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Abstract

This study, which was conducted and analyzed, examined the causes of power outages affecting
essential loads such as hospitals, fire stations and many others due to storms, which caused the
power distribution network's wooden poles to fall to the ground. The storm had wind speeds
ranging from 30 to 60 meters per second. Due to this, there was a need to enhance the resilience
of the distribution network against wind storms.

Therefore, two best options were implemented to solve this problem that was hardening the
33kV lines connecting essential loads and integrating PV plants with battery storage on their
buses. In the first method, class 1-4 wooden poles were tested to see if they could withstand the
storm. From 30 m/s to 40 m/s, all classes of pole passed the test, however, at 50 m/s, only class 1
wooden poles were successful. At 60 m/s, all classes of wooden poles failed the test, so PV
plants with battery storage were integrated into the distribution network and during the storm, the
network continued supplying the essential loads in island mode of operation. The Python
programming language was used to create a program that determined the failed pole class during
the storm based on the fragility curve's probability of failure.

Therefore, after integrating PV plants with battery storage, a grid impact study was conducted to
determine if they would operate in accordance with the Zambia grid code, which they did.

To measure the resilience of the distribution network, resilience indices were calculated and
analyzed. Therefore, the active power supplied to the distribution network was calculated before,
during, and after the storm, keeping in mind that maybe the 33kV lines connecting essential
loads fell on the ground, causing an outage. Hence, PowerFactory DIgSILENT 2018 was the
computer software that was used to calculate the active power supplied. The test distribution
network was the Kasama distribution network.

In conclusion, after implementing the two best options, the distribution network's resilience
against storms causing power outages affecting essential loads was enhanced.
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1.0 INTRODUCTION

Catastrophic natural disasters such as wind storms are one of the main causes of widespread
power system blackouts. The increasing number of such incidents in recent years and the
growing dependence of people’s lives and the nation’s critical infrastructure on the electric
power network have attracted growing attention to power system resilience enhancement (Panteli
and Mancarella, 2015). Distribution network resilience is very important as it concerns urban
areas such as Lusaka and many others where the impacts of natural disasters such as wind storms
can be more devastating and can cause further casualties. Further, many of the critical
infrastructures (essential loads), e.g., hospitals, military bases, and rescue centers, rely on
electricity provided by the distribution network. Maintaining uninterrupted power supply to the
critical infrastructure (essential loads) is demanded, especially during a natural disaster such as a
windstorm (Fang et al., 2016).

Zambia has certainly been affected by the foothills of several cyclones (wind storms), which are
Ana, Gombe, Idai, Chalane, and Desmond, with maximum speeds of 213 kph (59.17 m/s), 183
kph (50.33 m/s), 111 kph (30.833 m/s), 93 kph (25.833 m/s), and 82 kph (23.1 kph),
respectively. The effects of these wind storms on the distribution network essential loads are
very devastating if they occur, and as such, there is a need to prepare for them
(https://www.worlddata.info/africa/zambia/cyclones.php, 28.10.2022).

The preparedness against power cuts caused by wind storms is enhancing the resilience of the
distribution network, which has essential loads. Power system resilience enhancement measures
are normally categorized into hardening-oriented and operation-oriented categories. Reinforcing
poles and substations as well as vegetation management are examples of the former, while
rescheduling generation, strategic microgrid islanding, and priority-based load shedding are
practical measures of the latter (Panteli and Mancarella, 2015).

In this study, various indices were analysed to measure the essential loads of the distribution
network in terms of resilience against power cuts caused by wind storms. The specific indices are
performance, vulnerability, degradation, and energy loss (Mahan et al., 2008).



1.1 Statement of the problem
We need to address the issue of the poor state of the distribution network in terms of resilience
against power outages caused by wind storms affecting essential loads (critical loads).

1.2 Aim
The aim of this research was to enhance resilience in the distribution network against power
outages caused by wind storms affecting essential loads

1.3 Objectives
The following are the objectives of this research work:

1. To investigate the consequences of the distribution network's poor condition in terms of
its resilience to wind storms, which cause power outages affecting critical loads.

2. To find the best practical options available from the literature to address the issue of the
distribution network's inadequate resilience against storms that cause power outages
affecting vital loads.

3. To calculate and analyze the resilience indices so as to measure the state of the
distribution network in terms of resilience

1.4 Research Questions

1. What exactly is resilience in the context of power systems?
What are the effects of the poor state of the distribution network in terms of resilience to
wind storms?

3. What are the best options available to address the issue of the poor state of the distribution
network in terms of its resilience to wind storms affecting essential loads?

4. What are the impacts of integrating PV plants with battery storage on the distribution
network as one of the best options available to address the issue of resilience?

5. What are the resilience indices?

1.5 Significance of the Study

This study will help power distribution planners, operation and maintenance engineers reduce the
number of forced outages caused by fallen wooden poles during wind storms in the distribution
network, affecting essential loads.

1.6 Study Site/ Delimitation
The study site for this research work was the Kasama Distribution Network under ZESCQO's
North, business unit. This distribution network was used to analyze resilience in this study.



2.0 LITERATURE REVIEW
2.1 Resilience

The word "resilience" was first used by Holling (1973) in relation to ecological systems. The
Random House Dictionary of English defines resilience as: "the power or ability to return to the
original form, position, etc. after being bent, compressed, or stretched; the ability to recover from
illness, depression, adversity, or the likelihood to spring back or rebound."

Resilience is defined by the United Nations Office for Disaster Reduction (UNISDR) as the
ability of a system, community, or society exposed to hazards to resist, absorb, accommodate for
and recover from the effects of a hazard in a timely and efficient manner, including through the
preservation and restoration of its essential basic structures and functions. And according to Bie
et al., (2017), resilience is defined as the ability of an entity to anticipate, resist, absorb, respond
to, adapt to, and recover from a disturbance.

Flynn (2008) has outlined a four-stage framing of the concept of resilience: (1) preparing to
make the system as robust as possible in the face of possible future stresses or attacks; (2) relying
on resources to manage and ameliorate the consequences of an event once it has occurred; (3)
recovering as quickly as possible once the event is over; and (4) remaining alert to insights and
lessons that can be drawn (through all stages of the process) so that if and when another event
occurs, a better job can be done in all stages.

Power system resilience is proposed by Liu et al., (2022) to capture the performance of power
systems under the influence of extreme events such as wind storms, floods, and others. In
general, power system resilience can be defined as the capability of a power system to maintain
its performance (e.g., generation, load, and voltage) and speedily recover from damages after a
high-impact, low-probability (HILP) event.

Liu et al., (2022) describe the following steps to evaluate the resilience of the power systems:

1. Event modelling

Model extreme event intensity, propagation paths, and influencing radius using either historical
or forecast data.

2. Impact assessment

With a modeled event, its impacts on the power system infrastructure are evaluated using
historical vulnerability and frangibility records.

3. Outage analysis

With identified vulnerable sections of the grid, potential outage scenarios will be generated using
probabilistic analysis and Monte Carlo simulation.



4. Resilience evaluation

Simulate power system response using the generated outage scenarios and evaluate resilience
using the resilience trapezoid model to calculate the matrices.

As shown statistically, due to the complexity of the distribution system, the restoration process
after a low probability event like floods can take weeks compared to the generation and
transmission systems (Zhang et al., 2014).

2.2 The effects of the poor state of the distribution network in terms of resilience to wind
storms

For overhead systems, the majority of power outages happen because trees are blown into power
lines and/or high, intense winds directly blow down poles during hurricanes, windstorms, and
winter storms. Overhead distribution lines consist of poles, conductor wires, and other types of
equipment. The breakdown of a single pole or conductor results in the disconnection of the entire
line. Which have resulted in substantial economic losses in recent years in the United States. For
example, Hurricane Sandy (with a peak wind speed of 175 mph) in 2012 paralysed the power
systems of several coastal states and resulted in outages that affected over 8.5 million customers.
According to reports, 65% of New Jersey's customers were cut off from power grids during this
severe storm. Between 2003 and 2012, roughly 679 power outages, each affecting at least 50 000
customers, occurred due to weather events in the United States, and 80-90% of these outages
were due to failures in distribution systems. Therefore, enhancing grid infrastructure resilience to
protect against extreme weather events is a key task of grid modernization efforts (Ma, 2016).

The cost associated with rebuilding the distribution network infrastructure and recovering lost
energy due to the outage after a wind storm is very high. For example, in the United States in
2022, an estimate from the Department of Energy showed that between 2008 and 2012, annual
costs due to weather-related power outages ranged from $25 billion to $70 billion. These figures
are derived from business costs associated with lost output, residential customers' willingness to
pay to avoid outages, and other types of lost economic output. Hurricane Sandy alone cost the
U.S. economy between $14 and $26 billion. In Thailand, the 2011 floods cost the power sector
$285 million in damages and losses and another $180 million to recover and reconstruct (Brown
et al., 2016).

The security of energy Supply has become a major concern worldwide, given modern society’s
strong dependence on its adequate delivery. Not only does the functioning of industry,
transportation, communication and computer systems depend on a continuous energy supply, but
our entire lifestyle collapses when energy fails. Surges in fuel prices, political conflicts, wars,
and natural disasters directly threaten the energy supply. And important policy concerns are
being implemented as countries look to protect themselves (Rudnick, 2011).



2.3 The best strategies available to address the issue of the poor state of the
distribution network in terms of resilience to wind storms affecting essential loads

Mahan Fell (2018) classified the best available strategies for addressing the issue of the
distribution network's poor state in terms of resilience as hardening and operational. These are
described in subsections 2.3.1 to 2.3.5.

2.3.1 Distribution network hardening strategies

Distribution network hardening is one of the most effective strategies to protect systems against
extreme wind storms. There are various distribution network hardening methods such as
overhead structure reinforcement, vegetation management and undergrounding (Ma, 2016).

2.3.1.1 Overhead structure reinforcement

Overhead structure reinforcement constitutes a primary hardening strategy that involves
upgrading distribution poles to a stronger class, enhancing guying, and refurbishing poles (Ma,
2016).

According to Mahan el at., (2018), the design of distribution lines is influenced by the maximum
allowable wind span, which is calculated based on the loads on distribution poles. The loading
on a distribution pole includes:

1. The weight of the attached equipments, conductors, neutral wires, and the vertical load
component of the guy tension force.

2. Tension forces from the conductors and neutral wire during the installation of new lines

3. Wind loadings on the pole, conductors and neutral wire based on the span

Based on these loadings and the ultimate bending moment capacity of the selected wooden pole
class and length, the maximum allowable wind span can be determined. This is the maximum
separation distance for two distribution poles that also satisfies the structural performance safety
criteria.

The American National Standards Institute standard ANSI 05.1 (1992) defines the classification
of utility wooden poles. The greatest variations in these classifications are in length and tip
circumference. But the classifications also incorporate information about load-bearing capability,
which is related to size and other factors regarding the integrity of the material of which the
poles are made. On the next page, Table 1 shows the types of wooden poles.



