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Abstract

Interconnection of two power systems is a common task. An example is to
reconnect an islanded system to the main power grid. Synchronization condition
must be satisfied when interconnecting these two systems. Traditionally,
feedback-control based methods are used to adjust the generating units of the
islanded system to meet the synchronization criteria until satisfied. Implementing
such methods can be difficult when multiple generating units need to be adjusted.
Moreover, islanded systems might be located in remote areas where infrastructure

for feedback loop is not readily available and costly to build.

This thesis proposes a novel method to enable open-loop synchronization of
an islanded system to the main grid. The idea is to pre-insert an impedance to
reduce the synchronization transients and then bypass it after the initial transients
are over. With this method, infrastructure cost and complexity of synchronization
can be reduced significantly since the communication links between the breaker
and the generators are no longer required. In addition, the extra efforts required
for generator adjustments can be avoided. Technical considerations and design
method for the selection of pre-insertion impedance size is presented. A
simulation study is conducted to evaluate the performance of the method. The
results prove that the transient levels can be effectively reduced and open-loop
synchronization is indeed achievable. The thyristor based synchronizer to enable

open-loop synchronization is also found to be feasible.
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Chapter 1

Introduction

In power systems, there exists different scenarios to interconnect two electrical
islands: 1) a generator synchronizes to the main power grid 2) an islanded
electrical system (such as microgrid) synchronizes to the main power grid 3) one
grid synchronizes to another grid, e.g. during system restorations. This process is

required to bring the two islanded systems into synchronism with each other.

The connection of the two islanded systems has to be done under certain
conditions or according to the synchronizing criteria, which are typically, defined
by voltage, phase, and frequency differences across the synchronizing breaker. At
the instant the synchronizing breaker closes, the voltage difference across the
breaker should be at a minimal value, ideally zero. However, zero voltage
difference is difficult to achieve in practice due to the frequency difference and
the mechanical delay in closing of most circuit breakers. Therefore, the

synchronizing criteria are imposed to ensure a smooth connection.

The process of satisfying these conditions defined by the synchronizing
criteria while interconnect two islanded electrical systems is called
synchronization. If two islands are synchronized outside the limits specified by
the synchronizing criteria, instantaneous high current surge and subsequent power
swings may severely damage power system equipment and most importantly,

shortening the life span of generators.

Synchronization of islanded systems to the main power grid becomes a
common task as more electrical islands are formed. At the turn of the 21* century,
islanded systems in the form of microgrids are becoming more common due to
their environmental, economic, and reliability benefits. A microgrid includes a
variety of distributed energy resource units (including distributed generation (DG)

and distributed storage (DS)) and different types of load. Improved reliability and
1



sustainability are some of the desired characteristics affecting the distribution
system provided by the implementations of microgrids [1], [44]. Although current
operational practices often prevent islanded operation of microgrids, with fast
growth in distributed energy resource units, provisions for operating microgrids in
both islanded and grid connected modes are becoming necessary [2].
Traditionally, synchronization of islanded systems is achieved through feedback-
control based method to adjust the islanded distributed generators until the
synchronization criteria are satisfied. One of the major challenges is that the
islanded systems may reside in rural/forestry areas, where the DG units are
located far away from the point of interconnection. In such cases, the
communication infrastructure for synchronization is not readily available,
inadequate, and costly to build. Additional difficulties arise when there are
multiple DG units in the island. More specifically, multiple communication links
are necessary to allow the tuning of individual DG units, which increases the

efforts required to synchronize the islanded system.

This introductory chapter first presents an overview of the synchronization
phenomenon. Secondly, synchronization scenarios are discussed in details. Then,
the traditional method of synchronization is reviewed, and new challenges are
identified for modern islanded system synchronization. Finally, the scope and

outline of this thesis is presented.

1.1 The Phenomenon Involved in Connecting Two Systems

The phenomenon of connecting two systems can be illustrated by a close view of
the rotor dynamics behavior in the scenario of generator to system connection.
Prior to closing the main breaker, the frequency of the induced stator voltage and
the angular velocity of magnetic field are governed by the rotor speed. A constant
speed is maintained by the balance of mechanical power input and electrical
power output of the machine. The rotor is driven by the prime mover connected
by a mechanical shaft in between. For an unloaded generator, only a small

mechanical power is required for the rotor to reach approximately the

2



synchronous speed due to the rotational/frictional losses. This mechanical power
is adjusted by the governing and turbine system of the machine controls in order

to meet the load demand within the islanded system.

Once the generator main breaker is closed, the generator is connected to the
power system, so the frequency of the stator voltage is governed by the power
system frequency. The rotor and the rotating masses of the mechanical system
have to change speed and angular position to become aligned with the power
system. If the angular speed and position of the rotor is closely matched with the
main power grid at the instant of breaker closing, the transient torque that is
developed in order to bring the rotor into synchronism with the grid is considered
to be acceptable. Otherwise, the resulting transient torque can go beyond the
acceptable limit of the generator, and severe damages can be imposed on the
machine’s rotor and shaft. Moreover, this transient torque is a function of the
transient current. As a result, a high transient current can damage the stator and
the transformer windings of the machine. The peak synchronizing current depends
heavily on the voltage difference the instant breaker is closed. Similar to a short
circuit at the generator terminal, the synchronizing current contains both AC and
DC components, where the DC component decays exponentially as a function of

time.

1.2 Different Synchronization Scenarios in Power System

Synchronization of power system islands generally involves three scenarios: a
generator synchronizes to the main power grid, an electrical islanded system
synchronizes to the main power grid, and a power grid synchronizes to another

grid (appeared in system restorations).

The basic mechanism behind generator to grid synchronization has already
been discussed in the previous section. Connecting generators to the grid allows
generating facility owners to sell power to the utility companies. Furthermore, at

higher load demands, where there is shortage of electricity power supply, more



generators are needed to be dispatched and synchronized to the grid, in an order

specified by utility practice.

Power system islands can operate in parallel to the main power grid, or can
operate in islands by providing power to critical loads locally. For effective
operation in islanded mode, several different methods have been proposed for
controlling the islanded system [3]-[5]. The unique feature of a power system
island enables high penetration of DG without having to re-design or re-build the
distribution system. Distributed generation units within the islanded system can
be categorized as either conventional DG (such as reciprocating engines, and
small hydro sources [6] using synchronous generator as an interface medium to
grid), or nonconventional DG (including primary energy sources such as wind,
micro-turbines, solar PV, and fuel cell, which use power electronic converter as

an interface/inversion to grid).

Synchronization of islanded systems to the main power grid is different from
that of a single generator scenario. Voltage and frequency of the islanded system,
when operating in islanded mode, is determined by multiple distributed
generation units (DGs) and loads. After the reconnection process, the individual
DG’s electric power output and frequency are mainly affected by the power vs.
frequency droop control characteristics. Moreover, local DGs prior to
synchronization should be providing automatic voltage regulation and reactive
power support to the island to ensure reliability and voltage stability of the
distribution system. Therefore, a voltage magnitude difference is expected across
the synchronizing breaker if the system voltage deviates from the voltage of the
islanded synchronizing bus. Although an islanded system is architecturally far
more complex than a single generator, but the synchronization phenomenon still
remains the same. Consequently, similar synchronization criteria were developed,

which is shown in the next section.

Although the last scenario is not discussed in further details in this report, but

fast synchronization process is certainly quite desirable to have as part of a system



restoration plan. Under emergency situations, immediate and fast restoration of

power can become very beneficial to both the utility and electricity consumers.

1.3 Traditional Synchronization Practices and New Challenges

In the traditional synchronizing practices, voltage across the breaker at the
substation location is monitored and sent to the operator at the generation site.
The operator then uses these measurements to adjust machine controls (governor

and exciter settings) to meet the synchronization criteria [7].

Different synchronization criteria have been shown in Table 1.1, which are
specified by IEEE standards. As shown, for similar power ratings, both standards
IEEE C50.12 [8] and IEEE 1547 [9] provided similar synchronizing limits, except
IEEE 1547 stated a slightly higher frequency difference, Af=+0.1Hz, and a
slightly lower voltage magnitude difference of AV=3%. It is important to realize
the main difference between the two standards is the type of the islanded system’s
DG energy source. IEEE C50.12 and C50.13 are more specific to synchronous
generator based power islands, but the IEEE 1547 is established to include both
rotating prime movers and power electronic interfaced renewable energy

resources.

Table 1.1: Synchronization Criteria for Synchronous Generators and Distributed Resources

Standards AV (%) | A (Deg.) | Af (Hz) | Purpose of standard
IEEE C50.12 & 0~+5 +10° +0.067 Synchronizing criteria
C50.13 established for synchronous

generators for hydraulic

[Salient pole and turbine applications rated >

cylindrical rotors] SMVA
IEEE 1547 10 20° 0.3 Aggregate rating of DR
units:

[Distributed
Resources (DR) 0-500 (kVA)
including both

rotating and non- 5 15° 0.2 AgAgr.egate rating of DR
rotating prime units:
movers] 500-1500 (kVA)
3 10° 0.1 Aggregate rating of DR
units:

1500-10000 (kVA)




Automatic synchronization methods based on feedback control strategies have
been presented in literature [10], [11]. Recently, an active synchronization
strategy that takes into account voltage unbalances and harmonic distortions is
presented in [12]. In order to implement such feedback control systems in practice,
infrastructure support such as communication links must exist to carry the signals
from the breaker location (substation) to the local machines as shown in Figure

I.1.

Microgrid

Synchronizing
Controls

Machine
Controls

Communication Link

Figure 1.1 Schematic of the feedback control synchronization method

In reality, synchronizing systems exist to perform controls to the machine and
close the circuit breaker as close to a zero-degree angle difference as possible.
Generators traditionally have been synchronized by manual means, such as
observing synchronizing lamp and electromechanical synchroscope by the
operator. Based on the visual indicators, the operator, which is usually at the
generating site, can determine whether to raise or lower the generator voltage and
frequency. Over the years, automatic synchronizers that can perform all functions
required to synchronize generators are also in place [13]. This form of
synchronizer can send the slip and voltage difference measurements at the breaker
as an error signal to the generator control system. The machine control system
then adjusts the generators until the synchronizing criteria are met before the

reconnection to the main power grid.

Based on the feedback control synchronization scheme, various control
strategies are presented in the field of recent islanded system synchronizations.

However, new synchronization challenges are essentially caused by the



geographical locations and structure of the islanded system. One of such examples
is related to the technical difficulties of controlling a significant number of DG
units within the islanded system for the purpose of synchronization. In addition,
the fundamental problem associated with fast sensors and complex control
structure is low reliability. More specifically, one software error or component
failure in the control system is very likely to bring the entire system down [14].
Moreover, in most of the modern research and literature regarding islanded
system synchronizations [10], the existence of the communication link, such as
the one shown in Figure 1.1, is only assumed rather than truly justified. Therefore,
as one of the key highlights of this report, is to clearly identify the issues related
to the traditional feedback control scheme as a first step, which will be presented

in the next chapter.

1.4 Thesis Scope and Outline

The scope of this thesis is to propose a new synchronization strategy for
connecting DG units within a power system island to the utility substation, as
opposed to the traditional feedback-control scheme. Most of the past research in
the field of generator and islanded system synchronizations focused primarily on
the automatic control methods based on feedback-control strategies such as in
[10]-[12]. However, the modern structure of an islanded system is dominated by
the large number of DG penetrations, which may drive up the synchronizing
efforts and costs significantly due to the increase in the total complexity of the
islanded system control architecture. Hence, new challenges and concerns should
be contemplated in regard to islanded system synchronization. Some of the key

questions, which this thesis intends to answer, are as follows.

1. What are the challenges and issues associated with the traditional
synchronization scheme by the method of feedback-control? More specifically, is
this approach still an effective method towards the concept of islanded system

synchronization?



2. What are the real concerns of synchronizing a synchronous generator (SG)
based islanded system to the main power grid? Are there any existing solutions

that can be utilized to mitigate the synchronizing concerns?

3. How to develop a new scheme towards islanded system synchronizations so
that, both the issues brought by feedback controls and concerns of

synchronization can be effectively mitigated?

4. How to design the new synchronization scheme? What are the practical and
technical issues to consider when designing the new synchronization method?

How to ensure the impacts due to synchronization is within an acceptable limit?

5. Under the proposed scheme, is there any other feasible method to mitigate

synchronization concerns of an islanded system?

In order to address the above questions and concerns, this thesis proposes an
open-loop based synchronization strategy. To allow the implementation of the
new scheme, several transient reduction methods are considered, designed, and
their supporting technical studies are presented. The following paragraphs briefly

summarize the organization of individual chapters of this thesis.

Chapter 2 first gives an overview of the SG based islanded system structure.
The dominant energy sources based on this particular interface are identified. By
knowing this type of structure, the issues brought by the traditional feedback
control method are investigated. Then, the real synchronization concerns are
identified, and hence, the system-wide synchronization objectives are clearly
stated. Existing transient reduction methods to address the synchronization

concerns are briefly explained.

Secondly, a method to enable the open-loop synchronization scheme is
proposed. Before the islanded system is connected to the main grid, the operating
conditions of the islanded system, similar to the main grid, are within the power
quality (PQ) limits established by utility protocol. In order to synchronize the

power system island within the PQ limits, the impedance pre-insertion method is



adopted, which i1s widely used in industry for reducing switching transients.
However, there are a series of technical design considerations that need to be

further investigated and verified when implementing this method.

Some of the design considerations when implementing the proposed scheme
are explored in the details of chapter 3. In order to limit the first switching surge
due to the breaker closing, an acceptable transient level must be established as a
first step. Then, the design considerations regarding the method of impedance pre-
insertion are discussed in the order of the actual synchronization process: 1)
switching surge by closing the synchronizing breaker 2) Transient stability

impacts on the SG units 3) Second switching surge due to impedance bypass.

Chapter 4 presents the design results to show the feasibility of the proposed
scheme. Various analytical and simulation studies have conducted in this chapter
to evaluate the effectiveness of this method in synchronization of an islanded

system to the main power grid.

Chapter 5 investigates the feasibility of the soft starter method in
synchronization. Furthermore, in order to enable open-loop synchronization based
on the PQ limits, practical design considerations on the thyristors based

synchronizer are discussed and key simulation results are presented.

Finally, the main conclusions of this thesis and future works for this field are

summarized in chapter 6.



Chapter 2
Proposed Method for Open-Loop Synchronization

Scheme

As discussed earlier, for an islanded system to the main power system
synchronization, there are reliability and economic challenges related to the
feedback-control synchronization scheme, which forms the motivations behind
finding a new synchronization strategy. In response to these issues and challenges,
a novel open-loop synchronization scheme is developed and proposed in this

chapter.

As the name implies, the method does not require a communication link
between the DG units and the breaker location. The proposed method is inspired
by the practices of controlling switching transients. The idea here is to pre-insert
an impedance to reduce the synchronization transients. With this method,
infrastructure cost and complexity of synchronization can be reduced significantly
since the communication link between the breaker and the DG unit is no longer
required. Therefore, substantial improvements in the economic and reliability
aspects by this proposal are expected. In the process which leads the proposed
scheme, first, the motivations for a new synchronization strategy for islanded
systems are elaborated in section 2.1. The power quality limits for normal system
operations are reviewed in section 2.2. The open-loop synchronization scheme is
demonstrated in section 2.3 in more detail. The design considerations of this

scheme are identified and summarized in sections 2.4 and 2.5, respectively.

