiple protective devices in
systems that have PECs. Among such systems are the WECS that are equipped
with storage units. The next chapter introduces a new approach for managing the
responses of multiple protective devices used in interconnected WECSs that have

energy storage systems.
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Chapter 3

The Digital Modular Protection

3.1 General

Chapter 2 has given an overview of the methods used for coordinating multiple
protective responses, and the challenges experienced in systems that have multi-
ple power electronic converters (PECs). Moreover, Chapter 2 has demonstrated
the dependence of coordination on the accuracy of fault detection, which becomes
more complicated in parts of a power system with bi-directional power flows. A
good example of such cases is a grid-connected wind energy conversion system
(WECS). Modern designs of grid-connected WECS are set to include energy stor-
age systems (ESS) that pose several challenges for conventional protective devices.
The inclusions ESSs introduces more PECs for charging/discharging, thus adding
complications to conventional protective devices and their coordination.

The complications facing the coordination of protective devices can be solved by
improving the accuracy of fault detection. Such an improvement of fault detec-
tion is expected to facilitate a functional management of the protective devices.
Moreover, this protection structure can enhance the stable and economic opera-

tion of the grid-connected WECS that have ESSs. This chapter discusses a new
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method to manage protective devices in grid-connected WECSs that have ESSs.

The protective devices used in this thesis are the phaselet-based digital relays.

3.2 PMG-Based WECS with Battery Storage

The objective of this thesis is to test a digital modular protection to manage the
responses of the protective devices used in a grid-connected permanent-magnet-
generator (PMG) based WECS with a battery storage system. Figure 3.1 shows
a schematic diagram for a PMG-based WECS with a generator-charged battery
storage system. Appendix A provides a detailed description of the components
used for to model the system in Figure 3.1. It can be seen from Figure 3.1 that the
power generated by the PMG can be delivered to the host grid either through the
generator-side and grid-side PECs or the charge and discharge PECs. Appendix B
provides the controller description for the PECs in the system. For such a system,

five protection zones can be defined as:

e Zone 0: boarded by CBO;

Zone 1: bordered between CB1 and CB2;

Zone 2: bordered bewteen CB1 and CB3;

Zone 3: bordered between CB2 and CB4;

Zone 4: bordered between CB3 and CB4;

The responses of CB0, CB1, CB2, CB3, CB4 are to be managed by the digital
modular protection. It should be noted that each of the circuit breakers (CBO

through CB4) is operated by a trip signal (TR0, TR11, TR22, TR3, and TR4).

These trip signals are generated by the digital modular protection.
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Figure 3.1: WECS with battery storage schematic and protection zones.
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3.3 Phaselet-Based Disturbance Detection and

Classification Method

The phaselet-based relays utilize signal processing techniques to detect faults. Sev-
eral signal processing techniques have been utilized to detect faults in power sys-
tems through time, frequency, and time-frequency domains analysis[19]. Among
the widely used signatures are quantities in the time domain (voltage and/ cur-
rent magnitudes), frequency domain (harmonic components and power spectral
densities of voltages, currents, and power), and time-frequency domains analysis
(contents of certain frequency sub-bands) [19]

Frequency transforms are widely used tools in signal processing applications. The
Fourier transform is a fundamental tool, where a signal is decomposed into fre-
quency components located at integer multiples of the fundamental frequency. In
order to apply a Fourier transform to a signal which changes over time, the short-
time Fourier transform (STFT) is commonly used. The STFT applies a fixed
window length to the signal in order compute the Fourier transform. However,
the STF'T experiences limitations and trade-offs, when managing the time and
frequency resolution. When attempting to increase the frequency resolution, time
resolution is degraded, and vice-versa. Such a limitation is due to the effects of
windowing the signal, which causes an energy distribution over a wide range of
frequency bands. Furthermore, the application of any Fourier transform including
the STFT, requires the processed signal to be periodic and stationary. Such con-
ditions may not be met by current signals that are triggered by fault events. As
a result, the STFT-based fault detection has limited accuracy in detecting faults

in power systems.
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3.3.1 Time-Frequency Analysis

Time-frequency analysis is a signal processing method that has been introduced
to overcome the limitations of the Fourier analysis (signals being non-periodic and
non-stationary). Wavelet transforms and Hilbert transforms are among the most
famous methods, and have made it possible to process signals that may be non-
periodic and non-stationary. The foundations of the wavelet analysis are built
on defining a scaling function v (¢), which has to satisfy admissibility, regularity
and compact support conditions. Integer dilations and translations of the scaling
functions produce sets of orthonormal basis functions, which can facilitate the
processing of signals in detailed and localized manners. The wavelet processing of

a signal z(t) can be defined as

LOES B ORUGHINE (3.1)
JET kEL

where t(t) is the dual scaling function of ¢(t) [22]. The detailed and infinite stages
of decomposing and reconstructing the signal z(t) can be viewed as a redundant
processing method. In addition, the wavelet processing of any signal is not shift-
invariant, which encompasses the loss of the phase of the processed signal as it
undergoes the different stages of wavelet processing (j = 1,2,3,...). It has been
shown in [20] that (x(t),v(t);) can change significantly for a signal shifted in
time (z(t + 7T)). Energy of the wavelet coefficients is preserved across all scales,
this causes the energy to be diffused into neighboring scales are a result of the
time-shift. The phaselet transform has been introduced as a shift-invariant time-
frequency transform that can reduce the redundancy of wavelet transforms, and

preserve the energy at each scale.
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3.3.2 The Phaselet Transform

Similar to other time-frequency transforms, the phaselet transform is structured

to decompose a signal r(t) using sets of basis functions as

r(t) =Y (r().e(t);)E(t):j.0 € Z (3.2)

JET keZ

Where r(t) is the processed signal, £(t) and £(¢) is a phaselet basis function and
its dual, and j is the scale. This feature of the phaselet transform have made it an

efficient tool for designing digital filters and processing image and speech signals

3.3.3 Phaselet-Based Fault Detection

Faults can impact a power system in different ways, ranging from variations in
magnitudes, frequency contents and/or phases of voltages and currents. As has
been mentioned in Chapter 2, PECs prioritize limiting voltage and current changes
caused by faults. As a result, the use of voltages and/or current magnitudes to
detect a fault may not be accurate. However, changes of the phase require a longer
time to be corrected by the controllers of PECs. Changes in the phase triggered by
a fault are characterized as non-stationary, where changes may have fast decaying
or transient components.

In order to extract the non-stationary phase present in a signal, a filter bank can
be designed using high-pass filters (HPF's). Such a filter bank can be designed to

meet the following constraints:
1. equal frequency magnitude response of each HPF;

2. linear phase response of each HPF.
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The bank of high-pass filters can facilitate the localization of frequency (identical
frequency response), phase (linear phase response), and time (a feature of time-
frequency analysis). These features allow the extraction of non-stationary phase,
and its use as a fault signature.