Table 1: classification of wooden Poles (ANSI 05.1, 1992)

Pole Class | Horizontal loads(kg) | Length range(m) | Minimum tip circumference(cm)
H6 5,170.953 13.716-38.1 99.06
H5 4535.924 13.716-38.1 93.98
H4 3,946.254 12.192-38.1 88.9
H3 3,401.943 12.192-38.1 83.82
H2 2,902.991 10.668-38.1 78.74
H1 2449.399 10.668-38.1 73.66

1 2,041.166 10.68-38.1 68.58
2 1678.292 6.096-38.1 63.5
3 1,360.777 6.096-27.432 58.4
4 1,360.777 6.096-21.336 53.34

The H classification indicates the largest utility poles in terms of circumference and height.

HS5 poles can range from 13.716m to 38.1m tall and are no less than 93.98cm in circumference
at their tip. The lower the number after the H, the smaller the pole. The sizes go down
incrementally by 5.08cm of tip circumference. So the H1 is 10.668m to 73.66m tall, but it is
73.66¢cm in circumference at the tips. The horizontal loads that the H-classification poles can
hold range from 4535.924kg for HS to 2449.399kg for H1.

Just below the H classification poles, the scale starts over and goes from 1 to 5, so a Class 1
pole is the next smallest after a Class H1. Class 1 poles range from 10.68m to 68.58m in
length and have a minimum 68.58cm circumference at the tips. Their horizontal load-bearing
capacity is 1042.166kg. The sizes drop incrementally down to Class 4 (ANSI 05.1, 1992).

2.3.1.2 Wooden pole fragility curves from class 1-4

Dunn et al., (2018) define fragility curves as the relationship between the probability of
exceeding a particular damage state (or performance) of an infrastructure component and the
intensity of the applied hazard.

Teoh et al., (2019) describe the reliability of the distribution poles and how fragility functions are
developed to determine the probability that critical engineering demand parameters will cause
the structure to exceed certain limit states for a given hazard intensity. For wood poles, the
engineering parameters of interest are the nominal bending moment and the demand moment at
ground level, Therefore, the limit state function used for the fragility analysis is defined as
follows:

ZO) =M, ,@O)—-M@)......coeveenn, (1) (Teoh et al., 2019)

Where M

. (?) is the nominal bending moment at any time t (kN-m), representing the pristine of

the pole and M(¢) is the moment demand at the ground level of the pole (kN-m).

Figure 1 below on the next page shows the fragility curves for wooden pole from class 1 to 4.



Pristine class 4 pole
[

= 0.80 — - - Pristine class 3 pole
S ™ — — Pristine class 2 pole

o | | ee-- Pristine class 1 pole

20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0 60.0 65.0 70.0
Wind speed (m/s)
Fig. 1: Fragility curve for wooden poles from class 1-4 (Teoh et al., 2019)

2.3.1.3 Calculation of the Probability of Failure of the Distribution Network

In a distribution network, each line consists of several poles, wires, and supporting arms, each of
which has a probability of failure. The calculation of line failure probability depends on the line
type, the number of poles crossed and the fragility curve of each pole must be used for an
overhead line. For the underground cables, the failure probability will be driven directly by the
fragility curves, which are assumed to be uniform for the entire length of this line.

Uniformly, the failing probability of a line can be calculated as follows:-

Po=1mPleiiioioeeeeeeee e e, )

Where P the failing probability of the Distribution line and P, is the not failing probability of

the Distribution line.

Where P, =H(1—P,,k) ............................ 3)
kek;
And P, =P + P+ PP\ ... .(4)

k 1s the set of available poles crossed by line P’ and P,f,’{ are the failure probabilities of the

wire and the pole, respectively by Mahan F el at., (2018).



2.3.2 Operation strategies: smart grid technology

Smart grid technologies can improve the overall efficiency of the power system's operation and
increase the system's visibility and response to faults and outages. These technologies enable the
power system to quickly locate power outages and restore loads more efficiently. With the
ongoing efforts on the smart grid and smart distribution system, there will be more operational
strategies available for the resilient power system, such as:

Risk assessment and management for evaluating and preparing

Disaster assessment and priority setting

Integration of Distributed Energy Resources (DER) into the Distribution Network
Accurate estimation of the natural disaster location and severity

Fault location, isolation, and service restoration

Demand side management

microgrid island operation

Advanced control and protection schemes

e o e

Among the smart grid technologies, advanced metering infrastructure (AMI) can alert the utility
grid of outage information in real time. Automatic switches allow the utility grid to isolate the
fault and reroute a blackout area to a power supply. Today, utilities build upon smart grid
technology to deal with increasing extreme events. (Bie et al., 2017)

2.3.2.1 Integration of Distributed Energy Resources (DER) into the Distribution Network

The CIGRE WG (2003) defines the DG unit as a generation unit that is not centrally planned, not
centrally dispatched, usually connected to the distribution network, and smaller than 50 to 100
MW. According to Rani et al. (2015), DG is the generation of electricity by facilities of 10 MW
or less in order to allow interconnection at nearly any point in the power system.

Hence, DG includes a variety of small generation units ranging from solar arrays, small hydro,
wind turbines, geothermal power, micro turbines, fuel cells, diesel engines, tidal power, and
wave power, to name a few. The DGs are now an integral part of most of the distribution systems
across the world and are owned and operated by utilities and customers alike.

The integration of distributed energy resources in the modern distribution network provides new
opportunities to maintain the power supply to essential loads and enable faster restoration after a
wind storm. DER is a localized cluster of power sources that can operate in two different modes.

1. Island mode
2. Grid-connected mode

The ability to maintain self-sufficiency is a critical feature of DER, which makes them suitable
to be used to mitigate grid disturbances and facilitate faster system recovery during severe
outages. Connecting multiple DERSs to the distribution network enhances its resilience to strong

winds by supplying critical loads in island mode when the main network has collapsed (Wang,
2017).



2.3.2.1.1 Types of Distributed Energy Resources (DER)

Distributed energy resources (DERs) are not commonly connected to a bulk power transmission
system but are interconnected near the load in the electric power distribution system. DER
includes renewable energy such as wind and solar, fossil-fuel-based generation (micro turbines
and small gas turbines), and distributed energy storage (Benjamin et al., 2013).

The types of DERs are described in sections 2.3.2.1.1 to 2.3.2.1.3, which, when connected to the
distribution network, will make it resilient to strong winds by operating in island mode after the
main grid has collapsed.

2.3.2.1.1.1 Solar PV energy resource

Solar PV generation has experienced tremendous growth in recent years due to the growing
demand for renewable energy sources. PV represents a method of generating electric power with
solar panels that are exposed to light. The power generated is based on the conversion of the
energy of the sun’s radiation. A solar cell that is exposed to light transfers electrons between
different bands inside the material. This, in turn, results in a potential difference between two
electrodes, which causes direct current (DC) to flow (Barlase, 2017). Numerous benefits are
expected for both the utility company and the consumer from the integration of PV energy
resources into the utility's conventional resources. This form of energy, besides being renewable,
also possesses other advantages, such as its ability to improve service reliability by reducing the
number of system outages and by avoiding line extensions to remote areas. Such systems can
also relieve thermal overloads in selected utility distribution systems. Other important benefits
also exist, such as loss reduction on both distribution and transmission lines and voltage support.
There are many such applications that have proven to be cost-effective. Besides the above
applications, utilities also benefit from reducing their peak power with the grid-connected PV
system as well as avoiding expensive line extensions by installing small standalone PV systems.
PV can also support the voltage profile of the system. The rationale is that, besides generating
real power, the PV system will also be required to provide reactive power. Voltage drops on a
feeder are more prominent in sections with large demands. PV power generation can be placed
on those branches where the voltage falls below the limit so as to improve the voltage profile
(Chowdhury and Sawab, 1996).

2.3.2.1.1.2 Wind Turbines: A Distributed Energy Resource

Wind power is obtained by using wind turbines to convert the energy of the wind into electricity
(Barlase et al., 2017). Grid-connected wind capacity is undergoing the fastest rate of growth of
any form of electricity generation, achieving global annual growth rates on the order of 20-30%.
For the last decade, capacity has been doubling every three years. The World Energy Council has
stated that it is doubtful whether any other energy technology is growing, or has grown, at such a
rate. Global installed capacity was 40 GW in 2003. According to industry associations, global
wind power capacity was 47.3 GW in 2004. Wind power is increasingly being viewed as a
mainstream technology for supplying electricity. Because of its attractiveness as a source of
electricity, many countries have set lofty targets for wind power (Milligan et al., 1998).



Wind turbines can, under certain conditions, have high distribution system support value to
utilities if installed on stressed distribution systems, or in areas where distribution facility
upgrades are anticipated. Strategically located "distributed applications" can offer line or
transformer, increase reliability, reduce substation stress, and provide other site-specific benefits.
These location-specific distributed benefits also include the energy value of the power delivered
and the potential capacity value. However, installation on weak rural distribution lines may have

negative impacts as well (Debra, 2005).

2.3.2.1.1.3 Distributed Energy Storage

Energy storage, power electronics, and communications all play important roles in mitigating the
intermittency and ramping requirements of large-scale wind and solar energy penetration
(Barlase, 2017). Storage is unique in that no single technology fits all applications. Some
applications may require fast response, while others may want duration as a key attribute. Energy
storage methods can be divided into several groups: chemical, electrical, electrochemical,
mechanical, thermal, and biological. Table 2 summarizes some of the most common types of
energy storage systems connected to the utility power grid (Akhil et al., 2013).

Table 2. Common types of energy storage systems connected to the utility power grid (Akhil at

el., 2013)
No | Storage Technologies Advantages Disadvantages
1 Pumped hydro storage High energy, low operating cost, very Special site requirements,
high ramp rate, mature technology. high project cost.

energy ratings, can perform high number
of discharge cycles, lower efficiency, and
very long life.

2 Compressed air energy High energy, low cost, better ramp rate Special site requirements,
storage than gas turbines, mature technology. need gas fuel, lower
efficiency, slower response
than flywheels or batteries
3 Flow Batteries High capacity, independent power and Medium-energy density,

complicated design, slow
dynamic response,
developing technology.

4 NaS Batteries

High power and energy densities, long
discharge cycles, fast response, long life,
mature technology.

High production cost, safety
concerns since required to
run at high temperatures,
limited applications.

5 Li-ion Batteries

High power and energy densities, high
efficiency, good cycle life, mature
technology.

High production cost, special
balancing circuits, safety
concerns.