2.1 Motivations for New Islanded System Synchronization

Strategies

A critical initial step in finding a new feasible and practical solution towards
islanded systems synchronization is to understand the structure of the electrical

island, and identify the main drawbacks of the traditional synchronization method.
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As discussed earlier, the traditional synchronization approach is mainly based on
the feedback control scheme, where the control signals to the machine are based
on remote sensing of the information communicated from the synchronizing
breaker. However, based on the structure of the islanded system, and potential
issues introduced by the feedback control scheme, it is worthwhile to reconsider
the real concerns of synchronization to clearly understand which, are the true

synchronization objectives.

This section is organized as follows. In sub-section 2.1.1, the concept of the
synchronous generator (SG) based islanded system is briefly introduced. In
addition, the advantages and the importance of synchronous generator in the
islanded system are reviewed. In sub-section 2.1.2 recognizes the issues regarding
the feedback control scheme, and hence, the real impacts and concerns of
synchronization are identified through a review of literature in sub-section 2.1.3.
Finally, in sub-section 2.1.4, existing methods to mitigate switching transients are
discussed and summarized, which some of these practical techniques are utilized

for enabling the proposed open-loop scheme followed in section 2.2.

2.1.1 Synchronous Generator (SG) Based Islanded Systems

Synchronous machine have been widely used in the power system as
generators to provide three phase electric power to the grid. Moreover,
synchronous machines are also used as synchronous motors (for driving large
loads) and synchronous condensers (to provide reactive power compensation and

voltage support) [15].

The advantages of synchronous generators partially explain their dominance
in the power system today. The term “synchronous” describes the nature of the
machine to operate at a constant power system frequency. With proper machine
controls, the synchronous machines can ensure a balance of power in supply and
demand of the power system. By adjusting the field excitation, which is provided

by an external DC source, synchronous generators can simply operate in both
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leading and lagging power factor. Therefore, they can be used to generate or
absorb reactive power as required by the power system, hence can ensure the
power system is operating within its power quality limits. Furthermore,
synchronous generators are inertia based, which can maintain in synchronism

with the grid due to transient disturbances.

Among the various types of distributed generators proposed for islanded
systems, the synchronous generators are actually the most common type [16].
Synchronous generators are widely used as the interface between the energy
source and the islanded system in several DG technologies including combined
heat and power (CHP) [17]-[18], internal combustion engine, and small hydro. A
simplest single SG based electrical island is shown in Figure 2.1. The prime
mover is connected to the rotor of the synchronous machine by a mechanical shaft.
In islanding mode, both the real and reactive power outputs of the SG must match
the local load consumption. Each time the islanded system is supposed to switch
by the circuit breaker from islanded to grid-connected operation mode, the SG has

to be synchronized with the main grid at the point of common coupling (PCC).

PCC
N
o)
Main
Grid

Figure 2.1 Single Line diagram for a single SG based islanded system

Especially in the case of CHP, where it is one of the most promising
applications in the new concept of islanded system because, an increase in the
number of CHP applications will lead to an increase in the overall energy
efficiency of the whole system [14]. Since CHP implies an integrated energy
system, which delivers useful heat and electricity from energy sources such as
natural gas, it is more likely for this type of DG unit to be located near heat loads.

Therefore, DG units can be placed quite scattered geographically.
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Moreover, MW-scale islanded systems based on hydro energy supplying
small towns in rural areas are becoming a common scenario in Brazil. Put it into
perspective, Brazil has more than 500 small hydro plants with total installed
capacity over 2.5 GW [19]. Most of these hydro plants have the potential to
operate on an island mode. However, one of the most challenging tasks, which
prevent the implementation of an intentional islanding, is the difficulties
encountered in automatic reconnection to the main grid [10]. These difficulties are
analyzed and summarized in the next section, which are the important issues that

motivated the intention of this thesis.

2.1.2 Synchronization Issues Brought by Feedback Control Method

This sub-section is presented to clearly identify the issues brought by the
feedback control synchronization scheme, especially in the case of an islanded
system. As discussed earlier in section 0, background to the feedback control
method used in the traditional synchronization methods was introduced. In
summary, whether if the synchronization process is implemented manually or
automatically, some forms of communication must exist between the DG site and
the PCC point, such as by phones, communication links (fiber-optics) [7], etc.
This process of synchronization is achieved by feedback control tuning of DG
units, such that the synchronization criteria is met through tuning of the DG units
before closing the breaker. The following summarizes the key issues introduced

by this method of feedback control related to islanded system synchronizations:

1. In order to implement feedback control systems in practice, infrastructure
support such as communication links are necessary to carry the signals from the
PCC location (substation) to the local DG machines. However, the problem is that
the DG units might be located in a rural or forestry area, which is far away
geographically from the PCC to the main grid. Therefore, the cost of
communication infrastructure can be prohibitively high. One of such example is

stated in [10], where rural islanded systems are becoming common in Brazil.
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2. Additional difficulties arise when there are multiple DG units in the
islanded system shown in Figure 2.2. In this case, multiple communication links
are necessary to allow the tuning of individual DG wunits. Therefore,
synchronizing by feedback control can further drive up the cost of infrastructure
support and increase synchronization effort. Especially in the case of CHP based
DG units. Due to the fact that this type of resource can provide useful heat to
consumers, they tend to be located near heat loads as mentioned earlier, so CHP
plants can be located quite scattered [14] within the area where multiple

communication links are required.

Main Power

System

Breaker
Location

Figure 2.2 Multiple feedback control loops necessary for islanded system synchronization

3. Low reliability is also one of the major concerns associated with islanded
system communications and control structure. Low reliability is resulted from two
main consequences: system failures and inadequate communication
infrastructures. System failures can be resulted from software errors, one of such
errors can significantly impact the control system, which may lead to system
shutdowns [14]. Inadequate communication infrastructures are referring to
communication means such as by phones, which is quite common in rural areas of
Brazil [10]. Therefore, not only the synchronizing criteria are difficult to meet by
the operators on phones, but also the synchronization process can be delayed in

order to reconnect to the main grid.
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In response to the above challenges, a novel open-loop synchronization
method is proposed in section 2.2 of this chapter. Before the method is introduced
in more detail, it is worthwhile to realize the main concerns related to
synchronization of two power systems. This is reviewed in more details in the

next sub-section.

2.1.3 Synchronization Concerns and Objectives

The main concern relates to synchronization of two power systems or a
generator to system is the transients produced when the synchronizing circuit
breaker is closed. Excessive transients can lead to large inrush current and
transient torque, damaging the generator and other equipment. This is similar to a

generator terminal short circuit like closing to a fault shown in Figure 2.3.

{'urr:n;‘&;ﬁ)'-‘_\_‘

Time (s)

If/_‘“‘\‘ N o ’\ﬂ,-—
[~ | A j—,_,‘r" | —
-\_/, T \

Generator Closing to fault

Figure 2.3 Analogy of synchronizing transients to the generator short circuit transients
However, the instantaneous current transients can be more severe than a three-
phase fault that the generator or the transformer windings designed to withstand.
The consequences to a poor or faulty synchronization of two systems can be

summarized as:

1. Damage the windings of generator and transformer caused by high

synchronizing current [7], [20]-[21].
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2. Damage the shaft and prime mover of the generator because of high
mechanical stresses caused by transient torque incurred by synchronization [22]-
[23].

3. Inability to synchronize to the main power system due to generators

becomes rotor angle unstable.

Based on the real concerns stated above, the main objectives for
synchronizing an islanded system are to reduce switching transients to protect
power system equipment and ensure stability of all DG units. The current practice
of reducing synchronization transients is to limit the voltage, angle, and frequency
difference between the two parties through feedback control of DG units.
However, there are other ways to reduce switching transients, which are briefly

introduced in the next sub-section.

2.1.4 Existing Switching Transient Mitigation Techniques

Based on the common practices and concerns related to two power systems
synchronization, what the synchronization process is really trying to accomplish
is a soft, transient-free synchronization of two islands, which leads to normal and
stable power system operation after two islands have been connected. The
common practice as addressed earlier uses an auto-synchronizer to reduce the
voltage difference across the synchronizing breaker by providing feedback control
signals back to the generating unit, this way, the switching transient is minimized

within the synchronizing criteria.

However, the method of reducing voltage difference is only one of ways to
reduce switching transient. Actually, it is one of the most difficult ways to
synchronize an islanded system to the main power grid because of the feedback
control issues identified in sub-section 2.1.2. There are other existing methods to
reduce switching transients [24], which open up the possibilities to simplify the

synchronization of an islanded system to the main power grid:
e Impedance pre-insertion (Used Capacitor energization)
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e SCR based Soft Starter (Used in Motor starting)
e Point on Wave Switching (Used in Capacitor and transformer energization)

e Sequential phase Energization (Proposed for transformer energization)

Some of the schematic diagrams for these methods have shown in Figure 2.4
below. A good example is the impedance pre-insertion/bypass scheme used to
limit capacitor switching transients shown in Figure 2.4 (a). Both pre-insertion
inductors and resistors can be used to limit the capacitor switching transients. A
relatively new technology is also developed to reduce capacitor switching
transients, which is called the point-on-wave switching or synchronous closing
technique. In this method, the switches for each phase are timed to close at a zero
crossing of the phase voltage for initially uncharged capacitor banks. However,
due to its control complexity, the costs of the switches are higher than normal

circuit breakers.

The connections of soft starters to the motor are shown in Figure 2.4 (b). One
of the main reasons to implement such device for reduced voltage start is to limit
the inrush current the motor draws from the main power grid when it is started
[25]. This is a concern because the large inrush current may cause voltage sags,
which is a power quality concern for voltage sensitive loads. In addition, the
reduced voltage applied to the motor can be achieved by simply adjusting the

firing angle to the gates of the six silicon controlled rectifiers (SCRs).

In more recent literature, a low cost transient mitigation scheme that connects
a single resistor to neutral is proposed for sequential transformer energization [26],
which is shown in Figure 2.4 (c). Rather than closing three circuit breakers at the
same time, the breaker in each phase is closed sequentially with some time delay
in between. This way, an optimal resistor size can be determined based on the

minimum inrush currents of all three phases.
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Figure 2.4 Methods to reduce switching transients a) Impedance pre-insertion b) Soft starter used
for starting motors ¢) Sequential phase energization proposed for transformer energization

In view of the excellent performance of the impedance pre-insertion scheme
on reducing switching transients, one may wonder if it can be used to simplify the
synchronization of an islanded system to the main power system. Therefore, an
impedance insertion method has been proposed in section 2.3 to enable open-
loop synchronization scheme of an islanded system. Before introducing the open-
loop scheme, it is important to realize the typical operating regions for both the
islanded system and the main power grid before the reconnection process. This is
also referred to as the power quality limits for the both sides to be connected in

the section 2.2.

2.2 Power Quality Limits for Normal System Operations

The indices of interest in the context of power quality, from a synchronization
perspective, are the voltage and frequency levels on both sides of the breaker
before it is closed. It is important to ensure that these indices are within the power
quality limits, in order to minimize any adverse effects to cause power equipment

malfunctions [27].
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According to the technical requirements for connecting generators to the
Alberta Interconnected Electric System (AIES) [29], the typical operating
voltages at the PCC are expected to vary within £10% of the nominal voltage
level. This variation in voltage magnitude also agrees with the IEEE standard
1547, which stated when the voltage is in the range given in Table 2.1, the DG
shall cease to connect to the main power grid within the clearing times as
indicated. As shown, the normal voltage operating range or the continuous
operating region suggested by IEEE 1547 is from 89% to 110% of the nominal
voltage [9]. This requirement of voltage levels can be maintained by means of
reactive power compensation, such as by adjusting field excitation levels for

synchronous generators or by switching in capacitor banks.

Table 2.1 Interconnection System Response to abnormal voltages

Voltage Range Clearing Time (s)
(% of Nominal Voltage)
V<50 0.16
50<V<88 2.00
110<V<120 1.00
V=120 0.16

The requirements on the power system voltage levels are one of the seven
possible disturbance events defined by the Information Technology Industry
Council (ITT) curve [28]. According to the definition steady-state tolerances, the
RMS variation between +10% from the nominal voltage may be present for an
indefinite period of time, and are due to the effects of normal loading and system

losses.

Similar requirements are also developed by utilities on the frequency range
before synchronizing an islanded system to the main power grid. For example, the
expected frequency range on the Alberta electric grid under normal system
condition is between 59.95Hz and 60.05Hz. For any Generating Facility Owners
that intended to interconnect a synchronous generator that may become islanded
with a portion of the system loads, must maintain the island frequency within
59.7Hz to 60.2Hz [29] range before the island is able to synchronize to the main

power grid. In order to achieve this frequency range, islanded generators must be

19



equipped with their own speed governors, which the governor droop settings shall

be 5%.

Maintaining the system frequency near the nominal value, such as 60Hz of
North America power system frequency, is not only due to the reason for efficient
flowing of power in the fundamental frequency, but also because of reliability
issues related to system-wide disturbances resulted from off-nominal frequency
operations. Large frequency deviations from nominal can incur potential system
collapses, cascading outages, and difficulties in restoring the system to normal
operations [31]. In fact, the two parties to be synchronized under normal operation
are operating within a frequency range, which is usually within the continuous
operating range, as shown in Table 2.2. In the unlikelihood of a change in the
system frequency and steps out of this range, under and over load shedding
schemes are in place to accommodate this change in frequency in accordance to
the requirements by the Western Electricity Coordinating Council (WECC) [30].
By the WECC requirements, the continuous operating range for frequency setting

is from 59.5HZ to 60.5Hz for generators connected the main grid.

Table 2.2: Generators Relay Protections for Off-Nominal Frequency Operations

Under- Over-frequency Minimum Time
frequency Limit Limit
60.0-59.5 Hz 60.0-60.5 Hz N/A
(Continuous operating range)
59.4-58.5 Hz 60.6-61.5 Hz 3 mins
58.4-57.9 Hz 61.6-61.7 Hz 30 s
57.8-57.4 Hz 7.5s
57.3-56.9 Hz 45 power cycles
56.8-56.5 Hz 7.2 power cycles
Less than 56.4 Greater than 61.7 Instantaneous trip
Hz Hz

2.3 Proposed Synchronization Strategy

As discussed previously in sub-section 2.1.3, the main concern on synchronizing

two power systems is the transients produced when the synchronizing circuit

20



breaker is closed. Excessive transients can lead to large inrush current and
transient torque, damaging generator and other equipment. The current practice of
reducing synchronization transients is to limit the voltage, angle, and frequency

differences between the two parties through the method of feedback control.

However, there are other ways to mitigate the transient problem as presented
earlier in sub-section 2.1.4. A good example is the impedance pre-
insertion/bypass scheme used to limit capacitor switching transients. In this
scheme, the inserted impedance increases the total circuit impedance and thus
reduces the inrush current. The impedance is bypassed after the system has
reached the steady-state. In view of the excellent performance of this scheme on
reducing switching transients, one may wonder if it can be used to simplify the

synchronization of an islanded system to the main power grid.

