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CHAPTER I

INTRODUCTION

1.1 Problem Statement

The number of distributed generations (DG) connected to a distribution system
continually increases, mainly driven by environmental and energy concerns. These
DGs are generally fueled by renewable energy resources, e.g. biomass, hydroelectric,
photovoltaic, wind being connected to distribution systems. Consequently, generation

and transmission facilities should be developed accordingly.

In general, a DG provides several benefits to society and distribution network.
Firstly, it can reduce system loss since the DG is generally located close to load
center. Secondly, DG can also serve as an emergency unit or operate for load
management purposes. Consequently, it can help postpone the investment of new
infrastructure. Finally, a DG driven by renewable energy, compared to a conventional

power plant, emits low green house gas to the environment [1-2].

In Thailand, there is an increasing activity regarding renewable energy (RE).
This is mainly due to the high price of energy. In addition, the security for national
energy is of important concerns. To solve and alleviate these issues, the government
issued regulation for Small Power Producer (SPP) and Very Small Power Producer
(VSPP), for which private sector can sell electricity to utility grids. VSPP is separated
from those of SPP based on the capacity in which it is defined to be less than 10 MW.
Due to its small size and cost of investment, VVSPP is therefore typically connected in

a distribution grid.

Regarding regulation issue, the government aims to support the utilization of
renewable energy and to make a full use of indigenous resources, e.g. biomass,
biogas, solar. It is anticipated that these renewable energy utilization could help
country save imported energy cost in a large amount. In addition, VSPP will help
reduce emission from power sector which plays an important role on the green house

gas emission.



According to existing regulation [3], the VSPP is classified into two groups,
i.e. cogeneration and renewable energy. For RE, several resources are listed,
comprising biomass, biogas, wastes, wind, hydro, and solar power. The Thai
government has provided special extra rate called as “adder” in addition to normal
tariff to support such VSPP. It is expected that the proportion of energy produced
from RE will account for 20% of the total energy within next 15 years. Current
situation of VSPP, as of March 2011, based on types of fuel can be summarized in
Table 1.1 [4].

Table 1.1 Existing VSPP in Thailand

Fuel Contracted In progress Total

No. | MW % No. MW % No. MW %
Biomass | 61 | 783.92 | 79.03 | 282 | 2405.31 | 39.79 | 343 | 3189.23 | 45.32
Biogas 61 | 9153 | 923 | 84 | 17453 | 2.89 | 145 | 266.06 | 3.78
Solar 77 | 43.62 | 440 | 664 | 3140.57 | 51.95| 741 | 3184.19 | 45.25
Wastes 13 | 3327 | 335 | 29 | 153.17 | 253 | 42 186.44 | 2.65
Wind 3 0.38 | 0.04 36 100.77 | 1.67 39 101.15 | 144
Hydro 5 1.10 | 0.11 7 6.24 0.10 12 7.34 0.10
Co-gen 4 | 38.10 | 3.84 10 64.82 | 1.07 14 | 102.92 | 146
Total 224 199192 | 100 | 1112 | 6045.39 | 100 | 1336 | 7037.31 | 100

It is anticipated that higher penetration of VSPP will become common for
distribution system utilities. It can be seen from the table that biomass represents a
large percentage of the VSPP which is typically operated using synchronous machine.

Nevertheless, the presence of a DG has brought several impacts to a
distribution system, e.g. increase fault level, network topology change. The increase
of fault current may exceed rating of existing equipment, e.g. protective devices. With
high penetration of DG, the magnitude and path in which the fault current flows will
be altered from that of the original network without DG. As a result, the distribution

network is no longer a passive circuit. However, it becomes active due to the



embedded DG sources. An overview of several impacts of DG on the distribution
system have been illustrated in [5], i.e. power loss, voltage regulation, harmonics,
fault level, and islanding condition. Nevertheless, there is no detailed discussion of
impact of DG on distribution protection coordination.

In general, a distribution network operates under radial configuration with
application of typical protective devices, i.e. over-current relay, recloser and fuse,
most of which are non-directional type. The protection coordination of these devices
is usually designed based on time-current coordination, i.e. protective device must not
operate under possible maximum load condition and must clear fault in its zone

before the operation of upstream protective devices.

Another protection application in a distribution system is the fuse saving
scheme. Since most faults occurred in the distribution system are temporary fault
types, it can be an advantage for trying to save fuse from unnecessary operation under
a temporary fault condition by fast operation of a recloser. This will help reduce an
outage time and cost of operation especially when a fuse is located in a rural or
inconveniently accessible area. However, there will be a trade-off with the increase

number of outage frequency.

Both time-current coordination and fuse saving scheme are generally set up to
work properly up to a certain fault level. If the fault current is out of the designed
range, the coordination may fail and fuse saving scheme may not work properly.
Since the presence of a DG generally increases fault level, it can also cause
coordination failure to the existing protection system. Consequently, it may result in

negative impact to system reliability.

In classifying the impact of the DG on distribution protection system, Doyle,
M.T. [6] demonstrated a few cases of the impact based on location of fault and DG
with respect to the recloser, i.e. up-line and down-line of the relcoser. First, it is
illustrated that the presence of the DG located up-line of the recloser would increase
fault current perceived by the protective device, and might result in protection

coordination failure. Secondly, it showed that the presence of the DG located down-



line of the recloser could reduce fault current perceived by the protective device and
thus reduce sensitivity of the device. Finally, the paper mentioned about possible
unnecessary operation of the recloser caused by back feed fault current from the DG.
However, the paper did not cover other protection schemes which were widely used in

the distribution system, i.e. fuse saving scheme.

More details impact analysis of the DG on protection coordination has been
proposed by [7-8]. In the same way, the literatures classify the pattern of protection
mis-coordination caused by the DG based on fault and DG location with respect to the
recloser. They have taken into account fuse saving scheme application into the
problem. In addition, the papers have developed a set of constraint equations based on
protection mis-coordination pattern for determining maximum allowable DG capacity
which does not result in protection mis-coordination. Nevertheless, they did not
mention about fuse-fuse coordination. In this thesis, the impact of DG on protection
mis-coordination is further improved in order to cover all the cases. In addition, the
protection constraint equations in determining the maximum allowable DG capacity

will be revised.

It is also widely understood that high penetration of DGs can possibly increase
feeder loss. In addition, it can cause voltage violation which may provide adverse
effect to electrical equipment especially during light load conditions [2, 5]. Therefore,
the determination of appropriate DG capacity subjected to normal system operating
condition, including protection coordination, system loss, and voltage profile, is
essential issues to be taken into account.

Another important issue regarding DG problem is an islanding condition
which can be developed during a typical reclosing operation. Generally, DG is not
allowed to island with any part of utility system since it can lead to safety and power
quality problems that may affect utility and customers [6]. Besides, if an auto-reclose
blocking or other synchronization facility is not provided, a reconnection in out of
phase condition between utility and DG may result in damage to utility, DG, and
customer equipment. For that reason, DG is normally prohibited from islanding



operation in most utilities by which its related protection function will be specified [3,
9].

It can be seen that the distribution system is originally designed not to
accommodate the entrance of distributed resources. To prevent several problems and
safety concerns, there is an established standard for interconnection of the DG [10].
The standard generally defines several rules for the DG to be complied with specified
conditions before being connected to the grid, e.g. voltage regulation,

synchronization, islanding condition, response to voltage and frequency disturbance.

In evaluating the DG request for connection, there are a number of current
practices in specifying maximum allowable DG units which can be connected to a
feeder. For example, the DG is limited by feeder maximum capacity which depends
on conductor size and circuit length [3]. In the other way, DG capacity may be limited
by a percentage of minimum demand in that feeder, or by a percentage increase of
fault level at point of common coupling (PCC).

All of the criteria presented above can help provide some guidelines for
system operators as rough evaluation of requesting DG for grid connection, before
detailed interconnection study is performed. However, these methods only provide
rough evaluation and sometimes may hinder high penetration of DG connection. As a
result, the system may not be able to utilize full benefit from DGs. More precise
determination of allowable DG capacity will be proposed in this thesis with

consideration of protection coordination and power loss.

In order to achieve maximum benefits from DG connection, several research
works have focused on the methodology for determining the best size and locations of
a DG. The main objective generally concerns system loss reduction or cost benefit
[11-13]. Most of the proposed methods have been developed using an optimization
based technique with a set of appropriate constraints [11-13]. Peak load shaving,
voltage regulation, postponement of investment in new infrastructure, and other

purposes can also be considered.



Optimal DG allocation and sizing for reliability, power loss, and voltage
improvement were proposed in [9], which applies Genetic Algorithm (GA) to solve
for a solution. The objective is to determine an optimal DG capacity which provides
the best cost benefit in term of power loss consideration. The constraints consist of
voltage regulation, reliability indices and a maximum DG capacity which are allowed
to be installed in the system. For example, the utility may set the limitation of

maximum DG capacity at 10 MW according to [10].

In [12], load model is included in the problem of determining the best capacity
and location of the DG using GA method. In addition, it determines the optimal DG
based on multiple indices, i.e. power loss, voltage profile, MVVA capacity with
application of weighting factors. However, with an open and non-discriminatory
access to the network, utility generally cannot fully control the entry of a DG
regarding its location and capacity. As a result, it is a difficult task for utility officers
to plan for an appropriate DG capacity to be connected to their feeders. It is found that
this paper did not take into account protection coordination.

A method for determining the maximum allowable penetration of DG with no
voltage violations has been proposed in [13]. It aims to identify maximum DG
capacity which will not cause system voltage violation by considering minimum and
maximum system demand. The consideration of demand variation is necessary since
the change in system operating conditions may result in different appropriate DG
capacity or output power. The paper also considers different DG operating modes
including multiple DG cases. The obtained results ensure that the installed DG
capacity will not cause voltage violation to the system. However, this method did not
consider protection coordination. Also, the installed DG can possibly increase power
loss from the base case where there is no presence of a DG. Therefore, this thesis
proposes the method to identify an appropriate DG output power with power loss

consideration. In addition, the paper also considers customer load profiles.

From all the above literature review, it can be seen that most of the methods in
determining maximum allowable DG capacity only consider possible system

operating conditions, i.e. loss and fault level and voltage violation. However they



generally neglect protection coordination [9, 11-16]. Considering only fault level,
though preventing damage to electrical equipment in the system, can result in either
too large or too small DG capacity. With protection coordination included, this thesis
will proposed a method in determining maximum DG capacity by which the obtained
result can be improved and be more appropriate. In addition, the thesis also proposes

the methodology of protection adjustment to allow larger penetration of DG.

Another view of DG impact on distribution system is concerned with Service
Quality. The Service Quality of the system can be evaluated using Service Quality
Index [2, 17-19]. The index can be grouped as interruption and voltage sag events.
For interruption event, the Reliability Index, generally SAIFI (System Average
Interruption Frequency Index) and SAIDI (System Average Interruption Duration
Index) are applied for system evaluation. On the other hand, the index used for
describing voltage sag is called SARFI (System Average RMS variation Frequency
Index).

The DG may affect Service Quality of the system in both positive and
negative ways. A large DG capacity can present a negative impact on the protection
system coordination. If the protection system does not operate as designed, the system
reliability can be degraded. On contrary, if a DG capacity is within an allowable
range, it will increase system fault level but to a certain acceptable values. As a result,
the system is more rigid and a number of voltage sag event in the system is expected

to be reduced.

This thesis also proposes the methodology for evaluating system Reliability
Index in the case that an installed DG capacity is larger than maximum allowable
range. Additionally, the thesis introduces new index for protection mis-coordination
event, i.e. PMI (Protection Mis-coordination Index). Furthermore, in case that DG
capacity is within a design range, the method for evaluating a number of voltage sag
event in the system is developed. The positive impact from a DG can then be

perceived and determined quantitatively.



Most of the proposed methods determine an appropriate DG capacity in order
to minimize system loss. However, the determination is mostly performed at some
specific condition, e.g. peak demand. In practice, system demand varies along the
time of day. From this fact, the variations in load may impose some impact and alter
the appropriate DG capacity, output power, and location. As a result, the pre-specified
DG capacity based on only peak or other specified load condition can become either
too large or too small for most time of each day. Accordingly, if appropriate DG
output power is determined for each time of day according to load conditions, then the
results can be applied in case that DG is treated as dispatchable. This thesis also
proposes the methodology to determine appropriate dispatchable DG output level. In
addition, the thesis also proposes the approximation method to predict an appropriate
DG output power according to demand variations

In summary, this thesis focuses on the analysis of DG impact on protection
coordination and distribution system loss. A methodology will be developed to
determine the maximum allowable capacity of a DG which will not cause protection
coordination failure. In addition, the protection adjustment which can help allow more
DG capacity will be presented. Then, the method of evaluating system Service
Quality index under a presence of a DG is developed to perceive both positive and
negative impacts from a DG. Finally, impact of system load variation to an
appropriate DG output power is analyzed. Consequently, the appropriate DG output
power at each time of day can be determined. This can help system operator to utilize

and dispatch an appropriate output power of the DG.
1.2 Objective
The objectives of this thesis are described below.

(@) Investigate and suggest all possible failures of protection coordination that may

result from a connection of a DG in a distribution system.



(b) Develop a methodology for determining maximum allowable DG capacity with
protection consideration. In addition, the methodology will be capable of taking

into account existing DGs

(c) Propose protection adjustment criteria to increase maximum allowable DG

capacity.
(d) Analyze DG impact on system Service Quality.

(e) Develop the methodology for appropriately dispatching DG output power taking
into account power loss and customer load profiles.

1.3 Research Scope for DG Impact Investigation

This section describes the research scope of this thesis, which mainly focuses
on the impact of DG on a distribution system. A methodology will be developed to
identify appropriate and maximum allowable DG capacity to be connected to the
system. In addition, it also proposes and illustrates the developed method to allow a
larger capacity of a DG unit. Furthermore, a method to evaluate reliability impact

from penetration of DG will be developed.

Generally, maximum allowable DG capacity can be classified into two stages,
i.e. planning and operation stages. The planning stage is directly related to the
consideration of protection system coordination and Service Quality (Step 0-2). On
the other hand, the operation stage is strongly linked with the consideration of power
loss (Step 3-5). The procedure and general concept for each calculation step can be
described and summarized below and depicted in Figure 1.1.

Step 0: Review and analyze typical protection coordination in a distribution
system. Develop problem formulation and analyze impact of DGs on existing
protection coordination. The impact will be categorized based on the location of DG
and fault (Section 3.4). Then, methodology for determining maximum allowable DG
capacity with protection coordination consideration, e.g. fuse saving scheme will be
developed. The impact of DG on protection system will be integrated into an
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optimization problem, i.e. (6.5) — (6.9). The objective function is defined as maximum
DG capacity with appropriate set of constraints, i.e. Eq. (6.1) — (6.9) (Section 6.1).
Simulation results from the proposed methodology will be illustrated (Section 7.1).
The original test system is modified by increasing feeder length so that it will be in
accordance with a typical distribution system of PEA. Multiple DG case is also
investigated. In addition, the proposed method is applied to a PEA distribution
system.

Step 1: Develop protection adjustment method to increase maximum
allowable DG capacity (Section 6.2). Based on the limitation from protection
coordination on the maximum DG capacity, this thesis investigates and proposes
protection adjustment process to increase allowable DG capacity. The simulation

results from the method will be presented in Section 7.2.

Step 2: Analyze the DG impact on system Service Quality (Section 4.4).
Then, develop methodology to evaluate DG’s impact on system Service Quality Index
comprising of interruption and voltage sag events (Section 6.3). In addition to a
typical reliability index, a newly developed index will be proposed to measure the
impact of the DG. Simulation results from the proposed method are also provided
(Section 7.3).

Step 3: Analyze the impact of load variations on an appropriate DG output
power, i.e. Section 5.2-5.4. The objective is to avoid an increase of power loss from
having DG in the distribution system. To determine for the appropriate DG output
power at a specified load condition, a direct search method can be used to obtain the
optimal DG output solution. The system voltage according to each DG output level

will also be investigated.

Step 4: Develop the methodology for determining appropriate DG output
power with customer load profile consideration (Section 6.4). If demand variation in
feeder demands, customer load profile for each load point is aggregated to be a single
feeder load profile. Based on that, an appropriate DG output power is determined for

each individual demand level. The obtained results are then applied to establish the
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DG output power profile. In addition to a direct search method, a method to establish
the relationship between appropriate DG output power and customer load profiles is
proposed in this thesis. The BCDLA (Branch Current Decomposition Loss
Allocation) method [20] is utilized to establish such a relationship. With the obtained
equation, a change in appropriate DG output power when load at each point changes
can be approximated. Moreover, the method is extended for the application of power

loss minimization.

Step 5: Perform the simulation and analyze the obtained results. The results
from the developed approximation and direct search method are compared (Section
7.4). System loss is calculated based on obtained DG output profile, then used to
evaluate the proposed methodology. In addition, the energy loss for the whole day
according to each DG output profile is also presented in order to see the benefit from

operating the DG according to the obtained profile.
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CHAPTER Il

DISTRIBUTED GENERATION

Distributed Generation (DG) is sometimes called distributed or embedded
resources. The definition of DG is a small unit of generation scattering throughout the
system to provide electricity in a proximity area to the load either to reduce the
purchase power or sell electricity back to the grid and operated in parallel with the
grid [1]. The DG can be either renewable or non-renewable type. The renewable
energy for electricity generation usually includes biomass, hydroelectric,
photovoltaic, wind, etc., whereas the non-renewable energy comprises combined
cycle, combustion, fuel cells, etc. In general, the capacity of a DG allowed to connect

to a distribution feeder is normally less than 10 MW [10].

In this chapter, the basic types of DG generators are presented. In addition, the
standard for interconnection of a DG will be reviewed. Finally, the chapter describes

the model of a DG which will be used in this research.

2.1 Basic Type of DG

Based on characteristics and connection type, the DG can be classified into
three types, i.e. synchronous, induction, and power electronic converter type [1-2].
The synchronous type contains a dc field winding which provides a source for
machine excitation. This type of DG is capable of providing system voltage support
by supplying reactive power to the system. In addition, it can supply sustained fault

current during fault condition in the power system.

For an induction generator, there is no field winding and its excitation is
provided from an external source. As a result, it will absorb reactive power from the
system and therefore cannot provide voltage support. Additionally, during fault
condition, it can supply fault current for only a few cycles and then become negligible
within 10 cycles [2, 5].
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As for power electronic converter type, this DG can operate for both lagging
and leading power factor similar to that of synchronous type, and thus possible for
providing voltage support. However, it contributes only small amount of fault current
during system fault condition, and for only short period of time, i.e. less than a cycle
[21].

Based on the above fault contribution characteristic of all DG types, it can be
seen that a synchronous DG has the biggest impact to the system fault current and is

more likely to introduce troubles to existing protection system.

2.2 Standard and Practice for DG Connection

Currently, there are several guidelines and practices in evaluating distributed
generation project requesting for connection to the utility distribution system. This
subsection provides some examples of the guidelines.

For Con Edison, a total capacity of DG units connected to a distribution feeder
is limited to a maximum of 10 MW and 20 MW per network substation. In addition, it
is specified that one third of the feeder’s all time light load is to be greater than the

dispersed generation MW rating [14-15].

Another widely used criterion is California Rule 21 [9]. For simplifying the
evaluating process, the capacity of a DG must be less than 15% of line section peak
load. This is to ensure that the capacity of a DG remains small compared to the
minimum load to prevent reverse power flow which can cause over-voltage
conditions and mis-operation to network protector devices. Regarding short circuit
current contribution, the ratio should be less than or equal to 10%. This is to prevent
an impact to system’s short circuit duty, fault detection sensitivity and fuse-saving

schemes application. Otherwise, details study before interconnection will be required.

The similar regulation is applied for public utility commission of Texas on DG
interconnection manual [16]. For no study fee, the proposed DG must be designed to

export power not more than 15% of the total load on feeder. In addition, the DG must
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not contribute more than 25% of the maximum potential short circuit current of the
feeder. Based on these criteria, one can notice that the allowable capacity of a DG

may vary when load and system operating condition changes.

As for Provincial Electricity Authority (PEA), Thailand, the regulation limits
aggregated DG capacity per feeder according to circuit loading capability, i.e. 8 MW
for 22 kV and 10 MW for 33 kV system voltage levels [3].

Regarding islanding operation, DG is generally not allowed to be islanded
with any part of utility system since it can lead to safety and power quality problems
that may affect utility and customers. However, this condition may arise from a
typical reclosing operation which is designed to auto-clear a temporary fault normally
occurred in a circuit [6]. Moreover, a reconnection in out of phase condition between
utility and DG can cause damage to utility, DG, and customer equipment. An auto-
reclose blocking or other synchronization facility is required to prevent this problem.
In addition, to prevent islanding operation from occurring, most utilities generally put
a requirement on related protection function of a DG, which is often referred to as

anti-islanding protection [3, 9].

