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ABSTRACT

DISTRIBUTED ENERGY STORAGE WITH REACTIVE AND REAL
POWER CONTROLLER FOR POWER QUALITY ISSUES BY
RENEWABLE ENERGY AND ELECTRIC VEHICLES

LIM KHIM YAN

Substantial greenhouse gas emission due to the combustion of fossil fuels for
electricity has caused the world to push forward the use of renewable energy
sources. Photovoltaic systems and wind turbines are the two possible renewable
energy sources in Malaysia because of the convincing amount of solar irradiances
and wind energy throughout the year. Apart from that, electric vehicles (EV) have
been used to reduce air pollution in the cities. However, the integration of
renewable energy sources (RE) and electrical vehicles (EV) into the low voltage
(LV) networks can create a number of power quality issues, such as voltage
unbalance, low power factor and voltage rise issues when injecting power into the
networks. These power quality issues cause the circulation of the neutral current
around the distribution network, hence reducing the efficiency of the network.
Besides, the lifespan of induction motors can be shortened due to the unbalance
current around the motor windings making the motor to be overheated prematurely.
Hence, these power quality issues have to be mitigated. Therefore, an energy
storage system can be used to solve the power quality issues caused by the use of
RE and EV on the distribution networks. This is because the energy storage system

can supply or absorb the real and reactive power appropriately in order to mitigate

Vi



the power quality issues. The advantage of using the energy storage system in this
aspect is that any power quality issues can be effectively corrected without wasting
the harvested energy. However, the operation of the energy storage system has to
be controlled appropriately in order to achieve the desired outcomes. Therefore, a
novel fuzzy controller is developed and implemented into the energy storage to
manipulate the flow of real and reactive power between the energy storage and the
network based on the network conditions. The fuzzy controller is able to reduce any
voltage excursions with the use of real and reactive power from the energy storage,
hence reducing the voltage unbalance and improving the power factor. Numerous
experiments have been carried out to verify the effectiveness of the fuzzy controller.
The experimental results showed that the voltage unbalances and power factors are
constantly maintained below the thresholds under the high penetration of PV

systems and EV.
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CHAPTER 1

INTRODUCTION

1.1 Background

Renewable energy has become a very important energy source in Malaysia to deal
with the climate change and reduce the dependency on fossil fuels for energy.
Photovoltaic (PV) system is the most promising renewable energy resource in
Malaysia due to its abundant solar irradiance. However, most of the PV systems are
single-phase and installed on the low-voltage distribution networks without proper
planning. As a result, the voltage unbalance of the network may be increased,
causing a large circulation of neutral currents. Consequently, the network efficiency
is reduced because of the power losses from the high neutral current. In addition,
Malaysia is one of the cloudiest countries in the world. The solar irradiance is often
scattered due to the passing clouds. As a result, the PV power outputs tend to
fluctuate substantially. The intermittent power outputs and the growth of PV systems
on the LV network can cause the high voltage fluctuations and reverse power flow

(Prakash K. Ray, 2013).



Promoting electric vehicles is another approach put forward by the government to
create a clean environment. Therefore, electric vehicles are increasingly popular in
the country. There are 19 charging stations at present and another 300 charging
stations will be installed by year 2015. Therefore, power consumption can be
increased with the possibility of causing a huge burden to the electrical network.
Also, the use of the charging stations can increase the voltage drops and voltage
unbalance on the distribution networks; hence, causing the power factor drops. When
the power factor is low, significant heating effects and the premature failures of
transformers and electrical machines can happen. Also, customers can be penalised
by the utility companies if their power factors are lower than 0.85. Any voltage
instability can damage the electrical motors or result in the disoperation of electronic

equipment (Canada, 2004).

All the technical issues created by the renewable energy and electrical vehicles need
to be dealt effectively in order to accommodate the rapid growth of the renewable
energy and electrical vehicles in the future. There are a number of solutions available
to maintain the network voltage such as static VAR compensator, static synchronous
compensator and active filters (Li, Zhang, Tolbert, Kueck, & Rizy, 2008). These
devices control the network voltage with the use of reactive power. Therefore, these
devices are an effecitve on the transmission networks because the reactance is
usually large than the resistance of the network (von Appen, Marnay, Stadler,
Momber, Klapp, & Scheven, 2011). However, they may not be effective on the

distribution networks where the resistance is larger than the reactance.



To solve the technical problems on the distribution networks, it is proposed to use
distributed energy storage systems which can maintain the network voltage within
the required tolerance with the use of both real and reactive power. A fuzzy
controller has been developed to control the real and reactive power output of the
energy storage system in order to solve the voltage fluctuations on the distribution
network caused by the penetration of the single-phase renewable energy sources and
the electrical vehicles. This fuzzy controller is the extension of the method proposed
in (Wong, Lim, & Morris, 2014) which uses real power only to maintain the network
voltage. This extended fuzzy controller uses both the real and reactive power to
maintain the network voltage, voltage unbalance and the power factor of the

network, hence improving the efficiency of the network.

The fuzzy controller developed comprises the fuzzy logic control and the Park’s
transformation in order to deal with fluctuating voltage rises and voltage unbalances.
The Park’s transformation is used to coordinate distributed energy storage systems
on the three-phase network to balance the voltage effectively. The controller involves
the manipulation of the reactive power from the energy storage systems in order to
maintain the power factor. The performance of the fuzzy control algorithm is verified
by conducting a series of experimental case studies. The experimental results showed
that the fuzzy control algorithm is able to solve the voltage unbalance issue, maintain
the voltage magnitude at its statutory limit, and improve the power factor of the

network.



1.2 Aims and Objectives

The aims and objectives of this project are as follows:-
I.  To customize a distribution network integrated with two PV systems,
a wind turbine emulator and an EV charging station.

Il.  To develop an energy storage system integrated with the distribution
networks.

I1l.  To develop a fuzzy control algorithm for the energy storage system
for mitigating power quality issues using both the real and reactive
power from the energy storage system.

IV.  To evaluate the performance of the fuzzy controller in mitigating the
power quality issues such as voltage unbalance, low power factor, and

voltage rise caused by PV and EV.

1.3  Research Methodology

In order to achieve the objectives of this project, the following research activities

were carried out.