6 Ni-Cd Batteries

High power and energy densities, mature
technology

Higher losses, lower lifetime

7 Advanced lead-acid

High power and energy densities, high
efficiency, low capital cost, mature
battery technology

High production cost, low-
energy density, large
footprint, limited useful life

8 Traditional lead-acid

Low capital cost, mature technology

Limited cycle life when
deeply discharged
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2.3.2.2 Resilient load restoration in the distribution system

According to historical data, the distribution system is to blame for 90% of power outages.
Therefore, a lot of research efforts concentrate on the distribution level (Electric Power Research
Institute, 2014). Fast and efficient restoration is a key step to increasing the resilience of
distribution systems, and resilience strategies at the distribution level are urgently needed. In this
section, we propose a resilient load restoration algorithm in the distribution system through
backup DG and reconfiguration after the extreme weather event and the faults are identified,
located, and isolated. Reconfiguration has traditionally been the primary method of restoring
supply immediately following a fault. When the fault is isolated by switches, the load in the
fault-affected areas could be picked up by tie switches to reconnect to other normally operating
feeders. At the same time, the increasing penetration rate of DGs in the distribution system also
enhances their ability to perform load restoration. Now intentional islanding of DGs is critical to
providing power supply to important loads in the distribution system (Marnay, 2015).

Zhanga and Chen (2015) proposed an optimal DG islanding strategy considering reconfiguration
after multiple faults in the distribution system. The main contributions of this method are as
follows:

1. In the proposed method, the reconfiguration and DG islanding can be optimized
simultaneously to obtain the DG islanding scheme with minimal load shedding.

2. The reconfiguration of a radial distribution system after multiple faults is considered.
Furthermore, whether a controllable DG enters islanding operation is optimally
determined.

3. The model is a mixed-integer second-order cone programming problem solved by the
traditional optimization method.

When line faults occur as a result of a hurricane (wind storm) or earthquake, the power system's
radial topology divides into several islands by faulted components, some of which have DGs or
tie switches connected to other areas, and some of which are isolated blackout areas. For the
former, the island can be redirected to other feeders and be supplied from the transformers, or it
can form a DG island and be sustainable for a period of time on its own, regardless of outside
faults. For the latter, the area has to be shut off and the load will be shedded.

An example is given in Figure 2, where the dotted lines indicate the tie switches. According to
Figure 2 on the next page, after multiple faults, the following types of areas can be formed:

1. Area 1 is an isolated load cluster without DG, and the customers are forced to suffer the
load shedding.

2. Area?2 is an area without DG but with a tie switch, and this area can either redirect to the
main grid or connect with other areas that have DG inside.

3. Area 3 and Area 4 contain DGs, and they can either form two islands, each supplied by
one DG, or reconnect with the main grid through T3, or form a DG cluster by closing T4
(Bie et al., 2015).
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Fig 2: Distribution system after multiple faults due to wind storm (Bie et al., 2015)

In the flowchart in Figure 3, it is assumed that the distribution system is equipped with tie
switches, sectionalizing switches, and DGs. When a disaster such as a windstorm happens, the
system is split into several unconnected areas by faults (Bie et al., 2015).
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Fig 3: Flowchart of resilient load restoration mechanism (Bie et al., 2015)

12



2.4 The impact of integrating PV plants with battery storage into the distribution network
to enhance resilience

The following are some of the impacts of integrating DER into the distribution network:

2.4.1 Voltage rises, causing an unbalance

The DER, like PV clusters with high PV power generation penetration, may have a negative
impact on the voltage profile of the interconnected distribution feeder by raising the voltage
above the standard limit at low load and high solar irradiation conditions. The voltage impact is a
major concern and a challenging issue for the planning and design of large-scale PV networks.
The change in voltage profile is highly dependent on the load pattern, the network configuration,
and the number of feeders connected to the same distribution substation. Maximum penetration
and the number of PV installations may also differ depending on the voltage regulation method
(Katiraei et al., 2017). In accordance with ANSI C84.1 (2006), voltage regulation in distribution
power networks is specified, where a nominal voltage of 120 volts is the standard for a
residential consumer supply with allowable deviations of 5%. According to IEEE Standard 1547
(2006), the DER shall not actively regulate voltage at the PCC (point of common coupling).

2.4.2 Protective Relaying

The integration of DER, like PV plants, leads to reverse power flows through feeder sections and
substations. The distribution grid, in general, has not been designed, built, or prepared for
bidirectional power flows. Fuse protection of feeder lateral circuits has long been a practise for
utilities. Utilities generally use two philosophies for protection coordination: fuse clearing and
fuse saving, and in some cases, a combination of both—fuse clearing where fault currents are
high and fuse saving where fault currents are moderate to low. Relays on substation breakers and
upstream feeder reclosers trip before the fuse blows in the case of fuse saving. The breaker must
trip before the fuse starts to melt. Depending on the severity of the fault, these schemes can
sometimes not operate correctly. DER causes fuse-saving schemes to be even more complex
because of the increased fault currents. In addition, DER increases the fault current level through
the fuse but not necessarily through the substation breaker or feeder recloser. Furthermore, the
addition of DER causes issues with fuse-to-fuse coordination. Choosing the correct fuse sizes,
relay settings, and DER tripping settings can alleviate this problem, but they may not be optimal
(Glover et al., 2008).

2.4.3 Frequency Control

Small-scale DER cannot control or change the system's frequency. Large-scale (MW-size) DER,
depending on its size and regulatory framework, may be allowed to provide ancillary services.
This can be accomplished by means of distributed generation, the combination of intermittent
distributed generation and storage, or by using only distributed storage, according to Glover et
al., (2008).
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2.4.4 Power Quality

Fluctuations in PV production result in large voltage fluctuations as well as voltage flicker and
other power quality issues. Potential impacts of DER integration are voltage rise, voltage
fluctuation, flicker, voltage unbalance, voltage sags and swells, and increased total harmonic
distortion (THD). Smart grid technologies and intelligent control of DER inverters can help
alleviate issues related to voltage rise, voltage fluctuation, and intermittency. Other issues, such
as voltage sags and swells due to larger fault currents, may be mitigated using, for example, fast-
reacting fault current limiters. Issues related to increased voltage unbalance and harmonic
distortion should be addressed in the planning stage of the smart grid, where maximum
penetration levels and the location of DER must be carefully evaluated (Glover et al., 2008).

2.4.5 Reactive power requirements

Most grid-connected PV inverters are currently designed to operate at unity power factor, which
means they only deliver real power in order to maximize generation performance. Therefore, the
grid has to supply the reactive and distortion components of load and distribution network
currents when there is no local means of reactive power compensation. A high rate of reactive
power supply for the grid is not accepted by utility companies. This is mainly because the
excessive reactive current flow reduces the effective capacity of the medium and high voltage
feeders and increases the overall power losses of the system. It may also increase the burden on
and power losses of the LV distribution transformers when they operate at very low power
factors (below pf = 0.6 lag in some cases) (Katiraei et al., 2017).

2.5 Resilience indices of the distribution network

Mahan el al., (2008) article talks about the new resilience indices that are obtained from figure 4
below, called the resilience graph.
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Fig. 4: Resilience graph (Mahan el al., 2008)

Where R,(%,)- System performance indices before the event, R, (¢,,) - System performance
indices after the event and R, (¢,,) - system performance after the network recovery from the

event.
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The following are the Resilience indices of the Distribution network:-

1. Performance index

R(t)= é—g .................................. (5)

Where L (¢)is the sum of the supplied essential loads L(t) and common loads L. (¢) of the
network, and L.(?) is the sum of the total loads in the grid, both supplied and unmet. Note that,
R(?) =1 in the case of uninterrupted delivery, and R(¢)= 0 in the case of complete outage,
indicating the loss of all loads of the network. After an event occurs at time 7, and in the post
event degraded state time interval [7,, ,?,], the supplied load is significantly reduced due to the

failure of network equipments.

2. Vulnerability Index

We define the normalized vulnerability index £, as shown below.

Where R, the Performance index before the storm and R, is the Performance index after the

storm. ¢, Whose value is 0 for no degraded state and 1 for complete black out. This

vulnerability index determines the decline ratio of the average supplied load after and before the
storm.

3. Degradation index

To see the impact of time, we introduce the degradation index as below

e Ry— Rt
S=], Rty 7

Which takes the value of 1 for a sudden complete blackout that lasts until recovery begins, and 0
for no lost load.

4. Energy loss index

This evaluates the amount of energy not provided due to the occurrence of the event as below:

. pir RO —R(t)dt
(o= j R, i) )
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Which indicates the rate of performance decrease over the entire storm. ¢, Assumes the value

of zero (0) in the ideal state without a drop and assumes the value of one (1) in the worst-case
scenario, indicating the maximum drop in the fastest time.
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3.0 METHODOLOGY

This chapter provides an overview of the methodologies and methods used in carrying out this
study to achieve the objectives.

3.1 Study Design

To achieve the objectives of this study, various methods were identified in the literature review.
The following are the three objectives and methods to apply to achieve them:

1. To investigate the consequences of the distribution network's poor condition in terms of its
resilience to wind storms, which cause power outages affecting critical loads.

To achieve the first objective, resilience indices were calculated and analyzed before
implementation of the two best available options to enhance the resilience of the distribution
network.

2. To find the best practical options available from the literature to address the issue of the
distribution network's inadequate resilience against storms that cause power outages affecting
vital loads.

To achieve the second objective, the two best options, which are hardening and resilient load
restoration, were implemented during the storm. In the hardening method, pole class 1-4 were
subjected to wind speeds ranging from 30 m/s to 60 m/s to determine if they could withstand and
continue supplying the essential loads. A programme coded in the Python programming
language was used to determine if these pole classes failed or not during the storm. In the
resilient load restoration method, PV plants with battery storage were integrated into the buses
connecting essential loads to operate in island mode during the storm so as to continue supplying
the essential loads.

3. To calculate and analyze the resilience indices so as to measure the state of the distribution
network in terms of resilience.

To achieve this objective, the active power supply to the essential, common loads and the whole
distribution network before, during, and after the storm were calculated in PowerFactory 2018.
These indices were used to measure the resilience of the distribution network before and after the
implementation of the two best options.

3.2 Data collection

Key to the development of this study was the acquisition of data. Various avenues were
employed in acquiring data, and these included:
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3.2.1. Site visits for Data collection

For the purpose of data collection, various substations in the Kasama distribution network were

visited. The following are the substations:

3.2.2. Data collected from the ZESCO Kasama Distribution network

Lualuo 66/33/11kV Substation
Kasama Town 33/11kV Substation
Forest 33/11kV Substation
Chilubula 33/11kV Substation
Tazara 33/11kV Substation
Lukashya 33/11kV Substation
Kasama 330/66/11kV Substation

The following information was gathered from the ZESCO Kasama distribution network.