Nevertheless, more studies are still being conducted especially on how to
determine the practical limits of DG in the network more precisely to reduce
evaluation time for the application process. In addition, it is a challenge to include
protection coordination consideration when processing for maximum allowable DG
capacity for which the DG capacity result will not cause degradation in system
reliability.

2.3 DG Model

In this thesis, power flow and fault studies analysis are needed. Fault study is
performed in order to calculate fault currents. The obtained results will be used to
verify the existing protection coordination and to determine whether protection mis-
coordination is occurred. A fault study is performed based on the Z-bus method [22-

24]. Since the anticipated results from this thesis concerns distribution system
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planning purposes, the DG model of the synchronous type will be used with the
reason that it presents the highest impact to the system fault current, compared to
induction and converter types. Therefore, the synchronous type DG is most likely to
disturb existing protection coordination. Therefore, for fault calculation, the DG will
be modeled as a voltage source in series with a reactance (jX) connected to the grid at

PCC according to Figure 2.1.

S—

)

PCC

Figure 2.1 DG model for fault calculation [2]

For an operation mode, the DG can be operated under either power factor or
voltage control mode. In this research, as DG is fairly small in terms of MW generally
less than 10MW, the machine is not aimed for providing voltage support to the system
or operating in voltage control mode. Besides, if the DG is to operate in voltage
control mode, it may have to supply a varying output of reactive power to the system
at some period of day, especially when system demand is rather high. As supplying
reactive power, the real output power from the DG can be limited. This is not a
desired condition for DG project owners as they can lose some profit from selling of
electricity. Therefore, generally, the DG in distribution system will operate under

power factor control mode.

As a result, for the required load flow analysis, it is assumed that the DG
operates at a unity power factor control mode and therefore injects only real MW
power to the system. Without supplying reactive power to the system, the DG can
produce a MW output power at full of its capability. Consequently, the DG can be

modeled as a PQ bus or negative load with real output power is equal to the DG
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capacity limit and reactive output power is equal to zero [2, 23]. Power flow study is

performed to study for a change in feeder loss according to the presence of DG.



CHAPTER Il

PROTECTION COORDINATION ANALYSIS

This chapter provides an overview of the widely used protection system and
discusses about protection coordination. Firstly, protective devices in distribution
systems are introduced, followed by protection system coordination. The summary of
protective device setting which is applied in this thesis is then presented. This setting
of protective devices is important and assumed to be done before further analysis.
Finally, the impact of DG on the distribution protection system is analyzed and

illustrated.

3.1 Distribution System Protective Devices

Over-current protection is the main and widely used scheme in MV
distribution network. This type of protection operates based on the magnitude of fault
current with time-inverse characteristic, i.e. higher fault current results in less
operating time. Generally, the device operating time depends on the Time
Characteristic Curve (TCC).

Though simple and economic, the scheme works very well under radial
network configuration in which the system has only a single source and the current
flows only in one direction. The over-current protective devices consist of relay and
circuit breaker at the substation, recloser, and fuse [25-28]. Figure 3.1 illustrates all

the devices located in a distribution feeder.

In general, the protection system is composed of phase and ground protection.
The phase protection will respond to a high magnitude of phase current and will
detect for phase-to-phase and three-phase fault types. In responding to a phase
current, phase protection has to be set above maximum load demand to prevent mis-
operation under a normal condition, which may result in low sensitivity in detecting
ground fault type. This problem can be solved by the use of ground protection in
which it can be set below normal load current. Therefore, it can provide good

sensitivity to those of ground fault types.
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Figure 3.1 Typical distribution feeder with over-current protective devices

With radial characteristic of a typical distribution system, fault current can
flow only in one direction. Therefore, non-directional type protective devices are
generally used. This implies that the protective devices will respond to the fault

current in either direction in the same way.

However, when a DG is presented, the distribution network will lose its radial
characteristic. With a passive circuit, the system will now become active. Fault
current can flow from either direction. The back-fed fault current from the DG may

result in an unnecessary operation of this non-directional protective device.
3.1.1 Over-Current Relay

Over-current relay is a protective device which works with circuit breaker and
is normally installed at the beginning of the feeder in the substation. Typically, both
phase and ground relay are presented. The setting of the devices consists of pick up
current, curve type and time multiplier (TM). Curve type is normally defined
according to IEC255 [29]. There are three types widely used which are of Standard
Inverse (SI), Very Inverse (VI), and Extremely Inverse (EI). The TCC for each curve

can be calculated based on (3.1)-(3.3) and are shown in Figure 3.2.
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Figure 3.2 IEC time over-current inverse curve

3.1.2 Recloser

Recloser is a device which combines over-current protection and auto-reclose
function. This device is normally installed somewhere in the feeder. It is also
composed of phase and ground elements. Recloser is widely used in the distribution
system since it helps clear temporary faults which are major fault types occurred in
the distribution system by reclosing function and automatically restore power back.

Consequently, interruption time caused by temporary fault is reduced and thus system
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reliability is improved. The setting of the recloser is similar to an over-current relay
but the TCC is typically a non-standard curve type [30].

The recloser generally has two operating curves, i.e. fast and slow curves. Fast
curve is provided for using in fuse saving scheme application which will be described
later in this chapter. The fast curve generally operates much faster than the slow curve
and aim to operate before fuse device in response to a temporary fault. Figure 3.3

illustrates fast curve number 101 and slow curve number 116 of the recloser [30].

Time (sec)

Current (A)

Figure 3.3 Recloser fast and slow curve

3.1.3 Fuse

Fuse is also another type of over-current protection device. Nevertheless, fuse
device provides only phase protection. Fuse is simple and reliable, not involving in
any electronic component. However, the error in operating time will be more than that

of relay and recloser. The error depends on its operating conditions such as pre-load,
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pre-damage, ambient temperature, etc. Fuse is normally applied at the lateral line out

from the main feeder.

For fuse link selection, its rating must be specified in ampere. In addition,
there will be a letter “K” or “T” which indicates the operation speed of the fuse. “K”
is the fast type whereas “T” is the slow type. For example, fuse 65K means that fuse
rating is equal to 65 A and is a fast type. In this study, fuse type “K” is selected for

protection coordination study.

Fault interrupting capability is also another rating of fuse device and indicates
the maximum fault current that fuse device can withstand such as 10 kA. The fuse
interrupting capability should be selected in accordance with the fault level in the

system.

Fuse has two important characteristic curves. First is Minimum Melting Time
(MMT), which is the time that fuse is started to be damaged. The later is Total
Clearing Time (TCT), which is the time that fuse is already broken. Fuse TCC can be

found in [31]. Figure 3.4 shows an example of MMT and TCT curve of fuse device.
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Figure 3.4 Fuse 65K operating curve
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In the use of these devices, the selection of the device setting or rating must be
done in such a way that it will respond to the fault within its zone of protection and
should not operate for fault outside the zone unless providing a back up protection. In
addition, when providing a back up protection, to ensure the failure of the
downstream device, the operation speed of the upstream device must be slower than
that of the downstream device by a proper margin. If satisfying all of the above, it can
be said that the devices are well coordinated. The way of doing so is called protection

coordination which will be presented in the next section.

3.2 Protection Coordination in Distribution System

Protection coordination is to coordinate protective devices in the system to
operate selectively when a fault occurs. Protection coordination is very important. If
protective devices in the system are well coordinated, it will respond correctly and
selectively to the fault in its protection zone. At the same time, it will provide a back
up protection for downstream devices. As a result, the outage area and effected
customers will be minimized. The fault location or section can be easily identified and
the outage time is reduced accordingly. These all together will have positive impact to
the system reliability. In contrast to poor protection coordination, a failure in

protection coordination can cause several problems to the utility.

In this subsection, a basic protection coordination applied in the distribution

system will be reviewed. The fuse saving scheme application is also described.

3.2.1 Over-Current Protection Coordination

In coordinating protective devices, firstly, the pick-up current of relay and
recloser or fuse size must be selected according to the maximum or emergency load
current that can pass through the device [25-28]. This is to prevent protective device
from mal-operation for all system operating condition especially when load level is
high. Relay and recloser may be set above the maximum expected load current by
150-200%. The selection of fuse must also accommodate maximum or emergency

load current.
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Next, protection coordination can be achieved by selecting different current
pick up setting among devices, i.e. downstream device will have a less setting value
than that of the upstream device. In addition, time multiplier or time delayed will be
set and adjusted in such a way that downstream device will operate faster than that of
upstream device for the whole range of minimum and maximum expected fault

current.

In judging that the over-current devices are well coordinated, the operating
curve or TCC of the devices are typically plotted on log-log scale graph. By looking
at the curves, the curve of the upstream device should be above that of downstream
device by some appropriate margin called Coordination Time Interval (CTI). The
consideration of CTI is generally at the expected maximum fault current that both
upstream and downstream devices can see. The typically value of CTI is 0.3-0.4

second [28]. Figure 3.5 illustrates an example of over-current protection coordination.

For coordination between fuse devices, adequate CTI is to consider TCT curve
of downstream fuse and MMT curve of upstream fuse. The general practice is to have
TCT of downstream fuse divided by MMT of upstream fuse less than 75% in order to
achieve protection coordination. Based on that, as fuse device can not be set, the
coordination between a pair of selected fuse size will be valid up to a certain fault
level. According to the above criteria, fuse coordination table can be established [27].
Table 3.1 shows maximum value of fault current at which type K fuse links will
coordinate with each other. Therefore, if maximum fault current is known at the
downstream fuse location, the upstream and downstream fuse size can be selected

according to the table.
3.2.2 Fuse Saving Scheme [25, 27]

Since most of the fault in distribution system is of temporary type, it can be
self-cleared by trying to de-energize the circuit, followed by auto-reclosing. For this
kind of fault, utility may not desire to have the protective devices in the system
operate especially for fuse device. If fuse is blown in response to the fault, the utility
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has to send crew out to investigate the fault and replace a new fuse link, which will

take time and thus increase outage time to customers.

Device 1
Device 2]
Device 3|/

o

2

(]

£

|_

107 i3 :

10 10°
Current (A)
Figure 3.5 Example of protection coordination and CTI
Table 3.1 Fuse Coordination based on fault current magnitude (A) [27]

Protecting Protected Link
Link 6K 10K |[15K | 25K |40K |65K |100K | 140K | 200K
6K 190 |[510 |[840 |1340 |2200 |3900 |5800 | 9200
10K 300 |840 | 1340 | 2200 |3900 |5800 |9200
15K 430 | 1340 |2200 |3900 |[5800 |9200
25K 660 2200 | 3900 |5800 |9200
40K 1100 | 3900 |[5800 |9200
65K 2400 | 5800 |9200
100K 2000 | 9100
140K 4000
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Based on that, for a fault behind fuse, if the utility has an upstream recloser to
operate first with its fast curve characteristic, fuse can be saved from an unnecessary
operation to a temporary fault. The operating sequence can be describted as shown
below. First, the upstream recloser is designed to operate with its fast curve which
will respond faster to the fault than the downstream fuse. Then, the recloser will try to
energize the circuit back. If the auto-recloser operates successfully which means fault
is a temporary fault, and fuse saving scheme operates successfully. In contrast, if the
recloser reenergizes the circuit and fault is still there, it means that fault is a
permanent fault. At this time, recloser will change to operate with its slow curve and
allow the downstream fuse to clear fault in its zone of protection [25, 27].

To coordinate fuse and upstream recloser for fuse saving scheme, fuse TCT
curve must lie underneath or operate faster than that of recloser slow curve. In
addition, the fuse MMT curve must line above or operate slower than that of recloser
fast curve. However, this condition will be well coordinated up to a certain fault level,
i.e. where fuse MMT curve and recloser fast curve are intersected. An example of
fuse saving scheme coordination is shown in Figure 3.6.
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[ZI[[II[Ii_f,ZIﬁffzfiZI;iZIEﬁffEfﬁ?fii?ﬁEﬁfif ...... CiI’CUitBreaker ]
Recloser Slow Curve| ]
2 Recloser Fast Curve
100 Froirhri ot o e e ST et e Fuse TCT E
1
310
(0]
K
(O]
E
= 10
10"
) : : oL T : : k
10 . . .
10 10 10

Current (A)

Figure 3.6 Protection coordination for fuse saving scheme
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From the figure, it can be seen that for this case upstream recloser can provide
fuse saving up to around 2,200 A. Consequently, if fault level at fuse location is raised
by the DG to be above this value, fuse may operate faster than that of fast curve of
recloser. As a result, fuse saving scheme will be failed. By increasing system fault
level, it can be seen now that the DG can have some impact on the protection

coordination.
3.3 Protection Coordination Example

In this thesis, a test system based on RBTS Bus 2 [32], of which the details are
shown in Appendix A, will be used to illustrate the protective device setting. The
system will then be used as an example for further analysis. There are two key types
of protective devices, comprising recloser and fuse. It is assumed that relays and
circuit breakers are installed at the beginning of each feeder and well coordinated with
other protective devices. A non-directional type recloser with application of fuse
saving scheme, is placed by the middle of each feeder except for Feeder 2. Fuse link
is assumed to be of type K, i.e. fast type.

Protection coordination is set according to a general practice [25-28]. In this
thesis, only three-phase faults are considered, since it is the most severe fault type
which is basically used for protection coordination settings. The phase setting and
selected operating curve of the protective devices can be summarized in Table 3.2.
The pick up current setting shown in the table is in the primary value. An example of
time-over current coordination of Feeder 1 is presented in Figure 3.7 which shows
that fuse saving scheme is valid up to the fault level as of the intersection point
between “Recloser 1 fast” curve and “Fuse 65K MMT?, i.e. approximately 2.5x10°

Ampere.
3.4 DG Impact on Distribution Protection System

The presence of a DG in an MV distribution network generally changes its
radial configuration, for which the protection system coordination has been originally

set up. Consequently, when a fault occurs, it may cause mis-coordination in the
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existing protection system. In this section, the thesis investigates the possibility of the

mis-coordination between fuse and recloser due to the DG. It has been shown in [6-8,

33] that investigation of the protection coordination can be classified into two cases

according to the DG locations, i.e. behind and in front of the recloser.

Table 3.2 Summary of protective device settings

Feeder | Circuit Breaker Recloser Fuse Type K (Branch)
40A 65A 100A
1 Curve=SI Fast curve=101 2,3,56 8,911 -
lpickup=411A, Slow curve=116
TM=0.1 IR pickup=260A
2 Curve=El None - - 13, 15
lickup=300A,
TM=0.2
3 Curve=SI Fast curve=101 | 17,19, 20 | 22, 23, 25 -
lpickup=349A, Slow curve=116
TM=0.15 IR pickup=270A
4 Curve=SI Fast curve=101 | 27, 28, 30, | 33, 35, 36 -
lpickup=383A, Slow curve=116 31
TM=0.1 IR pickup=270A
A. DG behind recloser

A.1 Fault in the lateral located behind recloser

Regarding a fuse saving scheme application, the fast curve of a recloser must

operate before fuse minimum melting time (MMT) curve for the fuse close-in fault

[25, 27]. This scheme will save fuse from unnecessary operation under the condition

of a temporary fault, which is self cleared by de-energizing the circuit by the

recloser’s fast curve operation.
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Figure 3.7 Time coordination curve of protective device in Feeder 1

If a DG is installed behind a recloser and a fault occurs in the lateral located
behind the recloser, as shown in Figure 3.8, the recloser and fuse will perceive
different fault currents. The fuse will perceive a higher fault current, as a combination
of fault currents from the system and the DG. In this case, there is a chance that the
fuse will operate before the operating time defined by the fast curve of the recloser.
Consequently a temporary fault may result in the same impact to the system as a

permanent fault, for which fuse operating curve is generally well coordinated with the

Breaker Recloser

(R)
® -

slow curve of the recloser.

Substation

Fuse

lF sub I

P R——

i Fault

Figure 3.8 Fault in the lateral located behind recloser when DG is behind recloser
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A.2 Fault in the lateral located in front of recloser

If a DG is installed behind a recloser and a fault occurs in the lateral located in
front of the recloser, as shown in Figure 3.9, there will be a fault current feeding from
the DG passing through the recloser in the back-flow direction. This back-feed
situation is also occurred for fault in other feeders. If the recloser is a non-directional
type, there is a chance that the fast curve of the recloser may operate before the lateral
fuse can clear out the fault. This will result in unnecessary momentary interruption to

all customers behind the recloser, which reduces system reliability.

Substation

Breaker Recloser

(R)
® g

Fuse
Ir.oc

4....-.....‘

Fault

Figure 3.9 Fault in the lateral located in front of recloser when DG is behind recloser

Furthermore, in the situation that fault is occurred in the main line and in front
of the recloser, typically the Breaker is responsible for clearing the fault. However,
with back-feed problem, the recloser may also operate. As a result, an islanding
condition may occur for those areas behind the recloser, which is not a desired
condition for a utility. Additionally, if both protective devices equip with an auto-
recloser function, the DG may be reconnected to the grid out of synchronization

which can cause unintentionally a damaging condition to the DG.
B. DG in front of recloser
B.1 Fault in the lateral located behind recloser

If a DG is installed in front of the recloser and a fault occurs in the lateral
placed behind the recloser, as shown in Figure 3.10, the recloser and fuse will
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perceive the same fault current. However the fault current is higher compared to the
case of with no connected DG. Due to the fact that the fuse saving scheme is
generally designed to work to a certain fault level, there is a chance that additional
fault current from the DG may cause mis-coordination between fuse and recloser.

Again, it has impact only in case of a temporary fault.

Substation Breaker ‘

mecce

Recloser e

(R)
® -

Fuse
IF,Sub

¥V Fault XV
Figure 3.10 Fault in the lateral located behind recloser when DG is in front of recloser

B.2 Fault in the lateral located in front of recloser

If a DG is installed in front of the recloser and a fault occurs on the lateral
located in front of the recloser, as shown in Figure 3.11, protection mis-coordination
is unlikely. In this case, primary concern is the fuse interruption capacity, as there is
additional fault current fed through from the DG.

®

Substation
Breaker 'FVDGz Recloser

C )_ - ] ® >

Fuse

i ¥ Fault

Figure 3.11 Fault in the lateral located in front of recloser when DG is in front of

recloser
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B.3 Fault in the lateral behind recloser at a nearby feeder

If a DG is installed in front of a recloser and there is a fault on a lateral behind
the recloser on a nearby feeder, as shown in Figure 3.12, both recloser and fuse will
perceive a higher fault current compared to the case with no DG. If this incremental
fault current is large enough, the designed fuse saving scheme may not be achieved,

which is similar to Case B.1.

Fault
Al A
Breaker 1 lrsw Recloser 1 :
: Fuse
Substation —D (R) >
c ' leoc
Breaker 2 Recloser 2
L] &) >

=

Figure 3.12 Fault in the lateral behind recloser at a nearby feeder

From all the above investigation, the impact from a DG to protection

coordination between fuse and recloser can be summarized in Table 3.3.

In fact, a DG installed in front of the recloser can also cause protection mis-
coordination for a fault on a lateral in front of the recloser on a nearby feeder. For this
case, there is an additional fault current feeding from the DG through the circuit
breaker at the substation in back flow direction. If the relay at the substation is a non-
directional type, the circuit breaker may unnecessary operate with this back flow fault
current. Nonetheless, the above problem is almost impossible to occur. The fault
current feeding from the DG is typically small compared to the fault current from the
substation. As a result, with time characteristic of over current relay, it will take a
fairly long time for the circuit breaker to operate. In addition, the lateral fuse with a

higher fault current contributing from both substation and DG will operate even
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faster. Therefore, the lateral fuse in front of the recloser on a nearby feeder always
clear faults before the circuit breaker at substation. Therefore, the installed DG

generally has no impact in this case.

Table 3.3 Summary of the possible mis-coordination pattern

Case DG position Fault location Fault current

Al Behind recloser Behind recloser Ir = lEsub

IFuse = lrsub + IF DG

A.2 Behind recloser In front of recloser Ir = lrpG

IFuse = lrsub + IF DG

B.1 In front of recloser Behind recloser IR =lrsw + lepG

IFuse = lesub + IF DG

B.2 In front of recloser | In front of recloser Ir=0

IFuse = lrsub + IF DG

B.3 In front of recloser Behind recloser Ik =lrsw + lepe

(Nearby feeder) | lruse = Irsu + Ir0

Another protection coordination which can be affected by a DG is a fuse-fuse
coordination. In a typical distribution network, there exists a configuration that the
lateral fuse out of the main feeder can be an upstream device for a smaller fuse, as
shown in Figure 3.13. This smaller fuse provides a protection to the sub-lateral. Table
3.1 can be applied to achieve a proper coordination between these two fuses by which
Fuse 1 is protected link and Fuse 2 is protecting link. The fuse size will be selected in
accordance with the maximum fault current design shown in the table. Consequently,
in case that the DG increases fault current above the design value, the coordination
between these two fuses will be failed.