Step 1: Literature study
Literature review was carried out to understand the incentives launched by the
government to promote the growth of photovoltaic systems and electrical vehicles on

the distribution networks. The embedded generation system in Malaysia with PV,

4



wind energy, and electric vehicles was also studied. In addition, power quality issues
caused by the integration of PVs, wind turbines, and EVs together with the solutions

for mitigating the issues are also studied.

Step 2: Development of LV network

An experimental network emulator integrated with photovoltaic systems and
electrical vehicle charging station was developed at the university campus. The
network consists of PV systems, wind turbine, wind emulator, load emulator, and

data acquisition equipment.

Step 3: Impact Studies
Various case studies were carried out to investigate the power quality issues caused
by the single-phase PV systems and the electrical vehicle on distribution network

emulator.

Step 4: Setup of energy storage system
Three-phase energy storage system was set up in the university’s laboratory. 48
batteries were connected to the three bi-directional inverters which were connected to

the grid.

Step 5: Simple control for the energy storage system
Communication and simple control technique was developed to control the real and
reactive power output of the energy storage system manually to improve power

quality issues.



Step 6: Fuzzy controlled energy storage system
Fuzzy control algorithm which uses real and reactive power of the energy storage

system was developed to mitigate the power quality issues.

Step 7: Evaluation of the fuzzy control algorithm
Few case studies were carried out with different generation and loading conditions
on the distribution network to assess the performance of the fuzzy controller in

mitigating power quality issues caused by the PV and EV on the distribution network.

Step 8: Implementation of the fuzzy control algorithm for the three-phase energy
storage system

Due to the non-uniformly installation of single-phase PV system, a fuzzy controlled
three-phase energy storage system was further developed from step 6. Experiments
were carried out to verify the performance of the fuzzy controlled three-phase energy

storage system.

1.4 Research Outline

The layout of the thesis is structured as follow:-

Chapter 2 presents the literature review on the distributed generation. The potential

grid connected renewable energies are briefly discussed, followed by the power

qualities arise due to the grid connected renewable energy on distribution networks.



Electric vehicles which cause various power quality issues are also explained,

followed by the literature review on solutions to mitigate power quality issues.

Chapter 3 describes how the experimental LV distribution network was constructed.
The design and the development of the electrical system, emulator, renewable
resources, communication and data acquisition are stated clearly. In this chapter, the
design and development of the energy storage system are briefly described. It is
followed by the description of the control strategy. Details of fuzzy control algorithm

are elaborated.

Chapter 5 presents several case studies conducted to represent different generation
and loading scenarios. Impacts caused by the penetration of renewable energy at the
university premises on distribution network were investigated. Different generations
and loading conditions were considered to evaluate the performance of the proposed

energy storage system to mitigate power quality issues.

Chapter 6 is the conclusion for the key findings of the research work and the

uniqueness of the proposed energy storage system.



CHAPTER 2

LITERATURE REVIEW

21 Embedded Generation

Dispersed generation or embedded generation refers to any power generation
technologies integrated with the distribution systems which is close to the points of
load demands. They are not centrally planned by the utility or not centrally
dispatched. Generally, they are smaller than 50 - 100 MW and connected to the
distribution system. Over the last few years, the popularity of embedded generation
is blooming due to few reasons. Based on the survey of International Conference on
Electricity Distribution (CIRED), the reasons for the growth of embedded generation
are the national drivers for reducing greenhouse emissions, improving energy
efficiency, improving diversification of energy resources and the security of power
supply. Moreover, for commercial considerations, distributed generation is available
in modular and it is smaller in space occupied. Embedded generation may reduce the
transmission cost and the power losses due to the long transmission of electricity

(Jenkins, 2000).



The significant penetration of embedded generation will cause reverse power flow,
voltage unbalance, low power factor, voltage flickering, voltage rise, voltage sag,
harmonics and etc. Embedded generation contains a wide range of technologies such
as solar power, wind turbine, combined heat and power (CHP), energy storage
system, biomass, hydropower, ocean renewable energy, and etc. Solar energy, wind
energy, hydropower, and fuel cell are the common renewable embedded generation

in Malaysia.

2.1.1 Photovoltaic System

Photovoltaic (PV) system consists of solar panels and inverters for converting the
sunlight into electricity. The PV inverters are to convert the solar electricity from
direct current (DC) to alternating current (AC) before the solar electricity is exported
to the grid. Figure 2.1 shows the configuration of the single-phase PV system. It can
be a single-phase or three-phase PV system. However, the single-phase PV system is
relatively common and widely installed in household buildings. The PV systems can
be ranged from small roof top mounted or the building integrated systems from few
kilowatts to megawatts. The PV systems are environmental friendly as they generate
little greenhouse gaseous throughout their life cycles. In addition, the operating and
maintenance fees are low because the PV systems are a mature technology with the

service life of 20 years or more.



DC to AC
Inverter

Solr Panels

Grid

Figure 2.1: Configuration of single-phase PV system

The 8" Malaysia Plan on Energy Policy promoted several incentives to popularize

clean energy. The PV system is highly encouraged as it generates clean energy from

sunlight. Moreover, feed-in-tariffs and funding on renewable energy were announced

in the 10" Malaysia Plan in 2010. Under the feed-in-tariff mechanism, installed PV

capacities granted with feed-in approval are approximately 192.80 MW (SEDA).

Table 2.1 shows the feed-in-tariff for the installed PV system. Costs are dropping due

to the mass production of the technology. PV will one day be cost-effective in urban

areas as well as remote ones. PV will be one of the most promising renewable energy

resources in Malaysia.

Table 2.1: Feed in tariff rates of the installed PV capacity (SEDA)

Basic FiT rates having installed capacity of:

FiT Rates (RM per kWh)

(i) Up to and including 4 kW 0.9166
(ii) Above 4 kW and up to and including 24 kW 0.8942
(iii) Above 24 kW and up to and including 72 kW 0.7222
(iv) Above 72 kW and up to and including 1 MW 0.6977
(v) Above 1 MW and up to and including 10 MW 0.5472
(vi) Above 10 MW and up to and including 30 MW 0.4896

The integration of PV systems into the networks can cause power quality issues such

as voltage flickers, voltage fluctuations, voltage unbalance, transient voltages,

voltage rises, and harmonics due to the lack of coordination between customers and

10




utility companies, active power variations, and reactive power flow. In addition, the
network experiences the low power factor (R. Romo, 2015). Therefore, with the
penetration of PV, the machinery and motors can be damaged easily or the life span
of the equipment will be shortened due to the power quality issues in the electrical

networks.