1. 33kV Line Data

Table 3: 33kV Line data for the Kasama Distribution Power System

NO | Line Distance(km) Reactance Susceptance pS/km
mQ)/km

1 Lualuo - Kasama Town 4.2 400 2.9

2 Lualuo - Forest 5 400 2.9

3 Lualuo — Tazara 10 400 2.9

4 Kasama Town — Chilubula 35.6 400 2.9

5 Forest — Lukashya 6.8 400 2.9

2. Transformer Substation Data

Table 4: Transformer Substation Data

Substation MVA HVkV | LVKV | %impedance NO of Nominal Vector
rating taps tap group

Lualuo T1 10 66 33 8.07 17 6 Dynll1

Lualuo T2 10 66 33 8.07 17 6 Dynll1

Kasama Town T1 10 33 11 8.2 17 5 Dynll

Kasama Town T2 5 33 11 7.25 5 1 Dynl1

Lunkashya T1 2.5 33 11 4.02 5 1 Dynl

Tazara T1 5 33 11 4.06 5 0 Dynl1

Tazara T2 5 33 11 4.06 5 0 Dynl1

Forest T1 5 33 11 4.65 5 0 Dynl1

Forest T2 5 33 11 4.65 5 0 Dynl1

Chilubula T1 1.25 33 11 3.5 5 0 Dynl1
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2. Substation Loading data

Table 5: Substation Loading

No | Substation MW Loading
1 Forest 2.23
2 Kasama Town 4.57
3 Tazara 1.55
4 Lukashya 0.66
5 Chilubula 0.75

3. The probability of failure of wooden poles for class 1-4 at different wind speeds is given
by the fragility curve in figure 1

Table 6: Probability of failure of wooden poles from class 1-4

Wooden pole class Wind speed(m/s) Probability of failure
30 0.01
40 0.5
1 50 0.62
60 0.9
30 0.05
2 40 0.22
50 0.75
60 0.92
30 0.2
3 40 0.3
50 0.75
60 0.93
30 0.3
4 40 0.5
50 0.88
60 0.98

4. Existing classes of poles in the lines in the Kasama Distribution network

Table 7: Classes of wooden poles in the Kasama Distribution network

No | Distribution line Wooden pole class
1 33kV Lualuo Tazara 4
2 33kV Lualuo Kasama 3
3 33kV Lualuo Forest 3
4 33kV Forest Lukashya 4
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3.3. Modelling of the Kasama Distribution Network

The aim of this study was to maximize the amount of essential load provided during the storm,
hence improving the resilience indices. To calculate the load supplied to the distribution network
and its loads before, during and after the storm, load flow calculation was conducted in
PowerFactory DIgSILENT 2018. PowerFactory DIgSILENT (2018), a commercially available
simulation software package and Kasama's distribution network was used as the test network for
this study.

3.3.1. PowerFactory DIgSILENT

Power Factory DIgSILENT is a computer-aided engineering tool for the analysis of the
Transmission, Distribution, and Industrial electrical power systems. The term DIgSILENT is an
acronym for Digital Simulation of Electrical Networks and DIgSILENT Version 7 was the
world’s first power system analysis software with an integrated graphical single-line interface.
The software does not require advanced software programming skills due to its enhanced
graphical user interface (GUI).

DIgSILENT has been designed as an advanced integrated and interactive software package
dedicated to the electrical power system and control analysis in order to achieve the main
objectives of planning and operation optimization. It is easy to use and fully compatible with
Windows platforms and can be integrated with other packages to meet the requirements of all
power system analysis applications.

According to Akihiro.A at el., 2015 there are many other power system simulation software such
as, PSSE, MATLAB, ETAP, PSCAD, PSAT, Power World Simulator, ASPEN and others.
DIgSILENT, apart from being a robust software, is best fitted for this study.

3.3.1.1 Modelling of Nodes in Power factory DIgSILENT

Two different types of node elements are used, Terminals (* ) and Busbars ( ~ ). A
terminal is the simplest node representation and is used in those cases were neither generators
nor transformers were connected. PowerFactory gives many alternatives for the representation of
a Busbar such as Busbar, Single Busbar System with Tie Breaker, Double Busbar System etc.

3.3.1.2 Modelling of Lines in PowerFactory DIgSILENT
Lines in PowerFactory are simply represented as one-to-one connection between two nodes.

Using the icon ( ) and left clicking on the appropriate nodes a connection between them is
established. A line is represented by an EImLne object in the database which can be edited after
double-clicking on the line.

3.3.1.3 Modelling of the Load in PowerFactory DIgSILENT

The loads in PowerFactory are selected with the ( v ) button from the Drawing Toolbox and
dragging them to the Bus or the Terminal that are connected. Doing so, an ElmLod object is
created in the database which describes the load. Loads are edited by double clicking on them
and information about the active and reactive consumption can be assigned.
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3.3.1.4 Modelling of the Synchronous Generators in PowerFactory DIgSILENT

Synchronous generators are selected using the ( ) button from the Drawing Toolbox. After
placing them to the Bus that are connected the EImSym object is created in the database.

3.3.1.5 Modelling of the Transformers in PowerFactory DIgSILENT
PowerFactory incorporates the modeling of different types of transformers, such as two winding

0 &

Transformer (

@

), Auto Transformer ( ) and Boosting Transformer ( ).

), two winding-Neutral Transformer ( ), three winding Transformer (

3.3.1.6 Modelling of the Shunt Impedances in PowerFactory DIgSILENT

2

PowerFactory supports five combinations of shunt impedances such as Shunt RLC ("™ ), Shunt

L
RL ( Q ), Shunt C ("= ), Shunt RLCRp ( @ ) and Shunt RLCCRp (&2 ).

3.3.2 Modeling of the Kasama distribution network

This section shows the modeling of the Kasama distribution network in Power Factory
DIgSILENT 2018.
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Figure 7 depicts single-line diagrams of the Kasama distribution network operated by ZESCO Limited:-
The Kasama distribution network was modelled in PowerFactory Digital 2018 for the purposes of this study, as shown in Figure 5.

Below:-
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Fig. 5: Depiction of the Model of the Kasama Distribution Grid
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Figure 6 on the next page is the modeling of the Lualuo 66/33/11kV substation in PowerFactory
2018. The substation is the source of electrical energy for the Kasama distribution network and
the installed capacity is 20MVA with 2X10MVA, 66/33kV transformers.
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Fig. 7: Modelling of Kasama Town 33/11kV Substation in PowerFactory DIgSILENT 2018
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Figure 8 is the model of the Chilubula 33/11kV Substation in PowerFactory DIgSILENT 2018. The installed capacity of the substation
is 1.25MVA. The substation supplies Chilubula Mission Hospital, Zambia National Service (ZNS) camp, and the local population.
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Fig. 8: Modelling of the Chilubula 33/11kV Substation in PowerFactory DIgSILENT in 2018
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The figure 9 shows the modelling of Forest 33/11kV Substations in PowerFactory DIgSILENT 2018, the station total installed
capacity isl OMVA.
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Fig. 9: Modelling of the Forest 33/11kV Substation in PowerFactory DIgSILENT 2018
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Figure 10 is the modeling of Lukashya 33/11kV substations in PowerFactory DIgSILENT 2018. The substation has a total installed
capacity of 2.5MVA.
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Fig. 10: Modelling of the Lukashya 33/11kV Substation in PowerFactory DIgSILENT 2018
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Figure 11 shows the modeling of Tazara 33/11kV substations in PowerFactory DIgSILENT 2018. The substation has a total installed
capacity of 2.5MVA.
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Fig.11: Modelling of the Tazara 33/11kV Substation in PowerFactory DIgSILENT 2018
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3.4 Implementation of hardening and system-resilient load restoration methods to improve
the Kasama Distribution network's resilience

3.4.1 Network resilience evaluation

1. Determined the failed lines during the storm at wind speeds varying from 30 m/s to 60
m/s. The code was written in python programming software 2022 to determine these lines
that failed.

2. Calculated the load flow to determine the loads supplied during the storm for both the

common and essential loads in PowerFactory 2018.

Recovery phase. Recovered one failed line per three hours until full restoration.

4. Calculated the resilience indices.

(98]

5. Drew the resilience curve.
3.4.2 Study Criteria

The focus of this case study was to enhance resilience in the Kasama distribution network so as
to maximize the amount of essential supplies provided during the wind storm.

The study criteria was to analyze the Kasama Distribution network under storms of wind speeds
varying from 30m/s to 60m/s before and after the implementation of the two best options to
address this issue of power outages caused by poor system resilience affecting essential loads.
The following were the two best options to address the problem:

1. Hardening of the Kasama Distribution Network's wooden poles in the 33kV lines
connecting to essential loads

2. Integration of PV plants with battery storage for buses connecting critical loads. For this
option, an investigation was conducted on the effects of the integration of PV plants with
battery storage to determine if the test network could not collapse in terms of voltage.

3.4.2.1 Hardening of the distribution network

This step determines possible strategies to harden the network lines. Depending on the locations
of the essential loads and the network structure, various strategies can be proposed. Each strategy
is a set of lines, each of which connects the essential loads and the available power resources in
the network. In this study, wooden poles from class 14 were tested to determine if they could
withstand the storm. To enhance the resilience of the distribution network against storms
affecting essentials loads, only lines connecting them were tested.

The Kasama distribution network's critical loads are connected at the 11kV buses of Kasama
33/11kV and Chilubula 33/11kV substations. At Kasama 33/11kV Substation, the loads are
Kasama General Hospital, Kasama business District, and Lukupa water pumping station and at
Chilubula 33/11 kV Substation; Chilubula mission hospital and ZNS Camp.
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3.4.2.2 Integration of a solar PV plant with battery storage
Since the primary goal of this study was to ensure continuous supply of power to essential loads
during and after the wind storms, the solar PV plants with battery storage remained in service in
case of the 33kV Lualuo-Kasama Town and 33kV Kasama Town Chilubula lines, respectively
failed.
The models of operation of these solar PV plants with battery storage were as follows:
1. Normal state of the Kasama Distribution network before the storm
The PV plants with battery storage operated in grid-connected mode.
2. Degraded state of the Kasama distribution network
This is the state during the wind storm, and the expectation is that the 33kV lines with a high
probability of failure have failed. Therefore, the PV plants with battery storages islanded and
continued supplying the essential loads.

3. The Kasama Distribution Network's Recovery Status

This is the state after the wind storm (event) and the recovery of the failed lines.
3.5 Data Analysis

To analyze the Kasama Distribution network's resilience, the following resilience indices were
calculated before, during, and after the storm.

1. Performance index ( R(¢))
2. Normalized Vulnerability index (&)
3. Degradation index (&)

4. Energy Loss index (&)

To determine the resilience indices, from the resilience graph in figure 4 of section 2.5, let
R,=R(t,), R L, =R(2,,) and R, = R(t,) be the system performance indices before, during and

after the storm respectively. The Performance, Normalized Vulnerability, Degradation and
Energy indices will be calculated using formula 5 — 8 in part two (2) of this study.

Usually, wind storms take days to completely damage the network, unlike earthquakes, which
take a few hours. For the purposes of this study, we assumed that the wind storm (event) lasted
six (06) hours and that the repair time for each line was three (03) hours. These assumptions
helped us to draw the resilience curve and analyze the Kasama distribution network's resilience.
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4.0 RESULTS AND DISCUSSIONS
This chapter provides an overview of the results and findings of the research.