According to the above impacts, the maximum allowable DG capacity at each
location should be analyzed and controlled such that it will not create problems to the
existing protection system and reduce system reliability. Accordingly, this thesis will
propose the method for determining the maximum allowable capacity of the DG at
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each location. Moreover, in case that the DG is larger than the maximum allowable,
this thesis proposes a newly developed index to quantify a protection mis-
coordination. The method for reevaluating the system reliability, i.e. SAIFI and
SAIDI is also illustrated. Finally, to accept a higher penetration of DG, this thesis
proposes the protection adjustment methods to increase the maximum allowable DG

capacity.
Substation Breaker I
.......... ’ Fuse 1
IF,Sub
dl..... +» Fault
Figure 3.13 Fuse-fuse coordination in presence of a DG
3.5 Summary

In distribution system, protection scheme is generally designed based on time
over-current principle. Typical protective devices are consisted of circuit breaker with
relay, recloser, and fuse. TCC of an over-current relay is defined according to IEC
standard, i.e. (3.1) — (3.3) whereas non-standard curve is normally applied for
recloser, both fast and slow of its operating sequence. Fuse TCC comprises MMT and

TCT characteristic.

Protection coordination is necessary for selectivity of each protective device.
For time over-current protection, the pick-up current setting is set above maximum
load level providing that the value is in between its upstream and downstream
protective devices. TM is a time multiplier for TCC to achieve a desired CTI among
devices. For fuse-fuse coordination, protected fuse can be selected based on

maximum fault current at protecting fuse as shown in Table 3.1. Another widely used
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scheme in distribution system is fuse saving by which the fast operation of recloser

will save downstream lateral fuse from a temporary fault.

From all above, an example of protection setting of modified RBTS Bus 2 is
shown in Table 3.2.

From the analysis, the DG impact on protection system coordination can be
classified based on DG and fault locations as presented in Table 3.3. The resulting
protection mis-coordination can be listed as back feed fault current, fuse saving
scheme, and equipment rating. In addition, increase in fault level can cause problems

to the existing design of fuse-fuse coordination.



CHAPTER IV

SERVICE QUALITY

Service quality can be used to describe system performance. Nowadays, the
issue becomes increasingly important and is a major concern for customers. Service
quality is consisted of interruption and voltage sag events [17-18]. Interruption occurs
when the voltage goes down to zero, either sustained or momentary. Voltage sag or
dip event is when the supplied voltage decreases to a certain value during system

abnormal conditions or faults.

The system service quality is evaluated by using service quality index. Both
interruption and voltage sag events have their own indices, which are called reliability
and voltage sag index respectively. The methods to determine such an index are also

essential.

In general, a protection system has strong impact on system service quality.
Therefore, the service quality can be improved through a proper design of the
protection system. Nevertheless, the protection mis-coordination, if occurred, can
considerably degrade service quality. Therefore, it can be seen that high penetration of
the DG which may result in a negative impact on the protection system, can also

degrade service quality.

On the other hand, it is widely understood that an important factor to the
number of voltage sag events is system fault level [18]. When fault level is high, the
number of voltage sag events tends to decrease. As DG capacity increases system
fault level to a certain acceptable level, it may also help the system to face less the
number of voltage sag event. Therefore, a connected DG in distribution system, if

properly sized, can improve system service quality.

This chapter provides a review of Service Quality index comprising reliability
and voltage sag index. The calculation procedure for the index is also described.

Then, an example of Service Quality index determination is illustrated using a
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modified RBTS Bus 2 [32]. Finally, the impact of a DG on system Service Quality is

examined in this chapter.
4.1 Reliability Index

Reliability index is an index to measure system performance in term of a
number and duration of interruptions. Each interruption event can be classified as
sustained or momentary type [17-18]. The sustained interruption results from a
permanent fault. This type of events generally requires time for repairing equipment
or performing manual switching. The momentary interruption is generally occurred
from a temporary fault together with an automatic switching of network devices in
restoring the circuit. The duration time of the event or restoration time is typically less

than 5 minutes.

This thesis will firstly focus on the simplest and commonly used reliability
indices, i.e. SAIFI and SAIDI [19]. Based on the IEEE 1366-2003, these distribution

reliability indices are defined as follows.

SAIFI — System average interruption frequency index: SAIFI determines
how often the average customer experiences a sustained interruption over a period of

time.

SAIDI- System average interruption duration index: SAIDI determines the
total duration of sustained interruption for the average customer during a pre-defined

period of time. It is commonly measured in customer minutes or hours of interruption.

In calculating the above indices, two types of equipment information are
required. The first is the average failure rate, i.e. permanent failure rate A, (resulting
in sustained interruptions) and temporary failure rate A; (resulting in momentary
interruptions). The parameters are generally defined in times per year. The second is
the restoration time of service, i.e. repair time r, or switching time rs (for resolving a
permanent fault and also temporary fault in the case that there is no automatic

operation of switching device).
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Accordingly, the reliability indices can be calculated based on the below

equations.
total number of customer interruptions > AN,
SAIFI = = (4.1)
total number of costomers served z N,
i i i AN,
SAID| = Sum of customer interruption durations _ > AN, 4.2)

total number of customers DN,

Where, 4; is the average failure rate for sustained interruption, r; is average
repair/switching time for sustained interruption, N; is the number of customers, and i

represents the customer load point.

The average failure rate and average repair/switching time at each customer

load point i are determined as follows.

TN (4.3)
AT

r — &di_P7n pn (4.4)
iﬂ“p—”

Where A, Is permanent failure rate of equipment n and ry., Repair time of
equipment n.

Since only sustained interruption is considered for SAIFI and SAIDI
calculation, the failure rate for permanent faults A, will be applied to all line sections
together with a repair time rp. The failure rate for temporary faults A; is not included
where the fault is clear automatically, i.e. on main feeder and lateral line behind the
recloser. The main feeder is automatically reenergized by an auto-recloser function of
the circuit breaker and the recloser. The lateral line is automatically restored by the
recloser providing fuse saving scheme application. Nevertheless, for those laterals in

front of the recloser, the failure rate for a temporary fault is taken into account with a
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repair time rs, since after each event, the fuse has to be replaced manually by system
crews before restoration of the line. The above explanation can be summarized in

Table 4.1.

Table 4.1 Failure rate and repair time of SAIFI and SAIDI calculation

Line Type Fault type Applied Failure rate | Applied Repair time

Main Permanent Apn Ip
Temporary > -

Lateral in front | Permanent Ap-n Ip

of recloser Temporary o rs

Lateral behind Permanent Ap-n Ip

recloser Temporary - -

4.2 Voltage Sag Index

Voltage Sag index is one of the power quality indices that provides a count of
voltage sag events occurred in the system during system abnormal or fault conditions
[17-18]. The event is counted if the voltage goes below a threshold or envelope. The

index is called SARFI (System average RMS variation frequency index).

In evaluating service quality index at a particular location, the voltage sag
index at a substation location is considered as a good representation of the voltage sag
performance which will be experienced by customers supplied by the system [17].
Therefore, in this thesis, the voltage sag will be monitored at the substation bus. Only
three phase fault event will be illustrated as it results in most severe voltage sag

events for a solidly ground system.

There are two types of SARFI indices based on their voltage criteria which are
SARFI-X and SARFI-Curve. SARFI-X is a count of event when the voltage goes
down below a threshold value of X. For example, SARFI-70 considers voltage sags

event that are below 0.7 per unit, or 70% of the reference voltage. On the other hand,
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SARFI-Curve is a count of event if voltage and its duration lie within the voltage
envelope curve. Accordingly, for SARFI-Curve, the operating time of protective
devices has to be considered as its fault clearing time determines duration of the

gvent.

Voltage envelope or voltage tolerance curve is a guideline or standard for
examining voltage sag immunity of equipment. The equipment is capable of riding
through the voltage sag events if the sag magnitude and its associated duration are
outside the voltage envelope. The two most recognized curves are the ITIC curve [34]
and the SEMI F47 curve [35] which are shown in Figure 4.1. The ITIC curve is
generally applied for examining typical equipment ability to ride through voltage sag
conditions. The SEMI F47 is a developed curve for semiconductor industry.
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Figure 4.1 ITIC and SEMI F47 voltage envelope curve

From the figure, it can be seen that SEMI F47 curve lies under ITIC curve. As

a result, the equipment that meets the SEMI F47 curve requirement will have higher
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probability of riding through voltage sag events than that of ITIC curve. In other
word, when counting for voltage sag events, SARFI-SEMI F47 will be less than
SARFI-ITIC index.

SARFI-X is calculated using critical distance method [18, 36]. The critical
distance for SARFI-X is a distance from substation by which when fault is occurred,
the voltage will go down below voltage X threshold. The method can be explained

using Figure 4.2.

Vsag

Zr
.. X Fau

Substation

Figure 4.2 Model for voltage sag calculation

From the figure, the voltage sag (Vsag) at a substation in per unit (p.u.),

neglecting pre-fault current, can be written as follows.

UV (4.5)
Lo +Zg

Where Zg is the impedance between substation and the fault, Zs is the system
source impedance. By having Zg = zx | with z is the line impedance per unit length

and | is the distance from the substation to the fault, (4.5) can be written as

ozl
z1+Z,

(4.6)

sag
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At this point the critical distance, lgix and critical impedance Zi.x are
introduced by rearranging (4.6). The critical distance and impedance for a voltage sag

threshold X can be obtained from the following equations.

(4.7)

2L /7L (4.8)

crit—X crit—X

Nevertheless, the above express is neglected the angle between real and
imaginary part of line impedance. It applies only the absolute value of the impedance
z. In [18], it is shown that the error occurred will be significant if the impedance angle
is larger than 30°. It is also proposed that an exact expression can be calculated

according to the following equation.

Z, X | Xcosa++1-X?sin’a
Lcrit—X =S (49)
z 1-X X+1
Where
o = arctan (ﬁj —arctan (ij (4.10)
R r

anng:|R3+jX5|,z:|r+jx|.

Another view of critical distance is an exposed area to the fault that causes an
event of voltage sag under X. Therefore, by multiplying the critical distance with the
line failure rate or fault occurrence rate information, the frequency of the event for

voltage sag threshold X can be easily obtained according to the below equation.

SARFI-X = Ly X( 2y + Ay ) (4.12)
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Nevertheless, when a DG is presented in the system, the derivation of a
simplified equation as in the case of a typical distribution system is not possible.
However, applying the same concept of critical distance and exposed area, the
approximation search method can be developed for the calculation of SARFI-X index

in a presence of DG. The procedure can be explained in the following steps.

Step 0: The distribution line is sectionalized into small sections.

Step 1: A single event occurred in the sectional line is considered as a
representative for every point on the line. Each small section is approximately

considered as a single node.

Step 2: From Step 1, a fault calculation is applied to each small section of the
line to search for the section which results in a specified voltage sag, starting from the
substation into the feeder.

Step 3: From Step 2, the approximated critical distance can be obtained.

Step 4: Multiplying the obtained critical distance with line failure rate.

The thesis proposes an approximation search method in addition to the critical

distance method in evaluating Voltage sag indices.

In addition, this method can be extended for the calculation on SARFI-Curve
by including fault clearing time of primary protective device. By applying fault in
every line section, the obtained voltage sag magnitude and its associated duration of
occurrences can be recorded. These two values can then be evaluated using the
voltage envelope curves in Figure 4.1. Then, the frequency of occurrence for each
individual point is obtained by multiplying with the failure rate of the line. The above
explanation for SARFI calculation can be summarized in Table 4.2. The example of

the above method is illustrated in the next subsection
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Table 4.2 Failure rate and protective device consideration for the calculation of
SARFI-X and SARFI-Curve

Line Type Fault type Applied Primary protective device
Failure rate

Main in front of | Permanent Ap-n Circuit breaker
recloser Temporary Atn Circuit breaker

Main behind Permanent Ap-n Recloser (Slow)
recloser Temporary Atn Recloser (Fast)
Lateral in front | Permanent Apn Fuse

of recloser Temporary At Fuse

Lateral behind Permanent Ap-n Fuse

recloser Temporary Atn Recloser (Fast)

4.3 Service Quality Evaluation Example

This section provides an example of the application of the method presented in
the previous section to evaluate system service quality. The method will be applied to
the Modified RBTS Bus 2 system (Appendix A) using reliability data shown in
Appendix D).

First, system reliability, i.e. SAIFI and SAIDI is evaluated for Feeder 3
presented in Figure 4.3. In the figure, the number below the load point (LP) indicates
number of customers. The circuit breaker is installed at the substation. At the
beginning of each lateral, a fuse is applied. A mid-line recloser is located at point B
providing fuse saving scheme application for the lateral lines serving LP 13-15 (See
Section 3.3).

From the above information, the reliability indices are calculated for each load
point using (4.3) — (4.4). The obtained results are presented in Table 4.3. Then, SAIFI
and SAIDI are determined by applying (4.1) — (4.2) and are shown in Table 4.4.
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Figure 4.3 Modified RBTS Bus 2 — Feeder 3
Table 4.3 Reliability Indices at each load point of Feeder 3
LP A (times/year) r (minute)
Ap-i . Ai o Is ri
LP10 0.4945 0.1800 0.6745 480.00 120.00 383.93
LP11 0.5290 0.2250 0.7540 480.00 120.00 372.57
LP12 0.5405 0.2400 0.7805 480.00 120.00 369.30
LP13 0.6670 0.0000 0.6670 480.00 120.00 480.00
LP14 0.6785 0.0000 0.6785 480.00 120.00 480.00
LP15 0.8050 0.0000 0.8050 480.00 120.00 480.00

Next, Voltage Sag indices, i.e. SARFI-X and SARFI-Curve, will be evaluated.

Firstly, SARFI-X of the test system will be determined using the critical distance

method, i.e. (4.7) — (4.11). A simple equation (4.7) and exact equation (4.9) for

critical distance are both applied. Then, SARFI-X index is also evaluated using the
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presented approximation search method. In this example, the distribution line is

sectionalized to 50 meters each. The results are shown and compared in Table 4.5.

Table 4.4 SAIFI and SAIDI calculation of Feeder 3

LP Number of AN, AiriN;
customer (N;)
LP10 210 141.6450 54381.60
LP11 210 158.3400 58993.20
LP12 200 156.1000 57648.00
LP13 1 0.6670 320.16
LP14 1 0.6785 325.68
LP15 10 8.0500 3864.00
Total 632 465.4805 175532.64
SAIFI (times/year) 0.7365
SAIDI (minute) 277.74

Table 4.5 SARFI-X on Feeder 3

Voltage sag (p.u.) SARFI-X (times/year)
Simple Equation | Exact Equation Search Method
0.9 3.8160 3.8160 3.8107
0.8 3.8160 3.8160 3.8107
0.7 2.6078 2.1941 2.1576
0.6 1.1553 1.0820 1.0674
0.5 0.6776 0.6238 0.6196
0.4 0.3678 0.3520 0.3519
0.3 0.2364 0.2288 0.2284
0.2 0.1379 0.1349 0.1346
0.1 0.0613 0.0606 0.0604
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From the Table, it can be seen that the results obtained from the simple
equations are significantly different if it is compared to the results from exact
equations. The error is high because of the characteristic of distribution system where
the line impedance angle is generally large. Nevertheless, the results obtained from
the approximation search method are quite similar to those of exact equations, i.e.
more accurate than a simple equation. As a result, this method will further utilize for
the analysis of SARFI-Curve and the DG impact on system Service quality index.
Table 4.6 presents SARFI-X from events in all feeders using the approximate search

method.

Table 4.6 SARFI-X based on approximation method

Voltage sag (p.u.) SARFI-X (times/year)
0.9 13.8405
0.8 13.7265
0.7 8.6841
0.6 4.8039
0.5 2.6332
0.4 1.4076
0.3 0.9136
0.2 0.5384
0.1 0.2416

In calculating SARFI-Curve, both frequency and operating time of protective
device are considered according to Table 4.2. SARFI-Curve, ITIC and SEMI F47 of
the Modified RBTS Bus 2 are calculated using the approximation method as shown in
Table 4.7.

From the table, it can be seen SARFI-ITIC is greater than SARFI-SEMI F47.
This can be expected because the ITIC curve is more stringent than that of SEMI F47

curve as illustrated in Figure 4.1. This also implies that there is a higher probability of
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riding through the voltage sag events if the equipment can meet the requirement of
SEMI F47 standard.

Table 4.7 SARFI-Curve of Modified RBTS Bus 2 from approximation method

Curve SARFI-Curve (times/year)
SEMI F47 3.0257
ITIC 6.7519

In [17], it is stated that SARFI-70 is usually almost the same as SARFI-ITIC
because the voltage sag event is generally shorter than 0.5s. As a result, for simplicity,
both indices may be used interchangeably. The SARFI-70 is more convenient for
calculation because it only considers voltage magnitude information. This statement is
also in line with the results from the Modified RBTS Bus 2.

4.4 DG Impact on Distribution System Service Quality

DG Impact on distribution system service quality has been investigated in
many literatures. In [2], the case is classified into two situations, i.e. islanding
condition is either allowed or not for the DG to continue supplying the load. If the
islanding condition is allowed, it is shown that outage time or SAIDI can be reduced,
since after an appropriate switching, the demand can be supplied from the DG instead
of waiting for repairing. However, SAIFI remains unchanged since if a fault occurs,
protective devices have to operate to clear the fault, thereby resulting in an
interruption. In case of the islanding condition is not allowed, the reliability of the
system is evaluated based on availability of intermittent resources such as wind and

solar.

The above statement is also in line with the study in [37] that shows the
improvement in SAIDI in the presence of DG while SAIFI remains unchanged.

Another study [38] evaluates reliability of distribution system with wind energy
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distributed generation for islanded mode of operation. It also concludes that SAIDI

can be improved as a number of wind generation increases.

It is widely understood that the voltage sag situation is better in the system
having higher fault levels. In [18], the impact of DG on voltage sag in the system is
analyzed. It is illustrated that as presence of DG in the system tends to increase
system fault level, the DG thus provides a benefit to an improvement on voltage sag
indices. Figure 4.4 demonstrates voltage sag magnitude versus fault location based on

several system fault level using (4.6).
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Figure 4.4 Voltage sag magnitude as a function of distance to fault at different system

fault level

Nevertheless, few studies have been made on system reliability for a normal
condition where islanding operation is not allowed. Moreover, as reliability indices
are strongly related to protection system, the impact of DG on the protection
coordination can thus affect the system reliability in a negative manner. Accordingly,

this thesis will propose a method to evaluate system reliability in the presence of DG
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during normal operation. The thesis also introduces a newly developed index to
measure the impact of DG on protection coordination, which will be presented in
Section 6.3. In addition, this thesis also proposes a methodology to evaluate the
voltage sage indices both SARFI-X and SARFI-Curve, in presence of a DG, whereas

simulation results are provided in Section 7.3.

Consequently, this subsection presents the impact of a DG on the system. The
impact of a DG on system voltage sag is also described. The content in this subsection
will help understand the proposed methodology of system service quality evaluation

and the index for measuring protection mis-coordination.
4.4.1 DG Impact on System Reliability Index

Impact of DG on protection system coordination is investigated in Section 3.4.
A method for determining maximum allowable DG capacity which did not result in
protection mis-coordination was proposed. It can be concluded that a DG with
capacity less than the maximum allowable will not result in degradation of system

reliability or implies that SAIFI and SAIDI remains unaffected.

However, if a capacity of a DG is larger than the maximum allowable, it is
likely to create protection mis-coordination. Therefore, it is expected to have an
impact on SAIFI and SAIDI. In the same way of protection mis-coordination analysis,
the impact on System Reliability occurs from three main causes, i.e. back-feed fault
current, fuse saving scheme application and fuse-fuse coordination. Detailed analyses

of these three causes are presented below.

The first problem is the back-feed fault current from a DG which can cause

mis-operation of the mid-line recloser. The impact can be analyzed using Figure 4.5.

Considering Fault 1, the back-feed fault current of a large DG capacity will
cause the mid-line recloser to operate with its fast curve. Nevertheless, since it is on
the main feeder and if it is a permanent, the interruption occurs to all the load points

in the feeder. As a result, it can be concluded that in the case of fault on the main
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feeder, the presence of DG has no impact on system reliability for both frequency and

duration of the interruption.