Figure 2.2 is the world map showing the average amount of cloud in percentage
(Ryan Eastman, Climatic Atlas of Clouds Over Land and Ocean, 2014). It shows that
Malaysia has a high coverage of clouds. Hence, the cloudy sky of Malaysia is also an
issue because the power output of the PV systems can be highly intermittent. It is
hard to estimate the inconsistent power acquired due to the minute-to-minute
variations. Besides, these cloudy sky will also create fluctuating power quality issues.
Therefore, the power quality issues caused by the intermittent PV output power are
unique because they are fluctuating and difficult to be solved because most of the
existing technologies is to solve steady state voltage rise, voltage unbalance and

power factor. (Chua, et al., 2012)
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Figure 2.2: World map showing the average cloud amount in percent

Figure 2.3 shows the data collected when a single-phase PV system is integrated with

the distribution network. It shows the fluctuating voltage, voltage unbalance factor

and power factor due to the intermittent PV output power. Hence, it is important to

mitigate the technical issues caused by PV systems in order to maintain the network

stability and reliability in the future. However, the utility company needs an

advanced active control in order to cater for these power quality issues.
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Figure 2.3: Fluctuation of voltage rise, voltage unbalance factor and power factor due

to intermittent PV output power

2.1.2 Wind Energy

Wind turbines operate on a simple principle. The energy in the wind turns the blades

around the rotor connected to the shaft, hence driving the generator to generate

electricity. Therefore, the wind turbines convert the kinetic energy from wind into

useful electricity. A wind controller and AC to DC converter are used to generate the

electricity from the three-phase AC to the single-phase DC output which will be

converted to single-phase AC 240 V at 50 Hz. Figure 2.4 shows the generation of

wind power.
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Figure 2.4: Generation of wind energy

In Malaysia, wind power is not popular compared to the solar power because the
wind speed is not consistent. The wind speed is low throughout the year, 2 m/s, on
average. Nevertheless, the research carried out at Serdang area showed that doubling
the height of the wind turbine can increase the wind speed by 10% (Teh, 2010).
Besides, harnessing wind energy in Malaysia depends on the geographical location
since Malaysia is situated in the equatorial region and the wind speed relies on the
monsoons. Furthermore, (S.Mekhilef, 2011) shows that the locations facing the
South China Sea are the best choices for off-shore wind farms as there is Northeast
monsoon season winds from November to February. Table 2.2 shows the average
monthly wind speed for Magabang Telipot (Zaharim, Najid, Razali, & Sopian, 2009)
and small Perhentian Island (Zuhairuse Md Darus, 2009) in 2005. It is shown that it
is possible to harness wind energy in Small Perhential Island because the cut-in

speed of small scaled wind turbine is 3 to 4 m/s.
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Table 2.2: Average monthly wind speed for Magabang Telipot and small Perhentian

Island in 2005
Wind speed (m/s) for Megabang Telipot = Wind speed (m/s) for Small Perhentian Island

January 4.44 7.9
February 3.47 6.85
March 3.16 7.56
April 2.54 6.78
May 2.24 6.91
June 2.25 nil
July 2.18 6.63
August 2.13 7.16
September 1.91 6.88
October 2.4 7.12
November 2.38 7.57
December 4.58 7.88

The integration of the wind turbines with the networks can cause power quality
issues such as voltage fluctuations, voltage rises, and voltage sags due to the
switching operation, low power factor, and harmonic distortions (Sharad.W.Mohod,
2008). In addition, wind does not blow uniformly throughout Malaysia. Hence,
power quality issues are fluctuating due to the intermittent wind power output.
Fluctuating power quality issues are hard to be mitigated since the existing strategy is
used to mitigate steady power quality issues. With the continued expansion of the

wind power generation, the fluctuating power quality issues are concerned widely.

For the existing solutions, the static synchronous compensator (STATCOM) is used
as a smooth reactive power provider to improve the power quality issues caused by
the wind integrated electrical networks (Muhammad A.Saqgib, 2015). However, the
STATCOM is expensive and an innovative strategy should be developed to mitigate

the fluctuating power quality issues caused by the integrated wind power generation.
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Therefore, an energy storage system with an effective controller is proposed to solve

the dynamic power quality issues caused by the wind turbines.

2.2 Electric Vehicles

Institute of Energy Research states that transportation has occupied 70% usage of
petroleum, which is the highest compared to other usages. Green technology is one
of the highly recommended ways to mitigate the issue while electric vehicle (EV) is
the new highlight in this era to overcome this problem. Based on the analysis from
GreenTech Malaysia, the migration to electric mobility from petrol vehicles will
potentially help Malaysia to cut down the carbon dioxide emissions by 1.7 tonnes in
the long run (Lim, Chia Ying, 2015). Electric vehicle consists of electric motor,
DC/AC inverter, DC/DC converter and batteries. The architecture of electric vehicle
is illustrated in Figure 2.5 (Forster, 2010). Since high voltage is required for the
electrical motor to perform, DC/AC inverter plays an important role to draw power
from the batteries. Batteries are controlled and monitored by the battery management

system of the electric vehicle in order to avoid over discharge.

16



Battery
Management

Battery
Management

DC/DC
Converter

Motor Control Energy Conversion

AC/DC
S Converter =%
(PFC + PLC)

Charger

DC/DC
Converter
(Full Bridge)

4
\

12 V Board
Net

1odsg Buibieys/ainjonisesju|

)

Figure 2.5: Architecture of electric vehicle (Forster, 2010)

Electric vehicles are a step closer to creating the world a greener place. Widely usage

of electric vehicles indicates that charging stations will be installed everywhere. At

present, electric vehicles are getting popular among the country and it is available for

purchase in Malaysia. The number is expected to grow in the near future. In

Malaysia, 19 charging stations have been installed and another 300 charging stations

will be installed by year 2015. Figure 2.6 shows the map of the existing charging

stations in Malaysia. The available charging stations are installed at Suria Kuala