As of late, phaselet basis functions have been introduced as a class of wavelet basis
functions. Phaselet basis functions have also demonstrated the ability to generate
finite impulse response (FIR) filters, which have linear phase responses; and can
be used to construct digital filter banks. In order to generate the phaselet basis
functions, a real-valued scaling function has to be selected. Several approaches are
available to make this selection, among such approaches are the minimum entropy,
maximum likelihood, and minimum description length data.

In this thesis, the real values scaling function («(t)) is selected to be one of the
bi-orthogonal scaling functions, called the bior 2.2. The selected bi-orthogonal
scaling function has been shown to produce stable half-band digital high pass
filters that are maximally flat with linear phase response. In general, a scaling

function generates a set of wavelet basis function [21] as:

e(t) = 22a(2t — k) j, kL € Z. (3.3)

where £(t) is a wavelet basis function. If £(t) satisfies the shift-invariant feature,
then ¢(¢) is a phaselet basis function. The condition for shift-invariance can be

stated as [21] :

|7 (e(t)| = |F (e(t))]e™ (3.4)

where 7y (7, € R) is the phase of £(t) and .Z (.) is the Fourier operator . In order to
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ensure the density feature, the phases {Tg}fz_ol have to be selected with a uniform

distribution over [—m, 7], where 7, is defined as:

2ml
Tﬁz_%; T£€R> and€:071a27"'7[’_1' (35)

Since the phaselet basis function satisfies the admissibility, regularity and compact
support conditions, the dilation equation will have a finite solution [20, 21, 22].

The dilation equation is defined for g,(t) as:

eo(t) = ﬁ%g[lﬂ]sg(% — k)R k(e (3.6)
kez
where g[k] is the half-band digital low-pass filter associated with &,(¢), and R is
the length of g[k]. Since g[k] is obtained as a solution to the dilation equation
(equation 3.6), it satisfies the condition for being a quadrature mirror filter. As a
result, its compliment half-band digital high-pass filter h[k] can be determined as
20]:

Bk = (—1)*g[R — (3.7)

Since g[k] and h[k] are constructed from phaselet basis functions, their frequency
responses have linear phase responses. Since fault events trigger high frequency
components with non-stationary phases, h[k]can be used to process these compo-
nents. Additionally, processing high frequency components with non-stationary

phases require multiple filters with linear phase response. Such filters can be im-
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plemented using h[k], however, detecting non-stationary phase requires each filter
having different phase responses. This requirement can be meet by designing a
filter bank using different phase-shifter versions of h[k]. Using equation (3.8), the
required phase shifts can be determined. Finally, a six channel filter bank may
be constructed using six different values of 7y. Selecting a six channel filter bank
provides accurate resolution while not being too computational demanding. The
six uniformly distributed phases in equation (3.8) ensure the density feature, as

such, 7, can be selected as:

—2r —4rm —6r —87 —107
=1{0 3.8
Ty ( p 6 ’ 6 ; 6 ) 6 ) 6 ) ( )

The filter inputs are the dg-axis currents since the phaselet-based fault detection
can be embedded within one of the controllers which uses dg-axis currents, thus
simplifying the implementation. Moreover, the processing of d-q axis currents has
been found to be advantageous in relocating the frequency components [20], thus
simplifying their extraction. Using the half-band digital filters, and the dg-axis

currents, the six signals produces by the phaselet-based can be stated as:
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Ao[m] = iqu[r]ho[m —rl; m,reZ. (3.9)

Ay[m] = RZ_; Claglr]ham — 77, (3.10)
Ag[m] = Rg Claglrlhalm — 17, (3.11)
As[m] = Rg: Claglrlhslm — 17, (3.12)
Aulm] = Rzé Claglrlhalm — 1], (3.13)
Asm] = Rz; Claalr]hsm — 77, (3.14)
Cag[m] = (Ia[m))* + (I,[m])* . (3.15)
Arm] = Ao+ Ay 4 Ao + Ay + Ay + As (3.16)

where Arp[m] is the fault signature, and R is the length of i (all HPFs have the
same length). The signals Ag, A1, A2, A3, Ay, A5 will have zero values for non-
fault conditions, and non-zero values for fault conditions. This is due to the linear
phase response of each of the six filters, where two or more of the filters will
output higher energy depending on their closeness to the non-stationary phase
components. The signature Ar[m] can be used to detect a fault in one part of the

PMG-based WECS and its storage system, and can be generalized as:
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0, Non — Fault
Ar[m] = (3.17)

0, Fault

Figure 3.2 shows the magnitude and phase responses of the six digital half-band

high-pass filters used in this thesis.
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Figure 3.2: Magnitude and phase response of the six digital half-band high-pass
filters. All six filters have an equal magnitude response, with equally shifter linear
phase responses.

3.3.4 Phaselet-Based Digital Relay

In general, a protective device is responsible for processing input signals, im-
plementing a fault detection method, and generating a response. The previous
subsection has provided a fault detection method that can be used to design a
phaselet-based digital relay. The phaselet-based digital relay (DR) can be imple-

mented using the following step-by-step procedure:
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e Step 1: Initialize the samples index k = 0, K = 16, and trip signal TR = 1,
and read coefficients of the 6 HPFs hq, ho, hs, hy, hs, he.

e Step 2: Evaluate:

k
= i — . 1
k = Remainder ( K) (3.18)

e Step 3: Read one sample from (ig) k] and (i,) [k] (provided by one of the
controllers), and create the k" sample of the vector (Cy,)[k]. (equation

(3.15))

e Step 4: Calculate Ay [k], Aaolk], As[k], Aa[k], As[k], and Ag[k]. (equation (3.9-
3.14))

e Step 5: Calculate (A7) [k]. (equation (3.15))

e Step 6: IF:
(Ar) [K] #0. (3.19)

THEN: Declare FAULT: TR=1— 0
ELSE: k =k + 1, and go to Step 2.

The step-by-step procedure is converted into a flow chart to implement phaselet-

frame digital relays, as shown in Figure 3.3.
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Set Td, k=0,K=16,t=0,and TR¢=1
Read Coefficients of h1, h2, h3, ha, hs, and he
Define the array (Cdg)¢[1x16]

y

Obtain (ld)l[k] and (lq)l[k]

Update (Citg)/[K] = ((ia)/IK1) + (Ga)[k)

\i

Calculate (Adq)¢[k]

| k = Remainder (k/K) |
A

t=t+Td
k=k+1

A

TF | (Adg)[k] 1# 0

YES
v Fault

TR = 0 f———>(sTOP )

Figure 3.3: A flowchart to implement one phaselet-based digital relay (the ¢
DR).