The theoretical principles of the impedance pre-insertion scheme in reducing
synchronizing current transient can be understood by studying the relationship
given in Equation (2.1). The peak current transient /... is proportional to the
voltage across the breaker and inverse proportional to the total impedance seen

across the breaker,

[ikocl/_\y|oc |I_\V"| (21)
. ¢ X ieere + Xg + X,

total insert

Where AV is the voltage across the synchronizing breaker before closing in
RMS value, X5 1s the impedance (primarily inductive) inserted near the breaker
location, X, is the synchronous machine’s direct axis sub-transient reactance, and
X, represents the rest of the equivalent system impedance, which may include
any transformer leakage reactance, series line impedance (positive sequence), and

system impedance.

The power quality limits established by the utility protocol have been
discussed previously, in section 2.2. Before synchronization, the island and the
system are expected to operate within their respective power quality limits. This

means that each party has a known operating region of voltage and frequency at
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the synchronization point. The proposed idea is to establish a value of the pre-
insertion impedance such that the resulting transient is always within acceptable
limit as long as the two parties are operating within their power quality limits at
the time of synchronization. Consequently, feedback control is not needed to
adjust the operating point of the islanded system, and related feedback control

issues can be effectively mitigated.

Figure 2.5 illustrates the proposed open-loop synchronization scheme. The
power quality limits have been established in accordance to the requirements of

Alberta Interconnected Electric System [29].

Proposed Scheme
Loassg, Z insert
Microgrid : .":O—:—
: BRK 1
/‘ Covied BRK2Z _....
Circuit Breaker
J,(Hz)
60.2 ]

S L
s ey V.(pu)

~Operating R

Figure 2.5 The scheme of the proposed method and power quality limits for both sides of the
breaker in accordance to utility protocol

The corresponding power quality limits are in close agreements with that
proposed by WECC since the province of Alberta is part of the western
interconnected grid of North America. The proposed scheme is comprised of two
switching states. The first switching is operated by closing the first breaker
(BRK1) as shown to insert the impedance to reduce the switching transient. The
second breaker (BRK?2) is used to bypass the inserted impedance once the system
has reached the steady-state operation and the voltage measured across the

impedance is within the acceptable voltage level.
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In order to demonstrate the procedure of the proposed open-loop
synchronization in accordance to the above scheme, the flow chart diagram is
shown in Figure 2.6. All the required measurements including voltage, angle and
frequency (or slip) are performed at the circuit breaker location. If both parties are
not operating within their respective PQ limits, then it implies that the power
system do not fulfill the requirements of power quality that was pre-established by

the utility protocol, which should be resolved before synchronization can be

proceed further.
Each party operates within pre-established
operating region (i.e. PQ Limits)
— d_____ff“l"-——-______ Resolve the PQ issue
ey : e e No before
=" Check if both Sides are within PQ limits ——— | i
T P synchronization can
i —_— proceed
Yes
If the angle difference is small? .
wait
Breaker - l
T ock riun——:’_‘: Close Circuit Breaker
_-____—-_-t-\-\'\—\_\___\-\-
oot e
e . Bt : Consider b
_— Is the voltage across impedance ———_ No st
bl Foe s oia? | the impedance in
accep & ’ e multiple steps
e
Yes
Bypass Impedance
.b--—_

Figure 2.6 Procedure for performing the proposed scheme
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2.4 Design Consideration and Challenges

From section 2.3, it is clear theoretically that a larger Z;,s,» will result in more
reduction of inrush currents. However, it may increase the transient when the
impedance is bypassed. In addition, larger Z;,,.,; will weaken the synchronizing
power between the islanded system and the main grid so instability may occur.

Therefore, the following issues must be addressed for the proposed scheme:

1. What is the acceptable synchronization transient level? Is there a worst
case to determine for the acceptable level of transients for stator current
and machine torque?

2. What is the minimum impedance value of Z;,,.,» which can lead to
acceptable level of synchronization transients under the proposed scheme,
i.e. open-loop synchronization?

3.  What is the maximum value of Z;,.,, that can maintain system stability?
Are the DG units remaining in synchronism with the grid after the first
impedance switching?

4. Is the value Z;,.,s determined by issue 3 also results in acceptable bypass
transients? How to determine the worst case bypass transients given that

synchronization takes place under the proposed scheme?

In the chapter 3, the above issues are addressed one by one. A method to
design the proposed scheme is developed accordingly. Chapter 4 shall present the

design and simulation results on a case study.

2.5 Summary and Conclusion

An open-loop synchronization scheme based on the method of impedance pre-
insertion to reduce switching transients has been proposed in this chapter. Some

of the key points and highlights to summarize this chapter are:
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v' Both the power system islands and main power grid under the normal
operating conditions before synchronization are already working in a pre-
established utility protocol, which is inside the power quality limits.

v" Based on the power quality limits of the two parties to be synchronized and
the method of impedance pre-insertion to reduce switching transients, an open-
loop synchronization scheme has been proposed.

v With the proposed scheme, infrastructure costs and the complexity of
islanded system synchronization can be significantly reduced. This is because the
communication links as needed by the traditional feedback control scheme are no

longer required between the breaker and the islanded DG units.
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Chapter 3

Design Process of Open-Loop Synchronization Scheme

In this chapter, the design issues and challenges for the proposed scheme are
addressed and explained from both theoretical and analytical perspectives. These
perspectives are essential to consider in the process of deriving a design method.
In other words, they can help in understanding why such issues occur and also
why they are important to the proposed scheme. For example, why does
synchronization of two systems produce a high transient if the synchronizing
criteria have not met the requirements? Therefore, this chapter investigates each
issue in much more detail. Consequently, after the issues have been fully

investigated, a method to design the proposed scheme is developed accordingly.

As well, these issues have been presented in individual sections, which follow
the order of events happening throughout the open-loop synchronization process.
In section 3.1, the maximum acceptable levels of surge (transient) and power
oscillation from the perspective a synchronous generator are determined. As
mentioned in the proposed scheme in the chapter 2, this method based on
impedance pre-insertion is meant to enable open-loop synchronization of the
islanded system to the main power grid. Therefore, section 3.2 shall determine the
worst case surge resulting from the first switching operation when both parties
have synchronized under their own power quality limits. Every time the islanded
system has to be synchronized to the main grid, transient stability of the
generators is one of the primary concerns. The effects of the proposed scheme on
transient stability are evaluated in section 3.3. Similar to the first surge, bypass the
impedance produces a second switching surge, which its severity must be within
the acceptable level. Therefore, section 3.4 determines the worst case bypass
transient. Finally, at the end of this chapter, a design method towards the proposed

scheme is presented in section 3.5.
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3.1 Define Acceptable Level of Transients and Power Oscillations

Define the acceptable level of surge must take into considerations of the
maximum current and power oscillation tolerance levels from the perspective of
the generators. Faulty synchronization is probably the most unwanted situation
because the intense currents and torques may cause severe damage to the
machines and prime movers. Therefore, based on current practice, strict limits
have been applied to synchronizing synchronous generators to the system. One of
such example is the IEEE standard C50.12 [8] and C50.13 [32] for synchronizing
60Hz synchronous generators/motors for hydraulic turbine applications. The
details of synchronizing limits in this standard will be shown in subsection 3.1.1.
Based on these limits, a method to determine the maximum acceptable current

and torque limits are illustrated in subsection 3.1.2.

3.1.1 Synchronizing Limits Based on IEEE Standard

The synchronizing limits for synchronous generators rated SMVA and above
are shown in Table 3.1. The standard specifies that the generators should be
designed to be in service without the need for inspections or repairs if it is

synchronized with in the limits below.

These limits are established to ensure an acceptable transient level
experienced by the generator in terms of stator current and shaft torque. The
consequences due to improper synchronizations, such as synchronizing out of the
ranges specified in Table 3.1, are discussed earlier in sub-section 2.1.3. It should
be noted that for the most severe faulty synchronizations, such as 180°r 120°
out-of-phase synchronizing to a system, the machine might require partial or total

rewind of stator, or even replacement of rotor in the worst case [§].

Table 3.1 Synchronizing Limits Based on IEEE C50.12

Breaker Closing Angle +10°
Generator side voltage relative to system 5% Max
Frequency difference +0.067Hz
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3.1.2 Define Worst Case Acceptable Surge Level

The limits from IEEE standard C50.12 are established to ensure an acceptable
transient level experienced by the generator in terms of stator current and shaft
torque for synchronous generator to grid synchronizations. In order to find the
worst transient, the limits have been transformed into an acceptable region shown
in Figure 3.1. The possible worst case transients have been identified to be the

four corners of the transformed region. The explanation is as follows.

As the synchronizing condition moves away from the origin, the current
transient level will increase due to an increase in the voltage across the breaker. In
addition, as the frequency difference (slip) increases as the synchronizing
condition moves away from the origin, there will be a large transient torque on the
mechanical system to bring the rotating masses to have the same angular velocity
as the power grid [7]. As a result, the four corners of the region should be
examined through simulations to determine the maximum acceptable current and
torque, since they are farthest from the origin. The simulation results for the worst

case are presented in the next chapter.
A\ f (Hz)

(-0.05pu, +0.067Hz) (+0.05pu, +0.067Hz)

AV (pu)

(-0.05pu, -0.067Hz) (+0.05pu, -0.067Hz)

Figure 3.1 Acceptable transient region defined by standard
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3.1.3 Acceptable Level of Power Oscillations

So far, a way to find the maximum acceptable current and torque transient
levels based on synchronizing limits is presented in this chapter. Once the
acceptable levels are determined, the current and torque transients of the islanded
system DG units can be analyzed under the open-loop synchronization scheme.

Consequently, a minimum size of impedance can be determined.

The maximum power oscillation level is expressed by the maximum rotor
angle which usually happens during the first transient swing. A limit is required to
ensure that the synchronous generator of the DG unit will successfully be
synchronized with the grid and will not become unstable. The industry practice is
to consider 45 degrees as the maximum rotor angle for transient stability studies
[33] as shown in Figure 3.2 (b). The same value is used in this thesis as the
maximum acceptable rotor angle in order to characterize the maximum allowable
power oscillation. Maximum rotor angle reached below 45 degrees can ensure the
stability of the generators because there are sufficient stability margin between the
mechanical power P, and the maximum power transfer capability limit, Py,
which typically occurs around 90 degrees in the power-angle curve, which is the

maximum power transfer capability as shown in Figure 3.2 (a).

Pe Steady State Pe Transient
Stabality Lint

Stabulity Limat
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Figure 3.2 Stability limits based on power angle curves for a) steady state operation and b)
transient disturbances
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3.2 Minimization of First Switching Surge

As mentioned in the proposed scheme in chapter 2, the goal is to select a proper
impedance size to enable open-loop synchronization when the two parties are
synchronized under their corresponding power quality limits. The power quality
limits based on the technical requirements for connecting generators to the
Alberta Interconnected Electric System (AIES) has been presented in the
proposed scheme shown previously in Figure 2.5. In order to reduce the first
surge resulted from the first breaker closing, an appropriate size of impedance
shall be chosen carefully so that the peak current and torque transients incurred
within the power quality limits are within the acceptable level pre-established in

section 3.1.

Similar to the procedure of obtaining the worst case acceptable transients, the
regions of power quality limits (PQ Limits) of the islanded system and the main
power grid are firstly established in the next sub-section 3.2.1. Moreover, the
worst cases based on the PQ Limits are identified. In sub-section 3.2.2, analytical
methods and equivalent schematic diagrams are presented in order to have an
intuitive view on the phenomenon of synchronizing transients, and the minimum
impedance size could essentially be determined by this analytical approach given
system data and the open-loop synchronizing criteria. Although every steps of the
design process can be accomplished through repetitive EMTP or dynamic
simulations, but the analytical methods can provide a convenient way of

simplifying the design process and verify the results obtained from simulations.

3.2.1 Worst Case Transient Levels of Proposed Scheme

As mentioned before, the method is meant to enable open-loop
synchronization of the islanded system at any normal operating point defined by
the power quality limits as shown in Figure 3.3. To make sure that the current and
torque transients are both lower than their acceptable limits, all of the operating

points of the two systems should be examined. However, it is evident that the
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largest voltage and frequency mismatch will result in the largest synchronizing
transients. As discussed earlier previously, a large voltage difference across the
breaker can incur excessive inrush current transients, which can severely damage
the generator and transformer windings. Moreover, a large frequency difference
(slip) can primarily increase the transient torque stress on the generator shaft and
the connected prime mover due the generator rotor speed tends to match the grid’s
frequency. The impacts due to slip across the synchronizing breaker is analyzed in

further details in section 3.3.

Therefore, there are four combinational cases to consider based on Figure 3.3:
Case (2, 3), Case (4, 1), Case (3, 2) and Case (1, 4). Where, the first number
inside the bracket refers to the operating point within the islanded system, and the

second number refers to the main power system operating point.

It is worth to mention that 10 degrees angle difference is used to find the
transient limits according to IEEE standard C50.12 [8]. In practice, according to
an industrial survey on generator synchronizing report published in IEEE [34], the
maximum closing angle can reach up to 20° when synchronization is done
manually by an operator. In addition, a slow closing breaker due to mechanical
delays can also result in an unexpected large angle closing difference [35].
Therefore, a worst case angle difference of 20° is used throughout the process of

impedance design.

Ji(Hz)

Micro-grid Side Operating Range System Side Operating Range
Figure 3.3 Operating regions of the islanded system and main grid (Bounded by PQ Limits)
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3.2.2 Analytical Methods for Obtaining Peak Transients

The worst (highest) transient current and torque could be determined by
simulating the four aforementioned cases. However, to have a better insight, an
analytical expression is derived for the case of having only one synchronous

generator based DG unit for the islanded system side.

The power system island is modelled as a synchronous generator with a
constant impedance type load connected to its terminal, where the synchronous
generator is represented by a fixed voltage behind its sub-transient reactance. This
is usually a quite common assumption for short circuit and switching transient
studies in power systems [36]. Before the breaker is closed, the current through
the impedance is zero. However, the stator current of the synchronous machine
consists of a steady state flow of load current as shown in Figure 3.4 (a). At the
instant of the first breaker switching, this switch can be represented by two
opposing voltage sources in series based on the method of superposition, as
shown in Figure 3.4 (b). By applying the superposition theorem, the circuit shown

in Figure 3.4 (b) can be split into two equivalent circuits shown in Figure 3.4 (c).

JX JX5)8 2 JXsys
+AV — +AV — AV +
5G Verid
o (2) (b)
X . +AV — jXsys JX, o “AV+ jXsys

Figure 3.4 Equivalent circuit representation of closing breaker 1: (a) Circuit before breaker 1 is
closed. (b) Circuit after breaker 1 is closed. (c) Equivalent circuits after breaker 1 is closed.
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The circuit on the left side of Figure 3.4 (c) represents the same circuit before
breaker is closed in steady state. Therefore, the current in this circuit represents
the steady state component. In the context of synchronization, clearly as shown in
Figure 3.4 (c), the steady state current is zero before the breaker closes. However,
the transient current that is resulted from the first switching can be realized by the
circuit on the right of Figure 3.4 (c). The right side circuit can be used to calculate
the transient current from the switching voltage based on the principles of
superposition. Note that the magnitude of the voltage is the same as the steady
state circuit but in opposite polarity. Assuming Af is equal to zero before the
breaker is closed, the analytical expression for the transient component based on

Kirchhoff’s voltage law (KVL) for the circuit is,

I di(t)
dt

+ Ri(6) = N2 |a V sin(ot + ) -1

where, ||[AV]| is the magnitude of the RMS voltage at the instant of breaker
switching, L and R are the total equivalent inductance and resistance, respectively,
seen by the first breaker. w is the angular frequency and o is the voltage phase
difference across the breaker. The solution to the differential equation of (3.1) can
be solved by using the techniques of solving ordinary differential equations (ODE)
such as the method of Laplace Transformations, and the synchronizing current i(?)

can be obtained,

Bl
JX. R

Xeq4 1s the sum of series reactance Xy , Xjuserr, and X, The total impedance

i) = [sin(a)t +a—¢@)—sin(a - go)e’R”LJ (3.2)

angle ¢ is given by tan'l(Xeq/R). As shown in equation (3.2), the synchronizing
current due to the first switching consists of both AC and DC components.
Therefore, the peak current is affected by both of these components, and if o=¢,
the DC component is completely eliminated. However, if a-¢p=90°, the peak
current can reach twice as high as the steady state AC component. The decay of
the DC offset in the second term is dependent on the L to R ratio of the total

equivalent impedance seen by the breaker including the pre-inserted impedance.
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The peak stator current from the perspective of the synchronous generator can be
obtained by computing the sum of the pre-synchronizing load current and the

synchronizing transient current from equation (3.2).