Lumpur City Centre (KLCC), Lot 10 Shopping Centre, Petronas Solaris Serdang,

Bangsar Shopping Centre, Wisma Tan Chong, Nissan Petaling Jaya, and etc (First

Energy Networks, 2015). Figure 2.7 shows the public charging stations located at P2

of Suria Kuala Lumpur City Centre (KLCC).
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Figure 2.6: The locations of existing charging stations in Malaysia (First Energy
Networks, 2015)

Figure 2.7: Public charging stations located at P2 of Suria KLCC (KeeGan Dorai,
2012)

Power quality issues caused by the penetration of EV and PV are discussed in
(Masoud Farhoodnea, 2013). Simulation results showed that a severe voltage drops

due to the high power consumption and unmanaged arrangement of the EV charging
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stations. Due to the unplanned connection to the networks, voltage unbalance is
likely to happen. Besides, charging EV with the electrical network will cause voltage
variations, power factor reduction, voltage drop and harmonics distortion. In the
paper, the authors also state that capacitor banks or active power conditioning
devices must be used to manage the exchanged powers and control the voltage of the
networks. There are some solutions proposed to mitigate these problems. In (Yong,
Ramachandaramurthy, Tan, & Mithulanantha, 2015), the authors use bi-directional
DC fast charging stations to solve the voltage drop issue. By controlling the
switching, reactive power drawn from the DC-link capacitor can improve the power
factor. Besides, vehicles-to-grid (V2G) with various charging strategies of EV as
shown in (Salman Habib, 2015) can improve the technical performance of the

networks in terms of stability, efficiency and reliability of the systems.

2.3  Power Quality Issues Caused By the EV, PV and Wind Turbines

The power quality has become an important issue in the distribution networks in the
recent years due to the grooming of power electronics used and the distributed
generation. The quality of electricity can be known as a set of values of parameters,
such as voltage magnitude, deviation in transient voltages and currents, continuity of
service, harmonics in the AC power and others. For IEEE Standard 1100-1999
Recommended Practice for Powering and Grounding Electronic Equipment, power
quality is the ideology of powering and grounding electronic equipment which is
acceptable with the functions of the equipment and compatible with the foundation

wiring system and other coupled equipment (IEEE, 2005). An ordinary classification
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of power quality phenomena is also provided by IEEE based on the principal spectral
content, duration, and magnitude of the disturbance. Table 2.3 shows categories and

characteristics of power system electromagnetic.

Table 2.3: Categories and Characteristics of Power System Electromagnetic

Phenomena
No. Categories Typical Spectra Typical Typical Voltage
Content Duration Magnitude
1 Transients
1.1 Oscillatory
1.2.1 Low Frequency <5 kHz 0.3 —50ms 0 — 4 pu (per unit)
1.2.2 Medium Frequency 5-500 kHz 2018 0-8pu
2 Long Duration Variations
2.1 Interruption, Sustained >1 minute 0.0 pu
2.2 Undervoltages >1 minute 0.8-0.9pu
2.3 Overvoltages >1 minute 1.1-12pu
Voltage Unbalance Steady state 0.5-2%
4 Waveform Distortion
4.1 Harmonics 0 — 100" harmonic  Steady state 0-20%
5 Voltage fluctuations <25Hz intermittent 01-7%

Source: IEEE Std 1159-1995

Blackouts, overheating transformers, circuit breaker trips, neutral conductors
overheating, and unexplained equipment downtime are the impacts of having poor
power quality in the electrical power system. The power quality occurs due to many
aspects. The most common technical issues can be caused by the integration of EV
and RE systems are voltage fluctuation, voltage rise, voltage sags, voltage unbalance,
reversed power flow, unnecessary neutral current flow, harmonics, and flickers.

Furthermore, voltage rise has been recognized as the most serious power quality
20



issues caused by the high penetration of renewable energy sources in UK (Lyons,

2010). Therefore, power quality issues are significant issues to be concerned.

2.3.1 Voltage Unbalance Factor (VUF)

In a three-phase balance power distribution system, the three line-neutral voltages are
equal in magnitude and are phase displaced from each other by 120 degree in a
balanced sinusoidal supply system. Any differences that exist in the three voltage
magnitudes and/or a shift in the phase separation from 120 degree is said to bring
about an unbalanced supply or familiarized as voltage unbalance (Gosbell, 2002).
The difference between a balanced system and unbalanced system is shown in Figure

2.8.

Va

Vh
Ve Vb Ve

(a) (b)
Figure 2.8 (a): Phasor of the balanced three-phase voltage

(b): Phasor of the unbalanced three-phase voltage

Ideally, a three-phase power system should operate in balanced condition. However,
this condition is hardly to be attained as single-phase distributed generation is

increasing on the LV distribution networks. When the high penetration of small scale
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embedded generation in the LV networks, voltage unbalances has become a serious
issue. This is due to the fact that the distributed small-scale embedded generation is
not centrally installed across the distribution networks. Moreover, the voltage
unbalance in the distribution networks can be caused by continuous varying of
instantaneous demand, irregular distribution of single-phase load across the three-

phase network, and unbalance or unstable utility supply.

There are two definitions for voltage unbalance. National Electrical Manufacturer
Association (NEMA) defines the voltage unbalance factor as the ratio of maximum
deviation of the three-phase line voltages to the mean of the three-phase
line voltages. According to the International Electrotechnical Commission (IEC)
standards, voltage unbalance factor (VUF) is defined as the ratio of negative
sequence voltage (V) to positive sequence voltage (V*), as expressed below (P.
Trichakis, 2006; Lee, 1999):
VUF ('?z-a;s::;—; X 100
The negative and positive sequence of the system voltage can be calculated by the

following expression:

where V,, Vb and V. are the three-phase line voltages while V°, V* and V- are the
zero, positive and negative sequence voltages components respectively. In Malaysia,

the statutory limit of the voltage unbalance is 2% (Bollen, 2002) which is much quite
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similar as compared to 1.3% in the UK and 2% in EU (Trichakis, Taylor, Lyons, &

Hair, 2008).