3.4 The Digital Modular Protection

A PMG-based WECS with a generator-charged storage system can deliver power
to the host grid through the grid-side PEC and/or discharge PEC. As a result,
the protection of such a system has to disconnect only the faulty component(s),
and maintain the power delivery to the grid or charging the storage system.

In order to meet the previous requirements, the responses of the protective relays
employed in the PMG-based WECS, and its storage system, have to be managed.
The desired management have to be able to generate protection responses as TRIP,

RESTRAIN, and ACTIVATE circuit breakers in different parts of the system. The
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digital modular protection is a procedure to manage multiple responses of digital
relays to clear the faulty component(s), and maintain power delivery to the grid.
The digital modular protection for a PMG-based WECS with a generator-charged

storage system can be constructed with the following constraints.

e For faults in the generator-side PEC, dc link, grid-side PEC, or first LCL
filter, the response is to disconnect the generator-side PEC from the PMG
terminals, and to disconnect the first LCL filter from the grid-connection
transformer. For these faults, the charge PEC and discharge PEC are op-
erated to deliver power to the grid through the second LCL filter, grid-

connection transformer, and PCC.

e For faults in the charge PEC, battery bank, discharge PEC, or second LCL
filter, the response is to disconnect the charge PEC from the PMG terminals
and disconnect the second LCL filter from the grid-connection transformer.
For these faults, the generator-side PEC and grid-side PEC are operated
to deliver power to the grid through the first LCL filter, grid-connection

transformer, and the PCC.

e For faults on the grid side or grid-connection transformer, the response is
to disconnect the LCL filters from the grid-connection transformer, and dis-
connect the generator-side PEC from the terminals of the PMG. For these

faults, the charge PEC can be operated to charge the battery bank.

e For faults in the PMG, the response is to disconnect the charge PEC and
generator-side PEC from the PMG terminals and disconnect the first LCL
filter from the grid-connection transformer. For these faults, the discharge
PEC can be operated to deliver power to grid through the second LCL filter,

grid-connection transformer, and the PCC.
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Figure 3.4: Block diagram for the modular protection of a PMG-based WECS
with a generator-charged storage system.

These constraints require the digital modular protection to execute two tasks,

which are:

1. to receive the fault detection decision from each phaselet-based digital relay

2. to initiate a response ans send control signals (TRIP, RESTRAIN, and AC-
TIVATE) to each of the CBs

In order to achieve the two tasks, the digital modular protection has to be im-
plemented as an independent entity. In addition, the different protection zones
require the employment of 6 CBs (CB0, CB1, CB2, CB3, CB4, and CB5) as shown
in Figure 3.1. The signals to operate CB1 through CB5 are produced by the digital
modular protection as shown in Figure 3.4.

The protection responses to different faults can be set to operate the 6 CBs as:

1. Faults in Zone 2 require the protection to TRIP CB1, CB3 (TR1 = TR3 =
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0), and ACTIVATE CB2, CB4 (TR2 = TR4 = 1) to operate the charge and
discharge PECs.

2. Faults in Zone 3 require the protection to TRIP CB2, CB4 (TR2 = TR4 =
0), and RESTRAIN CB3, CB1 and CBO.

3. Faults in Zone 1 require protection to TRIP CB0, CB1, CB2 (TR0 = TR1
= TR2 = 0), and ACTIVATE CB4 (TR4 = 1) to operate the charging PEC.

4. Faults in Zone 4 require the protection to TRIP CB1, CB3, CB4 (TR1 = TR3
= TR4 = 0), and ACTIVATE CB2 (TR2 = 1) to operate the discharging
PEC.

3.5 Simulation Test Results

The digital modular protection (as described in the previous section) was converted
into a code which was implemented as a MATLAB function. For purposes of
verifying the responses of the digital modular protection, MATLAB SIMULINK
software was used to build a working model of WECS with a battery storage unit,
complete with all the PECs and other components. Appendix A outlines a detailed
description of the simulation model. The constructed model was operated under
various fault and non-fault events, where the responses of the digital modular

protection were observed.

3.5.1 Simulation Results

The desired responses of the digital modular protection were set based on the
ability to distinguish fault and non-fault events. Non-fault events included step-

changes in power delivery, grid-connection, grid-disconnection, etc. For a non-fault
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event, the digital modular protection would respond by restraining the circuit
breakers, thus allowing power delivery to the grid from the WECS/ESS; or deliver
to power to the ESS. For fault events, the digital modular protection would respond
to isolate the faulty component, while providing an alternative route of power flow

throughout the system.

3.5.1.1 Non-Fault Event: Step Changes in Power Delivery

The first simulation test was step changes in the power delivered to the grid from
the WECS. Changes in power delivered to the grid were reflected in changes in
current.

The power delivered to the grid (S¢) was changed as shown in Figure 3.5. More-
over, Sg was changed during changes in wind speed (see Figure 3.5). The objective
of this test was to investigate the responses of digital modular protection to non-
fault conditions (a combination of changes in wind speed and Sg). Figure 3.4
shows the currents through the five CBs along with the five trip signals gener-
ated by the digital modular protection. It can be seen from Figure 3.5 that the
proposed digital modular protection was able to identify the grid-connection, step
changes in wind speed, charging and discharging the battery units, and the step
changes in S¢; as non-fault events. As a result, the digital modular protection kept
the 5 trip signals unchanged to maintain the power flow within the PMG-based
WECS.

3.5.1.2 Fault Event: Grid-Side Phase C Line-to-Ground Fault

The second simulation test was a grid-side phase C-to-ground fault. This test
aimed to demonstrate the responses of the digital modular protection to a fault

event.

42



TR0

05F

TR!

—t—+—

| Grid Connection

A S=s vy
S =100+ 140 [V
T [scc.jé 5 & 6 5 0 % 1 1 ;Tim w4 5 s
T T T T T T T T T T T T T T T T
1 1
TR3 TR
05 05}
0 — \ 0 —— ——
: i), inlt), ialt) [p] i
05 5 tag(t), ialt), Gealt) [p1]
0
0
5
.0‘5,
1 oy vy =T [m/sec) e =8 msec.
Uy = ‘[Hl SeC-‘] | | | v‘w = 10? [m/se?] | ‘ ‘ ‘ ‘ ‘ ‘ ‘
R

0 05 1 15

1

2 Timelsec] 3 3 ¢ 4 5 0 05 1 5

TR?

05F

051

.