Breaker Recloser

Substation
Fault 1 -

S ®

\J

[Ye

SRR

Exposed area

Fault 2

Figure 4.5 Back-feed problem illustration as a result of DG in the system

On the other hand, in case of Fault 2, the fuse will operate to clear the fault
and result in an outage on the later line. However, the back-feed fault current will
cause unnecessary interruption to all the load point behind the recloser. In the worst
case, the recloser may not be able to auto-reclose the portion of the circuit back to the
grid because of a large difference between the voltage and frequency on both sides.
Together with a trip of DG unit initiated from the anti-islanding protection, a long
interruption will be resulted to the load point behind the recloser. This situation is also
likely to occur for a temporary fault at Fault 1. Therefore, for both permanent and
temporary faults on the lateral in front of the mid-line recloser and the temporary fault
on the main feeder, the presence of a DG can have a negative impact on both SAIFI
and SAIDI.

Nevertheless, as the distance from the DG goes up, the back-feed fault current
will decrease. Consequently, not all the fault event in the lateral will result in a
negative impact on system reliability. At this point, the same concept of critical
distance or exposed area which is shown in the shaded area of the Figure 4.5 can be
applied. This area is named as Protection Mis-coordination Area (PMA), which is the
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area of the fault resulting in protection mis-coordination. From this concept, if PMA
is known, the frequency of protection mis-coordination can be determined in the same

way as (4.11).

However, if the anti-islanding protection of DG can perform perfectly and is
well coordinated with the auto-reclose function of recloser, the circuit can always be
restored automatically from the interruption. As a result, there will be no PMA and
SAIFI and SAIDI remain unchanged.

Regarding the second cause as mentioned earlier, it is related to the fuse
saving scheme application. The explanation of the situation in the same way as the
back-feed fault current problem is described by using Figure 4.6.

&)

Substation

Breaker Recloser IF.pe
&) ! >
Fuse

IF,Sub

Exposed area

 / v
Fault

Figure 4.6 Fuse saving scheme problem illustration as a result of DG in the system

From the figure, a large DG unit can cause failure to the fuse saving scheme
application by increasing the fault current passing through the fuse to exceed the
designed limit. As a result, a temporary fault on the lateral can result in a long
interruption. This is expected to increase the value of SAIDI. The same idea of PMA
can also be applied in this situation. At some distance from the DG unit, the fault

current will drop below the designed limit and the fuse saving scheme will work
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properly again. Similarly, with determined PMA, the frequency of the failure to fuse

saving scheme can be calculated.

In addition, it should be noticed that the PMA in front of the mid-line recloser
is related to the protection mis-coordination due to back-feed fault currents, while the
PMA behind the mid-line recloser is the area that the fuse saving scheme problem is

occurred.

Lastly, regarding fuse-fuse coordination, the same analysis of fuse saving
scheme can be applied. Nevertheless, the PMA of fuse-fuse coordination can occur in

both laterals in front of and behind the mid-line recloser.

From all above analyses, the PMA for system reliability evaluation can be

summarized below.

Table 4.8 Summary of criteria on PMA calculation

PMA Type | Possible Applied Affected Customer
Location Failure rate
Back-feed Main feeder Atn >N; behind recloser
Lateral in front | A, + Apn >N; behind recloser
of recloser
Fuse-save Lateral behind Atn YN; attached to lateral n
recloser
Fuse-fuse! | All sub-laterals An F Aan YN;j attached to lateral
excluding those in sub-lateral n

4.4.2 DG Impact on System Voltage Sag Index

As previously mentioned, an increase in system fault level due to a DG in the
system can provide a benefit to system performance in terms of voltage sag. By
considering (4.7), when system fault level is increased, the system source impedance

Zs as shown in Figure 4.2 will decrease. Based on (4.7), the critical distance for any
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voltage sag magnitude will also be reduced. Consequently, the frequency of voltage
sag event or SARFI-X is reduced based on (4.11). Therefore, the presence of DG in
the system can provide benefit to the system by reducing the number of occurrence of

voltage sag event.

As for SARFI-Curve, the same idea of increased fault level can also be
applied. The frequency of voltage sag event is reduced in the presence of a DG. In
general, the fault contribution from a DG will increase the magnitude of the fault
current which passes through protective devices. As a result, the devices operate
faster. This will help reduce the duration time of voltage sag event. Thus, the DG is
beneficial to the SARFI-Curve index in both increasing voltage sag magnitude and

reducing its time duration. This can be illustrated by using Figure 4.7.
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Figure 4.7 Improvement on SARFI-Curve due to a presence of DG in the system
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4.5 Summary

Service quality of the system can be measured using reliability and voltage sag
indices. Commonly used reliability indices are SAIFI and SAIDI which describe
system average frequency and duration for sustained interruptions. The input for
calculation on reliability indices are failure rate and repair time of electrical

equipment.

There are two types of voltage sag indices, i.e. SARFI-X and SARFI-Curve.
SARFI-X describes a number of events for voltage sag X occurred in the system. It
can be calculated using a critical distance method, which is determined from a simple
or exact equation. In addition, this thesis proposes an approximation search method
which provides comparable results to those from the exact equation. SARFI-Curve is
the evaluation of an event for both sag magnitude and duration using voltage envelope
by which two most recognized are ITIC and SEMI F47. The index can be obtained
from the proposed approximation search method by including the operating time of a

primary protective device.

An example of service quality evaluation is illustrated on the modified RBTS
Bus 2 Section 4.3.

DG impact on system service quality is analyzed in two situations. Firstly, a
larger DG capacity than the maximum allowable will result in system reliability
degradation since it creates protection mis-coordination. It is proposed that the area of
which when fault occurs will create the problem is called Protection Mis-coordination
Area (PMA). There are three types of PMA based on resulted protection mis-
coordination, i.e. for back-feed current, fuse saving scheme and fuse-fuse
coordination problem. Secondly, a DG capacity within the maximum allowable will
provide benefit of reduction of number of voltage sag events since it increases system
fault level. In addition, it is advantageous to SARFI-Curve since the operating time of

protective device will be faster for a higher fault current.



CHAPTER YV

POWER LOSS ANALYSIS

In this chapter, the impact of DG output power on distribution feeder loss is
investigated. It is assumed that the objective of the system operator is to manage
appropriate DG output such that feeder loss will not be increased. Based on this
condition, the maximum allowable DG output power will be searched for. The first
subsection provides review of power loss calculation. In the second subsection, the
maximum allowable DG output power at peak load is presented. The impact of DG on
the feeder loss, taking into account demand variation is illustrated in the following
subsection. Then, an appropriate DG output power is determined at other different
load levels. Finally, the chapter ends with a review of loss allocation technique called
Branch Current Decomposition Loss Allocation (BCDLA), which will be further

developed to estimate appropriate DG output in this thesis.
5.1 Power Loss Calculation

It is widely proven that the power loss depends on the current magnitude
flowing through impedance of the conductor. The greater current magnitude and line
impedance, the more system loss will be. Power loss can be determined from the

following equation.
Ly =%e[ (Vi -V))15 | (5.1)

There are several methods to minimize power loss, e.g. power factor
improvement, network reconfiguration. Recently, DG can be another alternative way

for power loss reduction.

Since power loss is resulted from system demand, therefore it may be
allocated among system customers. This process is called loss allocation. At present,
several methods for loss allocation have been reported, e.g. [39-41]. When DG is

presented, it can either reduce or increase system depending on its output power and
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system demand. To account for this, loss allocation must be done for both consumers

and suppliers, i.e. load and DG respectively.
5.2 Appropriate DG Output with Loss Consideration

It is widely known that DG can reduce system loss up to a certain level of its
output power [2]. The loss will be increased if the DG generates power more than that
of output level, which will be considered as appropriate DG output power. In this
section, appropriate DG output power will be determined at a specific load condition,
i.e. at maximum load level. This problem can be considered as an optimization

problem subjected to an appropriate set of constraints [33].

In solving an optimization problem, there are several methods to search for the
optimal solution. In this thesis, a direct search method is applied for searching the
optimal or appropriate DG output solution. This can be achieved since the solution
domain of the problem is not very large.

The objective function is to determine the appropriate output power of a DG,

which can be written as

Max(P,) (5.2)

The condition for an appropriate DG output power which will not increase loss
of the feeder can be defined as

L-L. <0 (5.3)

base —
This thesis applies MATPOWER [42] as a tool for calculating loss from
power flow solution, from which an appropriate DG output power for a specified

location can be searched directly.

For illustration, the above method will be applied to Feeder 1 of the test
system, as shown in Figure 5.1, of which the capital letter indicates possible DG

locations, based on an assumption that the DG will be connected only to the main
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feeder. The obtained results of appropriate output power of the DG at each location
are presented in Table 5.1. Similar results can be expected for other feeders. Therefore

only the results from Feeder 1 will be presented hereafter.

LP2 LP4 LP6
Substation
- A B C D
3.75 km 3.75 km 3.75km 3.00 km
LP1 LP3 LP5 LP7

Figure 5.1 Modified RBTS Bus 2 Feeder 1

Table 5.1 Appropriate DG output power at peak load condition

DG Location Output power of a DG (MW)
A 12.47
B 10.54
C 8.63
D 7.10

According to the results in Table 5.1, it is implied that the appropriate DG
output power at location B is equal to 10.54 MW. If the DG output level is greater
than this value, the feeder loss will be increased. In contrast, if DG output level is
lower than the calculated value, the DG will help decrease feeder loss. Nevertheless, it
should be noted at this point that this result is determined only from the maximum
load condition.

5.3 Impact of System Demand on Feeder Loss

In actual operation, system load varies along the time of day. To consider the
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feeder loss impact from load variation, the amount of load at each point is assumed to
be varied at the same proportion. The DG output power at point A of 12.47 MW, as
shown in Table 5.1, is used as an example to analyze the feeder loss with load
variation from 10%-100% of the peak demand. The impact of the feeder loss in case

of having no DG connected to the system is also compared and shown in Figure 5.2.
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Figure 5.2 Feeder loss with and without the presence of DG at location A

It can be clearly seen from the figure that at the peak demand, 100% load level,
feeder loss from both cases are the same, i.e. the presence of DG does not increase the
feeder loss compared to the base case as defined by (5.3). It is also clearly seen that in
case of having no DG, the feeder loss varies according to load level. However, with
the presence of the DG with the fixed output of 12.47 MW, the feeder loss is higher
for all other load levels, compared to the base case.

This implies that the obtained appropriate DG output power at peak demand is
too large and not suitable for the lower system demand which actually occurs most of
the time. As a result, the presence of such a DG can considerably increase the feeder
loss from the base case if not properly operated. This result emphasizes the

importance of having an appropriate output power from a DG, taking into account
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system loss. Therefore, this thesis will propose the methodology for establishing an
appropriate DG output power profile which will not result in power loss increase.
Besides, the thesis develops an approximation method to reduce computational time
and can be applied for a near real-time application for controlling on DG output

power.

5.4 Appropriate DG Output Power at Different Load Levels

It has been previously shown that the appropriate DG output power
determined at the peak demand may not be suitable for other load conditions.
Consequently, it may result in feeder loss increase. To take into account the impact of
load variation, the appropriate DG output power is recalculated for different load
levels, i.e. 20%, 40%, 60% and 80% of the peak load, using the direct search method
as presented in Section 5.2. The obtained results are presented in Table 5.2 and Figure
5.3.

Table 5.2 Appropriate DG output power at different load levels

Load level Appropriate DG output power (MW)
Location A | Location B | Location C | Location D
20% 2.40 2.04 1.68 1.39
40% 4.84 4.11 3.39 2.80
60% 7.33 6.22 5.11 4.22
80% 9.87 8.36 6.86 5.65
100% 12.47 10.54 8.63 7.10

The results from Table 5.2 show that the appropriate DG output power is
different at each load level. The DG output power tends to be decreased with the
decrease of load. In addition, Figure 5.3 illustrates that the appropriate DG output

power is approximately varied with load level in a linear trend.

Based on the above analysis, it is clearly seen that the appropriate DG output
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should be determined according to system demand in order to effectively manage the
system loss. Such the DG output power can be repeatedly calculated using the
calculation process as presented in Section 5.2 for each time of the day. However, it is
widely understood that the system demand characteristics depends on its customer
load profiles. Therefore, the appropriated DG output power also depends on customer
load profiles. If the relationship between the customer load profile at each load point
and the appropriate DG output power can be formulated taking into account loss
constraint, the allowable DG output power could be directly determined.
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Figure 5.3 Appropriate DG output power at different load levels

To formulate the relationship between the system loss and the variations of
supply and demand in the system, the BCDLA [20] is further developed in this thesis,
which will be presented in Section 6.4. The review of BCDLA method will be

presented in the next subsection.
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5.5 BCDLA Loss Allocation Method

The BCDLA is one of the loss allocation methods suitable for distribution
system with radial configuration [20]. The advantage of the method is that it provides
the meaningful loss allocation factor and is applicable to our problem. First, consider

a simple system as shown in Figure. 5.4.

K®

Figure 5.4 Illustration for BCDLA loss allocation method

From Figure 5.4, the current flowing through branch b is
1® = g® 4 jg® (5.4)

The current supplied to node k is

L =a + 15 (5.5)

which can be expressed in terms of the net active and reactive output power at

node k as

To=a+jf =t =B (5.6)
k V«
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Therefore, the injected current to node k can be determined after obtaining

voltage Vi from power flow solution.

The branch loss can then be expressed as

L& — RO ‘| (b)‘2

_R® [(a(m)z +(ﬂ(b>)2}
(5.7)
—(RY2®)a® +(RO52) g

=(RYa®) ¥ o +(RV") Y B,

kek ® kek ®

From (5.7), the losses associated to branch b are assigned to the node k located

in the path from branch b to the root as follows:
L® = R®g® g 1+ R® 5O 5 (5.8)

The total loss is then allocated for each node k by using the relationship

By
X (b)
Lo=> L
b=1

=a, ) RYa™)+ g > (RVY) (5.9)
beBy beBy
=Cca +d [,

where the terms ¢, and di can be seen as the real and imaginary components of
a “virtual” voltage Wy = ci + jdi at node k.
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W, =¢, + Jd,
(5.10)
— (R(b)a(b))+j (R(b)ﬂ(b))

As previously mentioned, an advantage of BCDLA method is that the
summation of L at every node k will result in the total system loss, i.e.

Liotar = Z Ly (5.11)

According to (5.9) and (5.11), it can be seen that total system loss composes of
two major components independently, i.e. from real and imaginary part of the current

at each load or generation point.
5.6 Summary

Power loss is resulted from current flowing through impedance of the line.
There are several methods for loss reduction, e.g. power factor improvement, network

reconfiguration. More recently, DG is considered as another alternative.

In this thesis, appropriate DG output power is defined as the level that will not
increase system power loss. It is generally determined at a specific load condition, i.e.
peak load. However, at other load levels, it can increase power loss significantly. In

addition, it is shown that as demand varies, appropriate DG output power also varies.

BCDLA is one loss allocation method for allocating power loss to all loads
and generations in a distribution system. The main advantage that it provides a
meaningful loss allocation factor as the summation is equal to power loss according to
(5.11). The method will be further developed in Section 6.4 for determining
appropriate DG output power taking into account of load variations.



CHAPTER VI

PROPOESED METHODOLOGY

As previously illustrated, the DG may present negative impact on the existing
protection coordination, and may result in an increase of system loss at some light
load condition. It has been shown in chapter 3 that too large DG can result in
protection coordination failure. An increase in fault current can cause a failure of
existing fuse saving scheme application. Additional fault current may exceed
protective device interrupting rate. Also, if a DG unit is located behind the mid-line
recloser, it can cause unnecessary operation of the recloser for fault upstream and
results in outage for the customer behind recloser. Therefore, maximum allowable DG
capacity should be determined in the first place. Otherwise, the connected DG can
cause problem and decrease system reliability. The obtained results can also be used
as a guideline for utility to investigate if the existing protection requires some

modifications.

In addition to system reliability, maintaining power loss in the distribution
system within an acceptable range is also essential. It has been shown in chapter 5 that
too large output power from a DG can increase power loss. In order to manage the
power loss, an appropriate DG output power should be determined. The obtained

results can be applied for a dispatchable DG unit for loss management.

Accordingly, this chapter proposes a methodology for determining an
allowable DG capacity with protection and loss consideration. In the first Section 6.1,
the method for determining a maximum allowable DG capacity with protection
consideration is proposed. Additionally, as protection system coordination limits the
maximum allowable capacity of a DG, a method of protection adjustment to allow
higher penetration of a DG will be developed and presented in Section 6.2. Then, in
accordance with an impact of DG on system service quality, the methodology for
evaluating System Service Quality indices in a presence of DG will be described in
Section 6.3. Finally, the methods for determining an appropriate DG output power
with loss and customer load profiles consideration are proposed in Section 6.4.
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6.1 Maximum Allowable DG Capacity with Protection Coordination

Consideration

In chapter 3, possible impact of a DG on the existing protection coordination
of distribution system is analyzed. It can be seen that too large DG capacity may lead
to protection coordination failure and reduce overall system reliability. In this section,
this thesis proposes the methodology in determining maximum allowable DG capacity

which will not cause failure to existing protection coordination.

The section starts with general assumption. Next, the problem formulation is
described. Then, the procedure in determining maximum allowable DG capacity is
illustrated. Finally, the application in the case that there is more than one DG

connection is presented.

6.1.1 Assumption

The problem in determining maximum allowable DG capacity is mainly
related to fault calculation or incremental fault in the system. The DG in this study is
modeled according to Section 2.3, with limited capacity of 10 MW [10], which is
applied as the upper limit for the solution. In addition, for simplicity the number of

DG is limited to one per feeder.

6.1.2 Problem Formulation

The objective of this study is to identify the maximum allowable capacity of a
DG which does not cause protection coordination failure. In addition, the proposed
method also takes into account system operating conditions, i.e. the installed DG
should not increase feeder loss or violate the required voltage level. Therefore, the
problem is formulated as a minimization problem to obtain the maximum allowable

capacity of a DG.

A. Objective function and constraints
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The objective is to determine the maximum allowable capacity of a DG, which

can be written as

Max (P,;) = —Min (-Py;) (6.1)

The constraints are classified into three categories, i.e. system voltage, feeder

loss, and protection coordination. The constraint equations can be presented below.
B. Voltage constraints

The voltage at each load point should be within an acceptable range, which is

defined to be 0.95-1.05 p.u. in this paper. The conditions can be written as

V. -1.05<0, VieB (6.2)

0.95-V, <0, VieB (6.3)

C. Loss constraints

In this paper, the DG capacity allowed to be connected to the feeder will not
increase loss of the feeder. The condition can be defined as

L-L,.. <0 (6.4)

base —

D. Protection coordination constraints

Protection constraints are developed to cope with the coordination failure

based on the investigation described in Section 3.4.

Referred to Case A.1, the coordination failure may occur if the lateral fuse
perceives more fault current than the recloser does. In general the fuse saving scheme

will be fail if the fault current is higher than a certain value. Therefore, the condition
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for not losing coordination of the fuse saving scheme is to have the recloser fast curve
operating time less than the minimum melting time of the fuse. This constraint is
applied when the DG and fault location is as shown in Figure 3.8, which can be
written as (6.5).

TRf(IF,Sub)_MMTF(IF,Sub+IF,DG)SO (6-5)

In Case B.1, the problem is similar to that of Case A.1, however the recloser
and fuse will perceive the same fault current. Therefore, to keep the fuse saving
scheme coordinated, the constraint below is required.

TRf (IF,Sub + IF,DG) = MMTF('F,Sub + IF,DG) <0 (6-6)

For Case B.2, the concern is about the fuse interruption rating. Since the DG
can lead to a higher fault current, the interrupting current should be taken into
account. In this paper, the fuse interrupting capacity is chosen to be 10 kA, from
which the constraint according to Figure 3.11 will be as shown in (6.7).

| —10,000<0 (6.7)

Fuse

It should be noted that (6.7) is also a constraint for all cases described in
Section 3.4.

For Case A.2, the problem occurs due to the DG’s fault current passing
through recloser in the back flow direction. If the DG’s fault current is sufficiently
high due to its capacity and the recloser is a non-directional type, the recloser may
operate with its fast curve before the fuse can clear the fault. This will cause
unnecessary momentary interruption to all customers in the feeder behind the recloser.
Therefore, fault contribution from the DG should not cause recloser to operate in the
case of back flow direction. Thus, for the condition in Figure 3.9, the constraint can
be written as (6.8).
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IR - IR,Pickup <0 (6-8)

As for the last case of B.3, the DG located close to a substation can also
interfere with the fuse saving scheme of the nearby feeder. This situation is similar to
Case B.1 but only the DG is connected to the other feeder. Similar to the DG in front
of a recloser, this DG can also increase fault currents to a nearby feeder perceived by

recloser and fuse. As a result, the fuse saving scheme may be violated.