Based on equation (3.2), introducing the inserted impedance near the breaker
location can add to the total series impedance of the line, therefore reduces the
peak inrush current by reducing both the AC and DC parts of the total current.
This is crucially important because at high angle differences across the breaker,
such as 20°, regardless of the DC offset on the peak current, the magnitude of the
voltage difference is already exceeding the acceptable level of voltage at 10°
based on the IEEE standard C50.12. In other words, the methods of reducing the
switching transient must be able to reduce both the AC and DC parts of the peak
current, such as the impedance pre-insertion method. For example, the
synchronous closing method [24], [37] alone is not sufficient enough to reduce
the peak transient because it can only eliminate the DC offset, but the AC

component still remains to have potential negative impacts on the life of DG units.

It is worth mentioning that the equations stated above are derived on the basis
Af=0 because the frequency difference under the power quality limits have
negligible effects on the transient peak current. An explanation is realized by
considering two voltage sources connected together with different frequencies. If
one voltage source is taken as a reference running at angular frequency w;, and
the other voltage is running at a slightly higher frequency with an angle difference
from the first voltage phasor, the instantaneous voltage difference when the

breaker is closed at =0 is given by,

Ve JAot _ j(ot+A0) Jant (33)
oV Ve e -V,e’™ |

where, Aw equals to 2m(Af), represents the angular frequency difference

between the two voltage phasors having magnitudes V; and V5, respectively.

Based on the time window of the sub-transient period, the peak inrush current

typically occurs within ¢ < 2 cycles from the synchronization instant. Therefore,
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the value of Awt is very close to zero for small frequency differences, so the

impact of Af on AV across the breaker will be negligible.

Based on the above analysis and theoretical equations established for the
synchronizing current, one can understand the impacts of the different
synchronizing parameters (AV, A6, Af) and the inserted impedance size |Z| on the
peak stator current. In addition, a minimum value of impedance can be chosen
either by analytical equations or by EMTP simulation programs to reduce the

peak current less or equal to the acceptable level of transients.

In order to illustrate the transient reduction effect due to the Zj., typical
generator data values for both turbo and hydro generators [36] are adopted to
compute the maximum stator current using equation (3.2) resulted from

connections to the main grid.

The power capacity for the generator is assumed to be SMVA. The step up
transformer has a total leakage reactance equals to 5.5% based on the
transformer’s power rating. Prior to grid connection, an impedance load is
connected to the terminal of the machine consuming full load current from the
machine. The sample distribution feeder with synchronous-machine DG is shown
below in Figure 3.5. The system side is represented by a Thevenin voltage source
behind the short circuit impedance, which is based on the nominal voltage and the
short circuit power capacity from the utility substation. The peak transient current
comparisons between a turbo and hydro synchronous machines are shown in

Figure for different values of impedance pre-insertions.

SMVA

@ % g | Z=(0.188+j0.401) ©/km Z%

5 km

ZﬁT;I:;\/ o Utility Substation
=5.5 % 13N i ]
0.31Mvar Ml
o 4 305MVA
Inductive X/R=58.57

Figure 3.5 Sample distribution feeder with synchronous-machine DG synchronizes to grid
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The typical effective reactance values X, for the synchronous DG unit are
0.24 p.u. and 0.12 p.u., for hydro and turbo synchronous machines, respectively.
As shown in Figure 3.6, two different acceptable stator current levels are
established for the two machine types because of the difference in the Xd” values.
The peak current curves (solid black and blue lines) are obtained by equation (3.2)
under the operating condition of case (2, 3) shown in Figure 3.3. Based on the
analytical results, it can be seen that the machine’s sub-transient reactance can
significantly impact the minimum size of the impedance needed to reduce the

peak current to an acceptable level.

For this sample distribution system with typical system parameters, the
minimum required impedance sizes for turbo and hydro synchronous machines

are, 0.206 p.u. (25.75Q) and 0.319 p.u. (39.87Q)), respectively.

Peak current for Hydro
Peak current for Turbo
----- Acceptable level (Turbo)
----- Acceptable level (Hydro)

3.5
12| = 0.206 pu

Stator Current (pu)

/“

2.5 \,\i= 0.319 pu 4
2 O
15 r r r r r r T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Impedance Insertion (pu)

Figure 3.6 Peak stator current with different impedance pre-insertion values for typical generator
parameter values

3.3 Transient Stability Considerations

Every time the islanded system has to be synchronized with the main grid,
transient stability is one of the main concerns. The effect of inserting the
impedance on the transient stability will be evaluated in this section. Then, the

worst case which causes the maximum rotor angle will be identified. The ultimate
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goal is to ensure that the maximum rotor angle in the worst case does not exceed

the transient stability limit of the generator.

The worst cases of switching transients have been identified based on the pre-
established power quality limits for both sides of the breaker, which is shown
previously in section 3.2. Moreover, analytical derivations have been presented to
show the impacts on the peak stator current of DG generator due to different
synchronizing parameters and the size of impedance pre-insertion. Most
importantly, a minimum size of impedance can be determined based on the worst
synchronizing condition from the PQ limits. However, inserting the impedance at
the breaker location adds to the total line impedance, therefore reduces the
maximum power transfer capability, and hence, decreases the transient stability
margin from the DG unit to the main power grid. This may result in the DG unit
unable to become synchronized with the main power grid. Therefore, this section
investigates the synchronization impacts on the stability of the islanded DG units
through rotor angle stability analysis, which is shown in subsection 3.3.1. Effects
of loading levels and the size of impedance pre-insertion are explained based on
the power-angle relationships in subsection 3.3.2. Lastly, a worst case scenario is

chosen based on the pre-established power quality limits.

3.3.1 Stability Analysis of an Island to System Synchronization

First, a simple case including a single unloaded synchronous generator shown
in Figure 3.7 is considered for the islanded system. The system is represented as a

constant voltage source behind its system short circuit impedance.

e e Infinite Bus
| Synchronizing

E'/8 jXd' jX, | Breaker

Figure 3.7 Single Line diagram for unloaded synchronous generator to system synchronization
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The behavior of rotor angle oscillations can be better visualized by the well-

known power-angle curve (P-J) as shown in Figure 3.8.
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Figure 3.8 P-0 curve representation of the rotor behavior for synchronization

Immediately after the synchronizing breaker is closed as in Figure 3.7, the
sudden torque and power surges are dependent on the instantaneous angle
difference J, in Figure 3.8 across the open breaker before it is closed. Then, the
direction of the rotor swing is dependent upon the relative power system island
frequency compared to the main system voltage frequency. If the island’s
frequency is higher than the grid, the rotor angle advances further due to the need
to dissipate the extra kinetic energy stored in the rotor. Therefore, a maximum
rotor angle value will be reached, denoted by 0,4 At dmax, the speed of the DG
units or the frequency of island is equal to that of the system. At this point, the
kinetic energy initially stored in the rotor and the rotating masses have been fully
dissipated. Afterwards, the rotor dynamics can be explained by the famous

transient stability analytical technique, the Equal-Area Criterion [36].

The rotor dynamics can be expressed by the classical definition of the swing

equations with damping ignored [15],
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Where, P, and P, are mechanical and electrical power, respectively. H is the
machine inertia constant. w(?) and w,,, are the generator and system angular
frequency, respectively. J(#) represents the rotor angle or the power angle as
function of time between the machine’s internal voltage £’ and the system voltage.
The electrical power transfer characteristics in terms of power angle 0 can be
expressed as,

EV.

V) (3.5)
XX, X,

E' represents the internal voltage behind Xd’ direct-axis transient reactance, V;
is the voltage magnitude of the system, and X; and X, are the transformer’s

leakage reactance and system equivalent impedance, respectively.

In order to obtain an expression to find the maximum possible rotor angle,
which is the most important parameter in characterizing the transient stability of
the generator in the first swing, the following can be derived from the first of
equation set (3.4),

dmax ()

I (P,-P)ds (3.6)

%

H [dsT
L o4

For the special case of an unloaded generator to system synchronization,

%

since the mechanical power Py, is close to zero, (3.6) can be integrated and

expressed in a closed form to obtain the value of d,,,, in the first swing,

3, =COS™ {cos(éo) - E[{i [27(£, - £, )]2] (3.7)

m.
W

Where, X7 is the total series impedance including the inserted impedance.
Given the magnitudes of the generator voltage and system voltage, angle

difference prior to closing the breaker, and the frequencies of both sides, the
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maximum rotor angle in the first swing can be obtained. The damping effects

usually do not provide a significant impact on the result within the first swing.

In the scenario of islanded system synchronizations, the impact of the loading
levels must be considered. Equivalent diagrams for stability analysis are shown in
Figure 3.9 (a). Before the breaker is closed, the power is mainly consumed by the
local load inside the islanded system, as shown in Figure 3.9 (b). After the breaker

is closed, the power is exchanged with the main grid, as shown in Figure 3.9 (c).

For power system studies, generators are typically modelled as PV busses and
the loads are connected to PQ busses. This means that typically the active and
reactive powers at these busses are typically specified. As a result, in Figure 3.9
(b), a power flow solve should be done first to determine the voltages and angles
at every busses within the island. Then, the loads can be converted to constant

impedance given the solved power flow results.

Infinite Bus

JX;

Z insert

3

(a) . Infinite Bus

E'Z5  jXd' viZ0

(c)

Figure 3.9 Circuits for transient stability analysis: (a) Island to system synchronization single line
diagram. (b) Before closing breaker (c) After breaker is closed.

By modeling the loads as constant impedances and applying Y-A
transformations, the circuit shown in Figure 3.9 (c) is transformed to the circuit

shown in Figure 3.10.
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Figure 3.10 Simplified equivalent circuit of the islanded system
after applying Y-A transformations

From network theory [38], the real power at node 1 of Figure 3.10 is given by
Re{E’T’} or,

P = E*Y, cos(6,,)+ E'V.Y,, cos(6,, — ) (3.8)

e_after

Where, Y;;=Y10+Y 2, Yi0=1/Z19, and Y;,=-1/Z,. Z;, is the series impedance of
the transmission network, including transformers, lines and the inserted
impedance. Z;y is the equivalent shunt impedance connected to the machine
terminal, which includes any local loads. 6;; and 6;, are the impedance angle

corresponding to Y;; and Y, respectively.

Similar to synchronization of single machine to an infinite bus, the theoretical
Omax for the first swing when the island in Figure 3.9 (a) synchronizes to system

can be obtained by substituting (3.8) into (3.6), which gives a non-linear equation,

E'VY,lsin(0, -5, . )—sin(@, -5, )]+
HIW, [22(£ -£)P +(P,-P)&S,. —5)=0

syn max

(3.9)

where, P = E?Y,, cos(6,,) represents the power dissipation in the network. The

result of d,,,c can be solved numerically such as the Newton-Raphson method.

This subsection summarizes the analytical derivations in the aspect of islanded
system to system synchronizations from a transient stability’s point of view. An
unloaded generator is first examined at the beginning of the subsection. Then, the
effect of the load impedance is considered in the power system islands
synchronization scenario. For each scenario, a new power transfer characteristic

as a function of the power angle relative to the system is derived. As one can

41



imagine that for every new generator introduced into the electrical island, a new
power transfer equation will have to be derived analytically. Therefore, for a more
complicated islanded system where multiple DG units and loads are needed to be
analyzed, a systematic approach such as numerical solutions and dynamic
simulation software are recommended to investigate the transient stability of the

system due to synchronization.

3.3.2 Effects of Loading Levels and Impedance Sizes

Based on the analytical derivations presented for islanded system
synchronizations in sub-section 3.3.1, effects of increasing both loading levels
and size of impedance pre-insertions are investigated in this subsection to show

the impacts on the stability of the generator.

To consider the transient stability in designing the impedance, first the worst
case should be identified. Then stability of the system under the worst case should
be ensured. The effect of increasing the loading level on the transient stability is

shown in Figure 3.11.

As it can be seen, increasing the loading level of the islanded system reduces
the stability margin, where the margin is defined as (Pugx~Pm)/Pmax. The reason is
that the initial operating angle of the rotor will be higher as the load is increased.
At high loading levels, the mechanical power supplied by the prime mover must
also be high to meet the load demand, which is near 1.0 p.u. based on machine

rating at peak loading.

For example, the maximum rotor angles in Figure 3.11 are compared for both
light and heavy loading cases. The same synchronizing criteria apply to both
cases. As shown, heavy loading level results in a high operating power angle
before synchronization, therefore, the maximum angle d,,,,; reached is also the

highest.
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Figure 3.11 Impact of load to islanded system synchronization

The effect of inserted impedance on the transient stability is shown in Figure
3.12. As it was expected, the inserted impedance will reduce P, and
consequently reduce the transient stability margin further. As a result, a higher
rotor angle J,,, is reached. However, it is important to note that this increase in
rotor angle is purely dependent on the frequency difference across the breaker.
More specifically, if Af=0, there will not be an increase in the rotor angle due to
the impedance pre-insertion because the effect of increasing the impedance shown
in Figure 3.12 only lowers the P,,,, which may only prolong the time required

for the rotor oscillations to reach steady state due to a smaller stability margin.
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Figure 3.12 Impact of impedance pre-insertion to islanded system synchronization
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As it will be seen in the case study in chapter 4, since the frequency difference
based on the power quality limits between the two systems is still small, the

inserted impedance will only have a small impact on the maximum rotor angle.

3.3.3 Worst Stability Case of Proposed Scheme

In this subsection, the worst transient disturbance due to synchronization
under the power quality limits is identified provided the above analysis. As
mentioned in subsection 3.3.2, the worst case rotor angle in the first swing should
be examined based on the peak loading level and the designed impedance value
due to the fact that, both factors result in the minimum stability margin. In
addition, the voltage magnitude levels (islanded system and grid sides) should be
at the lowest (i.e. 0.9 p.u.) of the power quality limits according to equations (3.5)

and (3.8).