1
b0 1 15 2 Tipefee)3 B 4 48

2 Time [sec *

Figure 3.5: The simulation test results for the responses of the digital modular
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PEC 3¢ currents, and
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44



The results in Figure 3.6, show that the grid-side fault caused the digital modular
protection to isolate the WECS (trip CB1 and CB3), disconnect the WECS and
ESS from the host gird (trip CB0 and CB2) and charge the ESS (restrain CB4). It
should be noted that the generator side-PEC is disconnected to ensure there is no
voltage build up across the DC-link capacitor. The charge PEC was maintained as
it did not contribute to the fault. The observed responses of the fault demonstrated
the ability of the digital modular protection to detect and respond to the a grid-
side phase C-to-ground fault and maintain charging of the ESS. While this chapter
expands on two simulation test results, a variety of non-fault /fault conditions were

tested in simulation before experimental tests were conducted

3.6 Summary

This chapter has presented a method for detecting faults, a method to manage
the responses of multiple protective devices, and preliminary performance eval-
uation. The protective devices used in this thesis are the phaselet-based digital
relays, which have shown good accuracy in fault detection, along with a low sen-
sitivity to impacts of PECs and their controllers. In addition, responses of the
used phaselet-based digital relays are managed by using the digital modular pro-
tection. The digital modular protection generates the control signals to operate
the CBs (to isolate the faulty component(s)), and provide an alternative route
for power flows. It should be noted that the digital modular protection does not
require coordinating protective devices, it rather manages the responses of pro-
tective devices. Some managed protective devices detect the fault, while others
do not. However, in the coordinated protection, the fault is detected by several
protective devices, which are restrained to respond before the closest relay to the

fault location.
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Simulation results of the digital modular protection has demonstrated its capabil-
ity to provide the desired control signals to the CBs throughout the system. The
next chapter extends the performance evaluation of the digital modular protection

through experimental testing.
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Chapter 4

Experimental Setup and Test

Results

4.1 General

The previous chapter has provided a structure for the digital modular protection,
when designed for a grid-connected permanent magnet generator (PMG)-based
wind energy conversion (WECS) with a battery storage system (BSS). The abil-
ity to manage the responses of multiple protective devices in such a system has
demonstrated possible improvements in the functionality and reliability of grid-
connected WECSs. In addition, chapter 3 has presented sample simulation results
for the digital modular protection, when deployed in a PMG-based WECS with
BSS. These results have revealed encouraging performance features, where the
faulty component(s) are quickly isolated and alternate paths for power flow are
created. Furthermore, simulation results have shown that the used phaselet-based
digital relays can provide a support to the digital modular protection through
their accurate fault detection capabilities.

In order to obtain a complete performance evaluation, this chapter presents and
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discusses the experimental testing of the digital modular protection. The exper-
imental testing is conducted for a 5 kW grid-connected PMG-based WECS that
have a generator-charged BSS. Performance tests are carried for different oper-
ating conditions that include fault and non-fault events. The setup for the test

system is detailed in the following section.

4.2 Experimental Setup

The performance of the proposed modular protection was evaluated for a 5 kW
interconnected PMG-based WECS with a generator-charged battery storage. The
setup for the test PMG-based WECS and its storage system was constructed in

software and hardware as illustrated in the schematic diagram in Figure 4.1.

4.2.1 The Software Parts

The software part was developed to implement the 4 controllers of the PMG-
based WECS and its storage system, along with the modular protection. Two
dSPACE ds1104 DSP boards were used to execute the software part. The first DSP
board implemented the controller of the charge PEC, controller of the discharge
PEC, DR2, and DR4. The second DSP board implemented the controller of the
generator-side PEC, controller of the grid-side PEC, DR0, DR1, DR3, and the
algorithm for the modular protection. The inputs of the first DSP board were the
terminal voltages of the PMG, PCC voltages, input currents to the charge PEC,
output currents of the second LCL filter, and PMG speed. The outputs of the
first DSP board were switching pulses for the charge PEC and discharge PEC, as
well as the trip signals TR2 and TR4, which were fed as inputs to the modular

protection implemented in the second DSP board. The trip signals TR2 and TR4
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were sent to two digital-to-analog (DAC) ports, while switching pulses were sent
to digital input/output ports [21].

The inputs of the second DSP board were the terminal voltages of the PMG, PCC
voltages, input currents of the generator-side PEC, output currents of the first
LCL filter, dc link voltage, and trip signals TR2 and TR4. The outputs of the
second DSP board were switching pulses for the generator-side PEC and grid-side
PEC, along with the trip signals TR0, TR1,TR2,TR3, and TR4. The switching
pulses were sent to digital input/output ports, while the trip signals were sent to
5 DAC ports [21]. The software part implemented by the two DSP boards was
executed with a time step Ts = 50 psec. The switching pulses produced by both
DSP boards were fed to two 6-channel driver circuits before being applied to the
gates of switching elements in the PECs. Moreover, the 5 trip signals produced
by the second DSP board were fed to control circuits before being applied to the
CBs in the PMG-based WECS and its storage system.

4.2.2 The Hardware Parts

The hardware part of the setup for the test PMG-based WECS was composed of
a b kW, 300 V, permanent magnet machine, which was driven by a 7.5 kW, 240
V, shunt dc¢ motor that was operated with armature control for variable speed
operation. The terminals of the PMG were connected to the generator-side PEC
and the charge PEC. The generator-side PEC was constructed from 6 insulated
gate bipolar transistors (IGBTs) rated at 600 V, and 15 A, and was configured
as a 3¢, VS, 6-pulse, ac-dc PEC. The outputs of this PEC were connected to a
capacitor of 220 uF to function as a dc link. The dc link capacitor was connected
to the inputs of the grid-side PEC, which was configured as a 3¢, VS, 6-pulse,

dc-ac PEC. The outputs of the grid-side PEC were connected to one secondary of
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the grid-connection transformer via the first LCL filter. The first and second LCL
filters were to connected to the grid through the grid-connection transformer. This
transformer was selected as a multi-core with two sets of secondary windings, and
was rated at 10 kVA, 3¢, A—Y —Y,208/110/110 V, 60 Hz. The grid connection
(on the primary side of the grid-connection transformer) was created by a 3¢, 208
V, synchronizing unit that was equipped with its own CB (grid-side CB). Finally,
the grid was realized by a 3¢, 208 V, 35 A, 60 Hz, power supply that was connected

to the synchronizing unit. Figure 4.2 shows photographs of the experimental setup

for the test 5 kW PMG-based WECS with the battery storage system.

Discharge PEC|  -py ]
(B2 Grid-side PEC.

Battery Storage

Figure 4.2: Photographs for the experimental setup of the 5 kW PMG-based
WECS with the 2.3 kW battery storage system.