Therefore, for a connected DG in front of the recloser and a fault occurs at
lateral behind the recloser of the other feeder, (6.6) must be considered.

Based on all the above analysis, the protection constraints to maintain the
protection coordination can be summarized in Table 6.1.

Table 6.1 Summary of protection constraints

Case DG position Fault location Equation
Al Behind recloser Behind recloser (6.5)
A2 Behind recloser In front of recloser (6.8)
B.1 In front of recloser Behind recloser (6.6)
B.2 In front of recloser In front of recloser (6.7)
B.3 In front of recloser Behind recloser (6.6)

(Nearby feeder)

For fuse-fuse coordination, the maximum designed fault current, lryse-max Must
be first specified from Table 3.1. Then, the fault current at the protecting fuse or Fuse
2 in Figure 3.13 is checked with the following constraints.

L = Vi <O (6.9)

Fuse ' Fuse—-ma
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6.1.3 Maximum Allowable Capacity Determination Procedure

This section presents a proposed procedure to identify the maximum allowable
capacity of the DG at each location along the distribution feeder subjected to the
above mentioned constraints. The procedure is illustrated by Figure 6.1, and can be

described below.

Step 0: Run a based case power flow of the existing system and store the

results.

Step 1: Select DG connected at bus i and a defined fault location at bus j,
then select a proper protection constraint according to Table 6.1 and (6.9) for fuse-

fuse coordination checking.

Step 2: Apply a direct search method to the objective function in (6.1) and
constraints defined from Step 1 to search for maximum allowable DG capacity at bus

i with respect to a fault at bus j. Store the result.

Step 3: Repeat Step 1 — 2 by fixing the DG connected to bus i and change a

defined fault location at bus j to every bus in the system.

Step 4: Based on the obtained results from Step 2 — 3, select the minimum
value as the solution for the maximum allowable DG capacity connected at bus i.

Step 5: Repeat Step 1 — 4 for all possible DG locations.
6.1.4 More than One DG Connection Application

When dealing with more than one DG connection on the same substation, the
above method and procedure can also be adapted to evaluate the maximum allowable
DG capacity. However, the request for DG connection will be considered on the basis
of first-come-first-serve. Therefore, every time there is a new DG connected to the

system, the maximum allowable DG capacity for each location has to be re-evaluated.
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Start
v Obtain maximum

Run base case End allowable capacity
Power flow of DG

v

Seti=1

- P No All DG bus
y =i+l considered ?
Select DG
connected bus i
Setj=1
I =i+l Obtain
‘ Select faulted busj ‘ No minimum
capacity for
v DG at busii

Select a proper set Obtain maximum All fault
of constraints from | capacity of the DG at locations 7
Table 6.1 and (6.9) the defined location considered 7 Yes

Figure 6.1 Procedure for determining maximum allowable capacity of one DG

connection

The existing DG unit does introduce some additional concerns to the
methodology. The installed DG unit has to be included in the base case prior to the
calculation. In addition, when the distribution network already holds some capacity of

DG, the total system loss and voltage is changed from that of the base case.

When DG is presented in the system with appropriate capacity, the total
system loss tends to decrease. In fact, the existing DG units help decrease losses only
in their feeder where the power flow is modified. Therefore, if the total system loss is
considered in (6.4), the loss in other feeders can be greater than that of the base case.
As a result, the maximum allowable DG capacity in other feeders can be larger.
Nevertheless, if the existing DG unit goes offline, this larger DG unit will result in an
increase in total system loss. Therefore, to consider for the worst case, it can be
concluded that only loss in the feeder where a DG capacity will be determined should
be considered in (6.4).
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In contrast to protection coordination, the worst case is when all existing DG
units in the system are online by which it will result in the highest fault level that can
cause problems to the protection coordination. Therefore, protection coordination

constraint remains unchanged.

Based on the above modifications, the proposed method can now be applied to
determine the remaining maximum allowable DG capacity in the system where there
is more than one DG connection. The procedure can be explained in the following

diagram.

Start

Request for new DG
connection

Y
Connect all existing DG
unit to base case

Y
Determine maximum
allowable DG capacity
(Figure 6.1)

Request of DG
Capacity > Maximum
allowable

No

Figure 6.2 Procedure for determining maximum allowable capacity of more than one

DG connection
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6.2 Protection Adjustment Method for Higher Penetration of DG

In Section 6.1, the method for determining maximum allowable DG capacity
taking into account protection system coordination is presented. In this section, a
methodology of protection adjustment to allow larger DG capacity, i.e. increase the
maximum allowable capacity obtained from the previous section, will be presented.
The methods are consisted of protection resetting, application of directional recloser,
and fuse replacing by recloser. The first method will help the system cope with a
larger DG unit located behind recloser without any hardware change. The second
method relieves the problem occurred from back-feed fault current of the DG, where
as the final method will be mainly used for coping with high fault current for fuse

saving scheme.

It is necessary to emphasize that the cause of protection failure due to the

presence of DGs can be classified into two cases based on their locations, i.e.,

e DG in front of recloser — Impact on fuse saving scheme,
e DG behind recloser — Impact on fuse saving scheme and mis-operation of
recloser due to back-feed fault current.

In the case that fault level exceeds interrupting rate of equipment, the only
solution to the problem is to upgrade the effected devices. The same goes for fuse-
fuse coordination by which the upstream fuse has to be upgraded. Therefore, they will
not be brought up for discussion in this section.

6.2.1 Protective Device Resetting

It is shown by (6.8) that the maximum allowable capacity of a DG located
behind a mid-line recloser is primarily limited by the pick-up current setting of the
recloser. Hence, raising recloser pick-up current setting can help allow larger DG
capacity. Nevertheless, existing protection coordination also needs to be reset

accordingly. It should be reminded that the pick-up current resetting must not be
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raised beyond equipment rating, e.g. line capacity by which this thesis will apply as

the criteria when resetting protective devices.

With typical over-current protection coordination [25], three constraints are
proposed for resetting protective devices. The first constraint is equipment rating. The
setting of protective devices must cover an overload condition of the equipment.
Therefore, the equipment rating is set as the limit for the pick-up current.

l (6.10)

pickup S I spec

where Ipickup 1S pick-up current setting and lspec is @ specified current of which

the maximum is equipment rating.

Secondly, current setting of the downstream devices should be less than that of
the upstream by some safety factor. This is to ensure a proper coordination between
the two protective devices.

|

<K-I (6.11)

pickup—down pickup—up
Where lpickup-ups  Ipickup-down 1S Pick-up current setting of upstream and

downstream devices, and K is a safety factor with a value of less than 1.

Finally, operating time of the downstream device must be faster than that of
the upstream by an appropriate margin. The previous statement can be written in an

equation form as

Tup (I down) _Tdown (I down) 2 tmargin (612)

where Typ(1) and Taown(1) is operating time of upstream and downstream device
for fault current I, lgwn is fault current magnitude at the location of downstream

devices, and tmargin IS @ required operating time margin.
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From all the above constraints, i.e. (6.10) — (6.12), the pick-up current setting
of the recloser can be raised up. The maximum setting which can be raised depends
on the setting of circuit breaker. In typical distribution substation, an incoming circuit
breaker is normally installed as an upstream device of the feeder circuit breaker to
provide a backup protection [25-26]. Consequently, if the pick-up current and time
multiplier setting of the circuit breaker are to be adjusted, the coordination between
these two circuit breakers must be checked using (6.12). Accordingly, the procedure

for resetting the protective devices can then be developed and described below.

Step 0: Calculate fault current at circuit breaker and recloser location.

Step 1. Raise pick-up current setting of the circuit breaker to that of the
feeder or of a specified capacity, i.e. (6.10).

Step 2: Determine operating time of incoming circuit breaker based on fault
from Step 0.

Step 3: Adjust time multiplier of circuit breaker using (6.12).

Step 4: Raise pick-up setting of recloser using (6.11).

Step 5: Verify coordination between circuit breaker and recloser using (6.12).
If not valid, reduce the value in Step 4.

Step 6: Verify coordination between recloser fast operating sequence and
fuse MMT. If not valid, reduce the value in Step 4.

6.2.2 Directional Recloser Application

Another protection adjustment is to replace the existing mid-line recloser with
a directional type which allows the recloser to distinguish between fault in forward
and backward directions. This capability can help utility solve the problem of mis-
operation of the mid-line recloser caused by the DG back feed fault current. This is

achieved through the setting of recloser to operate for the fault in the forward



76

direction only. Therefore, the setting adjustment of other protective devices is not

required.

Correspondingly, in determining the maximum allowable DG capacity, (6.8)
can be discarded by which the result of a larger DG capacity can be expected.

6.2.3 Replacement of Fuse with Recloser

If the DG capacity is sufficiently large, it can increase the fault level to exceed
that of the design for fuse saving scheme. As a result, the mid-line recloser will not be
able to save a lateral fuse from unnecessary operation due to a temporary fault.
Consequently, those temporary faults will result in a permanent outage to the lateral

feeder. None of the two previously mentioned methods can help solve this problem.

In order to maintain benefits from the self-clear of a temporary fault with an
auto-reclose function, replacement of fuse with recloser may be considered. Once the
lateral fuse is replaced by a recloser, the fast operation of the mid-line recloser can be
turned off and transferred to the replaced lateral recloser. In this way, instead of using
the mid-line recloser to restore the circuit from a temporary fault, the lateral recloser
will perform this function. This replacement is applied to all the lateral fuses located

behind the mid-line recloser.

At present, newly developed equipment, e.g. dropout recloser [43] has
emerged. These devices can also be installed in place of the lateral fuse to resolve the

above problem in almost the same way but with lower cost.

In addition, since the fast operation of mid-line recloser can be turn-off, the
problem from a large back-feed fault current due to a DG is also disappeared.
Consequently, (6.5), (6.6) and (6.8) can be removed during the search process for the
maximum allowable DG capacity. Hence, it should result in a larger allowable DG

capacity.
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6.3 System Service Quality Index Evaluation

The impact of a DG on system service quality has been described in Section
4.4. 1t is clearly seen that large DG capacity can result in negative impact on
protection system coordination and therefore reducing system reliability (SAIFI and
SAIDI). Nevertheless, a DG by which its capacity is less than the maximum allowable
can provide a benefit to the improvement on system voltage sag by increasing system
fault level (SARFI-X and SARFI-Curve).

To realize the impact and benefit of the DG on the system service quality, this
section proposes a methodology to evaluate system service quality index in the
presence of DG. The method can be divided into two parts, i.e. system reliability and

voltage sag evaluations.

6.3.1 System Reliability

It has been shown in Section 4.4 that a DG with capacity less than the
maximum allowable does not cause problems to protection system coordination. As a
result, system reliability remains unchanged. Consequently, SAIFI and SAIDI will be

the same as the original system without DG.

Nevertheless, a capacity of DG exceeding the maximum allowable will result
in protection mis-coordination, which is likely to occur if a fault occurs in the
Protection Mis-coordination Area (PMA) as described in Section 4.4. The PMA can
be classified into three types based on the results of protection mis-coordination
events. Firstly, the PMA for the back-feed fault current problem covers areas in front
of the recloser and will be determined only if the DG is installed behind the recloser.
Secondly, the PMA for the fuse saving scheme problem are those areas on the lateral
behind the recloser and will be determined for all DG locations. Finally, the PMA for
fuse-fuse coordination are those areas on the sub-laterals which is also determined for
all DG location. The procedure in determining the PMA can be described below.

A. Determination of PMA for back-feed fault current (PMApack-feed)
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Step 0: Starting from recloser moving toward substation, search on the main
feeder location where fault current contribution from DG is equal to the recloser pick-

up setting. Record the distance from the recloser to the fault location.

Step 1: For all laterals within the range of the distance in Step 0, search on
the lateral the location where fault current contribution from DG is equal to the

recloser pick-up setting. Record the distance from the main line to the fault location.

Step 2: The distance in Step 0 iS PMApack-teeam and the distance in Step 1 is

PMApack-feed I-n - The subscription “m” indicates PMA on the mainline while “I”

indicates PMA on the lateral “n”.
B. Determination of PMA for fuse saving scheme problem (PMAsyse-save)

Step 0: Determine the maximum fault current design of fuse saving scheme
from coordination graph.

Step 1: For all laterals behind the mid-line recloser, search on the lateral
location where fault current passing through the fuse is equal to the fault current in
Step 0. Record the distance from the main line to the fault location.

Step 2: The dIStance In Step 1 iS PMAfuse-SaveJ-n
C. Determination of PMA for fuse-fuse coordination problem (PMAsyse-fuse)

Step 0: Determine the maximum fault current design of fuse-fuse
coordination from Table 3.1.

Step 1: For all sub-laterals, search on the sub-lateral the location where fault
current passing through the protecting fuse is equal to the fault current in Step O.
Record the distance from the protecting fuse to the fault location.
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Next, this thesis introduces Protection Mis-coordination Index (PMI) to
measure the level of impact of a DG on protection mis-coordination. PMI is defined
as the frequency of occurrence of protection mis-coordination events in the system.
The index can be calculated from PMA according to the following equation.

PMI = PMA)ack—feed,m (ﬂ‘t ) + z PMA)ack—feed,l—n (11 + ﬁ“p ) +

(6.13)
z PMAfuse—save,l—n (ﬂ‘t ) + z PMAfuse— fuse,l-n (ﬂt + j’p )

If PMI at each load point i is of interest, it can be determined using below

equation.

PMII = PMAback—feed,m (ﬂ‘t)_'_z PM'Aback—feed,l—n (ﬂt +ﬂ“p>+

PMAfuse—save,l—n (21 ) + PMAfuse— fuse,I-n (21 + ﬂ'p )

(6.14)

In summary, (6.13) is system index whereas (6.14) is load point index. The
difference between (6.13) and (6.14) is the summation sign of PMAsysesae and
PMAgse-tuse: When each load point is considered individually, the PMAgyse-save and
PMAzse-fuse-Which can have an impact on the customer is only in its supplied lateral.
This affected customer can be referred from the analysis in Section 4.4 and the

conclusion drawn in Table 4.8.

By using PMI, the impact of DG on protection mis-coordination can be
quantified. The comparison between two DG projects is also possible. Also, it is noted
that if the DG capacity is within the maximum allowable, the PMI of the DG will be
equal to zero, as the DG does not create protection mis-coordination and PMA has a

zero value.

Finally, the change in SAIFI and SAIDI after the presence of DG is also
calculated by using PMA. The affected load points for each type of PMA are
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presented in Table 4.8. Consequently, A; and r; in (4.3) — (4.4) for each affected load

point “i” will be updated using the following equation.

&= Zﬁ“pfn + PMA G feea m (21)+z PMA._ e 1-n (/11 +/1p)+

(6.15)
I:>|V|Afuse—save,l—n (21 ) + PMAfuse— fuse,l-n (21 + lp )
A=A, +PMI, (6.16)
Z- ;tpfnrpfn +PMIi Fsn
== (6.17)

' Zi:/'tp_nJrPMli

In the above equation, it is assumed that the switching time (rs.,) for restoring
the circuit for all protection mis-coordination events are equal. However, different
switching time can be applied according to each event. It can be noticed from the
above equation that when protection mis-coordination is occurred, the temporary fault

failure rate will be included in the calculation since it results in a long interruption.

After obtaining new values of 4; and r; for all the load points, (4.1) and (4.2)
can then be applied to recalculate for the new SAIFI and SAIDI. In summary, the
system reliability in the presence of DG can be evaluated with the procedure shown in
Figure 6.3.

6.3.2 System Voltage Sag

As illustrated in Section 4.2, an important concept in calculating System
Voltage Sag indices, i.e. SARFI-X and SARFI-Curve, is the critical distance. If the
distribution system configuration is simple and there is no DG connection, an explicit
equation for critical distance can be easily obtained, as expressed in (4.7) and (4.9).
However, if the system is more complicated, or there is a DG connection in the

system, it may be a difficult task on deriving such an expression and the equation can
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be varied depending on the network configuration and DG location. Additionally, this
concept cannot be applied to SARFI-Curve calculation as it does not include the

operating time of the protective devices.

DG Capacity >
Maximum allowable No

i Yes

Determine PMA

/ /
Update A; and r; for all Calculate PMI
load points and PM|;
h J A
Calculate new SAIFI and SAIDI
SAIFI and SAIDI are not changed

Figure 6.3 Procedure in evaluating system reliability in the presence of DG

From the above mentioned problems, this thesis therefore proposes the
methodology presented in Section 4.2 to approximate Voltage Sag indices. The
method takes into account both frequency and duration of voltage sage events.
Therefore, it can be applied to calculate results on SARFI-Curve. The accuracy of the
method can be compared to an exact equation proposed by [18] as shown in Section
4.3. As a result, this thesis will apply the method to analyze SARFI-X and SARFI-

Curve in the presence of DG.

The calculation procedure for SARFI-X can be presented by the below

process.
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Step 0: Specify the length of sectional line (lsec).
Step 1: Set SARFI-X value to zero.
Step 2: Apply fault at the middle of the line section.

Step 3: Verify the voltage at the substation during fault. If the value is under

“X” threshold, increase SARFI-X index by the following equation.

steps.

SARFI-X 0, = SARFI-X 1y + e (20 + Ay ) (6.18)

Step 4: Repeat steps 2 and 3 for every line section.
Step 5: Obtain SARFI-X value.

The calculation procedure for SARFI-Curve is explained by the following

Step 0: Specify the length of sectional line (lsec).
Step 1: Set SARFI-Curve value to zero.
Step 2: Apply fault at the middle of the line section.

Step 3: Verify the voltage at the substation during fault and the operating

time of the primary protective device. Since fuse saving scheme is applied, a careful

consideration should be made on the determination of the operating time for which

Table 4.2 can be used as a guideline.

After voltage sag magnitude and protection operating time are identified,

increase SARFI-Curve index by (6.19) if the coordinate lies within the voltage

envelope “Curve”

SARFI-Curve,,, = SARFI-Curve , +1.. (1) (6.19)
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Where A corresponds to types of fault, i.e. permanent or temporary.
Step 4: Repeat steps 2 and 3 for every line section.
Step 5: Obtain SARFI-Curve value.

From the above process, SARFI-X and SARFI-Curve can be evaluated. As a
result, the impact of DG on system service quality can be evaluated, as will be shown

in Section 7.3.
6.4 Appropriate DG Output with Customer Load Profile Consideration

As mentioned in the introduction, the size and location of a DG is typically
determined at some specific load condition for loss minimization. When system
condition moves to a new operating point, the optimal DG size and location will
change. The surplus output power during the light load condition can lead to an
excessive increase in feeder loss. Therefore, it is important to determine appropriate

DG output power to control the loss in feeder.

In this section, the method in determining an appropriate DG output which
does not increase feeder loss is presented, taking into account customer load profile.
Approximation technique which establishes the relationship between appropriate DG
output and load variation from the loss allocation technique, i.e. BCDLA is proposed.

The simulation results are also provided.
6.4.1 Appropriate DG Output Using Direct Search Method

It has been shown in Section 5.2 that the appropriate DG output with loss
consideration can be determined using a Direct Search Method. In addition, Section
5.4 shows that load variation has impact on the appropriate DG output. Consequently,
to take into account system demand variation, the following procedure will be
applied.

Step 0: Aggregate each individual customer load along the feeder to obtain a
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single load profile of the feeder.

Step 1. Based on the feeder load profile, using the direct search method to
determine appropriate DG output for each time of day.

Step 2: From the obtained results, establish appropriate DG output profile for
that feeder.

Nevertheless, this method though providing an exact solution, requires a run
of optimization search including power flow solutions for every different load level.
Therefore, a computational time can be great and the simulation software is of

necessary.

6.4.2 The Developed Methodology

In order to simplify the problems on determining an appropriate DG output
power taken into account customer load profile, this section proposes and applies the
BCDLA loss allocation technique to establish an approximate relationship between
appropriate DG output and load variations in that feeder. Based on this relationship, if
the amount of load change is known, the new appropriate DG output power can be
calculated accordingly. Therefore, this method requires less computational time than

that of the direct search method. In addition, it requires only a simple calculation.

Firstly, a three node feeder will be used for demonstration. Then, a general
formula and calculation procedure to determine appropriate DG output will be

presented in the following subsection.

Let us consider a simple three-node feeder with two load points and one DG as

shown in Figure 6.4.