Since the worst case angle difference based on earlier assumption is +20°
across the synchronizing breaker. In order to result in further rotor angle
advancement, the frequency difference should be positive (i.e. higher islanded
system frequency than the main grid). As a result, the worst case open-loop
synchronization scenario from a transient stability point of view is case (1, 3) in

red dots shown in Figure 3.13.

f(Hz)
1 f,(Hz)

60.2
2 i
60.05 5
0.9 . 1.
4

11 o0s] JERY
e & b 7o

59.95

3

59.7
Micro-grid Side Operating Range System Side Operating Range

Figure 3.13 Worst stability case for islanded system synchronization
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Although not recommended by the synchronizing standard of IEEE, but if the
angle difference at the instant of breaker closing is -20° with Af>0, the 8,4
reached will be the same as the +20° case if the effects of damping is ignored
during the first swing. This is evident from equation (3.7) for a single machine to
grid sample system. When the islanded system is at its peak loading level, the first
swing 0,4, Values for both closing angles of +20° and -20° are simulated to be,
44.7° and 42.9° respectively based on the hydro based islanded system of Figure
3.5. The reason is because the damping effects for the -20° case is larger, so that

the rotor takes a longer time to reach &,,,, and resulted in a smaller value.

3.4 Second Switching Surge Determinations

Similar to the first breaker switching, impedance bypass also produces a transient
effect on the system which must be evaluated to ensure an acceptable disturbance

level.

First, a way to analyze the bypass transient is presented in subsection 3.4.1.
Based on the analysis, the voltage across the impedance needs to be determined in
order to evaluate the severity of this second switching surge. Since the bypass is
performed after the transient is over and system reached steady state operation,
power flow tool can be used to determine the voltage across the inserted
impedance. The details of performing the power flow analysis are shown in
subsection 3.4.2. Lastly, a method to determine the worst case bypass surge is

shown in section 3.4.3.

3.4.1 Theoretical Analysis of Impedance Bypass Switching

Similar to the first breaker switching, impedance bypass also produces a
transient effect on the system which must be evaluated to ensure an acceptable
disturbance level. According to the principal of superposition, bypass switching
can be represented by two opposing voltage sources as shown in Figure 3.14,

which is equivalent to a single voltage source in the transient circuit. This circuit
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is quite similar to the first impedance switching circuit, but with A/=0. Therefore,
the analytical equation (3.2), which is used for the first switching, also can be
applied to the second switching surge. As shown in the equation previously, the
bypass current surge is directly proportional to the voltage across the impedance
before bypass. Therefore, if the voltage is less or equal to the acceptable level of
voltage according to the IEEE standard, then the peak current surge is also limited
to the acceptable level. Therefore, in this section, the voltage across the
impedance before bypass is used to characterize the severity of the second

switching surge.

The voltage difference across the impedance before the bypass depends on
both the impedance value and the amount of current flowing through the
impedance. Therefore, power flow studies are used to determine the voltage
difference across the impedance before bypass, which is illustrated in more details

in subsection 3.4.2.

In practice, the voltage across the impedance can be measured directly.
Therefore, if the voltage reading is less than the acceptable voltage level, then the
impedance is safe to bypass. Otherwise, the impedance can be bypassed in

multiple steps or segments.

Micro-grid, 1
Generators { } Bulk Grid
I Impedance Insertion

Impedance [nsertion

Vi V2

AV
V1 V2

Figure 3.14 Representing impedance bypass by equivalent voltage source
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3.4.2 Steady State Active and Reactive Power

Power flow studies are done to determine the worst cases of voltage across the
impedance before bypass. As discussed earlier, voltage rather than peak current is
used here because the peak current surge is directly proportional to the magnitude
of the voltage difference across the impedance before bypass. The steady state
active and reactive power flowing through the impedance before the second
switching depend on the governor and Automatic Voltage Regulation (AVR)

settings of the synchronous generators.

Due to the nature of the open-loop synchronization scheme, the voltage set-
point of AVR is not adjusted through any means of control during the process of
synchronization. Therefore, the AVR is assumed to be in terminal voltage
regulating mode prior to synchronization. As a result, a reactive power flow is
expected which can flow in either directions depending on the voltage levels of

the synchronous generator and the main grid, as is shown in Figure 3.15.
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Figure 3.15 Reactive power flows through the impedance insertion

Active power flow through the inserted impedance is also expected. The speed
governors of the synchronous generators are operating in droop control mode to
assure proper load sharing between the DG units [15]. When the system reaches
the steady-state before impedance bypass, the islanded system frequency becomes
equal to the main grid frequency. The governor responds to the change in
frequency by a percentage change in the mechanical torque or output power as in

(3.10). Therefore, a real power exchange between the islanded system and the
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main grid exists which can be in either direction depending on the pre-

synchronization frequencies of the both sides.

AL Looeria = Loe 1
AP — _ _ microgri ss L
W) == f “R (3.10)

nom

As a result of the above mentioned inherit machine control settings, the active
power injects by the DG unit has to be adjusted and the terminal voltage of the
DG remains to be the same as the pre-synchronized condition, before performing
a load flow study. Moreover, the terminal voltage of the DG relies heavily on the
current loading levels of the islanded system before synchronization. By making
the above changes to a load flow case study, the bypass voltage across the

inserted impedance can be solved.

3.4.3 Worst Case Based on PQ Limits

The larger the frequency and voltage differences prior to synchronization, the
larger the power flowing through the impedance. The worst case caused by the
highest voltage difference should be identified to make sure that the worst
possible transient is lower than the acceptable limit. Possible worst case bypass
voltages can be identified as case (2, 3), case (4, 1), case (3, 2) and case (1, 4) to
be the same as the resulted in the first switching surge as shown in Figure 3.3. The
voltage across the impedance can be found through load flow studies. Then the
highest voltage difference is compared to the acceptable voltage limit. If the
maximum voltage is lower than the limit, the bypass is realized in one step.
Otherwise, more bypass steps are required. The voltage difference limit is 0.1855

p.u. based on the IEEE standard C50.12.
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3.5 Summary of Design Process

The design method for the pre-insertion impedance size to enable open-loop

synchronization scheme can be summarized as follows:

1. The acceptable transient current and torque limits are determined. This
report uses IEEE standard C50.12 synchronizing criteria to establish the
acceptable level of transient. However, other standards can be applied
based on the types of the energy source within the islanded system.

2. The four possible worst cases are identified based on the pre-established
PQ limits of the two parties to be synchronized. The PQ limits are
typically established as utility protocols.

3. The worst case from step 2 is then used to determine the minimum
impedance size through analytical approach or EMTP simulation.

4. Analytical approach or simulation is then used to find the maximum
acceptable impedance to maintain the transient stability of the generators.

5. An acceptable impedance range is now developed according to transient
current and transient stability limits. This impedance size should be
selected in the lower range to ensure a maximum transient stability margin.

6. Power flow studies are utilized to find the case causing the highest voltage
across the inserted impedance among the four cases identified before. The
highest voltage AV across the impedance is then compared to the
maximum acceptable value to ensure the bypass transients are within the
acceptable level. Moreover, multi-step impedance bypass can be

considered if the voltage is greater than the acceptable level.
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Chapter 4

Case Study Simulation and Evaluation Results

It is always important to verify and confirm the analytical derivations and
predictions by means of computer simulations. Moreover, simulation results can
provide more insights into the system behaviors and practical concerns when
actually comes to implementations. Based on the impedance design method
developed previously in Chapter 3, in the current chapter, simulation and
evaluation results of a case study based on a real islanded system are presented. In
addition, this chapter shows the feasibility and performance of the open-loop

synchronization proposed scheme.

Section 4.1 first describes the schematic diagram of the islanded system under
study. All the power system elements and parameters data are also given in this
section. Section 4.2 presents the design results of this case study corresponding to
each of the issues mentioned in Chapter 3. A proper impedance size has been
determined based on the design results to meet both the first switching surge and
transient stability requirements. An evaluation of the proposed method has been
presented in section 4.3. Performances of peak stator current, torque, and
maximum rotor swing have been evaluated by comparing the two cases: with and

without impedance insertion. Summary is included in section 4.4.

4.1 Description of Studied System

To evaluate the effectiveness of the method, it is applied to a system shown in
Figure 4.1. This islanded system is based on a real system in Brazil [10], where
the hydro plant is located far away from the PCC. The system consists of one 6.6
MVA synchronous generator connected through a 30 mile (25kV) feeder to the
main substation. A total load of 6MW is distributed along the feeder as shown in
the figure. The impedance pre-inserted at the circuit breaker location is considered

to be purely inductive. Resistor insertion investigations are shown in Appendix D.
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Impedance
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25/ 4.16kV

SUB 15 miles 15 miles
25kV 6.6MVA
346MVA
2.0 MW 2.0 MW 2.0 MW
0.65 MVAr 0.65 MVAr 0.65 MVAr

Figure 4.1 Single line diagram of case study

The system is modelled by a Thevenin voltage source behind the short circuit system impedance,
system impedance, which the data is shown in Table 4.1. The salient pole rotor based synchronous
generator is represented by a sixth-order state-space model with one damper winding modelled on

the direct axis and two damper windings modelled on the quadrature axis. The detailed
synchronous machine parameters are shown in Table 4.2. The AVR control and governor-turbine
system data for the hydro generator are shown in

Table 4.3.

Table 4.1 Thevenin Equivalent (SUB) Data [10]

Short circuit power (MVA) 346
Nominal voltage (kV) 25
X/R Ratio 7

Table 4.2 Synchronous Generator Data [10]

Nominal Power (MVA) 6.6
Nominal Voltage (kV) 4.16
Pair of poles 2

Inertia constant (s) 2.52
Stator resistance (pu) 0.00
X4(pu) 1.26
X} (pu) 0.26
X} (pu) 0.18
Xq(pu) 1.24
Xq (pu) 0.21

T, (pu) 1.4446

Tio (pu) 0.0218

Tqo (pu) 0.0690

Table 4.3 Excitation Control and Governor-Turbine Data [15]

AVR | IEEE (Type 1) | Governor - Turbine Type
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System (Hydro)

T, 5 ms R, 0.05
K, 300 T, 0.2s
T, 50 ms Ty 1.0s
Ky 1.0 R; 0.38
Tg 0.65 s T, 5.0s
Ky 0.048
Tr 0.95s

Efmin -5

Efmax 8

4.2 Design Results of the Proposed Scheme

As a first step of the impedance design method, acceptable level of current and
torque transients must be determined. Based on the acceptable transient region
presented earlier in Figure 3.1, there are four corner cases to consider, and the
worst case through simulation has been found to be the top right corner, where the
synchronizing condition is (AV=1+0.05 p.u., Af=+0.067 Hz). The peak stator
current and the torque transients of the synchronous generator under this
synchronizing condition can be observed in time domain EMTP simulation,

shown in Figure 4.2.

Based on EMTP simulations, maximum acceptable transient current and
torque are found to be 1.5 p.u. and 1.7 p.u., respectively. As shown, the transient
current occurs within 1~2 cycles of time, then it is followed by an
electromechanical oscillation of the rotor, and due to the natural damping, the

steady state shall be reached.
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Figure 4.2 Time domain simulation to obtain acceptable transient levels for current and torque

After the acceptable level of transients are established, the worst case
transients without the impedance insertion and synchronized under the power
quality limits need to be identified. As discussed earlier, there are four worst
synchronization scenarios to consider from Figure 3.3: Case (2, 3), Case (4, 1),

Case (3, 2) and Case (1, 4).

The 4 possible worst cases for the first switching are presented again in Table
4.4. The Peak current and torque for these cases are presented in Figure 4.3. As it
can be seen, the worst transients occur in Case (2, 3). The brief reasoning behind

why this appears to be the worst case is discussed earlier in subsection 3.2.1.

Now that the worst case is identified, the minimum size of impedance
required to limit the transients can be found either by repetitive EMTP

simulations or by the analytical expression derived in (3.2).

Table 4.4 Synchronizing Conditions for Worst Case Transients

Worst Cases | [V,| (p.u.) | [V2] (p.u.) | f; (Hz) | f, (Hz) | A0 (°)
Case (2,3) 1.1 0.9 60.2 | 59.95 | +20°
Case (4,1) 1.1 0.9 59.7 | 60.05 | +20°
Case (3,2) 0.9 1.1 59.7 | 60.05 | +20°
Case (1,4) 0.9 1.1 60.2 | 59.95 | +20°

53
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Torque (pu)

—
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N _ /01 peak @Te_max

Figure 4.3 Worst case transients based on PQ limits

A comparison of the two approaches is shown in Figure 4.4 below and also in

Appendix C. The analytical method provides an upper bound for the peak stator

current. For this case study, the impedance value' determined analytically is 0.6

p-u. or 56.82 Q.

2.5

r3

Peak Current (pu)
o

Figure 4.4

' ' . | ——EMTP Simulation
== Analytical

=== Acceptable

! i i 1 1
0 0.1 0.2 03 o4 0.5 0.6 0 0.8
Impedance Size (pu)

Peak current versus size of impedance insertion for the worst case

' The estimated cost of the inductor insertion is about $5100 based on the maximum voltage
difference of 5.762kV and maximum current of 306.36A [43].
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In this case, the analytical approach predicts a higher stator current because
the approach simply adds the transient synchronizing current computed to the
load current before the synchronization process in time domain. However, in
EMTP simulation, a small amount of synchronizing current actually flows to the
constant impedance load rather than all to the machine stator, therefore, the stator

current from simulation results is slightly lower than the analytical approach.

For transient stability analysis, the worst case occurs in Case (1, 3). Similar to
the previous step, either EMTP simulations or analytical approach could be used
to determine the predicted maximum rotor angle. The theoretical prediction of the
maximum rotor angle is obtained by simplifying the circuit in Figure 4.1 to Figure
3.10 using Y-A transformations. The maximum swing angle can then be
calculated by (3.9). The maximum rotor angles found by simulation and analytical
approaches for different impedance sizes are compared in Figure 4.5.
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45 mmmmmc—————— demeeeeeeeee e -
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Max Power Angle (deg)
8 &
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Z=0 7Z=0.1 Z=02 Z=03 Z=04 Z=0.5 Z=0.6 Z=0.7 Z=08 Z=09 Z=1 Z=11 Z=12 7Z=13 Z=14 7Z=15
Impedance Value (p.u.)

B Simulation OTheoritical

Figure 4.5 Feasible impedance range based on first switching transient
and transient stability analysis

It can be seen that the results of the two methods are close to each other. In
addition, increasing the inserted impedance size does not have a significant effect
on the maximum rotor angle based on the reasoning discussed in subsection 3.3.2.

According to the maximum acceptable transient level and stability limit, the
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feasible impedance range is within 0.5 p.u. to 1.1 p.u. However, to ensure a high

stability margin, 0.6 p.u. is chosen as the required impedance size.

The last design step is to evaluate the severity of bypass transients. As
discussed earlier in Section 3.4, before conducting power flow studies, the active
power at PV busses or the Py, injects by the synchronous generator is adjusted
according to the frequency difference Af for every cases in Table 4.4. Moreover,
due to AVR in terminal voltage regulating mode, the voltage magnitude at the PV
busses are kept the same as the value before synchronization. After these minor
but necessary adjustments, load flow studies are used to find the worst bypass
voltage among the four possible cases mentioned in subsection 3.4.3 and the

results are presented in Table 4.5, and illustrated in Figure 4.6.