The generator-charged storage system was constructed from a charge PEC that
was composed of 6 IGBTSs rated at 600 V and 15 A. This PEC was configured as
a 3¢, VS, 6-pulse, ac-dc PEC, and was connected to the terminals of the PMG.
The outputs of the charge PEC were connected to a bank of 6 lead-acid batteries
that were connected in series. Fach battery had a terminal voltage of 12 V (13.8
V float) with a 373 W capacity. The battery bank produced a terminal voltage
(at full charge) of 72 V, with an overall capacity of 2.238 kW. The terminals of
the battery bank were connected to the discharge PEC, which was constructed
from 6 IGBTs rated at 600 V and 15 A. The discharge PEC was configured as a

3¢, VS, 6-pulse, dc-ac PEC, with its outputs connected to one secondary of the
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grid-connection transformer via the second LCL filter.

Each of circuit breakers CB0, CB1, CB2, CB3, and CB4 was constructed from
3 TRIAC switches. The trip signal for each CB was fed to a 3-channel control
circuit, which operated the TRIAC switches of that CB. The layout of the 5 CBs
(see Figure 3.1) ensured providing a backup for each CB. The built-in CB of the
synchronizing unit provided a backup for CB0, which in turn provided a backup
for CB1 and CB2. Moreover, CB3 provided a backup for CB4, and CB4 itself
provided a backup for CB3.

4.3 Experimental Test Results

The performance of the digital modular protection was evaluated for a 5 kW
PMG-based WECS with generator-charged battery storage. Performance tests
included faults, in different parts the PMG-based WECS and storage system, and
non-fault conditions. The inputs of the phaselet-based digital relays were the
d — g-axis components of currents labeled in Figure 3.1, which were obtained from
the controller for the PMG-based WECS and its storage system. The trip signals
generated by the 5 phaselet-based digital relays were initiated at 10 V, and were fed
to the 3-channel opto-coupler driver circuits. Each driver circuit was responsible
for activating 3 TRIAC switches that were used to implement a 3¢ CB. In the
event of detecting a fault in the PMG-based WECS or storage system, the digital
modular protection would change the status of trip signals. The currents flowing

in the PMG-based WECS and its storage system were labeled as:
® i, 1, 1.: the 3¢ currents injected to the grid;
® i.1,%p1,%.1: the 3¢ output currents of the grid-side PEC;

® 149,02, 10 the 3¢ output currents of the discharge PEC;
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® 1,3,%p3,1c3: the 3¢ input currents to the generator-side PEC;

® 44,04, lcq: the 3¢ input currents to the charge PEC.

4.3.1 Non-Fault Events

The objective of this test was to investigate the ability of the modular digital pro-
tection to distinguish between fault and non-fault events in a PMG-based WECS
and its storage system. This test was conducted with command active and re-
active powers delivered to the grid as P = 3.6 kW and Q¢ = 1.5 kVAR. The
non-fault events were created as grid-connection/disconnection of the PMG-based

WECS, and step changes in the wind speed as:

7 m/sec.

The first step change in the wind speed from 7 m/sec. to 9 m/sec. was created
to allow charging the battery bank, while the step change from 9 m/sec. to 5
m/sec. was created to allow discharging the battery bank. Figure 4.3 shows the 5
trip signals and currents in different parts of the PMG-based WECS and storage
system.

It can be seen from Figure 4.3 that the proposed digital modular protection was
able to identify the grid-connection, step changes in wind speed, charging and dis-
charging the battery storage units, and the grid-disconnection as non-fault events.
As these events were identified as non-fault conditions, the digital modular pro-
tection kept the 5 trip signals unchanged to maintain the grid connection of the
PMG-based WECS. Each of the tested non-fault events created negligible tran-
sients in the 3¢ currents in different parts of the PMG-based WECS and its stor-

age system. As a result, the high frequency sub-bands had zero contents, which
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Figure 4.3: The experimental test results for the responses of the modular pro-
tection to non-fault conditions: TRO and PCC 3¢ currents (current scale is 20
A/Div), TR1 and grid-side PEC 3¢ currents (current scale is 20 A /Div), TR2 and
discharge PEC 3¢ currents (current scale is 15 A/Div), TR3 and generator-side
PEC 3¢ currents (current scale is 20 A/Div), and TR4 and charging PEC 3¢ cur-
rents (current scale is 15 A/Div). Trip signal scale is 10 V/Div, and time scale is
10 sec./ Div.

confirmed that the detected events were not faults. The response of the digital
modular protection to the non-fault events demonstrated the ability to distinguish

between fault and non-fault events, and to respond accordingly.

4.3.2 Fault Events

Case I: Line-to-Line Fault

The line-to-line fault was tested to demonstrate the response of the digital mod-
ular protection to a high impedance fault in the storage system. This fault was
created by activating a solid-state switch that connected phase A to phase B on
the input side of the 3¢ charge PEC during the charging of the battery bank.

This asymmetrical fault was created through a resistance 20 ) to realize a high
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impedance fault. The line-to-line fault was created as the PMG-based WECS
operated for v,, = 5 m/sec., and with Pz = 3.5 kW and Q¢ = 1.5 kVAR. The 5
trip signals and currents in different parts of the PMG-based WECS and storage

system for this test are shown in Figure 4.4.
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Figure 4.4: The experimental test results for the responses of the modular pro-
tection to the high impedance phase A-to-phase B fault on the input side of the
charge PEC: TRO and PCC 3¢ currents (current scale is 20 A/Div), TR1 and
grid-side PEC 3¢ currents (current scale is 20 A/Div), TR2 and discharge PEC
3¢ currents (current scale is 15 A/Div), TR3 and generator-side PEC 3¢ currents
(current scale is 20 A/Div), and TR4 and charging PEC 3¢ currents (current scale
is 15 A/Div). Trip signal scale is 10 V/Div, and time scale is 50 msec./ Div.

The results of the phase A-to-phase B fault demonstrated an encouraging perfor-
mance of the digital modular protection for responding to a high impedance fault
in the charge PEC. The fault created transient components in the input currents
of the charge PEC (iu4, ip4, ic4) and generator-side PEC (iq3, 443, ic3), while the
output currents of the grid-side PEC (441, i1, i) and PCC currents (iq, i, i.)
did not experience any transient components. Since the high impedance line-to-

line fault occurred during the charging of the storage system, the discharge PEC
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was not activated (i.e. i,0 = 0, ipo = 0, 7.2 = 0). The response of the digital mod-
ular protection was to disconnect the storage system (charge PEC and discharge
PEC), and maintain the PMG-based WECS in grid-connection. This response
(see Modular Protection Algorithm) was achieved by changing the status of TR4
as TR4 = 10 — 0, in 6.4 msec. after the fault started, and maintaining TR2 as
TR2=0.

Furthermore, the digital modular protection kept the PMG-based WECS in grid-
connection by maintaining T'R0 = 10, T'R1 = 10, and T'R3 = 10. The response
of the digital modular protection revealed its accuracy, speed, and reliability to
disconnect only the faulty part(s), while maintaining healthy parts in operational
conditions. Such response features ensured minimizing the disruptions in deliver-
ing power to the host grid.