It is important to maintain the VUF below the statutory limit. This is because when
voltage unbalance occurs, it will cause serious problem in distribution network where
there is a returned current flow through the neutral line which causes the increase of
power losses in the network and reduction in the efficiency of the distribution
network. Besides that, VUF also gives impact to the induction motor. According to
National Electrical Manufacturers Association (NEMA), the voltage unbalance of
1% at the terminal of fully loaded motor can create 6 -10 times the unbalance current.
Consequently, this unbalance current will cause the increase in heating by 6 to 10%
as shown in Figure 2.9. This can reduce the energy efficiency and lifespan of the
motors. As a result, the customers may need to replace the motor more frequently.
Besides generating unnecessary heat in the motor winding, voltage unbalance also

producing harmonic currents to the system, this affects the efficiency of the network.

Increase in Motor Heating And Losses vs. Yoltage Unbalance

100

80
Motor Heating

Motor Losses

40

Increase %

20

Voltage Unbalance %

Figure 2.9: Increase in motor heating due to voltage unbalance (Bishop, 2008)
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Many researches have been undertaken regards the voltage unbalance mitigation. In
the paper of (Oeng & Sangwongwanich, 2016), strategy was proposed where
unbalanced voltage is mitigated by the injection of negative-sequence currents.
Simulation results show that 50% unbalanced voltage can be reduced using this
strategy. Besides, voltage unbalance caused by single phase PV inverters in LV
networks is reduced by 51% with the applied of DSTATCOM in (Shahnia, Ghosh,
Ledwich, & Zare, 2010). Voltage level is maintained at the point of connection by
injecting both the active and reactive power. Since single-phase PV systems worsen
the voltage unbalance ratio in the network, in (Bajo, Hashemi, Kjsar, Yang, &
@stergaard, 2015), three-phase PV inverters are controlled to inject and absorb the
real and reactive power in each of the phases. Results show that 45% reduction in
voltage unbalance can be attained. In (Chua, et al., 2012), single phase batteries were
used as ESS to mitigate the voltage unbalance and a reduction of 37% can be reached.
In the newer technology, electric vehicles are also used to mitigate the voltage
unbalance problem. Both active and reactive power are controlled in order to
compensate the uneven power flow in (Jiméez & Garc®, 2012). The unbalance

voltage with a reduction of 27% can be reached with this method.

Since EV and PV systems are highly encouraged in Malaysia and majority of the PV
systems and EV are single-phase, voltage unbalance on the distribution network is
likely to happen in the future. It is believed that voltage unbalance would be a serious
problem when more and more EV and PV systems are integrated to the distribution

network.
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2.3.2 Voltage Flickers

Voltage flickers are known as luminosity variation of lights which may influence the
human visual system depending on the frequency and the brightness. It is caused by
rapid voltage changes due to load changes in the power system. In overall, the
voltage flicker can be defined as an impression of unsteadiness of visual sensation
induced by a light stimulus, whose luminance or spectral distribution fluctuates with
time. Normally, the frequency is ranging from 1 Hz to 35 Hz when subject to change
in the illumination intensity. There is short term index (Pst) and long term flicker
index (Pr) for the measurement of the severity of the voltage flickers. For short term
index, it is computed by the fluctuating voltage over a period of 10 minutes, while
long term flicker index, also called the average of short term flicker, can be

calculated by the fluctuating voltage over a period of 2 hours.

Electrical furnace, welding machines, rolling mills, pumps and others are well known
as flicker generators. However, variable frequency drives (VFD), switching loads,
motor starting, and also variations in load current due to repetitive events such as
washing machines, refrigerators, dryers, air conditioners and others also causing
voltage flicker. On the other hand, the frequent switching of the PV inverters due to

the dynamic change of PV output also intensifies the issue of flickering.

The quality of voltage supplied to the networks is significantly reduced due to the
voltage flickers and these oscillations of voltage are kind of serious problems to the
networks. Voltage flicker may affect the starting torque, slip, starting current,

temperature rise, and even overloading of motors and generators. Furthermore,
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domestic lighting, power electronic devices, computers and other devices also
affected by the voltage flickers, and reduce the life span of those fluorescent and

electronics devices.

2.3.3 Voltage Rises

Small-scale embedded generation (SSEG) such as photovoltaic modules and wind
turbines are becoming common on the low voltage distribution networks. However,
voltage rises are one of the issues that limit the penetration of SSEG. Simulation
studies using Power World simulation software demonstrate that the integration of
PV system is likely to increase the voltage level (Lewis, 2011). Voltage rises can
happen due to the reversed power flow with the severity depending on the system

impedance, generation location, generation characteristics and system load.

In Malaysia, the voltage tolerance boundary is set at a range of +10% and -6% for the
primary distribution networks with the voltage level of 240V. Any equipment will
perform satisfactorily if the voltage is always maintained within the statutory limits
by the network operators. There are different methods that can be used to mitigate
the voltage rise such as the generator active power curtailment, the wide area voltage
control, the reactive power management, and the energy storage system. The main
limitation for these approaches is the significant cost needed for the installation of
equipment, sensors, control systems, communication and other infrastructure changes.

In this project, the energy storage system is used to cater for the voltage rise issues to
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ensure the voltage is within the voltage tolerance. It can store the excess power

during minimum load connected and discharge when it is peak load times.

2.34 Low Power Factor

Power factor is an index used to calculate the efficiency of electricity consumption,
which is a measure of how effectively the power is being converted into useful
output. The connection between the real and reactive power is expressed by the right
triangle shown in Figure 2.10 where real power is the horizontal axis and reactive
power is in vertical axis. The overall burden deposited on the grid by the load from

both its real and reactive parts is known as the apparent power.

Q =Reactive Power
(kVar)

¢ = Power Factor Angle

/ P = Real Power (kW)

Figure 2.10: Relationship between real, reactive and apparent power

Power factor is the cosine of the angle, PF = cos ¢. The load is resistive when ¢ is
zero degrees and power factor is unity. If the load also includes reactive elements,
the reactive power will be non-zero and the apparent power will go beyond the real
power as shown in Figure 2.10. Hence, when two loads are given, each consuming

the same amount of real power, the one with the higher power factor will be draw
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less circulating current and more efficient than the other with the lower power factor.
A poor power factor can be the result of inductive loads such as an induction motor,
lighting ballasts, power transformer, welder or induction furnace, or it can be due to
high harmonic content or distorted or discontinuous current waveform. This
composes a loss to both the consumer as well as the utility company. The losses in
the cable conductors at a power factor of 0.8 are 1.57 times the losses at unity power
factor, and the losses at a power factor of 0.4 will be 6.25 times that at unity power

factor (REEEP, 2006).