Table 4.5 Power flow results for the four possible worst cases

Worst Cases | |S| (p.u.) | |[AV] (p.u.)
Case (2,3) 0.208 0.125
Case (4,1) 0.297 0.178
Case (3,2) 0.241 0.156
Case (1,4) 0.257 0.170
04
Case (4,1)
03t
Case (2, 3)
02}t y
o1}t ' .
AN

01t

Reactive Power Flow (pu)

02+
Case (3,2)

03k Case (1,4)

04 | I | |
01 -0.05 0 0.05 01 0.15

Real Power Flow (pu)

Figure 4.6 Worst power flow through the impedance based on load flow studies
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As it can be seen, Case (4, 1) has the highest complex power which leads to
the highest voltage across the impedance. For the selected impedance size
(0.6p.u.), this complex power incurs a voltage difference of 0.178p.u. , which is
lower than the acceptable level of 0.1855p.u. Therefore, the impedance can be

bypassed in one step while the transient levels are acceptable.

4.3 Evaluation of the Proposed Method based on Case Study

To better show the performance of the proposed method based on the design
results shown in Section 5.2, the whole synchronization process using the
designed impedance is shown in Figure 4.7 to Figure 4.9. For these simulations, it
is assumed that the synchronization is done under Case (2, 3), which has the worst
transient at the synchronization instance. The voltage angle difference across the
breaker is assumed that the islanded system side voltage leads the main power
grid by 20° as mentioned before taken from the industrial survey. For comparison,
the synchronization disturbances and performances under the same case are
shown in the following figures for both without the inserted impedance and with

the impedance pre-insertion.

. Peak Cuma:nt ----- Acceptable Current Lirrit
a 2r < without X Insertion ]
©
g
3
O
S
©
(7]
Time (s)

- First Switchinl
el (X Insertion= 0 ﬁpg) Impedance Bypass
a [ ' £
=
(1]
=
3
Q
&
i
(7]

Time (s)

Figure 4.7 Stator current during synchronization with and without impedance insertion

57



2.5 T

,—Peak Torque Without Impedance Xlnsertion =0
2o - |==EEe Acceptable Torgue Lirmt
&
I -~ e e e e P e e P e
|_ -
i1
b
&
. |
'_
| |
5 10 15
Time (s)
25 ;
X Insertion = 0.6 pu
g 2 /Fimt Switching ~ L-—°77 Acceptable Torgue Limit
g [ e e PR CO DR
it}
g L
&
o 1P VAt -
0.5 | I
0 5 10 15

Time (s)

Figure 4.8 Torque transients during synchronization with and without impedance insertion

As it can be seen in Figure 4.7 and Figure 4.8, without the inserted impedance
the current and torque could reach as high as 2 p.u. and 2.34 p.u., respectively,
which are higher than the acceptable limits from the perspective of the hydro
synchronous generator. This can severely damage the generator and transformer
windings, and incur excessive stress on the mechanical parts of the rotor. After
inserting the impedance, the peak current for the first and second switching are
1.37 p.u. and 1.38 p.u., which are within the acceptable limit. Also the peak
torque for the first and second switching are 1.54 p.u. and 1.36 p.u., respectively,

which are below the maximum acceptable limit.

By comparing the rotor angles in Figure 4.9, although inserting the impedance
increases the oscillations, but the oscillations are damped and will not causing the
rotor to pass the maximum stability limit (45°). The generator also remains stable
after the entire synchronization process. Without impedance insertion, it can be
seen that the rotor reaches steady state much faster than the case with impedance
insertion. This is because of the high synchronizing power between the

synchronous generator and the main power grid when there is no impedance
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insertion to decrease the stability margin. However, when impedance insertion is
introduced, there expects to be less synchronizing power to bring the rotor in
synchronism with the system. Therefore, it takes some time for the rotor to reach
steady state before bypass the impedance, which depends on the machine inertia
and other system damping factors. The excessive rotor oscillations due to less
synchronizing power are generally not a primary concern as long as the rotor

stays stable (i.e. maximum rotor swing does not reach beyond the stability limit).
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Figure 4.9 Rotor angle behavior with and without impedance insertion

Lastly, it is worth to comment on the similarities between synchronization of a
generator and 3-phase fault at terminal of a generator. From a transient stability’s
point of view, both events are classical power system problems. Both events will
cause advancements in the rotor angle within the first swing, which the maximum
angle reached can be computed analytically based on P-é curve. The increase in
angle in the synchronization case is primarily due to the angle and frequency
differences across the breaker before synchronization. However, for a 3-phase
short circuit, the increase in angle is due to P,,, of the power transfer capability

curve dropped below the P, level. In addition, in a 3-phase to ground fault case,
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the transient disturbance impacts on the rotor angle is far greater than the case of
synchronization because the rotor angle may reach beyond 90° after the fault is

cleared.

4.4 Conclusions and Summary

This chapter presented a novel and effective strategy to mitigate the concerns
and challenges in the islanded system synchronizations. The design issues of the
impedance pre-insertion method are fully investigated in chapter 4. The design
results based on a real islanded system are presented in this chapter. The main

contributions of this work can be summarized as follows.

e The proposed scheme implements the impedance pre-insertion method
such that the open-loop synchronization of two systems can be
achieved.

e The impedance can be implemented near the breaker location, and no
communication links are required between the breaker location to the
individual DG units. As a result, this becomes very attractive in terms
of costs and infrastructures needed compared to the traditional
feedback control scheme.

e A practical design procedure has been developed for impedance pre-
insertion. This chapter also presented the evaluation results to show
the effectiveness of this method in solving the challenges related to

islanded system synchronizations.

The proposed open-loop synchronization scheme and its design method have
been demonstrated through the case study by computer simulations. The results
have shown that the designed impedance is quite effective to reduce peak inrush
current and is also capable to enable open-loop synchronizations of power system
islands. A similar case study based on two DG units has been shown in Appendix
A and the effects of different governor/turbine systems on the open-loop

synchronization are studied in Appendix C.
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Chapter 5
Feasibility Investigations of Soft Starter

Based Method

In earlier chapters, the design method and computer based simulation results have
been presented for the impedance pre-insertion based method to enable open-loop
synchronization. As mentioned in section 2.1.4, there are other methods that exist
for mitigating switching transients that is worth to investigate. Therefore, in this
chapter, the thyristor based method traditionally used for motor soft starters is
investigated to see its feasibility and effectiveness in synchronizing an island to
the main power grid. It is quite common for the soft starter method to be
extensively implemented in reducing the inrush current from motor starting.
However, in the current case, the thyristor based synchronizer shall be applied to
the main breaker location for the purpose of synchronizing two systems. The
intent is to softly synchronize the two systems by two anti-parallel thyristors
(SCRs) instead of applying the traditional method of feedback control through

communication links.

In order to investigate whether the soft synchronizer is feasible, steps have
been taken to investigate and understand the phenomenon and design
considerations of the proposed method. As a first step, the top level view of the
synchronizer has been illustrated in section 5.1 and a preliminary procedure is
established shortly. The phenomenon is understood by examining the voltage and
current waveforms of the synchronizer, which is shown in section 5.2. Practical
design considerations for the proposed synchronizer have been discussed in
section 5.3, and the simulation/evaluation results of the thyristor based approach

of a test system are documented in section 5.4.
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5.1 Synchronization of Two Systems by Soft Starter Method

As known previously, the main concern on synchronizing two power systems is
the transients produced when the synchronizing circuit breaker is closed. Just to
recall, excessive transients can lead to large inrush current and transient torque,
damaging generator and other equipment. The current practice of reducing
synchronization transients is to limit the voltage, angle, and frequency differences
between the two parties through the method of feedback control. Due to the main
drawbacks of the traditional synchronization method stated in sub-section 2.1.2,
an impedance based method to enable open-loop synchronization has been

proposed in Chapter 2.

Soft starter method has been used for motor starting in temporarily reducing
the electrical current surge for several decades [39]. This is a concern because
large starting current will cause line voltage to sag, impacting other sensitive
loads. As well, the current surge should not exceed certain limits. Moreover, high
torque produced with the large starting current can cause failures in the
mechanical system such as motor shaft, belts, gearbox and etc. [40]. In this
section, the proposed synchronization scheme based on the method of soft starter

shall be explained in details. The scheme is illustrated in Figure 5.1.

Soft Starter Based Scheme
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Figure 5.1 Proposed Scheme based on soft starter and power quality limits for both sides
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As shown, soft starters consist of two anti-parallel SCRs (TRIAC) for each
phase, which the gate pulsing of the thyristor is varied by controlling the firing
angle (a) in order to adjust the effective voltage difference across busses 1 and 2
after the first breaker is closed. An overview of the soft starter based

synchronization process of an islanded system to the main power grid is shown in

Figure 5.2.
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Figure 5.2 Islanded system to the main power grid synchronization procedure with thyristors
based synchronizer
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The first breaker is in place just to protect the SCR devices in cases of high
voltage difference. Once the voltage difference is within an acceptable range from
the perspective of SCR ratings, the first breaker can be closed. For the purpose of
synchronization, the reference voltage waveform used to initiate the firing time of
gating pulses is the voltage across the thyristor, which is different from motor
starting applications where the voltage reference waveform is typically just the

grid voltage.

Initiate the gating pulses to the SCRs will allow current to gradually conduct
through the first breaker. Due to the inertias of the synchronous generators and a
low synchronizing power at first, the rotors will slowly adjust its positions to
become in synchronism with the grid. Therefore, the voltage difference across the
soft starter is actually decreasing in value. When the voltage is near zero, the 2™

breaker is closed to bypass the soft starter.

5.2 Voltage and Current Waveforms during Soft Start Process

Based on the theory of TRIAC tuning for an R-L series impedance load, the
effective RMS voltage and current applied to the load depends on 2 parameters,
the firing angle (a) and the equivalent impedance angle (¢). If @ > ¢, as « firing
angle increases, the effective voltage and current applies to the load decreases. If
a < @, as a firing angle decreases, the effective voltage and current applies to the
load will reach its rated value, and current becomes fully conducting. When

a < ¢, the DC offset occurs in the current surge.

In synchronizing two electric systems, it can be realized by equivalence both
sides as voltage sources before the soft start process through the TRIAC. The
voltage across the SCRs becomes the voltage difference between the generator
side and the main power grid side as shown in Figure 5.3 b). This voltage is also
the reference waveform used for triggering the soft start process based on a zero-

crossing of the waveform. As explained earlier, by controlling the firing angle at a
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value larger than 90°, the initial voltage across the SCR, thus the resulting current

through the SCRs can be reduced.

Zero-Crossing of
reference voltage
waveform (AV)
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Figure 5.3 Voltage difference across SCRs for a) R-L load impedance applications
b) Synchronizing with two voltage sources representation

An example of the Phase A voltage and current waveforms at firing angle of

130° are shown in Figure 5.4.
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Figure 5.4 Voltage and current waveforms at 0=130° of the soft starter device (Top),
gating pulses applied to SCRs (Bot.)
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Due to the characteristics of the SCR, it can be seen that the SCR can be
turned on if the anode is positive respective to the cathode of the device and a
pulse signal is applied to the gate. However, SCR turns off only if the current
flow through the SCR is zero ideally, or below the holding current level [41].

Once the SCRs are turned on based on the zero-crossing of the reference
voltage as shown in Figure 5.4, the pulses are applied to the gates of the TRIAC at

regular intervals thereafter until the SCRs are bypassed.

5.3 Design Considerations

In this section, the design aspects are considered to meet the requirements of
the acceptable level of transients. Hence, these considerations are divided into
different subsections to characterize their impacts on the transient levels. Sub-
section 5.3.1 investigates into the impacts of the synchronizing parameters on the
voltage difference across the thyristors. Constant firing angle and time voltage
ramp techniques have been illustrated, and their effects have been explained
through the usage of power-angle curves, which is shown in subsection 5.3.2.
Finally, SCR bypass and generator grounding issues have been discussed in

subsection 5.3.3.

5.3.1 Impacts of synchronizing parameters

The synchronizing parameters voltage, angle and frequency, for both the
islanded system and the main power system are needed to be considered for the

soft starter based open-loop synchronization.

Voltage difference AV can be present at the time of synchronizing an islanded
system to the main power system. As known, this can be a result from a mismatch
between V|| and |V,|, or a mismatch in voltage phase (angle difference). For a
fixed firing angle (Alpha), the larger the AV, the higher the current surges for both
the soft starter and the machine stators. Hence, the higher the transient torque. In

addition, if the machine is at terminal voltage regulating mode, a mismatch
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between |V,| and [V,| can either increase or decrease the field excitation voltage of
the AVR. If field voltage is increased during the soft synchronization process, it
may help in stabilizing the rotor oscillations by providing more synchronizing
power for high firing angles. If field voltage is decreased during the process, the
lacking of synchronizing power problem initially from high Alpha may become
worse. Therefore, for a worst case angle difference across the SCRs, a lower
islanded system voltage than the system should be investigated to see if the DG

units can be stabilized without excessive rotor oscillations.

The impact due to an initial frequency difference Af on the soft synchronizing
process is quite similar to the transient stability explanations developed earlier in
Section 3.3. For a higher islanded system frequency than the grid, i.e. f;>f5, the
rotors are initially running faster than the frequency of the system. Consequently,
immediately after the soft synchronizing process begins, the extra kinetic energy
stored in the rotating masses of the synchronous machine is dissipated as the rotor
reduces its speed to match the synchronous speed of the system. As a result, rotor
angle respective to the system increases, which in turn increases the voltage
difference across the SCRs. This effect is illustrated in Figure 5.5. As shown, for
the Af=0 case, the AV across the SCRs is decreasing to zero almost linearly within
0.3 seconds. However, for Af>0, the voltage difference initially is increased as

expected, then drops down to zero. In this case, f;=60.2Hz and f,=59.95Hz.
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Figure 5.5 RMS voltage across the SCRs with and without Af for a=130°
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5.3.2 Constant o Firing Vs Time Voltage Ramp System

There are two basic types of gate triggering to the SCRs for the soft starter

device as shown in Figure 5.6. The first type is a constant firing angle scheme for

every cycle of the soft synchronizing process. The second type has a time varying

firing angle, which the period of SCR conduction increases per every cycle of

time.
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Figure 5.6 Differences in soft synchronizing schemes a) Constant firing angle
b) Time voltage ramp system

Both types of gate triggering scheme can be realized by the power transfer

capability curves to understand the behaviors of rotor dynamics as shown in

Figure 5.7.
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Figure 5.7 P-6 curve representations of a) constant firing angle
b) time voltage ramp system
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From the perspective of synchronizing transients, assuming the equivalent line
impedance is mostly inductive, a firing angle larger than 90° can significantly
reduce the effective inrush current value in the beginning of the synchronization
process. However, the synchronizing power and torque are also reduced. The
negative side to a low synchronizing power is the potential possibility that the
machine might lose synchronism with the main power grid. Therefore, time
voltage ramp system may provide a promising solution for the low synchronizing

power problem if encountered.

5.3.3 Other Technical Issues to Consider

Once the first zero voltage difference is reached across the SCRs, the device
should be bypassed in order to restore normal system operations to prevent
excessive rotor oscillations from lacking of synchronizing torque and power. In
addition, as discussed earlier in the impedance bypass, the severity of the
transients associated with the bypass switching is heavily dependent on the
voltage difference across the bypass breaker at the instant it is closed. Therefore,
bypass at the first voltage zero can also limit the peak current. However, for an
increase in the firing angle a value, the time to bypass also increases due to a

delay in reaching zero voltage difference across the SCRs as shown in Figure 5.8.
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Figure 5.8 Bypass times for different a between 90°~150°
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Another important issue to consider is the effect of generator neutral to ground
impedance on the synchronizing transients. According to the IEEE recommended
practice for grounding of a single unparalleled generator, a reactor is usually
connected between the neutral and the grounded conductor to limit the
momentary ground fault current to be no more than the three-phase fault current

[42]. Accordingly, the value of this neutral reactor X, should be calculated as,

X, =1/32X", - X, - X,) .1

Where X 4 is the direct axis sub-transient reactance, X> and X, are the
negative and zero sequence reactance of the generator, respectively. Based on
typical average values of synchronous machine constants [36] and equation (5.1),
the typical value of X, for a turbo-generator with solid rotor is calculated to be
0.02 p.u. However, the neutral reactor value within the typical range from 0.01p.u.
to 0.05p.u. does not significantly impact both the transient current and torque

using the thyristor based synchronizer.