Case II: Line-to-Ground Fault

This fault was tested to demonstrate the response of the digital modular protection
to a ground fault in the grid-side PEC of the PMG-based WECS. The line-to-
ground fault was created by activating a solid-state switch that connected phase
C to the ground on the outputs of the 3¢ grid-side PEC. The fault was created
as the storage system was neither charging nor discharging. The tested fault was
created through a resistance 10 € to realize a high impedance fault. The phase C-
to-ground fault was created as the PMG-based WECS operated for v,, = 7 m/sec.,
and with P; = 3 kW and Q¢ = 1.2 kVAR. Figure 4.5 shows the 5 trip signals and
currents in different parts of the PMG-based WECS and storage system for this
test.

Case III: Open-Leg Fault

Figure 4.5 shows that the digital modular protection was able to detect and re-

spond to the line-to-ground fault on the output of the grid-side PEC. The phase
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Figure 4.5: The experimental test results for the responses of the modular protec-
tion to the phase C-to-ground fault on the outputs of the grid-side PEC: TR0 and
PCC 3¢ currents (current scale is 20 A/Div), TR1 and grid-side PEC 3¢ currents
(current scale is 20 A/Div), TR2 and discharge PEC 3¢ currents (current scale is
15 A/Div), TR3 and generator-side PEC 3¢ currents (current scale is 20 A /Div),
and TR4 and charging PEC 3¢ currents (current scale is 15 A/Div). Trip signal
scale is 10 V/Div, and time scale is 50 msec./ Div.

C-to-ground fault created transients in the output currents of the grid-side PEC
(a1, b1, ic1) and generator-side PEC (iu3, i3, ic3). Since the fault was created
as the storage system was not charging or discharging, charging and discharging
currents before the fault had zero values. The response of the digital modular pro-
tection to the phaseC-to-ground fault was to disconnect the grid-side PEC (TR1
changed from 10 to 0) and generator-side PEC (TR3 changed from 10 to 0), while
activating the discharge PEC (TR2 changed from 0 to 10) and maintaining the
PCC (TRO remained at 10) connected. The changes in TR1, TR3, and TR2 were
created in 5.72 msec. after the fault started. The response of the digital modular
protection showed good speed and accuracy, as well as a good ability to maintain

the power delivery to the grid. These response features were in agreement with
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Figure 4.6: The experimental test results for the responses of the modular pro-
tection to the open-leg fault in the discharge PEC: TR0 and PCC 3¢ currents
(current scale is 20 A/Div), TR1 and grid-side PEC 3¢ currents (current scale
is 20 A/Div), TR2 and discharge PEC 3¢ currents (current scale is 10 A/Div),
TR3 and generator-side PEC 3¢ currents (current scale is 20 A/Div), and TR4
and charging PEC 3¢ currents (current scale is 10 A/Div). Trip signal scale is 10
V/Div, and time scale is 50 msec./ Div.

other test results in terms of accuracy, response speed and reliability.

Case IV: Short-Circuit in the Storage Units

This test aimed to investigate the response of the digital modular protection to
a short-circuit fault in the storage system during the charging mode. The short-
circuit across the terminals of the battery was created by activating a solid-state
switch that connected the positive and negative terminals of the battery bank
through a 5 Q resistance. This test was carried out as the PMG-based WECS
operated for v,, = 9 m/sec., with Py = 3.2 kW and Q¢ = 1.8 kVAR. Figure 4.7
shows the 5 trip signals and currents in different parts of the PMG-based WECS
and storage system for this test.

It can be seen from Figure 4.7 that the short-circuit fault on the terminals of the
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Figure 4.7: The experimental test results for the responses of the modular pro-
tection to the short-circuit fault across the battery terminals: TR0 and PCC 3¢
currents (current scale is 20 A/Div), TR1 and grid-side PEC 3¢ currents (current
scale is 20 A/Div), TR2 and discharge PEC 3¢ currents (current scale is 15 A /-
Div), TR3 and generator-side PEC 3¢ currents (current scale is 20 A/Div), and
TR4 and charging PEC 3¢ currents (current scale is 15 A/Div). Trip signal scale
is 10 V/Div, and time scale is 50 msec./ Div.

battery units was accurately detected and quickly cleared by the digital modular
protection. The fault in the storage units created transients in the 3¢ input cur-
rents of the charge PEC (444, p4, ics), while other currents in the system did not
experience similar transients. Since the sort-circuit fault took place during the
charge of the storage system, the 3¢ output currents of the discharge PEC before
the fault had zero values. The response of the digital modular protection to the
fault was to disconnect the charge PEC (TR4 changed from 10 to 0) and discharge
PEC (TR2 remained at 0), while maintaining the generator-side PEC (TR3 re-
mained at 10), grid-side PEC (TR1 remained at 10), and PCC (TR0 remained at
10) without tripping. The changes in TR4 and TR2 were created in 5.73 msec. af-

ter the short-circuit fault started. The results obtained from the short-circuit fault
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in the storage system showed accurate, fast, and reliable responses of the digital
modular protection, which disconnected only the faulty parts (storage system) and
maintained healthy parts (PMG-based WECS) in operational conditions. These
results also demonstrated consistent performance in terms of accuracy, response
speed and reliability. Finally, the results in Figure 4.7 confirmed the insensitivity
of the digital modular protection to the fault type and location, and/or levels of
power injection to the host grid.

Case B-V: Line-to-Ground Fault on the Grid Side

The objective of the line-to-ground fault was to demonstrate the response of the
digital modular protection to a fault on the grid side. The tested fault was created
by activating a solid-state switch that connected phase C' to the ground (through
a 10 Q resistance) on the grid side of the PCC. The line-to-ground fault was
created during the charging of the battery bank. The ground fault on the grid
side occurred as the PMG-based WECS operated for v,, = 8 m/sec., and with
Ps = 3.0 kW and Q¢ = 1.0 kVAR. The 5 trip signals and currents in different
parts of the PMG-based WECS and storage system for this test are shown in
Figure 4.8.