PV systems that supply power to the utility can actually deteriorate the power factor
after the system is connected to the grid (R. Romo, 2015). An example will be used
to show how PV system can affect the network power factor. In Figure 2.11, it shows
a network with a load connected to the power grid. The load draws 1000 kW of real
power and 450 kVar of reactive power which results in 1096 kVA of apparent power.
By using P = S cos ¢ or Q = S sin ¢, ¢ can be calculated as 24.2%and hence, the
power factor is 0.912 as shown in figure 2.11. In Figure 2.12, a PV system is placed
to displace 50% of the real power from the power grid. Therefore, each of the power
grid and the PV system feeds 500 kW to the load. In fact, the PV inverter is designed
to operate with a unity power factor. The PV system with the unity power factor only
supplies real power to the grid. Hence, the power factor angle is increased to 42°
after the PV system is connected to the system. Therefore, the power factor drops to
0.743. This example shows clearly that the power factor drops after the PV system is

connected.
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Figure 2.11: Normal power factor in the network
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Figure 2.12: Power factor being reduced when the PV system is integrated

The inefficiencies associated with the low power factor means that the current along
the distribution lines are high. As a result, the utility company will impose power
factor penalty on the customers. The utility company must set minimum power factor

standards in accordance with applicable tariffs. In Malaysia, any customers with low

29



power factor will be penalised by Tenaga National Berhad (TNB). The power factor
penalty is calculated as follows:
(a) For every 0.01 less than 0.85 power factor, 1.5 % surcharge of the current bill
is imposed.
(b) For every 0.01 less than 0.75 power factor, 3 % surcharge of the current bill

IS imposed.

For example, if the total unit used by a company is 5000 kWh per month at the rate
of RM 0.323/ kWh and the power factor is 0.5, the total electricity bill is calculated
as 5000 x RM 0.323 or RM 1615. The monthly surcharge on the low power factor is
(0.85-0.75) x 1.5 + (0.75 — 0.5) x 3 = 0.9 due to the rate stated above. Hence, low
power factor penalty is calculated as 0.9 x RM 1615 or RM 1453.5. Therefore, the
total amount of the electricity bill for the month is RM 1615 + RM 1453.5 = RM

3068.5. In this example, the low power factor causes 90% increase of its original bill.

In reality, PV power output is not constant and fluctuating throughout the day
depending on the clouds and position of the sun. Fluctuating power factor will have a
high risk to get the power factor penalty as the low power factor surcharge is charged

based on the amount of monthly reactive energy consumption. This is because the

. P .
average power factor over the month is calculated by — where P is the
P°+Q

active energy consumption and Q is the reactive energy consumption. If the average
power factor drops below the standards, power factor needs to be increased to
improve the network efficiency. The supply of the reactive power from the grid has
to be reduced in order to attain the unity power factor. Therefore, customers are

advised to install KVAR generators such as, capacitor, corrector, synchronous
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generators, and synchronous motors. There are a number of solutions available to
maintain the network reactive power such as static VAR compensator, static
synchronous compensator and active filters (Li, Zhang, 2008; Wu & Liu, 2011;

Muhammad A. Saqib, 2015).

2.4  Solutions for Mitigating the Power Quality Issues

The increasing amount of renewable energy penetration to the electrical networks
will raise the power quality issues. Besides, electric vehicles are also one of the
significant elements to affect the power quality of the conventional electrical systems.
Voltage rise, voltage unbalance, voltage sags, voltage regulation, power factor are
the common technical issues caused by the integration of renewable energy and
electric vehicles. Demand side management, renewable energy curtailment, Flexible
AC Transmission System (FACTS), energy storage, and on-load-tap-changer control
are the existing strategies used to improve the power quality on the distribution

networks.

24.1 Demand Side Management

Demand side management (DSM) refers to actions taken on the consumer’s sides to
change the amount of the electricity usage. One of the main functions of DSM is to
manage the load in order to change the power demand profile of customers

(CHUANG & GELLINGS, 2008). DSM programs consists of planning, scheduling,
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monitoring and executing activities of power demand for the objectives of
minimizing the electricity prices, reducing the energy infrastructure investments,
enhancing the energy security and others ancillary advantages. There are four basic
schemes of DSM as follow (Johnson, 2007):

1. Peak Demand Clipping: Decrease the peak demand

2. Energy Efficiency and Conservation: reduce overall energy usage

3. Load Building: Maximize demand to off-peak hours

4. Load Shifting: Relocate demand to off-peak hours

The DSM strategies have the objectives of increasing end-use effectiveness to
prevent or delay the construction of new generation plants (Lim Yun Seng, 2006).
Besides, the DSM is also a series of interconnected and flexible programs whereby
customers play a great role to decide their own demand for electricity during peak
time and cut down their energy consumption in overall (Dabur, Singh, & Yadav,
2012). In (Tande, 2000), the DSM can be used as an effective method to mitigate the
power quality issues due to the wind energy integration. The load controller is used
to control the loads in order to match with the wind power generation to mitigate the

voltage quality issues with the minimum constraints on the renewable energy sources.

Besides, the authors of (Lim, WHITE, NICHOLSON, & TAYLOR, 2005) states that
DSM provides a robust solution to mitigate voltage rise issues on a LV distribution
network with a large amount of renewable energy sources. However, DSM is not
popular in Malaysia. There is insufficient of controlled loads for demand side
management to function effectively. In addition, the DSM is highly relies on costly

and proprietary technology solutions. Hence, the impact of various DSM programs
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should be investigated. Besides, the downside of the DSM is that the customers’

acceptance is still very low. Therefore, it is difficult to implement DSM efficiency.

In the paper of (Ning, Luis, & Daniel, 2011), EV is ideal appliances for DSM scheme.
This is because the interruption of the charging of an electric vehicle for a few
minutes is not a major inconvenience. Hence, electric vehicles will be the first loads
to be inhibited during peak time to reduce the peak load and hence, reduce the

voltage rise of the networks.