From the figure, Ry represents resistance of branch b, LPy represents power
consumption at load point k, and ox+jp« represents supplied current to node k. DG is
the real power injected from the DG at node k. For simplicity, DG in this study is
assumed to operate at a unity power factor.
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| R, R, R;
<f\J> I O
LP, DG, LP3
o+ JB, oy oz + JB;

Figure 6.4 Simple three-node feeder

According to (5.6), a+jp« can be calculated from Py+jQy after obtaining
voltage Vi from a power flow solution. With proper voltage regulation on the feeder,
Vi can be approximately set at 1.0 per unit. As a result, the supplied current oy+jpx is

approximately equal to Py+jQx in term of per unit value.
o+ f ~B +Q, (6.20)

Next, let us consider the system in Figure 6.4 when DG is not connected. From

(5.9), considering only real power, L; and L3 can be written as
L1 = al[R1(a1 +a3)]
L, = o [R1(a1 +ag)+ Ry, + Rsas]

Therefore, from (5.11), the total system loss before having DG connected to

the system is

Llotal—noDG =0 [ Rl (0(1 + 0(3)] +

o, [Ri(a + ) + Ry + Ry | (6.21)

After the installation of the DG at node 2, the loss allocation factor according
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to (5.9) has to be recalculated since a certain amount of loss can be allocated to the

DG. Accordingly, L, L, and L3 can be written as

L= al[Rl(al +a, +a3)]

L, =, [R(a, +a, + ) + R, (e, + ;)]

L, =a3[R1(al+a2 tag) + R, (a, +ag) + R30£3]

Therefore, the new total loss with a connected DG will be as follows.

Liotat —vitios = [ R +a,+ a3)] +
a, [Ri(oy +a, + o) + R, (a, + ;) |+ (6.22)

o [Ri(eq + a, + @) + R, (a0, + ) + Ry |

With the requirement that the connected DG should not increase the total
system loss, the maximum allowable DG output power has to be calculated in such a
way that (6.21) and (6.22) are equal. Having (6.21) equal to (6.22), the equation can

then be written as
(R, +R)a,” + 2R, + 2R a0, + 2R, a0, = 0 (6.23)

The reactive power can be included into the equation with a variable similar to
that of real power with only o replaced by . However, as the DG in this study is
assumed to operate at a unity power factor, the loss components from reactive power
therefore remains unchanged for both with and without DG cases. As a result, this
component will cancel out each other at the stage of having (6.21) equal to (6.22).
Therefore, when considering a unity power factor DG, the loss component from

reactive power can be neglected.
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As the impact of load variation to the appropriate DG output power is of
interest, differentiating (6.23) and rearranging the obtained equation will result in the

following formula.

[Ri(ey +a, +a5) + R, (a, + a;)|Aa, = —[RAe, + (R +R,) A, | e,

Aa, =—[R1Aal+(R1+R2)Aa3]\% (6.24)

2

From (6.24), the relationship between load variation and an appropriate DG
output power is established. It can be seen that the change of appropriate DG output
power can be directly calculated from the appropriate DG output power determined at
peak load, and the virtual voltage at node 2 defined by (5.10), i.e. a; and W,
respectively.

6.4.3 Derivation of Appropriate DG Output and Load Variation Relationship

Start with (5.9), the total system loss can be expressed as

- . (6.25)
~ S, Y RO® 13 p S RO O
k=1 beB, k=1 beB,

If a DG is connected to the system, the new total system loss will be as shown
in (6.26)

L = i{ak 3 R“”a“’f} +ape Y, RV +i{ﬁk 3 R“’)ﬁ“’f} (6.26)

k=1 beBy beBpg k=1 beBy

where
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()
L0 1 +a,; When B, c By,
a® else

Assuming that after connecting DG to the system, total system loss is the
same, subtracting (6.26) from (6.25) will obtain (6.27).

n
Zak R®a +apg z R®a® =0

k=1 be K bEBDG
n

aos Y 2. RY +ap; Y RPa® =0 (6.27)
k=1 beB;< bEBDG

where B, ={B, "By}

From AXY = XAY + YAX, (6.27) becomes

Ape {Zn:Aak bk R(b)}t[iak O R(b)JAaDG +...

k=1 beB'k k=1 beBlk
(6.28)
am{ = R<b>Aa<b>]+( 5 R(b)a(b)]AaDG 0
beBpg beBpg

Consider > & > R® and >  R®a® in (6.28), the first term can be

k=1 be BL beBpg

expanded as follows.

n

Zak z R® =R +a,(R +R,)+..+ aps (R, +R, +..+ Ry ) +

k=1 beB,

U (R+R, +..+ Ry )+, (RI+R, +...+ Ry)

Rearrange the above equation will result in
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(o, +a,+..+a,)R +(a, +a; +...+ )R, +

(a3 + oy +.t )R+t (Apg +.+ @) Rps = Y, RPa®
beBpg

Therefore,

iakz R® = > RO® (6.29)

k=1 be BL be BDG

From (6.29), we can write (6.28) as follows:

2xAapg x{ z R(b)a(b)} = —ZX{ZA% z R(b)}a’DG
k=1

beBpe beB,

beB, DG

Aty :{ZMK 3 R(b)}% (6.30)
k=1

6.4.4 General Formula and Calculation Procedure

The general form of the formula in determining appropriate DG output power
according to load variation can be expressed as (6.31).

Aa, = —{iAak -(Z R“’)]}\;‘\‘/ﬂ (6.31)

be B'k

Where k is the node that DG is installed, n is the total of supplied node, and

B, ={B, "By }. The detailed proof of the formula is provided in the following

subsection.

According to (6.31), for the supplied nodes located behind the DG location, B
will be limited to only node k. This can be seen from the example in (6.24), i.e. for
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Aagz, the multiplier is only (R; + Ry). The procedure in obtaining an appropriate DG

output power based on the proposed method can be illustrated by Figure 6.5.

Determine appropriate DG
output power a at bus k for
peak load condition

i

Calculate

)

for each LP;

)/
Calculate virtual voltage W
at peak load

l

Calculate relationship
between appropriate DG
output and load variations

Figure 6.5 Procedure in determining load and DG output power relationship

From Figure 6.5, the appropriate DG output power is firstly determined at

peak load to obtain ax. Then, > . R® in (6.31) is calculated to obtain a coefficient

beB,
for Aa; at each Load Point (LP). Next, the virtual voltage Wy at peak load condition is
calculated using (5.10). Then, substitute all the obtained parameters in (6.31) to
determine the formula of the appropriate DG output and the load variation. As a
result, for any given load conditions, the appropriate DG output power can be

determined accordingly.
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For example, at a considered interval, if demand is 30% of peak load, it means
that Ada; is 70%, i.e. 100%-30%. Substituting all d«; of every load point into the
established relationship, the change in appropriate DG output power, dax can be
determined. Then, the new DG output power is calculated by adding up 4o to the

appropriate DG output power at peak load, i.e. ax.

6.5 Summary

From the analyses of DG impact on protection system coordination in Section
3.4, this section proposed the method for determining the maximum allowable DG
capacity which does not result in protection mis-coordination. The problem is
formulated as an optimization problem with an objective function (6.1) and a set of
constraints (6.2) — (6.8) comprising of voltage, loss, and protection coordination, by
which the procedure shown in Figure 6.1 will be applied. Regarding the protection
coordination constraint, it will be selected based on DG and fault location as shown in
Table 6.1. In addition, the process for applying the proposed method in the case that

there is more than one DG connection is presented in Figure 6.2.

Since the existing protection coordination is a limit for the maximum
allowable DG capacity, the protection adjustment method is proposed to allow higher
penetration of DG. The methods comprise resetting protective devices, directional

recloser application, and replacement of fuse with recloser.

From the impacts of DG on system service quality demonstrated in Section
4.4, the method for determining reliability index, i.e. SAIFI and SAIDI, in the
presence of DG by which its capacity is larger than the maximum allowable is
proposed. The PMA for three types of protection mis-coordination, i.e. back-feed
current, fuse saving scheme problem, and fuse-fuse coordination will be determined
and applied to calculate for PMI using (6.13) — (6.14) and update for SAIFI and
SAIDI using (6.15) — (6.17). Furthermore, if a DG capacity is less than the maximum
allowable, which also means SAIFI and SAIDI remains unchanged, the method for

determining an improvement on SARFI-X and SARFI-Curve is developed.
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From the analyses of DG output power and power loss with customer load
profile consideration in Section 5.2 — 5.4, this section proposed the method for
determining appropriate DG output power which does not increase system loss. The
methods are consisted of direct search and approximation method. The first method
formulates the problem as an optimization problem with an objective function (5.2)
and loss constraint (6.3). The appropriate DG output power is then determined for
each different load level. To simplify the problem and reduce computational time, the
application of BCDLA is proposed to establish the relationship between a change of
customer demand and appropriate DG output power from the procedure in Figure 6.5.

The output from both methods is the appropriate DG output power profile.

All proposed methods comprising of the determination of maximum allowable
DG capacity with protection coordination consideration, the determination of
appropriate DG output power with customer load profile consideration, protection
adjustment method for higher penetration of DG, and system service quality

evaluation, will be applied next to analyze the test system in Chapter 7.



CHAPTER VII

SIMULATION RESULTS

All the proposed method will be tested with a modified RBTS Bus 2 [32-33].
The first subsection illustrates the obtained maximum allowable DG capacity which
does not cause protection coordination failure. Next, the proposed protection
adjustment method is applied to increase the maximum allowable capacity. Then,
service quality of the test system is evaluated for two cases, i.e. when DG capacity is
larger than the maximum allowable and when it is less. Finally, an appropriate DG
output which does not increase system loss and take into account customer load
profiles is determined. The obtained results are then applied to establish appropriate

DG output profile for a dispatchable DG unit.
7.1 Maximum Allowable DG Capacity with Protection Consideration

This section presents all the results obtained from the proposed method. The
analysis is divided into 3 cases according to constraint considerations, i.e.

(@) Line loss constraint,
(b) Protection coordination constraint, and
(c) Protection coordination and line loss constraints.

Additionally, examples of the determination of maximum allowable DG

capacity under multiple DG connections are also provided.
7.1.1 Simulation Results

The results of the maximum allowable capacity of the DG at each location of
the test system are shown in Table 7.1. In addition, the percentage of the line loss

reduction compared to the base case with no DG is also included.

From the results in Table 7.1, protection coordination clearly has impact in
determining the maximum allowable capacity. If the protection coordination is
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ignored, i.e. only system voltage and line loss are considered, the results of the
maximum allowable DG capacity will become larger. For example, considering
Feeder 3 without protection coordination constraint as of Case (a), the maximum
allowable capacity of a DG at node 3D is 6.54 MW, which may, however, cause

protection coordination failure. In Case (c), if the protection coordination is taken into

account, the maximum allowable capacity of a DG at node 3D reduces to 2.74 MW.

Table 7.1 Maximum allowable DG capacity at each location

Feeder DG In front of / | Maximum allowable DG size capacity (MW) /
location behind Loss reduction (%)
Recloser Case (a) Case (b) Case (c)

1 1A In front 10.00/6.44% | 10.00/6.44% | 10.00/ 6.44%
1B In front 10.00/2.77% | 10.00/2.77% | 10.00/2.77%
1C Behind 8.62/0.00% | 2.56/13.14% | 2.56/13.14%
1D Behind 7.10/0.00% | 2.63/12.62% | 2.63/12.62%

2 2A In front 7.22/0.00% | 10.00/-7.17% | 7.22/0.00%
2B In front 5.70/0.00% | 10.00/-19.74% | 5.70/0.00%

3 3A Infront | 10.00/1.59% | 10.00/1.59% | 10.00/ 1.59%
3B In front 9.56/0.00% | 8.51/4.88% | 8.51/4.88%
3C Behind 8.33/0.00% | 2.64/12.05% | 2.64/12.05%
3D Behind 6.54/0.00% | 2.74/11.26% | 2.74/11.26%

4 4A In front 10.00/4.53% | 10.00/4.53% | 10.00/ 4.53%
4B In front | 10.00/0.07% | 10.00/0.07% | 10.00/0.07%
4C Behind 8.44/0.00% | 2.66/13.29% | 2.66/13.29%
4D Behind 7.37/0.00% | 2.74/13.90% | 2.74/ 13.90%

Figure 7.1 depicts the comparison of the obtained results with and without
protection coordination consideration of Feeder 3. It is obviously seen that the
maximum allowable DG capacity is reduce with a consideration of protection
coordination. This also implies that protection coordination constraint presents a

significant impact to the allowable DG capacity in the system. This result emphasizes
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the necessity of protection consideration when determining for maximum allowable
DG capacity. Otherwise, with only power loss consideration, the installed DG

capacity may cause problem to the protection coordination.

<]

o

555

iy

e

ety

& Case (a)
B Case (c)

ety

L

L

i

DG Size (MW)
o

e

ey

S T
&

et

A

L
L

o
g

T
S

=
by

by
5%

Location

Figure 7.1 Comparison of maximum allowable DG capacity of Feeder 3 of Case (a)

and Case (c)

In some situations, utility may not concern with power loss. In case of
neglecting the line loss constraint, it may result in a higher allowable capacity. As an
example, the maximum allowable DG capacity at node 2B is 5.70 MW as of Case (c).
However, it increases to 10 MW when the loss constraint is neglected as of Case (b)

with the increase of system loss by 19.74%.

In addition, it can be noticed that the maximum allowable size of DGs located
in front of the recloser is larger than that those of located behind the recloser.
Considering Feeder 1, which has a mid-line recloser and with all constraints being
applied as in Case (c), the results in Table 7.1 show that the maximum capacity
located in front of recloser, i.e. nodes 1A and 1B, is 10 MW. In contrast, the
maximum allowable capacity of a DG located behind the recloser of Feeder 1, i.e.

nodes 1C and 1D, are in the range of 2.5-2.6 MW. Similar results can be seen with
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Feeders 3 and 4. Figure 7.2 summarizes the maximum allowable capacity of the DG

located in front of and behind recloser for each feeder.
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Figure 7.2 Comparison among the maximum allowable capacities of DGs located in
front and behind the recloser of each feeder

Figure 7.3 illustrates maximum allowable capacity of a DG for each location
of Feeder 1 and its associated loss reduction of Case (c). The figure shows that
although the maximum allowable capacity of the DG behind the recloser is rather
small, however the percentage of loss reduction is high, to an approximated value of
13%. In contrast, even though the maximum allowable capacity of the DG in front of
recloser is high, its impact on the loss reduction is rather low, approximately 3-6%.

Similar results can be found for Feeders 3 and 4.

Figure 7.4 graphically presents the results of Case (c). The maximum
allowable capacity of a DG at each location along the main line is presented by a
circle with its value. The size of the circle is related to capacity of a DG. It should be

noted that a single DG connection is assumed in the figure.
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At location 1A, 1B, 3A, 4A, and 4B, the maximum allowable DG capacity is
10 MW. This implies that the DG capacity for these locations reaches the upper limit
of maximum DG capacity defined in subsection 6.1.1.

It is clearly shown that the developed method is a tool for distribution system
engineers. A utility officer can quickly calculate the capability of allowing a DG
connected to the existing system. This will help the utility officer screen the applied
DG projects. For example, Figure 7.4 shows that if there is a DG request for its
connection at node 2B, the desired maximum allowable capacity from the utility
perspective will be 5.70 MW. If the DG is of less capacity, the utility officer will
know that such a DG will not cause problem to the existing network in terms of loss,
voltage profile, and protection coordination. Nonetheless, a larger capacity of the DG

implies that the existing system needs to be modified or upgraded.

7.1.2 More than One DG Connection Application

In this section, the proposed method will be further tested with the test system
for the case of having more than one DG connection. The procedure in Figure 6.2 will
be applied to simulate for the results. Two examples are provided comprising the
second DG unit, and multiple DG units cases.

In the first example, the maximum allowable DG capacity is determined for a
system with a DG capacity of 5 or 10 MW connected to location 1A. The obtained
results are shown in Table 7.2. The value in each parenthesis presents a percentage
change of the maximum allowable DG capacity from that of the base case where there

is no DG connection.

Based on the results, it is clearly seen that a DG connection at 1A does impact
on the maximum allowable DG capacity in the system. At the same location, the
maximum allowable is reduced from 10 MW to 7.45 MW and 2.45 MW after a
connection of 5 MW and 10 MW DG respectively. In fact, the maximum allowable
DG capacity at this location is 12.45 MW by which it is limited by loss constraint.

Nevertheless, the maximum allowable DG capacity of the base case is 10 MW since it
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is the upper limit for the solution. It can be seen that the new maximum allowable can

be calculated directly by subtracting the installed capacity from 12.45 MW.

However, this is not true for other locations. For example, at location 1B, the
maximum allowable DG capacity is reduced from 10 MW to 7.90 MW and 3.82 MW
after a connection of 5 MW and 10 MW DG at 1A respectively, whereas at location
1C, the results remain unchanged. This implies that for other locations, the new
maximum allowable cannot be calculated from a direct subtract and has to be

determined using the proposed method.

Table 7.2 The maximum allowable DG capacity of the system with a DG connected
to location 1A

Feeder Location Maximum allowable DG capacity (MW)
Base case SMW at 1A 10MW at 1A
1 1A 10.00 7.45 (-26%) 2.45 (-76%)
1B 10.00 7.90 (-21%) 3.82 (-62%)
1C 2.56 2.56 (0%) 2.56 (0%)
1D 2.63 2.63 (0%) 2.63 (0%)
2 2A 7.22 7.22 (0%) 7.22 (0%)
2B 5.70 5.70 (0%) 5.70 (0%)
3 3A 10.00 10.00 (0%) 10.00 (0%)
3B 8.51 7.82 (-8%) 7.29 (-14%)
3C 2.64 2.64 (0%) 2.64 (0%)
3D 2.74 2.74 (0%) 2.74 (0%)
4 4A 10.00 10.00 (0%) 10.00 (0%)
4B 10.00 10.00 (0%) 9.91 (-1%)
4C 2.66 2.66 (0%) 2.66 (0%)
4D 2.74 2.74 (0%) 2.74 (0%)
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In the second example, two DGs with capacity of 5SMW each are assumed to
be connected at locations 1A and 2B, and another DG of 2.5MW at location 3C.
Applying the same method, the remaining maximum allowable DG capacity can be
calculated and shown in Table 7.3. Figure 7.5 also depicts the obtained results when
comparing with the base case. The figure graphically shows a reduction in the

maximum allowable DG capacity.

Table 7.3 Maximum allowable DG capacity for a multiple DG case

Feeder Location Current DG Maximum allowable DG capacity
connection (MW)
(MW) Base case DG at 1A, 2B, 3C

1 1A 5.00 10.00 7.45 (-26%)
1B : 10.00 7.42 (-26%)
1C - 2.56 2.56 (0%)
1D - 2.63 2.63 (0%)

2 2A : 7.22 1.48 (-80%)
2B 5.00 5.70 0.70 (-88%)

3 3A - 10.00 7.23 (-28%)
3B = 8.51 3.09 (-64%)
3C 2.5 2.64 0.14 (-95%)
3D ; 2.74 0.14 (-95%)

4 4A - 10.00 10.00 (0%)
4B ( 10.00 9.59 (-4%)
4C - 2.66 2.66 (0%)
4D - 2.74 2.74 (0%)

7.1.3 Summary

The methodology in determining the maximum allowable capacity of a DG
taking into account voltage, loss, and protection coordination constraints is presented
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and demonstrated in this section. In obtaining the results, a direct search method is

applied with a proper set of constraints related to the DG and the fault locations.
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Figure 7.5 The maximum allowable DG capacity after DG connections at 1A and 2B
of 5 MW and 3C of 2.5 MW

Impacts between loss and protection coordination constraints on the allowable
DG capacity were analyzed. The obtained results in Table 7.1 show that protection
coordination constraint dominates the line loss constraint. If the protection
coordination is not considered, the maximum allowable capacity will be larger, but

may cause protection coordination failure.

The results also show that maximum allowable DG capacity tends to be of a
smaller size for a DG located behind the recloser, compared to the DG connected in
front the same recloser. Nonetheless, the smaller size of the DG behind the recloser,
which is generally located closer to the end of the feeder, tends to have higher impact

on system loss reduction than the DG connected in front of the recloser.
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Additionally, the proposed method can be applied to the system which has
more than one DG connection and calculate for the maximum allowable DG capacity.
It is found that the results can be calculated by subtracting the installed DG capacity
from that of the base case at the same location where there is no DG connection.
However, for other locations, a direct subtract is not possible and the proposed
method has to be applied. Nevertheless, the application considers the request for DG

connection on the basis of first-come-first-serve.