4.1 Overview

Chapter three (3) above identified two strategies to implement in this study to enhance the
resilience of the Kasama distribution network (test network) against wind storms with speeds
varying from 30m/s to 60m/s that causes outages affecting essential loads.

The study scenarios are categorized as follows:

1. Evaluation and analysis of the resilience indices of the Kasama Distribution Network
after implementation of the two (2) best options

2. To conduct an analysis of the effects of incorporating PV plants with battery storage into
the test network.

The findings of the above investigations are outlined as follows in Section 4.2:
4.2 Evaluation and analysis of the resilience indices of the Kasama Distribution Network

In this study, it was assumed that the storms occurred at 10:00 a.m. and normalized at 16:00 pm.
In PowerFactory DIgSILENT 2018, load flow calculations were carried out before, during, and
after the event to determine the active power supplied to both the common and essential loads.
Storms. A code written in python programming software 2022, was able to determine the failed
lines during the storm.

4.2.1 Evaluation and analysis of the resilience indices of the Kasama Distribution Network
during the storm of 30m/s wind speed

To evaluate and analyze the resilience indices of the Kasama distribution network during a storm
of 30m/s wind speed, class 1-4 poles were analyzed. It was noted that their probabilities of
failure are 1%, 5%, 20%, and 38%, respectively and as such, they were able to withstand the
storm, as was determined by a code written in python 2022 programming software (pycharm) in
figure 21 in appendix 7.2. Table 8 below shows the resilience indices of the Kasama distribution
network. As the calculation can be seen in appendix 7.3

Table 8: Resilience indices of the Kasama Distribution network during the storm of 30m/s

gy ¢o . % of essential Load supplied
during the event(wind storm)
0 0 0 100

¢, =0, indicates that 100% of network loads were supplied during the storm and {, =0,

indicates 100% of the network demanding energy is provided in the whole process. And essential
customers were on supplied before, during and after the storm.
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4.2.2 Evaluation and analysis of the resilience indices of the Kasama Distribution network
during the storm of 40m/s wind speed

To evaluate and analyze the resilience indices of the Kasama distribution network during a storm
of 40m/s wind speed, class 1-4 wooden poles were tested. It was noted that their probabilities of
failure were 5%, 22%, 30%, and 45%, respectively, and as such, they were able to withstand the

storm. As was determined by a code written in python 2022 programming software (pycharm) in
figure 22 in appendix 7.2. Table 9 below shows the resilience indices of the Kasama distribution

network. As the calculation can be found in appendix 7.3

Table 9: Resilience indices of the Kasama Distribution network during the storm of 40m/s

gy ¢o ¢y % of essential Load supplied
during the event(wind storm)
0 0 0 100

¢, =0, indicates that 100% of network loads were supplied during the storm and ¢, =0,

indicates 100% of the network demanding energy is provided in the whole process of the storm.
And essential customers were on supplied during the storm

4.2.3 Evaluation and analysis of the resilience indices of the Kasama Distribution network
during the storm of 50m/s wind speed

To evaluate the resilience indices of the Kasama distribution network, during a storm of 50 m/s
wind speed, class 1-4 wooden poles were tested. Only class 1 poles were able to withstand the
storm due to their failure probabilities of 62%, 75%, 80%, and 83%, respectively. As was
determined by a code written in python 2022 programming software (pycharm) in figure 23 in
appendix 7.2. Table 10 below shows the resilience indices of the Kasama distribution network.
As the calculation can be found in appendix 7.3

Table 10: Resilience indices of the Kasama Distribution network for class 1 poles during the
storm of 50m/s wind speed

Cr $o s, % of essential Load supplied
during the event(wind storm)
0 0 0 100

¢, =0, indicates that 100% of network loads were supplied during the wind storm and ¢, =0,

indicates 100% of the network demanding energy is provided in the whole process of storm. And
essential customers were on supplied.
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4.2.3.1 Restoration of the failed lines after the storm of 50m/s wind speed

Table 11: Resilience indices of the Kasama Distribution network during and after the storm of
50m/s wind speed

Cr $o s, % of essential Load supplied
during the event(wind storm)
1 1 1 0

As can be seen from table 11, £, = 1 which indicates 100% of the loads lost supply during the

event, = 1 which indicates sudden loss of supply of the entire network and &, = 1 which

indicates 100% of the network demanding energy is not provided in the whole process. And
during the storm, the essential loads were off supply.

The table 12 below shows the calculated performance indices before, during, and after the event.
These calculated performance indices were used to come up with figure 12, called the resilience
graph.

Table 12: Calculated Performance indices before, during and after the storm of 50m/s wind
speed

Stage of the event Performance
Time in Index
hours
06:00-10:00 Before the event 1
10:00-16:00 During the event 0
16:00-19:00 Restoration of 33kV Lualuo Kasama town line 0.46823
19:00-22:00 Restoration of 33kV Kasama town Chilubula line 0.5450
22:00-01:00 Restoration of 33kV Lualuo Tazara line 0.70323
1:00-04:00 Restoration of 33kV Lualuo Forest line 0.932
04:00-07:00 | Restoration of 33kV Forest Lukashya line 1
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Fig. 12: Resilience graph of the Kasama Distribution network before, during and after the event
at wind speed of 50m/s

As can be clearly seen from Figure 12, class 2-4 poles cannot withstand this storm.

4.2.4 Evaluation of the Resilience Indices of the Kasama Distribution Network during the
storm of 60m/s wind speed

At this wind speed, class 1-4 poles were unable to withstand the storm, causing the network to
lose all essential and common loads. Figure 13 is the resilience graph before, during and after the
event. As was determined by a code written in python programming language 2022 in figure 24
in appendix 7.3.
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Fig.13 Resilience graph of the Kasama Distribution network before, during and after the event at

wind speed of 60m/s

As can be seen from figure 13, before the storm, all distribution network loads were supplied, but
at 10:00 hours when it occurred, all 33kV lines failed, and as a result, all network loads were cut

off until restoration, when it normalized at 16:00 hours.

The table 13 below shows the classes of poles to be installed in the distribution network
depending on the maximum wind speed of that geographical location.

Table 13: Selection of pole class depending on geographical location

NO Geographical location maximum wind speed in m/s Pole class
1 30 1-4

2 40 1-4

3 50 1

4 60 and above None

36



4.3 Evaluation of the Resilience Indices of the Kasama Distribution Network after
Integration of PV Plants with Battery Storage

The focus of this study is to maximize the amount of essential load provided during the event by
improving the resilience indices of the Kasama Distribution network. Since class 1-4 poles failed
during the storm with wind speeds of 60 m/s, PV plants with battery storage were integrated on
the buses connecting them as the second-best option available to enhance resilience against
storms.

Therefore, at Kasama Town substation on 11kV feeders, namely Lukupa and Hospital, 2.1MW
and 2.2MW PV plants with battery storage were installed to supply Lukupa water pumping
station and Kasama general hospital, respectively. And at Chilubula substation, on the 11kV bus,
a 1.75MW PV plant with battery storage was installed to supply the mission hospital and ZNS
camp.

The figures 14 and 15 on the next pages shows the integration of PV plants with battery storage

at Kasama Town 33/11 kV and Chilubula 33/11 kV substations respectively, modelled in
PowerFactory DIgSILENT, 2018.
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Fig. 14: Integration of PV plants with Battery storage at Kasama Town 33/11kV Substation on the 11kV bus
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4.3.1 Evaluation and analysis of the resilience indices of the Kasama distribution network
when PV plants with battery storage are integrated during the storm with a maximum
speed of 60m/s

The table 14 below shows the resilience indices after the integration of the PV plants with battery
storage into the Kasama distribution network.

Table 14: Resilience indices after injecting of the solar energy in the Kasama Distribution
network

4 il il % of essential Load supplied
Vv D E . .
during the event(wind storm)
0.54 0.539 0.539 100%

¢, =0.54, indicates that 54% of network loads are disconnected at the time of network failure

and {, =53.99, indicates 53.99% of the network demand energy is not provided in the whole

process of wind storm . And all of the essential customers were on supply during and after the
event because the PV plants with battery storage islanded.

The table 15 below shows the calculated performance indices after injecting solar energy into the
Kasama distribution network. The calculated performance indices are used to come up with
figure 16, called the resilience graph.

Table 15: Calculated Performance indices after integrating PV plants with battery storage in to
the Kasama Distribution network

Duration Stage of the event Performance Index-PV plant
Injection

06:00-10:00 | Before the event(wind 1
storm)

10:00-16:00 | During the event (wind 0.4601
storm)

17:00-19:00 | Restoration 33kV 0.4601
Lualuo Kasama new
line

19:00-22:00 | Restoration of 33kV 0.4601
Kasama town
Chilubula line

22:00-01:00 | Restoration of 33kV 0.70323
Lualuo Tazara line

1:00-04:00 Restoration of 33kV 0.932
Lualuo Forest line

04:00-07:00 | Restoration of 33kV 1
Forest Lukashya line
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Figure 16 is called the "resilience graph," which shows how power was supplied after integration
of PV plants with battery storage into the network before, during, and after the event.
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Fig. 16: Resilience graph after integration of PV plants with battery storage into the Kasama
Distribution Network before, during and after the storm

From figure 16 above, it clearly shows that at 10:00 hours, the event occurred and all 33kV lines
tripped due to the failure of the wooden poles. However, until the situation stabilized, essential
loads were still supplied by PV plants with battery storage connected to their buses. At 16:00
hours, restoration of 33kV lines began, and it took three hours to restore each line. The aim was
to restore the lines connected to the loads that were not on supply first.

4.4 Effects of integration of the PV plant with battery storage into the Kasama distribution
network

The purposes of this analysis was to establish whether the PV plants with battery storage can be
safely be integrated into the existing Kasama distribution network in accordance with ZS 387-1

of 2009 and the Zambia grid code of 2006.

ZS 387-1, 2009 and the Zambia grid code describe the system voltage limits, as can be seen in
Table 16..

Table 16: Technical Voltage limits for the Zambia system

S/N | Voltage level Compatibility level in %
1 <11000 +10
>11000 +5
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In the absence of any agreement to the contrary, the supply voltage shall not deviate from the
compatibility level for any period longer than 10 consecutive minutes.

Table 17 below shows the voltage deviation recorded in the Kasama distribution network after
the PV plants with battery storage were integrated.