2.4.2 Static Synchronous Compensator (STATCOM)

STATCOM is one of the flexible AC transmission system (FACTS) devices. It is a
shunt compensator to control the real and reactive power flows by injecting the
current with a controllable angle. It is widely used to control the power factor,
regulate the voltage, stabilize the power flow, and improve the performance of the
power systems. Under balanced condition, STATCOM works well, whereas a large
amount of negative sequence current will be induced when it goes through the
STATCOM under unbalanced condition. Therefore, in the paper of (Li, Liu, Wang,
& Wei, 2007), novel strategies are proposed to compensate the utility voltage
unbalance using the STATCOM. In (Hendri Masdi, 2004), the designed D-
STATCOM which is the distribution static compensator can mitigate the voltage sags
caused by the three-phase balanced fault. It is the matter of the amount of reactive

current needed to be compensated by the D-STATCOM.
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The traditional STATCOM are limited to improve the system stability as it has no
significant active power capability. Nevertheless, in the paper of (Aarathi A.R, 2014),
the usage of STATCOM integrated with super capacitor energy storage system able
to enhance the system stability with the grid connected photovoltaic system. In
another similar paper, (Xi, Parkhideh, & Bhattacharya, 2008) also states that the D-
STATCOM integrated with ultracapacitor, which is kind of energy storage, is suited
to mitigate the voltage regulation and voltage sags in the distribution systems. In (E.
Ghahremani, 2014), the authors also state that the combination of ESS and
STATCOM would add the benefits as individual such as reduced power flows,
increased system loadability, lower the transmission line losses, and improve the
power system stability. However, the STATCOM is always an expensive option for

reactive power control (T. Aziz, 2013).

243  Energy Storage System

At the moment, there are different mechanisms available for the storage technologies.
They can be classified into two categories: short term discharge energy storage
devices and long term discharge energy storage devices. For the short term discharge,
it responses fast to the power system needs. These kinds of energy storage devices
are normally applied in improving the power quality issues, to cover the load during
start up, synchronization of the backup generators and to compensate the dynamic
response of renewable power sources (Tande, 2003). For long term discharge, it is
able to supply power from few seconds to few hours. Their response is usually

slower than the short term discharge. It is usually applied on energy management,
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renewable energy sources integration and power grid congestion management (Price,
Bartley, Male, & Cooley, 1999). Batteries that used commonly are considered as

long term discharge devices.

The energy storage system is an expensive option as batteries in this stage of
development is expensive, especially those using lithium ion batteries. Currently,
lead acid batteries are cheaper than lithium ion batteries. However, the lead acid
batteries have relatively short lifespan and its life is reduced when depth of charge
and discharge are too high. Nevertheless, it can avoid the renewable power
curtailment and reversed power flow (Zito, 2010). In addition, research has been
carried out to determine the feasibility of the energy storage system to improve the
power quality and provide ancillary services to the electrical networks (Nguyen and

Flueck, 2012).

Energy storage systems can be used for many other applications, such as load
levelling, load shifting, peak clipping and others. On the other hand, the energy
storage system can offer additional benefits in utility settings because it can decouple
demand from supply, hence mitigating the frequency deviations and allowing
increased asset utilization, facilitating the penetration of renewable sources, and
improving the reliability, flexibility, and efficiency of the electrical network

(Schoenung, 1996).

The ability to store the energy for later use is important in many circumstances such
as the variable and uncontrollable power generation of renewable energy. In the

paper (Andreas Poulikkas, 2014), the storage system is introduced to mitigate the
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problem of overvoltage due to the PV integration to the LV distribution feeder of
Cyprus. Apart from that, the energy storage can provide power whenever the grid
reaches its peak demand due to large amounts of plugged-in EV or due to the low
penetration of RE to reduce the voltage sags occurred in the networks. The authors of
(T. Shigematsu, 2002) states that voltage sags can be mitigated and fluctuating wind
power output can be stabilized by using the energy storage system. Hence, the energy
storage has smoothing function when the power is not constant. Besides, voltage rise
and voltage unbalance caused by intermittent PV can be mitigated using novel fuzzy
controlled energy storage on LV distribution networks stated in (Wong, Lim, &

Morris, 2014).

An appropriate control strategy of the ESS is important in mitigating the power
quality issues. Without any control algorithm used, ESS was controlled manually to
obtain the optimum result in the paper of (Chua, et al., 2012). VUF was reduced from
1.6% to 0.8%. It is a 50% reduction in VUF. However, in the paper of (Chua, et al.,
2012), the VUF mitigation in low voltage distribution networks with photovoltaic is
done with the energy storage system using the PI controller. The results showed that
the VUF was reduced from 1.4% to 0.9%, which is a 35.7% drop in VUF. With the
fuzzy control strategy in (Wong, Lim, & Morris, 2014), VUF was reduced from
1.9% to 0.9%, which is a VUF mitigation of 52.6% in 5 minutes. Hence, different
control strategy of ESS can vary the efficiency in the mitigation of VUF. In this
project, fuzzy control algorithm is used as it has the higher percentage in the VUF

mitigation.
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In conclusion, the integration of energy storage appears as a very positive solution
for the power unbalance mitigation. It can act as a frequency control at the
transmission level, voltage control and capacity support at the distribution level.
Besides, it can be installed to provide peak shaving at the consumer level. Also, the
energy storage system can be used to mitigate the power quality issues caused by
renewable energy and electric vehicles provided it is equipped with an appropriate

control strategy.

2.5 Summary

The government has launched variety of incentives and programmes to promote the
penetration of renewable energy and electric vehicles to reduce the greenhouse gas
emissions. However, power quality issues such as voltage rise, voltage unbalance,
power factor and voltage sags influence the performance of the electrical network
due to the large integration of distributed renewable energy sources and plugged-in
electric vehicles. The existing methods on mitigating power quality issues might not
be economically attractive because the super-capacitor, STATCOM and SVC are too
expensive. In addition, they are generally used in transmission system rather than LV
distribution networks to cater the problems. The active management is also one of
the solutions to overcome the technical issues as it can respond based on the network
conditions. Since the energy storage system is also considered as an active
management system, the energy storage system can be an appropriate solution for
mitigating these power quality issues due to the penetration of renewable energies

and electric vehicles.
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CHAPTER 3