Resistor groundings were also used in distribution systems. In such cases, the
voltage waveforms during the soft synchronizing process are becoming distorted,
which means the conductions by the thyristors are more visible in the voltage
waveforms. However, the resistor groundings have negligible effects on the peak

transients.

5.4 Application Example

The thyristor based synchronizer is applied to a test system for different case
studies, which the studied system diagrams and evaluation results have been
documented in this section. The system is built in Simulink environment and the
different module diagrams are shown in subsection 5.4.1. Simulation results of the
proposed method are presented in subsection 5.4.2, where the possibility of the

open-loop synchronization under the power quality limits is investigated.
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5.4.1 Test System under Study

The entire system overview diagram for the case study is shown in Figure 5.9.
There are three main modules as part of the system: DG generation module,

thyristor based synchronizer module, and the system module.
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voltage
< /m O 2 System ——
measurement for Q
Voltagg 2

Microgrid side

Measurements

Figure 5.9 System Diagram (Top Level)

The DG generation module is modelled by a salient pole synchronous
generator with an impedance load connected to the machine terminals, as shown
in Figure 5.10. The data for the synchronous machine parameters are shown
earlier in Table 4.2. The excitation system model (AVR) is of type ACIA
according to the IEEE recommended practice for excitation system models for
power system stability studies (IEEE standard 421.5). The parameters of the
ACIA type exciter is extracted out of the sample data section of the IEEE
standard 421.5.

The thyristor based synchronizer module schematic and thyristor parameters
are shown in Figure 5.11 and Table 5.1, respectively. This module includes two
main subsystems: gate pulsing generator and thyristor triggering. Thyristor
triggering subsystem triggers the soft synchronizing process based on a zero
voltage crossing of the voltage difference across the SCRs. The gate pulsing
generator subsystem takes in the triggering signals and decides the proper time to

switch on the SCRs based on a user defined firing angle.
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Table 5.1 Thyristor Parameters

Forward Voltage (V) 0.8
On-state resistance (Q) 0.001
Off-state conductance (Q") le-6
Gate triggering voltage (V) 5
Holding current (A) 1
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Figure 5.11 Thyristor based Synchronizer Module
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5.4.2 Simulation Results

Simulation results of machine torque and frequency at different initial angle
differences 5°, 10°, and 20° have been shown in Figure 5.12 based on the test
system with constant firing angle at 130°. Acceptable transient levels from the
perspective of the SG are obtained similarly to section 4.1, which is based on
IEEE standard C50.12. The acceptable current and torque for the current case
study for the SG are 1.54 p.u. and 1.6 p.u., respectively.
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Figure 5.12 Comparisons of Transient machine torque, rotor frequency of SG at angle differences
of 5°, 10°, and 20° with and without thyristor based synchronizer (a=130°). a) Electric torque of
SG, at AB=5°, b) Frequency of SG, at AB=5°, ¢) Electric torque of SG, at AB=10°, d) Frequency of
SG, at AB=10°, e) Electric torque of SG, at AB=20°, f) Frequency of SG, at AG=20°.

As shown in Figure 5.12, the transient torque has been significantly reduced

from 2.1 pu (without SCR based synchronizer) to 1.18 pu (with the synchronizer)
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even for the worst angle difference of 20°. The reduced peak torque is also lower
than the acceptable torque level. Moreover, by reducing the torque, the
synchronizing power is also reduced while the rotor is decelerating in the
beginning. Therefore, the rotor frequency deviation is decreased for the first
swing with the thyristor based synchronizer. In addition, after thyristors are
bypassed, synchronizing power is then restored. The rotor oscillations will be
damped even more, so the steady state operation can be reached in a shorter time

span.

As mentioned earlier, a higher islanded system frequency than the power
system may lead to an increase in the voltage difference across SCRs immediately
after the SCRs are triggered. As a result, the impacts due to the frequency
differences on the peak stator current are shown in Figure 5.13. As shown, firing
angle larger than 125° can reduce the maximum transient current to be within the
acceptable level. As expected, a positive frequency difference A/=+0.25Hz will
increase the peak current due to an increase in the voltage difference across the

thyristors.
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Figure 5.13 Impact of Af on the peak stator current
for different voltage levels from 0.9~1.1pu and AG=20°
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The impacts due to voltage magnitude difference AV=|V||-|V,| on the peak
stator current and torque are investigated at Af=+0.25Hz and A6=20°. First,
several cases are examined for both |V;[>|V;| and |V,|<|V;|, then, the peak stator
current and torques under those synchronizing conditions are extracted from
repetitive EMTP simulation results based on the test system. The cases to be
examined are listed below in Table 5.2, which are the possible synchronizing

conditions within the power quality limits.

Table 5.2 Case studies on the effects due to voltage magnitude difference AV

Synchronizing Conditions: [V [>|V,), Synchronizing Conditions: |V [<|V,],
AB=20°, Af=+0.25Hz A6=20°, Af=+0.25Hz
Case 1 [Vi=1.1, [V,=1.05 Case 1 [V1=0.90, [V,|=0.95
Case 2 [Vi=1.1, |V,~=1.00 Case 2 [V1/=0.90, |V,[=1.00
Case 3 [Vi=1.1, [V,|=0.95 Case 3 [V1=0.90, [V,=1.05
Case 4 [Vi=1.1, |V,[=0.90 Case 4 [V1/=0.90, |V,]=1.10
Case 5 [Vi[=1.05, [V,=1.00 Case 5 [V1[=0.95, |V,=1.00
Case 6 [V1[=1.05, |V,[=0.95 Case 6 [V1]=0.95, |V,|=1.05
Case 7 [Vi[=1.05, [V,[=0.90 Case 7 [V1[=0.95, |V,=1.10
Case 8 [V1]=1.00, |V,[=0.95 Case 8 [V1|=1.00, |V,]=1.05
Case 9 [V1[=1.00, [V,[=0.90 Case 9 [Vi=1.00, [V,=1.10
Case 10 [V1]=0.95, |V,]=0.90 Case 10 [V [=1.05, |[V,=1.10

For a higher islanded system voltage level than the system side, after the
thyristors are switched on, the internal voltage of the machine due to excitation
control tends to increase in magnitude to hold the machine terminal voltage close
to the value before synchronization. As a result, a raise in the P, of the P-o
curve after thyristors are switched on is expected. Moreover, the synchronizing
power is increased to stabilize the rotor oscillations afterwards. In other words,
constant firing angle scheme still provides sufficient synchronizing power to

damp the rotor oscillations. Therefore, a constant firing angle of a=130° is used to
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investigate its transient current and torque reduction capabilities, for which the

results are shown in Figure 5.14.

As can be observed that for all cases, the peak current levels are quite similar
but torque transients tend to decrease primarily due to the decrease of the machine
terminal voltage. Based on short circuit theory, the magnitude of current transient
is a function of the magnitude of the voltage difference across thyristors. Since all
cases have the same voltage magnitude differences (i.e. 0.05p.u.) and angle

difference at 20°, then it makes sense that the peak current levels are similar.
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Figure 5.14 Peak current and torque simulation results for cases of [V[>|V,| at a=130°

However, machine torque is proportional to the electric power delivered at a
given machine frequency. Therefore, the torque transients at the same loading
level are heavily dependent on the product of E (internal voltage) and V (terminal

voltage), this is illustrated by a linear relationship in Figure 5.15.

1.5
1.4
o
2 /
5 /
g 13 e
2 //8
§ [
o o /
o
1.2
1.1
16 165 17 175 18 1.8 19 195 2 2.05

Product of E and Vt (pu)

Figure 5.15 Relationship between peak machine torque
and product of internal and terminal voltages
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For |V,|<|V;|, time voltage ramp system has been implemented to the thyristor
based synchronizer. The reason behind using this technique for synchronization
purposes is the insufficient synchronizing power to stabilize the rotor oscillations
and difficult to reach steady state operation. This is because of the excitation
controls of the machine is in voltage controlled mode, the internal voltage
becomes lower due to the direction of the reactive power flow across the breaker.
In other words, part of the reactive power consumption of the islanded loads shall

be provided by the grid instead of solely dependent on the local SG units.

With time voltage ramp system, the firing angle is decreased every cycle, this
decrement is defined by step (in degrees) per cycle. The EMTP simulation results

are shown in Figure 5.16 with a,=130° with firing angle decrements of 5°/cycle.
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Figure 5.16 Peak current and torque simulation results for cases of |V |<|V,| at a,=130°, and ramp
decrement of 5°/cycle

It can be observed that with the time voltage ramp system, the transient
current and torque peak values can be slightly higher than the acceptable limits of
a synchronous generator for the cases |V|<|V2|. However, significant transient
reductions are also achieved when synchronized in an open-loop manner. The

detailed time voltage ramp system implementation is demonstrated in Appendix B.

5.5 Summary and Conclusions

This chapter investigates the feasibility of thyristor based synchronizer used in

islanded system synchronization applications. The design aspects of the
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synchronization strategy have been discussed in section 5.3. The proposed
thyristor based synchronizer has been evaluated through simulation studies. The
results demonstrate that the transient levels can be significantly reduced and the
islanded system can be successfully synchronized with the system. The key

results of this work can be summarized as follows:

e The thyristor based synchronizer can be effectively triggered by the
voltage zero crossings of the voltage difference waveform across the
SCR device.

e The impacts of synchronizing parameters AV, A6, and Af on the
behaviors of voltage and current waveforms have been investigated for
the proposed method.

e The effects of constant firing angle and time voltage ramp techniques
on the power-angle curves have been illustrated.

e Technical considerations regarding bypassing of the thyristors and
generator groundings have been investigated.

e Evaluations of the proposed method through simulation studies have
been demonstrated. The possibility the open-loop synchronization
application has been investigated by considering different
synchronization scenarios.

e The simulation results have shown that for a lower islanded system
side voltage than the main grid side, it is recommended to apply the
time voltage ramp technique for thyristor firing. However, in this case,

the transient levels are slightly higher than the acceptable level.
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Chapter 6

Conclusion and Future Work

6.1 Thesis Conclusions and Contributions

This thesis discussed transient reduction methods and developed a scheme to
enable synchronization in an open-loop manner for synchronous generator based
electrical islands. The existing method of synchronization through feedback
control requires communication links between the breaker location to the DG
units, which can significantly drive up the infrastructure cost and complexity of
islanded system synchronization. Since the primary concern in synchronization is
the switching transients, so the impedance pre-insertion and thyristor based
synchronizer are proposed in this thesis to enable open-loop synchronization. This
scheme presents an attractive solution to synchronizing remote islanded systems.
All the discussed synchronization strategies were evaluated by performing
simulation studies on different islanded systems. The key conclusions and

contributions of the thesis can be summarized as follows.

e  Major synchronization issues related to feedback control in modern SG
based islanded systems have been clearly identified in the motivations
section of Chapter 2. The true concern of synchronization is the
switching transients because of their adverse effects on power system
equipment, especially of the damages to the machines.

e An open-loop synchronization scheme is proposed. Both the islanded
system and main power grid under the normal operating conditions
before synchronization are already working in a pre-established utility
protocol, which is inside their own power quality limits defined by
voltage and frequency bands. As discussed in Chapter 2, if outside these

limits, the power systems do not meet the power quality requirements.
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e A design method has been developed in accordance to the design issues
related to the method of impedance pre-insertion in Chapter 3. A way to
establish the acceptable level of transients for the machine is illustrated.
The size of the impedance is designed based on the requirements for the
transient levels and the stability limits of the generator. The minimum
size of the impedance can be determined both analytically and by EMTP
simulations. The theoretical predictions of the maximum rotor angle are
also derived for a simple islanded system synchronization case. A
method to determine the worst case impedance bypass transients is also
developed based on the power quality limits. The impedance insertion
method has shown promising results in transients reductions based on
simulations of a real islanded system case study.

e In chapter 5, thyristor based synchronizer method has found to be
feasible in terms of islanded system synchronization applications. An
electronic controlled thyristor based synchronizer is built in Simulink
environment to test its performances in a sample test system. The results
have shown that constant firing angle technique is suitable for island’s
side voltage higher or equal to the system voltage. However, due to lack
of synchronizing power, the time voltage ramp system technique is more
suitable for the case where the voltage magnitude is lower than the

system.

6.2 Suggestions for Future Work

The author’s suggestions for continuing the investigations and studies on open-

loop islanded system synchronizations are as follows.

e As mentioned in Chapter 2, one of the main drawbacks of the traditional
synchronization method through feedback control is the cost of
infrastructure  support needed to accomplish islanded system
synchronization. Therefore, this thesis proposes an open-loop

synchronization scheme based on methods of transients reduction. The

80



economic costs and benefits associated with both schemes can be
compared to more precisely reflect the advantages of open-loop
synchronization.

Among the transient reduction methods, both impedance pre-insertion
and soft starter methods have been investigated in the scope of this thesis.
Synchronous closing results have not been shown in this thesis, but it is
found to be insufficient in reducing the AC component of the transient
current due to a large angle difference. However, the feasibility of
sequential phase closing as proposed for transformer energization could
be investigated.

The scope of the thesis is based on the studies on synchronous generator
based islanded systems. As shown in Chapter 3, the acceptable level of
transients (i.e. current and torque) is based on the perspective of the SG
unit. However, the concept of open-loop synchronization scheme can be
extended for smart grid applications with renewable energy penetrations
such as solar and wind power, which the transient and stability aspects
are still valuable to investigate.

Both the impedance insertion method and thyristor based synchronizer
methods are evaluated by simulation results in this thesis report.
However, experimental synchronization studies can be performed simply
on a single islanded SG machine with loads if equipment and

measurements at the breaker location are available.
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Appendix

Appendix A: Simulation Study on Two DG Islanded
System

This section presents simulation results for the design method for the
impedance pre-insertion on an islanded system that contains two DG units. The
procedure is similar to section 3.5. A.1 gives the data and diagram for the islanded
system under study. A.2 determines the acceptable level of transients for both
machines using the IEEE standard C50.12. The worst case transients based on the
power quality limits have determined in A.3. Transient stability results are shown

in A.4. Bypass voltages based on load flow studies are conducted in A.S5.