Table 17: Voltage deviation recorded in the Kasama distribution network after integration of the
PV plants with battery storage

Steady state analysis after injecting of PV Plants DIgGSILENT Project:
PowerFactory
2018 spP3 Date: 12/01/2023
Load Flow Calculation Complete System Report: Substations, Voltage Profiles, Grid Interchange
AC Load Flow, balanced, positive sequence Automatic Model Adaptation for Convergence No
Automatic tap adjustment of transformers No Max. Acceptable Load Flow Error for
Consider reactive power limits No Nodes 1.00 kvAa
Model Equations 0.10 &
Grid: 33kV Network System Stage: 33kV Network Study Case: Study Case [ Annex: /5
rtd.v Bus - voltage Voltage - Deviation (%)
[kV] [p.u.] [kV] [deg] -10 -] 0 +5 +10
11kV Forest
BB 11.00 1.043 11.48 -3.82
BB2 11.00 1.043 11.47 -4.08
33kV Forest
|| BB1 33.00 0.991 32.71 27.26 7]
11kV Kasama Town
BB 11.00 0.981 10.79 58.48
BB2 11.00 0.987 10.86 60.78
33kV Kasama Town
|| =B1 33.00 0.988 32.61 29.37 [==]
33kV Lualuo
BBl 33.00 0.989 32.65 29.21 q
BB2 33.00 0.998 32.94 27.76
66kV Lualuo
MB 66.00 1.000 66.00 0.00
RB 66.00 1.000 66.00 0.00
11kV Lukashya
|| =B 11.00 0.988 10.87 25.33 =]
33kV Lukashya
|| =B 33.00 0.988 32.61 27.03 1
11kV Tazara
| =m1 11.00 0.982 10.80 57.48 -
33kV Tazara
| Bl 33.00 0.982 32.41 28.67 =A
11kV Chilubula
| 11.00 0.976 10.74 61.78 | ]
33kV Chilubula
| 33.00 0.988 32.62 29.39 =
2MW Hosiptal PV plant
| 11.00 1.003 11.04 61.40 | |
2MW PV plant at Lukupa Station
| 11.00 1.002 11.02 59.27 ]

And table 18 below shows the loading of the lines when PV plants with battery storage are
integrated into the Kasama distribution network.

Table 18: Loading of distribution lines when PV plants with battery storage are integrated to the
Kasama Distribution network

S/N | Line Loading (%)

33kV Forest Lukashya 16.8

33kV Kasama Chilubula 9.8

33kV Lualuo Forest 44.6

33kV Lualuo Tazara 23.4

DN B [W|N|—

33kV Lualuo Kasama Town 14.1

Table 19 below shows the loading of the transformers when solar PV plants with battery storage
are integrated into the Kasama distribution network.
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Table 19: Loading of Transformer when PV Plants with battery storage are integrated to the
Kasama Distribution network

S/N | Line Loading (%)
1 33/11kV Transformer T1at Chilubula 33/11kV Substation 84.9
2 33/11kV Transformer T1 at Tazara 33/11kV Substation 50.9
3 33/11kV Transformer T2 at Tazara 33/11kV Substation 50.9
4 33/11kV Transformer T1 at Kasama Town 33/11kV Substation 20.5
5 33/11kV Transformer T2 at Kasama Town 33/11kV Substation 33.6
6 33/11kV Transformer T1at Lualua 66/33/11kV Substation 48.5
7 33/11kV Transformer T2 at Lualua 66/33/11kV Substation 21.6
8 33/11kV Transformer T1 at Forest 33/11kV Substation 335
9 33/11kV Transformer T2 at Forest 33/11kV Substation 27
10 | 33/11kV Transformer T1 at Lukashya 33/11kV Substation 72.9

As can be seen from tables 18 and 19, all equipments are loaded within the acceptable ranges in
accordance with ZS 387-1, 2009 and the Zambian grid code of 2006.

5.0 CONCLUSIONS AND RECOMMENDATIONS
This chapter provides the conclusion and recommendations arising from the study founded on
the Problem definition, Aim, and Objectives.

We addressed the issue of the poor state of the distribution network in terms of resilience against
power outages caused by wind storms affecting essential loads (critical loads) in this study. And
the aim and objectives were achieved.

5.1 Consequences of the poor state of the distribution network in terms of resilience against
wind storms

This study analyzed the consequences of the poor state of the test distribution network, which
was the first objective. The existing Kasama distribution network's wooden poles are of class 3
and 4, which failed during the storm of 50 m/s, causing a loss of supply to the essential loads, as
can be seen in Table 11 below.

Table 11: Resilience indices of the Kasama Distribution network during the storm

Cr $o s, % of essential Load supplied
during the event(wind storm)
1 1 1 0

From table 11, all the resilience indices are equal to one, indicating that during the event, the
distribution network's essential loads were out of supply.
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Figure 13, clearly shows the power supplied before, during, and after the storm in the Kasama
distribution network. As can be seen during the event, the essential loads were off supply until
restoration. Therefore, the consequence of a poor state in terms of the resilience of the
distribution network against storms are that every time the it happens, the wooden poles will fail
and cause long duration outages affecting essential loads. And the cost of these outages is very
high. These outages results in some of the followings:-

1. Disrupt communications, water, and transportation

2. Cause food spoilage and water contamination

3. Effects operation of special installations like hospitals, banks and many others

1.2
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0.2
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Fig.13 Resilience graph of the Kasama Distribution network before, during and after the storm of
60m/s wind speed

As such the first objective was achieve.

5.2 Implementation of the best options to enhance resilience of the distribution network

The second objective of this study was to find the best practical options available from the
literature to address the issue of the distribution network's inadequate resilience against storms
that cause power outages affecting vital loads. Therefore, two best options were found, hardening
the 33kV lines and resilient load restoration, which was achieved by the integration of PV plants
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with battery storage in the distribution network. This objective was achieved, as can be seen in
Section 5.2.1 below.

5.2.1 Hardening methods

In this method, class 1-4 wooden poles were installed in 33kV lines connecting essential loads
and exposed to storms with wind speeds ranging from 30 to 60m/s, and resilience indices were
calculated to determine if they could withstand the storms.

5.2.1.1 Class 1-4 wooden poles exposed to a storm with a 30m/s wind speed

The table 8 below shows the resilience indices of the Kasama distribution network when class 1-
4 wooden poles were exposed to this storm. As can be seen, none of the classes of wooden poles

failed during the event.

Table 9: Resilience indices of the Kasama Distribution network during a storm of 30m/s wind
speed

Sy ¢ s, % of essential Load supplied
during the event(wind storm)
0 0 0 100

¢, =0, indicates that 100% of network loads were supplied during the stormand &, =0,

indicates 100% of the network demanding energy is provided in the whole process of storm
occurrence. And essential customers were on supplied before, during and after the storm.

In conclusion, during the storm with a speed of 30 m/s, class 1-4 poles can be used as support
structures.

5.2.1.2 Class 1-4 wooden poles exposed to a storm with a 40m/s wind speed
The table 8 below shows the resilience indices of the Kasama distribution network when class 1-
4 wooden poles were exposed to this storm. As can be seen, none of the classes of wooden poles

failed during the event.

Table 9: Resilience indices of the Kasama Distribution network during a storm of 40m/s wind
speed

Sy ¢ s, % of essential Load supplied
during the event(wind storm)
0 0 0 100

¢, =0, indicates that 100% of network loads were supplied during the storm and ¢, =0,
Vv E

indicates 100% of the network demanding energy is provided in the whole process of storm
occurrence. And essential customers were on supplied during the storm

In conclusion, during this storm, class 14 poles can be used as support structures.
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5.2.1.3 Class 1-4 wooden poles exposed to a storm with a 50m/s wind speed

Only class 1 was able to withstand the storm of 50 m/s wind speed. As can be seen in Section
5.2.1.3.1 below:-

5.2.1.3.1 Class 1 wooden pole exposed to a storm with a S0m/s wind speed
The table 10 below shows the Resilience indices of the Kasama Distribution network when
class 1 poles were exposed to the storm.

Table 10: Resilience indices of the Kasama Distribution network for class 1 poles during the
storm of 50m/s wind speed

gy ¢o . % of essential Load supplied
during the event(wind storm)
0 0 0 100

¢, =0, indicates that 0% of network loads were not disconnected at the time of the network loss

and ¢, =0, indicates 0% of the network demanding energy is not provided in the whole process

of storm occurrence and recovery. And 100% essential customers were on supplied.

In conclusion, during a storm with a wind speed of 50 m/s, only class 1 wooden poles can be
used as support structures.

5.2.1.3.2 Class 2-4 wooden pole exposed to a storm with a 50m/s wind speed
When class 2—4 wooden poles were exposed to a storm of 50m/s wind speed in the distribution
network and failed as a result, the essential load lost power supply during this period until

restoration, when it normalized.

Table 11: Resilience indices of the Kasama Distribution network

gy ¢o ¢y % of essential Load supplied
during the event(wind storm)
1 1 1 0

As can be seen in the table 11, £, = 1 which indicates 100% of the loads lost supply during the

event, §,,= 1 which indicates sudden loss of supply of the entire network and ¢, = 1 which

indicates100% of the network demanding energy is not provided in the whole process of wind
storm occurrence. And during the storm, the essential loads were off.

Figure 12 is the resilience graph showing the supply of energy to the loads before, during and
after the storm.
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Fig. 12: Resilience graph of the Kasama Distribution network before, during and after the storm
of 50m/s wind speed

As can be clearly seen from Figure 12, class 2-4 poles cannot withstand the maximum wind
speed of 50 m/s. And as such, they cannot serve as support structures in the geographical
location where storms reach such wind speeds.

5.2.1.4 Class 1-4 wooden poles exposed to a storm with a 60m/s wind speed
At this speed, class 14 poles failed during the storm, and as such, essential loads were cut off
from power. The calculated resilience in indices are in table 12 below,

Table 12: Resilience indices of the Kasama Distribution network during the storm of 60m/s
wind speed

Cr $o s, % of essential Load supplied
during the event(wind storm)
1 1 1 0

As can be seen in table 12, during the storm, both common and essential loads lost power supply.
Therefore, to enhance resilience during a storm of such magnitude, other types of poles are
recommended, like the H or reinforced concrete poles. However, the second method of
enhancing the resilience of the distribution network against storms causing power outages
affecting essential loads was implemented (see Section 5.3 below).

47



5.3 Resilient load restoration (integration of PV plants with battery storage in to the
distribution network)

The table 15 below shows the resilience indices after the integration of the PV plants with battery
storage into the Kasama distribution network.

Table 15: Resilience indices after integration of the PV plants in the Kasama Distribution
network

it 4 s % of essential Load supplied
during the event(wind storm)
0.54 0.539 0.539 100%

¢, =0.54, indicates that 54% of network loads are disconnected at the time of network failure

and ¢, =0.53, indicates 53% of the network demand energy is not provided in the whole

process of wind storm occurrence. And all of the essential customers were on supply during and
after the storm because the PV plants with battery storage islanded

Figure 16 is called the "resilience graph," which shows how power was supplied after integration
of PV plants with battery storage into the network before, during and after the storm of 60m/s
wind speed.
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Fig. 16: Resilience graph after integration of PV plants with battery storage into the Kasama
Distribution Network before, during and after the storm

From figure 16 above, it clearly shows that after integrating PV plants with battery storage into
the Kasama distribution network, no essential loads lost supply during the storm. This is due to
the fact that they are integrated on their feeders and islanded. In conclusion, this method
enhanced the resilience of the distribution network against storms.
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5.3 Calculate and analyze the resilience indices so to measure the state of the distribution
network in term of resilience.