Figure 4.8 shows that the digital modular protection was able to detect and re-
spond to the phase C-to-ground fault on the grid side. The tested fault created
transients in the 3¢ currents flowing through the PCC (i, i, i.) and on the output
side of the grid-side PEC (i41, 4p1, ic1). Other currents did not experience tran-
sients as indicated by the input currents to the generator-side PEC (i3, i3, ic3)
and charge PEC (iq4, 9p4, c4). As the phase C-to-ground fault occurred during
the charge of the storage system, the 3¢ output currents of the discharge PEC had
zero values. The digital modular protection responded to the phase C-to-ground

fault on the grid side by disconnecting the PMG-based WECS and its storage sys-
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Figure 4.8: The experimental test results for the responses of the modular protec-
tion to the phase C-to-ground fault on the grid side: TR0 and PCC 3¢ currents
(current scale is 20 A/Div), TR1 and grid-side PEC 3¢ currents (current scale
is 20 A/Div), TR2 and discharge PEC 3¢ currents (current scale is 15 A/Div),
TR3 and generator-side PEC 3¢ currents (current scale is 20 A/Div), and TR4
and charging PEC 3¢ currents (current scale is 15 A/Div). Trip signal scale is 10
V/Div, and time scale is 50 msec./ Div.

tem from the grid (TR0 and TR1 changed from 10 to 0, while TR2 remained at 0).
Moreover, the generator-side PEC was disconnected (TR3 changed from 10 to 0)
to prevent voltage build-up across the dc link capacitor. Finally, the charge PEC
was kept active (TR4 remained at 10) as the storage system did not contribute to
the fault. The changes in TR0, TR1, and TR3 were created in 5.26 msec. after
the phase C-to-ground fault started on the grid side. The observed response accu-
racy, speed, and reliability of the digital modular protection confirmed its ability
to protect the PMG-based WECS and its storage system from faults occurring in
the host grid. The results of this test were in agreement with other test results,
where the the type and location of the fault did not impact the response of the

proposed protection.
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4.4 Summary

Experimental performance of the digital modular protection have demonstrated
significant accuracy, response speed, and reliability, which have been accompanied

by minor sensitivity to:
i) type and/or location of faults;
ii) storage system mode of operation (charging or discharging);

iii) actions of controllers operating multiple PECs in the PMG-based WECS and

storage system;
iv) levels of power delivery to the host grid.

Response features of the proposed digital modular protection are summarized in
Table 4.1.

Table 4.1: Summary of Performance for the Digital Modular protection Employed
in a PMG-Based WECS with a Battery Storage

Criterion Results
Number of Tests 74
Success Rate 96.8%
Average Response Time 5.74 msec.
Thresholds Not Required
Pick-Up Values Not Required
Coordination Not Required
Implementation Embedded within
the Main Controller

The data in Table 4.1, and performance results have highlighted the accuracy,
response speed, and reliability of the digital modular protection to detect and re-
spond to transient disturbances experienced by PMG-based WECSs with energy
storage systems. These encouraging features have been accomplished based on

the significant ability of the proposed protection to manage responses of multiple
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protective units in order to produce a desired response. Unlike other protection
schemes, the digital modular protection does not require threshold, pick-up, time
settings, or any coordination method (current, time, communication signals) prior
to its deployment. The experimental test results have provided support to em-
ploying the digital modular protection for improving the stability, functionality,
and reliability of interconnected PMG-Based WECS that have storage units. Al-
though this thesis presented digital relays that are designed as phaselet-based dig-
ital protective devices, the observed performance features support implementing

the digital modular protection using other digital protective devices.
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Chapter 5

Conclusion and Future Work

5.1 Summary

This thesis has presented the development and performance evaluation of a new
approach to manage the responses of digital protective devices employed in inter-
connected DGUs with storage systems. The proposed digital protection is designed
to eliminate the need for coordinating protective relays used in systems with mul-
tiple PECs and/or power flow paths, which can adversely impact the operation
and coordination of protective devices. The developed digital modular protection
can be realized by arranging the trip signals of protective relays both inside and
outside the fault zone. Such an arrangement can simplify the implementation
requirements and reduce the dependence on the coordination means. The simple
design can make the digital modular protection an effective tool for managing the
protection responses required for interconnected storage systems and DGUs, along
with other applications.

The developed digital modular protection has been implemented in real time for
performance evaluation on 5 kW PMG based WECS with a 2.3 kW battery stor-

age systems, when operated under different conditions. The proposed digital pro-
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tection has been implemented for five phaselet-based protective devices that are
located in different parts of the test system. Simulation and experimental tests
have demonstrated significant capabilities of the digital modular protection for
fast, accurate, and reliable detection, identification, and response to transient dis-
turbances, including fault events. In all tests, the levels of power delivery to the
grid, actions of controllers, influences of PECs, and type and/or location of the
faults had a negligible impact on the accuracy and response speed of the devel-
oped digital protection. The distinct features and performance capabilities of the
digital modular protection support its applications in interconnected DGUs that

have storage units.

5.2 Conclusions

This thesis has presented the development, implementation, and performance eval-
uation of a protection scheme for applications in PMG based WECSs, which are
equipped with generator-charged battery storage systems. The developed pro-
tection scheme is called the digital modular protection, which is constructed to
manage the responses of multiple protective devices located in different parts of the
protected system. In this thesis, the used protective devices are phaselet-based
digital relays, which has shown high accuracy in detecting faults. The perfor-
mance evaluation of the developed digital modular protection have shown good
capabilities in terms of managing the responses of multiple protective devices to
ensure isolating the faulty components only. Such performance features have been
verified using simulation and experimental tests for various fault types.

The research work presented in this thesis can provide the following conclusions:

e Existing methods for managing the responses of multiple protective devices

(e.g. protection coordination) have limited capabilities for systems with
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PECs, and/or multiple power flows. Such limited capabilities are due to
the high dependence on the accuracy in fault detection by the managed

protective devices.

e The improvements in managing multiple protective devices can be achieved
by increasing the accuracy of fault detection, mainly for systems that have
PECs and/or multiple power flow paths. The accuracy in fault detection

has been increased by employing phaselet-based digital relays.

e The improvements in managing the responses of multiple protective devices
can be achieved by extending the operation of circuit breakers (CBs) from

TRIP or RESTRAIN to TRIP, RESTRAIN, or ACTIVATE. The extended

control of CBs has been accomplished by the digital modular protection.

e The performance evaluation of the digital modular protection has demon-
strated remarkable capabilities to operate CBs to isolate faulty components
and create alternate paths for the power flow. These capabilities have been
complimented by negligible sensitivity to fault type and/or location, levels
of power exchange with the host grid, and mode of operating the battery

storage units (charging or discharging).

e The developed digital modular protection has been implemented on differ-
ent platforms (simulation and a DSP board), and has maintained its perfor-

mance capabilities.

5.3 Contributions

The work presented in this thesis has achieved several contributions that can be

summarized as:
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The introduction of a new method to manage the responses of multiple
protective devices, which are digitally implemented. The new method is

called the digital modular protection.

The expansion of the functionality of managed protective devices from TRIP

or RESTRAIN to TRIP, RESTRAIN, or ACTIVATE.

The introduction of alternate power flow paths as part of the response to a

fault (due to the ACTIVATE response).

The development of an algorithm to implement the digital modular protec-

tion for systems with several PECs and different power flow paths.

The successful implementation of the digital modular protection for a PMG-

based WECS with generator-charged battery storage units.