A.1 System Description

The Micro-grid under study consists of two DGs, which are 6.6MVA and 10MVA,
respectively. The 6.6 MVA synchronous machine is located 30 miles away from
the main substation. A second 10 MVA SG is added shown in Figure A.1. A
peak loading of 15MVA at an inductive power factor of 0.95 is assumed. The load
is evenly distributed along the feeder. The three-phase short circuit level at the
point of interconnection is 346 MVA. The system and synchronous generator data
are shown in Table A.1. The impedance pre-inserted at the circuit breaker location
is purely an inductor.

mnlv,x —i

AVR |
| 25/4. 16kV

Impedance |
Insertion
|

V2,2 | VLl it

6.6MVA

!
sUB 15 miles 15 miles

25kV AVR

346MVA

4. T5MW
1.56MVAr

4. 75MW 4. 75MW
1.56MVAr 1.56MVAr

Figure A.1 Case study of two DG units performing open-loop synchronization with impedance
pre-insertion method
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Table A.1 Synchronous Generator Data

SG1 SG2
Nominal Power (MVA) 6.6 10
Nominal Voltage (kV) 4.16 13.8
Pair of poles 2 2
Inertia constant (s) 2.52 2
Stator resistance (pu) 0.00 0.004
Xy(pu) 1.26 2.066
X, (pu) 0.26 0.259
X (puw) 0.18 0.213
Xq(pu) 1.24 1.044
Xq (pu) 0.21 0.207
T, (pu) 1.4446 4.485
Tgo (pu) 0.0218 0.068
Ty (pu) 0.0690 0.1

A.2 Acceptable Level of transients

Determination of the acceptable transient level is illustrated through the case
study presented in this section. Based on the EMTP simulations in
MATLAB/Simulink, the machine’s current and torque peaks under the operating
point specified in Figure 3.1 are obtained. Their time-domain simulation results
are shown in Figure A.2. The acceptable synchronizing current at the breaker

location is obtained to be 0.791 p.u.

a———Peak | = 0.745 p.u

Stator Current (pu)
Stator Current (pu)

) 0.2 0.4 0.6 0.8 1 _0 0.2 0.4 0.6 0.8 1
time (s) time (s)

Peak Te = 0.843 p.u. KFeak Te=1525p.u

05 J\/‘\__ J\/m
0 0.‘2 0.‘4 OIG 0?8 0 02 04 0.6 08 1

time (s) time (s)

a) b)

w

Torque Te (pu)
Torque Te {pu)

o
o

Figure A.2 Acceptable current and torque transient peaks for a) SG1 and b) SG2
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A.3 Worst Case transients

Possible worst case synchronizing transients based on power quality limits
will take place in the following 4 cases shown in Figure 3.3, where the operating
point of both parties deviate the most. The worst transient of all occurs in case (2,
3). This is because prior to synchronization, the Micro-grid side voltage is
maintained at 1.1 p.u. and the Micro-grid frequency is +0.25Hz higher than the

system frequency.

3.00

=
2
=}

<
0
=}
o B G il

e eead

Peak Stator Current and Torque (pu)

case (4, 1) case (3,2) case (1, 4)

~
Ml_peak_SG1 HETe_max_SG1 [@l_peak_SG2 M Te_max_SG2

Figure A.3 Worst case transients based on power quality limits for the two machines

Since the worst transients are identified in case (2, 3), then the size of
impedance can be determined by EMTP simulations or analytical expressions
developed. A comparison of the two approaches is shown in Figure A.4 (a). For
this case study, the impedance value determined analytically is 0.422 p.u. or
26.38Q). As shown in Figure A.4 (b), with the designed impedance value, the
stator transient of every synchronous machine has been reduced to be within their

acceptable current level.

Simulation
1.8 Analytical
——=—— Acceptable Level

|Xinsertion| = 0.422 p.u.

Peak synchronzing current (p.u.)

o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Impedance Insertion (p.u.)

a)
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—&— Simulation (SG1)
""""" Acceptable Level (SG1)

1.5 |

~ Designed Impedance

Peak stator curent (p.u.)
N

M

(0] O.r‘l O.r2 O.r3

b)
Figure A.4 a) Impedance selection based on breaker current. b) Peak stator current based on the
designed impedance value.

A.4 Transient Stability of the Two Machines

0.5

r r r r
0.4 0.5 0.6 0.7 0.8

For transient stability analysis, the worst case occurs in case (1, 3). From
Figure A.5, it can be seen that increasing the inserted impedance does not have a
significant effect on the maximum rotor angle. Based on the acceptable stability
limit and the designed impedance value, a feasible impedance range is from
0.422p.u. to 0.9p.u. The 6.6MVA synchronous generator (SG1) has reached its
stability limit first during the first swing because it is located farther away from
the main substation than the IOMVA generator. This is reasonable because SG1
has a lower stability margin than SG2 due to higher line impedance from the

machine to system.

50
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45
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B B ] iE % 3 j : ] Stability
‘ g i : = g : f 1 Limit
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35
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Impedance Value (p.u.)

B561 0sG2

Figure A.5 Feasible impedance range based on short circuit and stability analysis
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A.5 Bypass Evaluations

In order to evaluate the severity of bypass transients, load flow study is used
to find the worst bypass voltage among the four possible cases. Case (4, 1) is the
worst case as shown in Figure A.6 because it results in the largest complex power
IS|. This |S| through the designed impedance (0.422p.u.) incurs a voltage
difference of 0.1793p.u. across the bypass breaker, which is lower than the

acceptable level of 0.1855p.u. Therefore, the bypass transient is acceptable.

0.5

Case (4,1)
04}
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03}
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Real Power Flow (pu)

Figure A.6 Worst possible power flows through the impedance computed by load flow studies
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Appendix B: Electronic Control Blocks For Thyristor

Based Synchronizer

This section of the Appendix discusses about the different components
implemented to generate the gating pulses for the thyristors based synchronizer
method. First, the key components of the electronic control aspect are illustrated
in B.1. Then, sample output waveforms are shown in B.2 to better understand the

purposes of each component.

B.1 Components for Thyristor Gate Controls

In order to generate the gating pulses at a chosen firing angle for the TRIAC
thyristors in each phase, first, a sawtooth generator function block is needed to
generate sawtooth signals ranging from 0 to 360 degrees with time period of 1/
(fg+fs) seconds. Afterwards, the output of the sawtooth generator feeds into the
constant/ramp firing schemes in order to generate the correct firing angle for
every cycle. Finally, the outputs of both blocks are compared inside the Gating
pulse generator to eventually give the correct pulses to turn on the thyristors. The

blocks are built in Simulink Environment as shown in Figure B.1.

As discussed earlier, for the synchronizer, both constant and time voltage
ramp alpha schemes are to be used depending on the synchronizing conditions.

The implementation of this is shown in Figure B.2.

@O—

Trigger start for Phase A
L trigger E

‘ i scopel

Alpha fen Pulses for thyristors connected to Phase A

0 4y 4 y D
Sample *fo
and Hold s Gating pulse generator
microgrid frequency [saWtooth generator

) Inl Outl 4—-@

Scope2

System frequency Constant/Ramp Firing Schemes
Clock

Figure B.1 Key components for generating the gating pulses to thyristors
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Figure B.2 Constant/Ramp Firing Scheme building blocks
For constant firing angle, step is set to zero. However, for time voltage ramp
system, the alpha is expected to change every cycle, so the step is set to a non-
zero value, and the firing angle is decreasing every cycle until the thyristors are

bypassed.

B.2 Output Signals of Control Blocks

The sample signal output waveforms are shown in Figure B.3 for the sawtooth
generator and the pulse generator blocks. This way, the thyristors are turned on at

130 degrees for both the positive and negative half cycles.
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Figure B.3 Sawtooth outputs (top) and gating pulses (bottom) based on comparisons to the
sawtooth ouputs at 0=130°
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Appendix C: Validation of the Short Circuit Calculation
and Effect of Governor Controls on Islanded System

Synchronization

This section of Appendix will first validate the short circuit method of
calculating synchronizing current in C.1, which is correspondence to subsection
3.2.2. Then, the effects of different turbine systems on the synchronization

process are shown and explained by time domain simulations in C.2.

C.1 Validation of the Analytical Approach Against
EMTP Simulations

As discussed earlier in Section 3.2, the transient current resulted from the first
impedance switching can be obtained and analyzed by the method of short circuit
calculations. Therefore, an analytical equation was previously developed in (3.2).
The phase synchronizing currents e, Lsynes, and Iyu.c can be expanded into

similar forms.

Av . )
IsyncA (t) = | 7 A | [sm(wt + o, — q)) — Sln(aA _ (p)e—Rt/L]
1 ()—Aa in( ) — gin( Yo 1L
anen b =17 I[sm wt +a, — @) —sinla, —ple J (C.1)
Ly = 27 Tsin ) sin(a, — o)e L
syncC ¢ :Z—[Sln Wt+ac—(/) —sin(e, —ple :|

eq

Where 0 and 0 are -120° and +120° shifted from o4, respectively. 04 is the

angle of the voltage difference across the breaker in phase A. The total stator

current /g, 1S obtained by simply adding the load current to the transients.

IstatorA (t) = I]aadA (t) + ‘[syncA <t)

]statoI'B (t) = I]ogdB (t) + [SVHL’B (t) (Cz)

1 tatorC (t) = I]oadC (t) +1 (t)

Si syncC
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The load current depends on the loading level of the islanded system, and in
per unit, the value typically varies from O to near 1 p.u. In order to validate the
results of the analytical method, the calculated stator currents are plotted against

that from EMTP simulations for synchronization case (2, 3).

2.5 - T T T T T
'''' Calculation A
oll 77T Calculation B N i
""" Calculation C
EMTP A
1.5
EMTP B
1

u)

0.5

Stator Current (p

Peak Current

_25 r r r r r r
0 0.02 0.04 0.06 0.08 0.1 0.12

Time (s)

Figure C.1 Comparison of short circuit calculation and EMTP simulation at case (2, 3) without
impedance insertion

Based on Figure C.1, it is observed that although the short circuit calculation
only takes into account of the sub-transient machine reactance, but it is sufficient
to capture the effects of transients in the stator current, which occurs within 1 to 2

cycles after the switching.
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C.2 Effects of Different Governor/Turbine Systems on

Microgrid Synchronization

This part of Appendix C investigates the impacts on the different turbine
systems for open-loop islanded system synchronization based on impedance
insertion method. In order to model the governor and turbine systems for both
hydraulic and steam applications, the control system parameters of the governors
are adopted from the power system and control book in [15]. The key
performance outputs of different governor/turbine systems observed are the
gate/valve position, mechanical power, and frequency. The responses are plotted
from Figure C.2 to Figure C.4 for the process of impedance insertion based

synchronization.
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Figure C.2 Gate/valve positions response during islanded system synchronization based on
impedance insertion method

Although both hydraulic and steam turbine systems will reach the same steady
state values according to Figure C.2 and Figure C.3. However, they have much
different transient responses. The reason for a slow response in the hydraulic
turbine is because of the large transient droop compensation. As a consequence, a

frequency change as shown in Figure C.4 will incur a slow change in the gate
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position, and hence, a slow response in the mechanical power output. In addition,
it can be seen from Figure C.4 that a faster turbine system response such as in the

steam turbine without reheat, can help the rotor to stabilize faster.
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Figure C.3 Mechanical power response during islanded system synchronization based on
impedance insertion method
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Figure C.4 Machine frequencies during islanded system synchronization based on impedance
insertion method
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Appendix D: Resistor Vs Inductor Insertion for

Synchronizing an Islanded System to Grid

This section investigates the possibility of using resistor insertion towards
synchronization of an islanded system to grid. Therefore, representative case
studies are presented in D.1. Comparison results between inductor and resistor
insertions are shown in D.2. Finally, recommendations have drawn in D.3 when

implementing resistor insertion.

D.1Synchronization Case Studies

Different synchronization studies are performed in Table D.1 on an islanded
system based on the sample distribution feeder in Figure 3.5. The cases vary from
the simplest of zero voltage and frequency differences towards a more

sophisticated case involving differences in all parameters.

Table D.1: Case Investigations into Inductor vs. Resistor Insertion

Case Studies for Inductor/Resistor Insertion Synchronization Condition:
AV AB Af
Case 1 0% 20° OHz
Case 2 0% 20° 0.25Hz
Case 3 5% 20° 0.25Hz
Case 4 10% 20° 0.25Hz
Case 5 20% 20° 0.25Hz

D.2 Comparison Results for R, X, and Zero Impedance

Based on the sample case study, results are documented in this section to
reflect the possibilities in utilizing a resistor insertion for synchronization
purposes. In order to arrive the recommendations, the rotor angle, excitation
voltage (AVR controls), and generator terminal voltage deviations are simulated
to investigate the behaviors of the islanded system based on the case studies

mentioned above.

98



Based on the design process, the size of the impedance insertion (either an
inductor or resistor) must be determined first based on the acceptable level of
transients from the perspective of the synchronous generator. This process is

demonstrated in Figure D.1.

R

X/R=0.2
X/R=1
X/R=5

X
Acceptable

Stator current (pu)

r r

0 0.1 0.2 0.3 04 05 0.6 0.7 0.8
Size of Impedance (pu)

Figure D.1 Size of R or X required to limit the first transient
Based on the values of R and X, one can see that the size is different among
the two. The reason is that there exists a X/R ratio of the equivalent line
impedance seen across the breaker. The behaviors of the islanded system are

simulated as below.
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Rotor Angle Stability:
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Figure D.2 Rotor angle results for different cases without impedance insertion
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Figure D.3 Rotor angle results for the inductor insertion
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Figure D.4 Rotor angle results for the resistor insertion

As shown in above figures, for both zero impedance insertion and inductor
insertion, the generator remains rotor angle stable for the established
synchronizing conditions within the pre-defined power quality limits. The resistor
insertion can provide more damping in the rotor angles for the stable cases.
However, in the resistor insertion case shown in Figure D.4, at 20% voltage
magnitude difference, the rotor angle no longer remains stable but increases
oscillations, which is one of the main disadvantages using resistor insertion for
synchronization purposes. One of the primary reasons is because of the large
reactive power flow across the resistor after breaker is closed. Unlike the inductor
insertion, resistor has no way of absorbing reactive power when the voltage
difference reaches as high as 20%. A closer examination of the excitation voltage

and terminal voltage will explain the instability further.
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Excitation Voltage:
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Figure D.5 Field voltage results for zero impedance insertion
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Figure D.6 Field voltage results for inductor insertion
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Figure D.7 Field voltage results for resistor insertion

As clearly shown in the plots of the field voltage of the machine, an inductor
insertion has the benefit of dissipating reactive power when exists large voltage
magnitude difference prior to the closing of the breaker. Therefore, resulting in
not as much reactive power as required from the synchronous generator, which
can be seen from the field voltage for the inductor insertion. However, in the case
of a resistor insertion, the field voltage goes into a hunting mode in case 5, mainly
because too much reactive power is required from the generator, and the generator

will reach its upper reactive power limit at huge voltage magnitude differences.
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Terminal Voltage:
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Figure D.8 Terminal voltage deviations for zero impedance insertion
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Figure D.9 Terminal voltage deviation for inductor insertion
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Figure D.10 Terminal voltage deviation for resistor insertion

Voltage deviations behave normal for both no impedance and inductor
insertion cases. However, with resistor insertion at case 5, as related to rotor angle
oscillations, the terminal voltage also increases its oscillation and becomes

unstable.

D.3 Recommendations for Resistor Insertion

e Resistor insertion can be used for transient reduction in synchronizing
an islanded system to grid only for negligible or small voltage
magnitude differences (i.e <10% for this case study).

e Another option to use resistor insertion is to have AVR control in
manual mode (i.e constant field) or voltage following mode during the
process of synchronization, this way, voltage of the islanded system
will follow the system voltage, which reduces the amount of reactive

power flow generated/absorbed from the local DG units.
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