As can see from tables 8, 9, 10 and 12, the resilience indices were calculate and analyzed
therefore the third objective was achieved.

5.4 Effects of the integration of PV plants with battery storage into the Kasama
distribution network

Table 17: Voltage deviation recorded in the Kasama distribution network after integration of the
PV plants with battery storage

Steady state analysis after injecting of PV Plants DIgGSILENT | Project:
PowerFactory
2018 sSP3 | Date: 12/01/2023
Load Flow Calculation Complete System Report: Substations, Voltage Profiles, Grid Interchange
C Load Flow, balanced, positive seguence Automatic Model Adaptation for Convergence No
utomatic tap adjustment of transformers No Max. Acceptable Load Flow Error for
sider reactive power limits No Nodes 1.00 kvVA
Model Equations 0.10 %
Grid: 33kV Network System Stage: 33kV Network Study Case: Study Case | Annex: 7S
red.v Bus - voltage Voltage - Deviation [%]
[kV] [p.u.) [kV] [deg) -10 -5 ) +5 +10
11.00 1.043 11.48 -3.82
11.00 1.043 11.47 -4.08
| 33.00 0.991 32.71 27.26 [ |
11.00 0.981 10.79 58.48
11.00 0.987 10.86 60.78
| 33.00 0.988 32.61 29.37 =
33.00 0.989 32.65 29.21
33.00 0.998 32.94 27.76
66.00 1.000 66.00 0.00
66.00 1.000 66.00 0.00
| 11.00 0.988 10.87 25.33 —-—
| 33.00 0.988 32.61 27.03 =
| 11.00 0.982 10.80 57.48 Ji=—=x]
| 33.00 0.982 32.41 28.67 o
| 11.00 0.976 10.74 61.78 I
| 33.00 0.988 32.62 29.39 ||
2MW Hosiptal PV plant
| 11.00 1.003 11.04 61.40 | |
2MW PV plant at Lukupa Station
| 11.00 1.002 11.62 §9.27 1

From table 17, it clearly shows that the voltage deviations in the test network are within
acceptable limits.

Table 18: Loading of distribution lines when PV plants with battery storage are integrated into
the Kasama Distribution network

S/N | Line Loading (%)

33kV Forest Lukashya 16.8

33kV Kasama Chilubula 9.8

33kV Lualuo Forest 44.6

33kV Lualuo Tazara 23.4

N[ |W|IN |-

33kV Lualuo Kasama Town 14.1
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Table 19: Loading of Transformer when PV Plants with battery storage are integrated to the
Kasama Distribution network

S/N | Line Loading (%)
1 33/11kV Transformer T1at Chilubula 33/11kV Substation 84.9
2 33/11kV Transformer T1 at Tazara 33/11kV Substation 50.9
3 33/11kV Transformer T2 at Tazara 33/11kV Substation 50.9
4 33/11kV Transformer T1 at Kasama Town 33/11kV Substation 20.5
5 33/11kV Transformer T2 at Kasama Town 33/11kV Substation 33.6
6 33/11kV Transformer T1at Lualua 66/33/11kV Substation 48.5
7 33/11kV Transformer T2 at Lualua 66/33/11kV Substation 21.6
8 33/11kV Transformer T1 at Forest 33/11kV Substation 335
9 33/11kV Transformer T2 at Forest 33/11kV Substation 27
10 | 33/11kV Transformer T1 at Lukashya 33/11kV Substation 72.9

As can be seen from tables 18 and 19, all equipment is loaded with acceptable ranges in
accordance with ZS 387-1, 2009 and the Zambian grid code of 2006.

In conclusion, it’s very safe to integrate small-scale PV plants with battery storage into the
Kasama distribution network, as can be seen in tables 17, 18, and 19 above.

5.5 Recommendations

Recently, due to climate change, the rate at which storms are occurring around the world is
alarming, and as such, we need to prepare our distribution network to be able to hold them.

In this study, two methods were implemented to solve this problem, and both proved successful.
Therefore, it is recommended to enhance the resilience of the distribution network against storms
causing outages affecting essential loads by implementing hardening and resilient load
restoration (integration of PV plants with battery storage into the distribution network) methods.
The table below shows recommended support structure for a specific wind speed at given
geographical location.

Table 14: Selection of pole class depending on geographical location

NO Geographical location maximum wind speed in m/s Pole class

1 30 1-4

2 40 1-4

3 50 1

4 60 and above RCC and H poles

At any wind speed, the integration of PV plants with battery storages is the most recommended
option.
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5.6 Further Studies
Further studies can be carried out on the enhancement of resilience of the Distribution networks
in an effort to prepare for wild fires, floods, earthquakes and volcanic eruption.
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7.0 APPENDIX
7.1 Simulation Packages available in PowerFactory DIgSILENT

7.1.1 Load Flow Analysis

DIgSILENT PowerFactory offers a range of load flow calculation methods, including a full AC
Newton-Raphson technique (balanced and unbalanced) and a linear DC method. The enhanced
non-decoupled Newton-Raphson solution technique with current or power mismatch iterations,
typically yields round-off errors below 1 kVA for all buses. The implemented algorithms exhibit
excellent stability and convergence. Several iteration levels guarantee convergence under all
conditions, with optional automatic relaxation and modification of constraints. The DC load
flow, solving for active power flows and voltage angles, is extremely fast and robust (linear
system, no iterations required). This package will assist in this study to determine the power
flows during force outages due to wind storm affecting essential loads. (Critical loads)

7.1.2 Modelling of a PV System in PowerFactory DIgSILENT

In PowerFactory DIgSILENT, the interfacing converter can be represented by either a static
generator or a PWM converter. In PowerFactory DIgSILENT when PV system is represented by
the static generator, then there is no need to physically represent interfacing converter. In this
case static generator includes the PV array and interfacing converter in it.

But in case of a PWM converter, PV array needs to be physically represented with a current
source connected to a DC bus along with a DC link capacitor. PWM converter is also separately
represented. The two different possible ways of PV system modeling in Power Factory are
shown in Figure 17 below.

In the PowerFactory DIgSILENT there is a PV system component called the PV generator that is
available for PV studies which is modeled with the help of a static generator. In PSCAD a PWM
converter based PV system is developed and is currently available for grid studies. But in this
study static generator is used to model PV generator and will be explained in details in section
7.1.2.1.
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Fig. 17: Different PV System Modeling in PowerFactory DIgSILENT

7.1.2.1 Static generator
Static generator is an easy to use model of any kind of static (no rotating) generator in Power
Factory DIgSILENT. It can be used for following:-

1. Photovoltaic Generators

2. Fuel Cells

3. Storage devices

4. HVDC Terminals

5. Reactive Power Compensators
6. Wind Generators

As in this study, static generator is used as photovoltaic generator, so it is selected from category
list as “Photovoltaic”. Any number of parallel machines can be used according to system rating
requirements. In this respect, the total rating of generator would be equal to the rating of a single
generator multiplied by the number of parallel machines used. Also under the ratings tab, it is
required to specify the rating for one generator in MV A and the power factor at which machine
is designed as shown in Figure 18 below.
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State Estimator I Reliability | Generation Adequacy | Tie Open Point Opt. ] Description
ANSI ShotCircuit | IEC 61363 | RMS-Simulaton | EMT-Simulaton | Hamonics | Optimization
BasicData |  loadFow |  VDE/AECShotCrcit |  Complete ShortCircut

Name IStatic Generator
Teminal w|= | RMS Model\LV TERMINAL\Cub_2 LV TERMINAL

Zone ﬂ

Category Photovoltaic LI
Number of
parallel Machines |1
Ratings

Nominal Apparent Power |0.5 MVA
Power Factor |O.9

Fig. 18: Basic Data for Static Generator

A typical interface window of the static generator in load flow is shown in Figure 18. All values
can be changed according to the requirement. The active power tab shows the power rating of the
PV system which is the active power output out of the static generator. For the load flow, the
variables need to be defined initially to calculate the load flow analysis; can be set using static
generator. In Fig 19, it can be seen that active power and reactive power are defined in the start
to calculate the load flow of the system. These variables can be changed according to the

requirement of the system.
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ANS| Shot-Circuit | IEC61363 | RMS-Simulation | EMT-Simulaton | Hamonics | Optimization |

State Estimator I Reliability | Generation Adequacy I Tie Open Point Opt. I Description |
Basic Data loadFlow |  VDE/ECShotCrcut |  Complete ShotCrout |

Comesponding Bus Type: PQ
Local Vottage Controller |Power Factor |
Extemal Station Controller Vl-bl
r Dispatch Capability Curve

input Mode [ Defaut - .

gmin 'q 44 P gmax/ 0 4}
Active Power [0.44884  mw 2800006009 90) pratx

0.90

Reactive Power IO. Mvar mney
I 1, p.u 0,33334
[1. -

Pim. F Bias [0, MW/Hz -1,000 0,322 0,322 1,008 0o

r Reactive Power Limits
Capability Curve ﬂ:’
Min. W p.u. W Mvar  Scaling Factor {min.) r %
Max. [044  pu 024 Mvar ScalingFactormax) [100. %

r Active Power: Operational Limits
Min. IO. MW
Max. |0.44884 MW Pn  045MW

— Active Power: Ratings

Max. |0.45 MW  Rating Factor |1, Pn  045MW

Fig. 19: Static generator power flow under steady state conditions

7.1.2.2 Frame of Generic PV Model

The control frame of the PV System in generic model is shown in Figure 20. As mentioned
previously it is necessary to model the PV array, DC link capacitor dynamics by DSL functions.
The same can be observed in the control frame and the main blocks will be explained in brief in
the following sections.
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Fig. 20: Frame of Generic PV Model
Slot 1 & 2: Solar radiation and temperature

Solar radiation and temperature both are modeled as limited time integrators. The purpose of
these slots is to accumulate change of irradiance per second or change of temperature per second
and integrate them over a period of time. The output of these blocks is given to slot 3 which is
the photovoltaic model.

Slot 3: Photovoltaic model Photovoltaic model

Takes DC voltage, irradiance and temperature as the inputs. Based upon PV equations written as
DSL codes, the PV array is modeled and provides array current and reference DC voltage as the
outputs.

Slot 4: DC bus bar and capacitor model

This slot represents the mode of DC bus bar and capacitor. With the help of this block the
dynamics of the DC side capacitor is included in the PV system.

Slot 5: Controller block

Controller is one of the most important part of the PV system, Its regulate the active and reactive
power outputs of the static generator according to the DC side output of the PV system
consisting of the PV array and the DC side capacitor.
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Slot 6: Static generator block

This block represents the static generator in the control frame. The additional inputs that are to
be given to the static generator can be given to this block which is internally connected to the
actual one.