The performance demonstration and evaluation of the digital modular pro-

tection, when set to manage the responses of phaselet-based digital relays.

The characterization of the performance features for the proposed protection
architecture in terms of accuracy, response speed, reliability, and sensitivity

to system operating conditions.

5.4 Future Work

This thesis has presented and discussed the development, implementation, and

performance testing of the digital modular protection (using phaselet-based digi-

tal relays) for PMG-based WECSs with battery storage units. The research work

presented in this thesis opens several avenues for future research activities to fur-

ther investigate and evaluate the performance of the digital modular protection.
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The following are recommendations that can address additional aspects and per-

formance features of the developed management method for protective devices:

e Implementing the digital modular protection using other protective devices,

including current-based relays, voltage-based relays, impedance relays, etc.

e Implementing the digital modular protection for other systems or subsystems
that have multiple PECs and /or multiple power flow paths (e.g. photovoltaic

units with storage systems, motor drive, feeders and substations, etc.).

e Exploring different implementation platforms for the digital modular pro-

tection (e.g. FPGA, micro-controller, etc.).

e Evaluating the performance of the digital modular protection with stan-
dard relay-to-relay or relay-to-protection center communication protocols
(e.g. GOOSE, IEC 61850, transfer-trip, etc.). Such communication proto-
cols are standard protocols for power system functions (protection, control,

etc.).

e Testing the performance of the digital modular protection for operating other

circuit breakers (e.g. electromechanical).
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Appendix A

Simulation System Description

A.1 Constructing a Simulation Model for the
Test PMG-based WECS with Battery Stor-
age

The system model was constructed from a wind turbine, a PMG, a generator-side
PEC, a grid-side PEC, a charging PEC, a battery, and a discharge PEC. The

parameters of the wind turbine and PMG are listed in Table A.1.

Table A.1: Parameters of 500 kW Direct-Drive PMG-Based WECS

Wind Turbine

Coupling Direct-drive
PMG

Rated Generator Power 500 kW
Poles 36

Stator Resistance R, 0.0144 ©/phase
d — g-axis Inductances Ly=L,=5mH
Voltage-Flux Constant ¢, | 0.564 V /rad/sec.
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Table A.2: Parameters of DC Link, Grid-Side PEC, LCL Filter, Grid-Connection
Transformer

DC Link

Capacitor 340 pF

Grid-Side PEC

Type VS, 6-pulse, IGBT

Switching Method Symmetrical SVM

Switching Frequency 2.4 kHz

Control Controller 2: Kpy =4.2, T =4
LCL Filter

Ly 1 mH

Lg 2 mH

Cr 16 pF

Rp 1.32 Q

Grid-Connection Transformer | , 0.75 MVA, 3¢, A — Y, 60 Hz

The parameters of the dc link, grid-side de-ac PEC, LCL filter, and grid-connection
transformer are provided in Table A.2. Table A.3 lists the PI parameters for each
controller, as well as the switching frequency for each PEC. The battery was
modeled as a lead-acid battery that has a terminal voltage of 400 V, a capacity of

350 kW, and a response time of 2 sec.
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Table A.3: Parameters of PI Controllers and Generator-side PEC, Charge PEC,
and Discharge PEC

Controller 1 Kpy =84,T19 = —0.2

Generator-Side PEC

Type VS, 6-pulse, IGBT

Switching Method PWM

Switching Frequency 1.24 kHz

Controller 3 Kps =7.8,T13 =—0.24
Charge PEC

Type VS, 6-pulse, IGBT
Switching Method PWM

Switching Frequency 1.24 kHz

Controller 4 Kp4 = 42, T[4 =4

Discharge PEC

Type VS, 6-pulse, IGBT

Switching Method Symmetrical SVM

Switching Frequency 2.4 kHz
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Appendix B

The Operation of a
Grid-Connected PMG-Based

WECS with a Battery Storage

System

A PMG-based WECS with a battery storage system has 4 PECs, each of which
is operated with a controller that requires values for command active and reactive
powers. The considered battery storage is charged directly from the PMG, and
it is discharged to the host grid through PCC. Each controller has to generate
switching pulses for its PEC so that active and reactive powers, handled by that
PEC, meet their respective command values. The command active and reactive
power for operating each PEC are set to ensure the stability of the PMG-based
WECS under changes in wind speed and /or power delivery to the host grid. During
steady-state operation of a grid-connected PMG-based WECS, small differences

in PCC active and/or reactive powers can be compensated by control actions of
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the grid-side PEC. Such differences can be stated as:

APpcc = Pi — Pp; with |APoc| < 0.2P; (B.1)

AQpcc = Qf — Qp; with |AQcc| < 0.2QF (B.2)

The limits of APpce and AQ pce are set to ensure voltage and frequency stability
at PCC, and meet the host grid requirements.

Since each controller requires reference active and reactive powers, a master con-
troller is usually employed to adjust the reference active and reactive powers for
each controller based on APpcc and AQ pcc. It should be noted that for small
APpce and/or AQpcc, the controller of the grid-side PEC should be able to ad-
just Pp and/or Qp to meet Pf and QF. The master controller can be designed
as a power-based controller or a droop controller in order to meet the following

constraints:

o [f0.8< (PD) <1.2,set Py =0, T =0, and Py = 0

Pé

If (ﬁ—g) < 0.8, set Pip =P — Pp, T =1, and Piy =0

It

If 0.8 < (g—g) < 1.2, set Qi =0

’;z) > 1.2, set Pip =0, T =0, and Py = Pp — P

G

If (g—g) < 0.8, set Qyp = Qf; — @b
o If (8—2> > 1.2, set Qs = Qp — QF
Remarks

e The command active and reactive powers for the controller operating the
generator-side ac-dc PEC, P and @}, can be set to achieve maximum-

e

power-point-tracking (MPPT) operation of the PMG-based WECS.
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e The command active and reactive powers for the controller operating the

generator-side ac-dc PEC can be set as:

Pf =P+ Ppg

Qc =0

where Ppg is the power losses in the generator-side PEC and grid-side PEC.

If these PECs are operated at fixed switching frequencies, then Ppg becomes

almost a constant value. In such a case, P becomes:
P’ = P54+ U; U is a constant

Fig. B.1 shows a block diagram for the proposed power based controller

* *
QG PG Op Pp

!

* *
Pe Pc
Controller 1 e Power Based G Controller 2
2 Qe Controller 2 >
Switching Switching
* * *
vy vy yy Pulses QcH pent Qsr | Pst Pulses 3¢ yy vy
Generator-Side e T Grid-Side
PEC Controller 3 Controller 4 PEC
Switching Switching
Pulses yy yy vy vy vy yy Pulses
Charge Discharge
PEC PEC

Figure B.1: A block diagram for the master controller to operate a PMG-based
WECS with a battery storage.
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