7.2 Protection Adjustment Method for Higher Penetration of DG

This section illustrates the application of the proposed protection adjustment
methods on the Modified RBTS Bus 2 to increase the maximum allowable DG
capacity of the system. These methods, i.e. protective device resetting, directional
recloser application, and replacement of fuse with recloser, which are presented in
Section 6.2 will be presented The obtained results will then be compared with the

results in Section 7.1 to realize the improvement.

7.2.1 Protective Device Resetting

In this case, feeder 1 is selected for illustration. Based on the proposed

algorithm, it needs following calculation steps.

Step 0: Fault currents at circuit breaker and recloser are calculated as 5,248.6

and 2,209 A respectively.

Step 1: Suppose that the line capacity is 500 A, then raise circuit breaker
pick-up setting from 411 to 500 A, by (6.10).

Step 2: It is assumed that the setting of the incoming circuit breaker is

where Sl is Standard Inverse, TM is time multiplier
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(The incoming circuit breaker is set to 125% of 25 MVA transformer rating,

with operating time of 1.0s for the maximum fault current).

From the above settings, the operating time of the incoming for fault at the

circuit breaker is determined to be 0.93s using (3.1)

Step 3:Assuming that tmargin 1S 0.3s, TM setting of the circuit breaker can be
raised from 0.1 to 0.21 (the operating time of new setting for fault at the circuit
breaker is 0.63s).

Step 4:Suppose that K is equal to 0.8 in (6.11), new Ig pick-up IS 400 A.

Step 5:The new protection coordination can be plotted as Figure 7.6.
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Figure 7.6 Protection coordination after resetting

The above process will be repeated for Feeders 3 and 4 to complete the
protection resetting in every feeder. The setting in Feeder 2 remains unchanged since

there is no mid-line recloser, i.e. constraints based on (6.8) are not applied.
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In this case, it shows that the new setting values of Feeders 3 and 4 are
equivalent to that of Feeder 1. In other cases, the settings can be different due to
feeder capacity. The protection resetting of the test system can be summarized in
Table 7.4.

Table 7.4 Summary of protection resettings

Feeder Circuit Breaker Recloser
Before After Before After

1 lpickup=411A,  lpickup=500A, g pickup=260A  Ir pickup=400
TM=0.1 TM=0.21

3 loickup=349A,  lpickup=500A, IR pickup=270A  Ir pickup=400
TM=0.15 TM=0.21

4 lickup=383A,  lpickup=500A,  Irpickup=270A IR pickup=400
TM=0.1 TM=0.21

After resetting the devices, the maximum allowable DG capacity is
recalculated. The new results are shown in Table 7.5. Since the proposed method has
an effect only on the DG located behind the recloser, only those locations will be

shown and compared to the original system.

From the table, it can be seen the maximum allowable DG capacity of a
system for those locations behind recloser can be increased from 2.6 — 2.7 MW to

approximately 4 MW.

7.2.2 Directional Recloser Application

Next, the existing recloser is replaced by a directional recloser. In addition,
new devices will be set to respond for the fault only in a forward direction. Again, the
maximum allowable DG capacity is recalculated. Similar to the protective device
resetting, only the capacity of the DG located behind the recloser will be affected. The

obtained results are shown in Table 7.6. From the Table, the maximum allowable DG
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capacity can be increased significantly to 5 — 6 MW compared to the results in Table
7.5.

Table 7.5 Maximum allowable DG capacity after protection resetting

Feeder Location DG capacity (MW)
Base case New Results
1 1C 2.56 4.00
1D 2.63 4.18
3 e 2.64 3.97
3D 2.74 4.18
4 4C 2.66 4.00
4D 2.74 4,18

Table 7.6 Maximum allowable capacity of a DG after directional recloser application

Feeder Location DG capacity (MW)
Base case New Results
1 1C 2.56 5.85
1D 2.63 6.18
3 3C 2.64 5.32
3D 2.74 5.66
4 4C 2.66 6.11
4D 2.74 6.47

7.2.3 Replacement of Fuse with Recloser

It is assumed that lateral fuses behind the mid-line recloser of Feeder 1 are
changed to an auto-reclose device, e.g. recloser, drop-out recloser. Then, the fast
operation of the mid-line recloser is turned off whereas those of the new lateral
devices are turned on. The new maximum allowable DG capacity can be re-calculated

as shown in Table 7.7. In this case, the proposed method can help improve the results
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for those DGs located in front of a mid-line recloser as it resolves the problem of fault
level constraints on fuse saving scheme, which is clearly seen from the results at
location 3B. It can be seen that this methodology allows the highest DG penetration

compared to the other two previous methods.

Table 7.7 Maximum allowable capacity with replacement of fuse by recloser

Feeder Location DG capacity (MW)
Base case New Results
1 1A 10.00 10.00
1B 10.00 10.00
1C 2.56 8.62*
1D 2.63 7.10*
2 2A 71.22* 7.22*
2B 5.70* 5.70*
3 3A 10.00 10.00
3B 8.51 9.56*
3C 2.64 8.33*
3D 2.74 6.54*
4 4A 10.00 10.00
4B 10.00 10.00
4C 2.66 8.44*
4D 2.74 7.37*

7.2.4 Summary

The results show that the proposed protection adjustment methods can help
increase maximum allowable DG capacity. Nevertheless, each method has its own

characteristics.

Protection resetting and directional recloser application methods can help

increase the capacity for those DGs located behind the mid-line recloser. The obtained
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results from the application of a directional recloser tend to be greater than those of
the protection resetting since it completely eliminates the mis-operation of the mid-
line recloser from a back-feed fault current. The protection resetting can help alleviate
the back feed problem, however it depends on the level of existing pick-up current
which can be increased. In addition, the raise of setting will result in longer system

fault clearing time.
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Figure 7.7 The comparison of all protection adjustment methods

Replacement of fuse with recloser method can solve both the back-feed
current problem and the fault current constraint on the fuse saving scheme. It should
be noticed that only this method can improve the results for the DGs located in front
of the mid-line recloser. As a result, this method allows highest DG penetration
improvement. Figure 7.7 compares the results of all methods based on the same DG

locations, i.e. 3B and 3C representing in front and behind the recloser, which clearly
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shows that the fuse replacement method is the most promising one to allow more DG
penetration than the base case, especially for the DG located behind the recloser.
Nevertheless, the method will increase system fault clearing time especially for those
faults on the main line behind the recloser since the fast operation is turned-off.

Table 7.8 summarizes the characteristics of each protection adjustment
method. From the Table, the protection adjustment method can be selected in
accordance with system conditions and utility requirement. For example, using the
test system for illustration, if a DG capacity of 3 MW is requested for a connection at
location 1C, utility may consider resetting protective devices method with acceptance
of longer fault clearing time. However, if a DG capacity of 5 MW requests for
connection, utility may apply a directional recloser method since it will be less costly
than the replacement of fuse with recloser. However, for a proper justification, a pre-
study of each method should be conducted to realize current status and potential

increase of maximum allowable DG capacity.

Table 7.8 Summary of characteristic of each protection adjustment method

Protection Directional Replacement of Fuse with
Resetting Recloser Recloser

Effectiveness DG behind DG behind DG behind and in front of
recloser recloser recloser

Implementation

consideration

No cost of new
equipment but
with longer fault

clearing time

Installation of
one directional

recloser

Replace all lateral fuse
behind recloser by
recloser/dropout recloser
with longer fault clearing

time

7.3 System Service Quality Index Evaluation

The developed method is illustrated with the Modified RBTS Bus 2 shown in
Appendix A with its reliability information in Appendix D. The section starts with the
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application of the method on system reliability evaluation in the situation that the
connected DG is larger than the maximum allowable. Then, the application of the
method on system voltage sag evaluation in a presence of DG is presented. The
benefit of the DG to system voltage sag performance can then be quantified.

7.3.1 Results of System Reliability

Feeder 3 of the Modified RBTS Bus 2 system shown in Figure 4.3 is applied

for the illustration.

Based on the results in Section 7.1.1, Table 7.1, the maximum allowable of a
DG with protection coordination consideration at location 3C is 2.64 MW. This
implies that if a DG project of less capacity than 2.64 MW is applied for this location,
it will not cause problem to the protection system coordination and thus will not
degrade system reliability. However, if it is assumed in this case that the DG capacity
to be connected at this location is 6 MW. The proposed method will be used to
evaluate reliability performance and level of protection mis-coordination. Base on the

procedure in Section 6.3, the PMA for the back feed problem is firstly determined.

Step 0: From Table 3.2, the recloser on Feeder 3 has a pick-up current setting
of 270 A. Searching on the main line, it is found that every point along the line results

in back-feed current greater than 270 A. Therefore, PMApack-feedm 1S €qual to 7.75 km.

Step 1: Searching on the lateral in front of the mid-line recloser, it is also
determined that every point is resulted in back-feed current greater than 270 A.

Therefore, ZPMApack-feed, 1 1S €qual to 10.75 km.

The above PMA can be illustrated as shown in Figure 7.8.

Then, PMA for fuse saving scheme is determined as described below.

Step 0: According the selection of fuse size shown in Table 3.2 and the
coordination plot in Figure 3.7, the maximum fault current design for fuse saving

scheme between recloser fast curve and fuse 65K is approximately 2,300 A.
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Figure 7.8 PMApack-reed IN Main and lateral feeders

Step 1: Searching on the lateral behind the mid-line recloser, it is determined
that the lateral supplying LP13 and LP14 has PMA of 0.29 km each. Therefore,
YPMAfuse-save 1 1S equal to 0.58 km.

The above PMA can be illustrated as shown in Figure 7.9.
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<
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Figure 7.9 PMAyse-save In lateral feeders
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Since fuse-fuse coordination does not exist in the system, PMAgyse-fuse 1S €qual

value.

After obtaining the value of PMA, the PMI can be calculated according to
(6.13) as follows:

PMI = 7.75(0.060) +10.75(0.060 + 0.046) + 0.58(0.060)

=1.6393

(7.1)

From the above calculation, PMI is determined to be 1.6393 times/year. This

implies that the connection of 6 MW DG at location 3C will result in protection mis-

coordination event in the system for 1.6393 times/year. Nevertheless, if the anti-

islanding protection of the DG works perfectly as previously described in Section 4.4,
the PMA for back-feed problem will be zero and the PMI is recalculated as 0.0348

time/year.

The new SAIFI and SAIDI value can be determined in the similar way as

illustrated in Section 4.3 but with the update of 4; and r; according to (6.16) — (6.17).

Table 7.9 presents the updated value of 2; and r; from the PMA above. New SAIFI
and SAIDI are presented in Table 7.10.

Table 7.9 Update of A; and r; from PMA for all load point in Feeder 3

LP PMA (km) A I
back-feed,m | Zback-feed,| | fuse-save,l

(times/year) |  (min)
LP10 0 0 0 0.6745 383.93
LP11 0 0 0 0.7540 372.57
LP12 0 0 0 0.7805 369.30
LP13 7.75 10.75 0.29 2.2889 22491
LP14 7.75 10.75 0.29 2.3004 226.18
LP15 7.75 10.75 0 2.4095 240.27
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Table 7.10 SAIFI and SAIDI value of Feeder 3 after DG connection

Base case DG 6 MW at 3C % Change
SAIFI (times/year) 0.7365 0.7670 4.14%
SAIDI (min) 277.74 281.40 1.32%

In this example, 4; and r; are changed only for those location behind a mid-line
recloser. The obtained results show that a large DG can reduce system reliability by
increasing both SAIFI and SAIDI. In this example, the SAIFI is increased by 4.14%
and SAIDI by 1.32%. Again, if PMA for back-feed problem is zero, the SAIFI and
SAIDI will be slightly increased to 0.7366 and 277.75 respectively. However, the
change depends largely on the system configuration and number of customer at each

location.

7.3.2 Results of System Voltage Sag

In this section, the proposed method for system voltage sag evaluation is
demonstrated with the modified RBTS Bus 2. In this case, it is assumed that a DG of
6 MW is installed at location 3B, by which its capacity is less than the maximum
allowable according to Table 7.1. Therefore, the benefit from DG to the system

service quality will be of interest.

From the procedure in Section 6.3, the SARFI-X can be calculated and is
shown in Table 7.11.

Based on the results, it is obvious that the connection of DG in the system can
improve system voltage sag performance. In this example, an increase in fault level
on the system from the DG can help improve the system voltage sag performance by
almost 10%. The most effective area in this example is in the range of 50-70% voltage

sag.
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Table 7.11 SARFI-X improvement after 6 MW DG connection at location 3B

Voltage sag (p.u.)

SARFI-X (times/year)

% Improvement

Base case DG 6 MW at 3B
0.9 13.8405 13.8405 0.00%
0.8 13.7265 13.1345 4.31%
0.7 8.6841 7.7496 10.76%
0.6 4.8039 4.2809 10.89%
0.5 2.6332 2.2848 13.23%
0.4 1.4076 1.3092 6.99%
0.3 0.9136 0.8500 6.96%
0.2 0.5384 0.5003 7.08%
0.1 0.2416 0.2242 7.20%

As for SARFI-Curve, the proposed procedure in Section 6.3 will be applied to

the same system. The obtained results are shown in Table 7.12. It can be seen that in
this example, SARFI-SEMI F47 gets improve by approximately 7%, where as a

bigger improvement can be found in SARFI-ITIC, which is increased by almost 20%.

Table 7.12 SARFI-Curve improvement after 6 MW DG connection at location 3B

Curve SARFI-Curve (time/year) % Improvement
Base case DG 6 MW at 3B
SEMI F47 3.0257 2.8025 7.38%
ITIC 6.7519 5.4244 19.66%

From the above simulation results, it can be concluded that the DG can

improve system voltage sag performance if the installed capacity is less than the

maximum allowable DG capacity. In addition, the improvement can be quantified and

realized by the proposed method.
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7.3.3 Summary

The proposed method has been used to evaluate system service quality with
the presence of DG.

The reliability evaluation is performed through the concept of PMA by which
the frequency of protection mis-coordination for a considered period of time can be
quantified. Additionally, PMA can be applied to calculate for a new SAIFI and
SAIDLI. 1t is clearly seen from the result that a larger penetration of DG than
maximum allowable will result in system reliability degradation.

Nevertheless, if the installed DG capacity is less than the maximum allowable,
the proposed approximation method can be applied to calculate for the improvement
on system voltage sag indices, i.e. SARFI-X and SARFI-Curve. Based on the results,
it has been shown that the benefit from the DG on the system voltage sag performance
can be quantified. In addition, it is implied that the proposed method is advantageous
to the simple and exact equation method since it can be applied to complicated
systems including those having a DG connection, and to estimate for SARFI-Curve

indices

7.4 Appropriate DG Output Power with Loss and Customer Load Profile
Consideration

In this section, it is supposed that an existing DG capacity is already known.
The proposed methodology in Section 6.4 will be applied to the test system to
calculate for appropriate DG output power with loss and customer load profile
consideration. Again, the Modified RBTS Bus 2 will be used for the illustration. The
connected DG unit is assumed to be connected at location B. The obtained results
from the proposed method will then be compared with the results from direct search

method.

7.4.1 Simulation Results Using Direct Search Method

To illustrate for determination of appropriate DG output power using direct
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search method, it is assumed that the DG is installed at location B of Feeder 1 as
shown in Figure 5.1. Based on information of customer type location and load profile
presented in Appendix, a single feeder load profile can be established by aggregating
customer load profile of all load points. Consequently, the feeder load profile of
Feeder 1 can be established and divided into 7 time intervals as presented in Table
7.13.

Table 7.13 Aggregated feeder load pattern

No. Time Type of customer Total load
(percent of peak load)
~ S C P(MW) | Q(MVAR)
1 22:00-05:00 25% 30% | 30% 1.65 1.32
2 05:00-08:00 50% 30% | 30% 2.30 1.84
3 08:00-10:00 35% | 100% | 30% 3.19 2.55
4 10:00-16:00 35% | 100% | 100% 4.24 3.39
5 16:00-18:00 60% 30% | 100% 3.61 2.89
6 18:00-21:00 100% | 30% | 80% 4.35 3.48
7 21:00-22:00 60% 30% | 30% 2.56 2.05

Table 7.14 Appropriate output of the DG according to load variation

No. Time DG Output Power
(MW)
1 22:00-05:00 2.90
2 05:00-08:00 3.78
3 08:00-10:00 5.92
4 10:00-16:00 8.18
5 16:00-18:00 6.35
6 18:00-21:00 7.14
7 21:00-22:00 4.13
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After obtaining feeder load profile, a direct search method is applied at each
time interval. The obtained simulation results are shown in Table 7.14, from which an
appropriate output DG profile can be calculated and shown in Figure 7.10. It implies
that, if appropriate DG output powers are within this output profile, it will certainly
benefit the system in term of system loss reduction. Otherwise, the DG is likely to

increase the system loss.

10 T T T T T T —_ T T T T
Appropriate DG output profile
OF - R L e — Feeder load profile |

Power (MW)

Il Il Il Il Il Il Il Il Il Il Il
0 2 4 6 8 10 12 14 16 18 20 22 24
Time

Figure 7.10 Appropriate DG output at location B and feeder load profile

7.4.2 Simulation Results Using Approximation Method

From Table 5.1 in Section 5.2, appropriate output power of the DG determined
at peak load or ag is 10.54 MW. By using (5.10), the virtual voltage (W,) can be

determined as shown below.
W, =0.7912x (4.4662) +0.7912 % (6.1998)

(7.2)
=8.4394

Consequently, by applying (6.31), the relationship between appropriate DG
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output and load variation can be established as follows:

7 10.54
Acy =—| Y Aq, 73
% (le % ><A*jxs.4394 (7:3)

Where i is load point number, 4a; is percent change from maximum load at
load point i, i.e., if load factor is 25%, percent change from maximum load or Ao is

75%, and the values of A; for each load point are as shown below.

0.7912, 1=12

A= (7.4)
1.5825, 1=3,4,5,6,7

After obtaining a value of 4ag, a new appropriate DG output can be calculated
from (7.5).

ay =10.54+ Aa, (7.5)

Based on (7.3) — (7.5), an appropriate DG output power according to system
demand in Table 7.13 can be calculated. The obtained results are presented in Table

7.15 and compared with the results from the direct search method.

According to Table 7.15, it can be seen that the relationship between load
variation and appropriate DG output provides a fair accuracy compared to the direct
search method. However, the problem becomes a simple linear equation.
Consequently, the method is suitable for the applications which require less

calculation time, while small error can be allowed.

Based on the above results, it can be found that the proposed method provides
the appropriate outputs with error ranging from 2-16 % when compared to the results
from direct search method. The cause of the error mainly comes from the fact that the

proposed method is developed based on the assumption that voltage at every bus is
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equal to 1.0 p.u. Therefore, if the original feeder voltage is well regulated, it is
anticipated that the error will be less than the ones shown in the Table 7.15. Table
7.16 demonstrates the average system bus voltage deviation if a DG with capacity of
10.54 MW is connected at point B for the whole study period. It can be found that
when the deviation of system bus voltage magnitude and angle from the assumed 1.0

p.u. is high, the percent errors according to Table 7.15 are correspondingly increased.

Table 7.15 Appropriate output power of a DG at location B

No. Time DG output (MW) Percent
Peak | Direct | Proposed | Difference
Load | Search(l) | Method(2) | (1), (2)
1 22:00-05:00 | 10.54 2.90 3.36 16%
2 05:00-08:00 | 10.54 3.78 4.22 12%
3 08:00-10:00 | 10.54 5.92 6.24 5%
4 10:00-16:00 | 10.54 8.18 8.31 2%
5 16:00-18:00 | 10.54 6.35 6.63 4%
6 18:00-21:00 10.54 7.14 7.41 4%
7 21:00-22:00 | 10.54 4.13 4.56 10%

Table 7.16 Average system bus voltage at different load level when DG of
10.54 MW is connected at location B

No. Time Total load Average voltage

P(MW) | Q(MVAR) | deviation (p.u.)
1 22:00-05:00 1.65 1.32 0.0498
2 05:00-08:00 2.30 1.84 0.0477
3 08:00-10:00 3.19 2.55 0.0431
4 10:00-16:00 4.24 3.39 0.0399
5 16:00-18:00 3.61 2.89 0.0420
6 18:00-21:00 4.35 3.48 0.0411
7 21:00-22:00 2.56 2.05 0.0469
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Table 7.17 presents total power loss and energy loss as the results of the DG
output power for each load level shown in Table 7.15. It can be seen that the total
power loss and energy loss for the case of having no DG and the output power level
from the direct search method are the same, i.e. loss does not increase. The results
from the proposed method are slightly higher than that of both cases. In term of
energy loss, the result from the proposed method is 8% higher. This is due to the node
voltage assumption of 1.0 p.u. by the proposed method. However, if the DG is
operated as a must-run unit for a single output power level, calculated from only peak
demand, the total power loss increases significantly and the energy loss is almost four
times to that of the proposed allowable output power of the DG. With these results, it
is clear that if we can keep the DG output within the allowable levels, there will be a
high chance of feeder loss reduction.