7.2 Python programming language
7.2.1 Python codes used to determine the class of poles that failed during the storm

Likonge py | N bution_.py Normal distribution_ ¥

‘ﬂmmmmmw
po =
pl =

W Project

p2 =
p3 =

D =

Normal di

classl poles did not fail during the storm of 36m/s

class2 poles did not fail during the storm of SON/S|

class3 poles did not fail during the storm of 30n/s
classd poles did not fail during the storm of 36m/s

Fig 21: Python code to determine the class of poles that failed during the storm of 30 m/s wind
speed
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File Edit View Navigate Code Refactor Run Tools VCS Window Help

Likonge_py ; [ Normal distribution_.py

e Normal distribution_.py

e -
pl
p2

p4

Normal distribution_

classl poles did not fail during the storm of 40m/s
class2 poles did not fail during the storm of 4@m/s
class3 poles did not fail during the storm of 40m/s

class4 poles did not fail during the storm of 4@m/s

Fig 22: Python code to determine the class of poles that failed during the storm of 40 m/s wind
speed

60



Likonge py | s Normal distribution.py & Normal distribution_ ¥

. T Normal distributionpy

pd =
ph =
po > pl:
(

(
po > p2:
(

(
po > p3:
¥ printf

(
po > p4:
(
if p0 > p3

Normal distribution_
classl poles did not fail during the storm of 56m/s
class2 pole did fail during the storm of 56m/s
cass3 poles did fail duirng the storm of 56m/s

classé poles did fail duirng the storm of 50m/s

Fig 23: Python code to determine the class of poles that failed during the storm of 50 m/s wind
speed
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Likonge _py | & Normal distribution_.py

]. e Normal distribution_.py

-
%)
2
(o)
a
In

Structure

Normal distribution_

classl poles did fail during the storm of 60m/s
class2 pole did fail during the storm of 60m/s
cass3 poles did fail duirng the storm of é@m/ﬂ

class4 poles did fail duirng the storm of 60m/s

Fig 24: Python code to determine the class of poles that failed during the storm of 60 m/s wind
speed
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7.2.2 Python programming language

Guido van Rossum created the Python programming language in the late 1980s. In contrast to
other popular languages such as C, C++, Java, and C#, Python strives to provide a simple but
powerful syntax.

Python is used for software development at companies and organizations such as Google, Yahoo,
Facebook, CERN, Industrial Light and Magic, and NASA. Experienced programmers can
accomplish great things with Python, but Python’s beauty is that it is accessible to beginning
programmers and allows them to tackle interesting problems more quickly than many other,
more complex languages that have a steeper learning curve. More information about Python,
including links to download the latest version for Microsoft Windows, Mac OS X, and Linux,
can be found at http://www.python.org.

In late 2008, Python 3.0 was released. Commonly called Python 3, the current version of Python
is incompatible with earlier versions of the language. Currently the Python world still is in
transition between Python 2 and Python.

7.3 Calculations of Resilience Matrices

7.3.1 Calculation of the performance indices of the Kasama distribution network before,
during, and after the storm of 30m/s wind speed

The calculations were done before implementation of the two (2) best available options able to
enhance resilience.

a) The calculation of the performance index before, during, and after the event using formula
5 of part two of this thesis and the load flow calculation is shown in table 20 below.

Table 20: Load flow calculation before, during and after the event (wind storm) in PowerFactory
DIgSILENT at wind speed of 30m/s

DIgSILENT Project:
PowerFactory
18 SP3 Date: 27/04/2022
Load Flow Calculation Complete System Report: Substations, Voltage Profiles, Grid Interchange
AC Load Flow, balanced, positive sequence Automatic Model Adaptation for Convergence No
Automatic tap adjustment of transformers No Max. Acceptable Load Flow Error for
Consider reactive power limits No Nodes 1.00 kva
Model Equations 0.10 %
Total System Summary Study Case: Study Case Annex: / 6
Generation Motor Load Compen- External Inter Area Total Load Noload
Load sation Infeed Flow Losses Losses Losses
[MW]/ [MW]/ [MW]/ [MW] / [MW]/ [MW] / [MW] / [MW] / [MW] /
[Mvar] [Mvar] [Mvar] [Mvar] [Mvar] [Mvar] [Mvar] [Mvar] [Mvar]
\1lndhlovu\Project Kasama Distribution\Network Model\Network Data\33kV Network
5 0.00 9.76 0.00 9.81 0.00 0.06 0.06 -0.00
0.00 0.00 1.46 0.00 2.07 0.00 0.62 0.70 -0.08
Total:
0.00 0.00 9.76 0.00 9.81 0.06 0.06 -0.00
0.00 0.00 1.46 0.00 2.07 0.62 0.70 -0.08

The total active power supplied to the Kasama distribution network is 9.81 MW, according to
Table 20, while the total power consumed by both common and essential loads is 9.76 MW. The
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total load connected to the distribution network is 9.76 MW. Therefore, the performance index is
calculated as below:

Lc(tO) _ ﬂ _ 1
L.(1,) 9.76

R():

Since during the storm, none of the pole classes failed, meaning the loads were not affected, and
as such, and the performance indices before, during, and after are the same.

.b) Calculation of the Normalized Vulnerability index using formulae six (6) in part two (2) of
this thesis.

1-1
= pe :_:0
A N

c) Calculation of the Degradation index using formulae seven (7) in part two (2) of this thesis.

I (R, —R())dt
TR

ja—nm

116-10)

16
IOdz
_ 10 =0
6

d) Calculation of the Energy Loss index using formulae eight (8) in part two (2) of this
study.
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pir

j (R,—R,)dt

e

gE - RO (tpir _te) -

T(l ~1)dt

T121-10)
21
IOdt
11

7.3.2 Calculation of the performance indices of the Kasama distribution network before,
during, and after the storm of 40m/s wind speed

a) Calculation of the Performance index before, during and after the event using formula five (5)
and the load flow calculation in the table 21.

Table 21: Load flow calculation before, during and after the event (wind storm) in PowerFactory
DIgSILENT at wind speed of 40m/s

DIGSILENT Project:
PowerFactory
2018 SP3 Date: 27/04/2022

Load Flow Calculation Complete System Report: Substations, Voltage Profiles, Grid Interchange
AC Load Flow, balanced, positive sequence Automatic Model Adaptation for Convergence No
Automatic tap adjustment of transformers No Max. Acceptable Load Flow Error for
Consider reactive power limits No Nodes 1.00 kvA

Model Equations 0.10 %

Total System Summary Study Case: Study Case Annex: /6

Generation  Motor Load Compen- External Inter Area Total Load Noload
Load sation Infeed Flow Losses Losses Losses

(W] / (W] / (MW]/ [MW]/ (W] / (MW / (MW]/ (MW / (MW)/
[Mvar] [Mvar] [Mvar) [Mvar] [Mvar] [Mvar] [Mvar] [Mvar] [Mvar]

\1ndhlovu\Project Kasama Distribution\Network Model\Network Data\33kV Network
0.00 0.00

0.00 0.06 0.06 -0.00
0.00 0.00 1.46 0.00 2.07 0.00 0.62 0.70 -0.08
Total:
0.00 0.00 9.76 0.00 9.81 0.06 0.06 -0.00
0.00 0.00 1.46 0.00 2.07 0.62 0.70 -0.08

The total active power supplied to the Kasama distribution network is 9.76MW, as shown in
Table 21, and the total active power consumed by both common and essential loads is 9.76MW.
The total load connected to the distribution network is 9.76MW. Therefore, the performance
index is calculated as below:
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L(t,) 9.76

:—:1
L(t) 9.76

R():

Since during the wind storm, none of the pole classes failed, meaning the loads were not
affected, as such the performance indices before, during, and after are the same.

b) Calculation of the Normalized Vulnerability index using formulae six (6) in part two (2) of
this thesis.
R,—R
RO

pe

:_:0

1-1
é/V: 1

c) Calculation of the Degradation index using formulae seven (7) in part two (2) of this thesis.

[ (&, Ryds
R —1)

Ta—um

T 1(16-10)

¢p=

16
IOdt
6

d) Calculation of the Energy Loss index using formulae eight (8) in part two (2) of this
study.

.[ (RO - Rpe)dt
t

GE - RO (tpir _te)

21

ja—nm

_ 10

T121-10)
21
[ oat
11
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7.2.3 Calculation of the performance indices of the /Kasama distribution network before,
during and after the storm of S0m/s wind speed

a) Calculation of the Performance Index before, during, and after the event using formula 5 and
the load flow calculation in table 22

Table 22: Load flow calculation before, during and after the event (wind storm) in PowerFactory
DIgSILENT at wind speed of 50m/s wind speed

DIGSILENT Project:
PowerFactory
2018 SP3 Date: 27/04/2022

Load Flow Calculation Complete System Report: Substations, Voltage Profiles, Grid Interchange
AC Load Flow, balanced, positive sequence Automatic Model Adaptation for Convergence No
Automatic tap adjustment of transformers No Max. Acceptable Load Flow Error for
Consider reactive power limits No Nodes 1.00 kvA

Model Equations 0.10 %

Total System Summary Study Case: Study Case Annex: /6

Generation  Motor Load Compen- External Inter Area Total Load Noload
Load sation Infeed Flow Losses Losses Losses

[MW]/ [MW]/ (Mw)/ [MW)/ (M) / (MW / (MW)/ (M) / (M) /
[Mvar] [Mvar]) [Mvar] [Mvar] [Mvar] [Mvar] [Mvar] [Mvar] [Mvar]

\1ndhlovu\Project Kasama Distribution\Network Model\Network Data\33kV Network
0

0.00 9.76 0.00 9.81 0.00 0.06 0.06 -0.00
0.00 0.00 1.46 0.00 2.07 0.00 0.62 0.70 -0.08
Total:
0.00 0.00 9.76 0.00 9.81 0.06 0.06 -0.00
0.00 0.00 1.46 0.00 2.07 0.62 0.70 -0.08

The total active power supplied to the Kasama distribution network is 9.76 MW, as shown in
Table 22 and the total power consumed by both common and essential loads is also 9.76 MW.
The total load connected to the distribution network is 9.76 MW. Therefore, the performance
index is calculated as below:

L(,) _976 _,

&:g%)9%

b) Calculation of the Normalized Vulnerability index using formulae six (6) in part two (2) f this
thesis for class 1 poles

R,—R -
é/V:—O pe :uzo
R, 1

c) Calculation of the Degradation index using formulae seven (7) in part two (2) of this thesis
for class 1 poles
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[ (&, ~ Ryt
Rt 1)

1f(l —1)dt

T 1(16-10)

¢p=

16
IOdt
6

d). Calculation of the Energy Loss index using formulae eight (8) in part two (2) of this study
for class 1 poles

t

pir

[ (R,—R,)dt

t

RO (tpir - te)

Sp =

21

ja—um
= —10 =

1(21-10)

21

[ oat

10

11
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