Table 7.17 Power and energy losses

No. Time Total Power Loss (MW)

Peak Direct Proposed | No DG
Load Search Method
22:00-05:00 0.2682 0.0149 0.0200 0.0149
05:00-08:00 0.2513 0.0255 0.0317 0.0255
08:00-10:00 0.2195 0.0626 0.0692 0.0626
10:00-16:00 0.2066 0.1248 0.1285 0.1248
16:00-18:00 0.2196 0.0765 0.0828 0.0765
18:00-21:00 0.2122 0.0955 0.1021 0.0955
21:00-22:00 0.2455 0.0309 0.0373 0.0309
Energy Loss (kwh) 5630.6 1525.5 1653.1 1525.5

~N| O O B W N

With the application of the direct search or the proposed method, appropriate
DG output according to customer daily load profiles can be established.
Consequently, providing that the DG is a dispatchable unit, the utility can control an

appropriate DG output in such a way that it will not increase total system loss.
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However, if the DG is a non-dispatchable unit and its output is kept constant, e.g. at 6
MW, it will increase system loss during off peak period whereas it only help decrease

system loss during peak period.
7.4.3 Summary

This section has illustrated the impact of load variation to an appropriate DG
output power which will not increase total system loss. The study shows that when
load decreases, the DG output power should be reduced accordingly. Otherwise, the

DG may increase total system loss.

An appropriate DG output power according to system demand can be
determined from the direct search method. In addition, the BCDLA is employed to

quickly estimate appropriate DG output power.

Based on the proposed method, an appropriate DG output profile for a
considered day can be established. The result assures that the DG being dispatched

with the obtained output profile is likely not to result in the loss increase.
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APPLICATIONS ON ACTUAL SYSTEM

This section demonstrates the application of the proposed method in this thesis
on a practical test system based on PEA data referred as PEA test system. The data of

the system and its protection system are described in Appendix E [46].

In general, the PEA test system is similar to the Modified RBTS Bus 2 for
system configuration and protection design. In addition, the system contains the fuse-
fuse coordination. As a result, this test system is a good and practical example for

testing the method proposed in this thesis.
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Figure 8.1 PEA test system and potential locations for DG connection

Determination of maximum allowable DG capacity with protection

coordination consideration

To begin with, it is assumed that the potential locations for DG connection on
the test system are marked by a capital letter as shown in Figure 8.1. Similarly to the

Modified RBTS Bus 2 case, the locations are restricted to the main line only.
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Accordingly, the maximum allowable DG capacity with protection coordination

consideration is determined and presented in Table 8.1.

Table 8.1 Maximum allowable DG capacity of PEA test system

Feeder Location Maximum allowable DG capacity (MW)
1 A 6.9694*
B 3.4915
C 1.9677
D 2.8360
E 2.5150

* The result is limited by loss constraint instead of protection coordination.

It can be seen that the results in all location are less than the maximum
allowable DG capacity of 8 MW specified in PEA regulation for a 22 kV system by

which the number is determined primarily from feeder capacity [3].
Service quality evaluation

Since the connected DG of 3 MW capacity is within the maximum allowable
study results according to Table 8.1, the presence of DG will not impact on protection
system coordination. As a result, system reliability measured by SAIFI and SAIDI

remains unchanged.

For the voltage sag event, the benefit from a presence of DG through an
improvement on SARFI-X and SARFI-Curve index can be presented in Table 8.2 and
8.3 respectively.

Appropriate DG output power profile with customer load profile

consideration

Next, it is assumed that the DG capacity of 3 MW is to be connected at
location B. With customer types according to Appendix E, Table E.2, an appropriate
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DG output power profile which does not increase system loss can be determined.

First, the direct search method is applied as follows.
Step 0: The feeder load profile is established as shown in Table 8.4.

Step 1: At each interval, the direct search method is applied to determined
appropriate DG output power which will not increase system loss. The obtained
results are shown in Table 8.5. Figure 8.2 presents a plot of the results and the feeder

load profile.

Table 8.2 SARFI-X improvement after 3 MW DG connection at location B

Voltage sag (p.u.) SARFI-X (times/year) % Improvement
Base case DG3MW atB
0.9 6.3160 6.0314 4.51%
0.8 3.3136 3.1074 6.22%
0.7 1.6059 1.6059 0.00%
0.6 0.9975 0.9922 0.53%
0.5 0.6402 0.6402 0.00%
0.4 0.4320 0.4320 0.00%
0.3 0.2809 0.2809 0.00%
0.2 0.1659 0.1659 0.00%
0.1 0.0742 0.0742 0.00%

Table 8.3 SARFI-Curve improvement after 3 MW DG connection at location B

Curve SARFI-Curve (time/year) % Improvement
Base case DG 3 MW atB
SEMI F47 0.8475 0.8474 0.01%
ITIC 1.2502 1.1426 8.61%
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Table 8.4 Feeder load pattern of PEA test system

No. Time Type of customer Total load
(percent of peak load)
R S C P(MW) | Q(MVAR)

1 22:00-05:00 25% 30% 30% 0.8700 0.6525
2 05:00-08:00 50% 30% 30% 1.4700 1.1025
3 08:00-10:00 | 35% | 100% | 30% 1.3900 1.0425
4 10:00-16:00 35% 100% | 100% 1.7400 1.3050
5 16:00-18:00 60% 30% | 100% 2.0600 1.5450
6 18:00-21:00 | 100% | 30% 80% 2.9200 2.1900
7 21:00-22:00 60% 30% 30% 1.7100 1.2825
R: Residential, S: State Agency, and C: Commercial

Table 8.5 Appropriate output of the DG at location B according to load variation

No. Time DG Output Power

(MW)
1 22:00-05:00 1.5079
2 05:00-08:00 2.4863
3 08:00-10:00 2.4783
4 10:00-16:00 3.0000
5 16:00-18:00 3.0000
6 18:00-21:00 3.0000
7 21:00-22:00 2.8818

From Table 8.5, it should be noticed that for the time interval from 10:00 to
21:00, appropriate DG output powers are determined to be 3.2211, 3.6295, and 5.0378
respectively. Since these results are greater than the maximum output power of the
connected DG, the output power for these time intervals are therefore trimmed down
to 3 MW.
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Figure 8.2 Appropriate DG output at location B and feeder load profile

Secondly, the approximation method for establishing the relationship between
appropriate DG output power and customer load profiles is illustrated below.

Step 0: By applying the method in Section 5.2, the maximum allowable
output power of the DG at peak load or o is determined to be 5.8748 MW. Using

(5.10), the virtual voltage (Wg) can be determined as shown below.

W, =0.29043x (2.5748) + 0.29043 x (3.5748)
(8.1)
~1.78606

Step 1: Applying (6.31), the relationship between appropriate DG output and

load variation can be established as follows.



126

1 5.8748
Aa. =— Aa. 8.2
% (Z‘ % XA“jx1.78606 ®2)

Where i is load point number and the value of A; for each load point are shown

below.

0.29043, i=1

A= (8.3)
0.58087, i=2-11

Step 2: From (8.2) and (8.3), an approximated DG output power profile can

be calculated as follows.

Table 8.6 Appropriate output power of a DG at location B

No. Time DG output (MW) Percent
Peak Direct | Proposed | Difference
Load | Search(1) | Method(2) | (1), (2)
1 22:00-05:00 | 5.8748 1.5079 1.9485 29%
2 05:00-08:00 | 5.8748 2.4863 2.8560 15%
3 08:00-10:00 | 5.8748 2.4783 2.8465 15%
4 10:00-16:00 | 5.8748 3.2211 3.5152 9%
5 16:00-18:00 | 5.8748 3.6295 3.8877 7%
6 18:00-21:00 | 5.8748 5.0378 5.1488 2%
7 21:00-22:00 | 5.8748 2.8818 3.2190 12%

Energy loss evaluation of an option on DG output power profiles

From Table 8.6, the resulted energy loss from the operation of DG according
each output power profile can be evaluated. Again, since the connected DG is of 3
MW, those results of output power which exceeds this number are therefore adjusted
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to 3 MW. In addition, in this example, the obtained results will be compared with the

results from DG capacity of 8 MW based on PEA regulation. The evaluation results

are presented in Table 8.7.

Table 8.7 Power and energy losses

No. Time Total Power Loss (MW)
8 MW Direct Proposed | No DG
DG Search Method

1 22:00-05:00 1.8625 0.0521 0.0838 0.0521
2 05:00-08:00 0.7273 0.0606 0.0773 0.0606
3 08:00-10:00 0.4846 0.0396 0.0507 0.0396
4 10:00-16:00 1.3762 0.1894 0.1894 0.1894
5 16:00-18:00 0.4464 0.0689 0.0689 0.0892
6 18:00-21:00 0.6238 0.1539 0.1539 0.2541
7 21:00-22:00 0.2345 0.0272 0.0329 0.0272
Energy Loss (kWh) | 5755.25 | 591.74 656.95 712.15
Percent of Energy Loss | 808.15% | 83.09% 92.25% 100.00%

It can be seen that operating DG with appropriate output profiles from both

direct search and proposed method will not result in system loss increase, while

running DG output power constantly at 8 MW will increase system loss by eight times

approximately.

Discussions

From the analyses of the PEA test system in Figure 8.1, the maximum

allowable DG capacity with protection coordination consideration is determined as

shown in Table 8.1. For example, at location B, it is determined to be 3.49 MW. As a

result, a request for DG connection of 3 MW at this location can be approved.
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It is supposed that a DG of 3 MW capacity is installed at location B. The
benefit from the DG on system voltage sag performance can be realized from the
results in Table 8.2 and 8.3. It can be seen that SARFI-X is improved for a voltage sag
of 0.6, 0.8, and 0.9 p.u., whereas the biggest improvement is found from SARFI-ITIC.

From the proposed method, the DG should be dispatched according to the
appropriate DG output profile in Figure 8.2 as not to increase system loss. The
dispatch according to the result from BCDLA method in Table 8.6, though contains
some errors, is also possible since the analyses in Table 8.7 shows that it will not

increase system loss.



CHAPTER IX

CONCLUSIONS

This thesis has explored the pattern of protection mis-coordination which may
be caused by the presence of DG in a distribution feeder. Based on the obtained
classification of protection mis-coordination, the DG capacity which does not cause
protection coordination failure can be formulated. Accordingly, a methodology to
identify maximum allowable DG capacity has been developed. The method also takes
into account other system operating constraints, e.g. voltage regulation, power loss. It
is also capable of determining maximum DG capacity taking into account existing DG
units. With the limitation imposed by the existing protection system, this thesis has
also investigated protection adjustment method in order to allow a higher penetration
of DG.

In addition, this thesis has developed a method and proposed new service
index, i.e. PMI, to calculate the impact of DG on system service quality. An increase
in SAIFI and SAIDI resulting from the protection mis-coordination due to a larger
DG unit can be calculated. Moreover, an improvement on system voltage sag, i.e.

SARFI-X and SARFI-Curve from a present of DG in the system can be evaluated

Besides system reliability, power loss is another important issue. Too large
output power from the connected DG can increase power loss significantly.
Moreover, demand variation during a day or customer load profile is another
important factor for determining appropriate DG output power Accordingly, this
thesis has proposed the methodology for determining DG output power profile, i.e.
direct search and approximation method such that power loss will not increase. In
addition, the energy loss calculation has been demonstrated to evaluate the impact of
DG to the system loss.

In conclusion, the key contributions from this thesis are as follows:

(@) Classification of protection mis-coordination from the presence of DG,
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(b) Methodology for determining maximum allowable DG capacity with

protection coordination consideration,
(c) Protection adjustment procedure to allow a larger DG capacity,
(d) Methodology for evaluating system service quality, and

(e) Methodology for determining appropriate DG output power with power

loss and customer load profile consideration.

The proposed methodology can help utility fasten the screening process of a
request for DG connection. As a result, the DG will not create problem to the
protection system coordination. Unless there is a request for a large DG connection,
the proposed methods can also be applied to determine a level of impact from the DG
to the system protection. In addition, the protection adjustment method can also be

applied for a higher DG penetration.

Regarding power loss, a dispatch of DG output power according to the
proposed appropriate output profile can help utilities control their system loss not to
significantly increase, which is beneficial to utility cost. Furthermore, the proposed
method can help utility evaluate the benefit from the DG to the improvement on
system voltage sag performance, by which it can be used to compare among several
DG sites or to select a good location for a DG.

The test with two systems, i.e. modified RBTS Bus 2 and PEA test system
have shown promising results by which all the proposed method can be exploited for
several future research areas, e.g. distributed generation, protection, reliability and
possibly smart grids, including a wide range of practical application for the

distribution utility.
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APPENDIX A

MODIFIED RBTS BUS 2

A modified RBTS BUS 2 [32-33] shown in Figure A.1 is used as the test
system in this thesis. A 200 MVA fault level is assumed at the station bus (25 MVA
transformer with impedance voltage 12.5% or 2.42 Ohm). In this test system, the line
length is assumed to be increased by five times of the original data whereas the
operating voltage is modified from 11 to 22 kV to be comparable with a typical
characteristic of a distribution feeder of the Provincial Electricity Authority of
Thailand.

LP16 LP17 LP18 LP19 LP20 LP21 LP22

27 30 {% 33 35 /%
E 26 ?)j 29 i’ \ = 34 %
4A 4D

4B N 5 4C

@163A/ \ 35/ 3C

17

LP10 LP11 LP12 LP13 LP14 LP15

@llﬂ‘\/ lB/ :%

LP1 LP2 LPS LP4 LP5 LP6

Figure A.1 Test System RBTS Bus 2

In Figure A.1, LP is represented for load point, and “R” is for a mid-line

recloser. The number followed by capitalized letter indicates possible DG locations on
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each feeder. As an example, “2B” represents the possible DG location is at point B in
Feeder 2. In this study, the possible location for DG will be restricted to the main
feeder. All necessary parameters, e.g. impedance, line length, and load are shown in
Tables A.1-A.4. It was found from the base case analysis that the total system loss
with no presence of DG is of 0.6094 MW.

Table A.1 Modified RBTS Bus 2 Feeder length data

No. | Feeder length (km) Branch no.
1 3.0 2,6,10, 14, 17, 21, 25, 28, 30, 34
2 3.75 1,4,7,9,12, 16, 19, 22, 24, 27, 29, 32, 35
3 4.0 3,5, 8,11, 13, 15, 18, 20, 23, 26, 31, 33, 36

Table A.2 Modified RBTS Bus 2 Feeder impedance (Ohm/km)

Type Impedance (Ohm/km)
Complex Absolute
Main Feeder 0.211 + 0.414j 0.465
Lateral Feeder 0.341 + 0.456j 0.569

Table A.3 Modified RBTS Bus 2 Load information

Load Point Customer type Peak demand
Real power Reactive power
(LP) (MW) (MVAR)
1-3, 10, 11 Residential 0.8668 0.6934
12,17-19 Residential 0.7291 0.5833
8 Medium Industry 1.6279 1.3023
9 Medium Industry 1.8721 1.4977
4,5,13, 14, 20, 21 State agency 0.9167 0.7334
6, 7,15, 16, 22 Commercial 0.7500 0.6000
Total 20.0006 16.0006




Table A.4 Modified RBTS Bus 2 Load summary per feeder

Feeder Load Point Peak Demand
Real power Reactive power

(LP) (MW) (MVAR)

1 1-7 5.9338 4.747

2 8-9 3.5000 2.8000

3 10-15 5.0461 4.0369

4 16-22 5.5207 4.4167
Total 20.0006 16.0006
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CUSTOMER LOAD PROFILE
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In order to investigate the impact of load variation on an appropriate DG

output level, customer load profile or load curve information is required. In this study,

it is assumed that there are three types of customer, i.e. residential, state agency, and

commercial in accordance with Table A.3. The daily load profile of each customer

type for typical working days is assumed to be as shown in Figure B.1. It can be seen

that the hourly load profile is presented in the percentage of its peak load.

% of Peak Load

Residential

L J TR | ’
0 | | | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20 22 24
State Agency
l - -
0.5F b
0 Il Il L L L Il Il Il
0 2 4 6 8 10 12 14 16 18 20 22 24
Commercial
l - .
0.5F 4
0 | | | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20 22 24

Figure B.1 Load profile of each customer type

Time
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APPENDIX C

PARAMETER OF DG

For fault analysis, the total sub-transient reactance including step-up
transformer of the DG is assumed to be 0.25 per unit based on a typical value [24, 26].
Therefore, the DG will be modeled as a voltage source in series with a reactance of

0.25 per unit value connecting to the grid at PCC.
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APPENDIX D

RELIABILITY DATA

This section provides a reliability data of the Modified RBTS Bus2 system
based on the original RBTS Bus2 system [32]. The failure rate and repair time are

presented in Table D.1.

Table D.1 Failure rate and repair time of the equipment in test system

No. Item Description Value
1 Ao Failure rate (permanent fault) 0.046 times/year/km
2 At Failure rate (temporary fault) 0.060 times/year/km
3 ro Repair time (for permanent fault) 480 min (8 hr)
4 rs Switching time (for fuse 120 min (2 hr)
replacement)

The type and number of customer at each load point in the test system is

presented in Table D.2.




Table D.2 Type and number of customer at each load point
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Feeder LP Type Number
1 Residential 210
2 Residential 210
3 Residential 210
1 4 State agency 1
5 State agency 1
6 Commercial 10
7 Commercial 10
8 Medium industry 1
? 9 Medium industry 1
10 Residential 210
11 Residential 210
12 Residential 200
3 13 State agency 1
14 State agency 1
15 Commercial 10
16 Commercial 10
17 Residential 200
18 Residential 200
4 19 Residential 200
20 State agency 1
21 State agency 1
22 Commercial 10
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APPENDIX E

PEA TEST SYSTEM

An outgoing Feeder 1 of Thoeng substation as shown in Figure E.1 [46] is
applied as Provincial Electricity Authority (PEA) test system. A 200 MVA fault level
is assumed at the station bus. The system operating voltage is at 22 kV. Besides
system configuration, the figure shows protective devices location, i.e. circuit breaker,
recloser, fuse and its size which is of K-Type. It also provides information of line type
and line length where as LP represents a customer load point. Other related
information, i.e. Line impedance, Customer data and Protection setting are presented
in Table E.1 - E.3.

115/22 kv TNG1R-03

Substation ; 8 km TNG1R-01 8 km .
Outgoing 185 sqmm. | 185 sgmm. ."'l"\.
1 (R) WA
/
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20K TNGIR-02
8 km TNG1R-05 8 km Sé'iérgR
.,-"i‘\‘ 185 sqgqmm. 7\ 185 sgmm. 6 km
N \Rj 185 sgmm.
.
LP6 LP1
CR) TNGLR-06 TNG1F-06
65K
2.2km
4 km
185 sgmm. 5.42 km S0ACSR 2.1 km
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TNG1F-02 LP3
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LP9 25K
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Figure E.1 PEA test system

Table E.1 Equipment impedance of PEA test system

Type Impedance (Ohm)

185A(S) (1 km) 0.175713+0.334439j

50ACSR(S) (1 km) 0.666638+0.376216]
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Table E.2 Customer data for PEA test system

Load Point Customer Peak Demand
(LP) Type Real Power (MW) Reactive Power (MVAR)

1 Residential 1.0000 0.7500
2 Residential 0.4000 0.3000
3 Commercial 0.2000 0.1500
4 Residential 0.2000 0.1500
5 Residential 0.2000 0.1500
6 State agency 0.2000 0.1500
7 Commercial 0.1000 0.0750
8 State agency 0.2000 0.1500
9 Residential 0.4000 0.3000
10 Commercial 0.2000 0.1500
11 Residential 0.2000 0.1500
Total 3.1000 2.3250

Table E.3 Protection setting of PEA test system

Device Setting

Circuit Breaker

Recloser (1R-01)

Fast curve=101, Slow curve=116, I pickup=340A

Recloser (1R-02)

Fast curve=101, Slow curve=116, Ir pickup=200A

Recloser (1R-03)

Fast curve=101, Slow curve=116, Ir pickup=280A

Recloser (1R-05)

Fast curve=101, Slow curve=116, I pickup=250A

Recloser (1R-06)

Fast curve=101, Slow curve=116, Ig pickup=200A
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