ARCHITECTURE OF THE EXPERIMENTAL LV NETWORK

3.1 Introduction

The Malaysian LV distribution network is a radial three-phase four-wire system with
voltages of 33 kV, 11 kV, and 415 V. A laboratory scale experimental LV
distribution network is designed to emulate the real LV distribution network in
Malaysia. This is to investigate the effects of the penetration of RE and EV on the
distribution networks. In this chapter, the design and each of the elements of the
experimental LV distribution network are explained. The physical architecture of the

proposed energy storage system is also presented in this chapter

3.2  Experimental LV Distribution Network

An experimental LV distribution network is developed to investigate the
effectiveness of the fuzzy controller as shown in Figure 3.1. This network is a Terra-
Terra (T-T) earthing three-phase four-wire system. It consists of a network emulator,
two single-phase 3.6 kW, PV systems, a 2.0 kW single-phase wind turbine emulator,

a 9 kW three-phase load emulator, an electric vehicle and the fuzzy controlled energy
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storage system. Each of the devices will be further elaborated in the following

subsection.
Bb
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Figure 3.1: Experimental network diagram

Figure 3.2 shows the flexible LV panel. All the loads, electric vehicle, energy storage
system, wind turbine emulator and PV are connected to the LV network through this
LV panel via 5-pin plug. There are phase selector switches installed for PV systems,
wind emulator systems, and electric vehicles. Therefore, these single-phase devices
can be switched to other phases according to the condition. All the power meters are
mounted on this LV panel for monitoring purposes. The main circuit breaker is used
to protect the load bank from overcurrent and short circuit. Moreover, overcurrent
protection and residual current circuit breaker are installed in the panel for safety and
protection purpose and to protect the equipment. There is also an emergency stop to
disconnect the incoming power from the grid to avoid any hazard accident to happen.

Figure 3.3 shows the experimental setup in the laboratory.
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Figure 3.3: Experimental setup
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3.21 Network Emulator

A network emulator is used to represent the LV distribution network in Malaysia.

The network emulator is a 15 kVA synchronous generator coupled to an induction

machine controlled by a variable speed drive (VSD) as shown in Figure 3.4. Figure

3.5 shows the VSD of ABB with model number of ACS800-01-0025-3+E200+K458.

Figure 3.6 is the synchronous generator coupled to an induction motor. The

specification of the VSD is also shown in Table 3.1. The system frequency can be

varied by changing the reference speed of the VSD. The VSD drives the induction

motor at 1500 rpm. Hence, the system frequency is regulated at 50 Hz, 240 V for the

experiments. The network emulator can provide power balance over the three-phase

system. With this design, it can decouple the experimental network emulator from

the utility grid. This network emulator is a three-phase four wire configuration with

T-T earthing system which is a common configuration in Malaysia.

From
Grid
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Speed Drive

C/—

=

Three Phase
Induction
Motor

Three-Phase
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Figure 3.4: Grid emulator

41

C|:To

Experimental

Network



Figure 3.5: Variable speed drive used to drive the induction motor

Three-phase Synchronous Generator |

<5 HEN

T
o

I Three-phase Induction Motor

Figure 3.6: Synchronous generator coupled to an induction motor

Table 3.1: Specifications of VSD for network emulator

Characteristics Specifications
Input VVoltage 3~380...415V
Input Current 42 A

Input Frequency 48...63 Hz
Output Voltage 3~0...Unpu V
Output Current 44 A

Output Frequency 0...300 Hz
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3.2.2  Photovoltaic Systems

Solar panels that used in this experiment are built by 32 panels of polycrystalline PV
modules, a product of Panasonic with model number VBMS230AEOQ1. These panels
are categorized to 4 strings, 8 panels in a string. From the specifications of the PV
modules in Table 3.2, each module can contribute a maximum power of 230 W.
Therefore, each string will have the capacity of 1.84 kWp and the total capacity of
the PV system is 7.36 kWp. The PV modules are oriented 5<tilt to face north. This
allow the dust on the PV modules be washed by the rain water and allow sunlight to
penetrate on the PV modules throughout the day. Figure 3.7 shows the line diagram
which PV modules are connected to the 3.88 kWp PV inverter named Sunny Boy
Transformerless Inverter, SB 3600TL-21. Figure 3.8 is the solar panel mounted on

the 3.3 m height metal structure in the real experimental setup.

Table 3.2: Specification of PV modules

No Characteristics Specifications

1 Maximum power (Pmax) 230 W
2 Short circuit current (ls) 8.42 A
3 Open circuit voltage (Vac) 37V

4 Maximum power current (lpmax) 7.83 A
5 Maximum power voltage (Vpmax) 29.4V
6 Maximum system open circuit voltage 1000 V
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Figure 3.8: Photovoltaic panel mounted on a metal structure

3.2.3 Wind Turbine Emulator

The wind turbine emulator is consisted of a three-phase induction motor coupled
with a three-phase synchronous machine, a variable speed drive, a rectifier and a
single-phase inverter known as SMA Windy Boy 2500. This wind turbine emulation
system is illustrated in Figure 3.9. The variable speed drive (VSD) is used to control
the speed and torque of the induction machine in order to emulate the actual speed

and torque characteristics of the wind turbine. The VSD from ABB with model
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number of ACS800-01-0005-3+E200+K458 is used in this project as shown in
Figure 3.10 (b). Figure 3.10 (a) is the induction motor coupled with the synchronous
machine which is used as the emulator. The specification of the VSD is also shown
in Table 3.3. The three-phase output is then rectified using a rectifier to supply DC
voltage to the Windy Boy. Due to the specification of Windy Boy in Table 3.4, it will
provide 50 Hz, single phase AC voltage with nominal voltage of 230 Va to one of
the phases of the experimental LV distribution network. Figure 3.11 (a) and (b) show

the rectifier and SMA Windy Boy used in the wind turbine emulation system.

From | = To
grid experimental
— = network

Variable Induction Synchronous ~ ~ Windy Boy
speed drive motor machine Rectifier

ARRAN)

Figure 3.9: Topology of the wind turbine emulation system

(@) (b)

Figure 3.10: (a) Induction motor coupled with synchronous machine driven by (b)

VSD of wind turbine emulator
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Table 3.3: Specifications of VSD for wind emulator

Characteristics Specifications
Input Voltage 3~380...415V
Input Current 79A

Input Frequency 48...63 Hz
Output Voltage 3~0...Unpu V
Output Current 85A

Output Frequency 0...300 Hz

Table 3.4: Specifications of SMA Windy Boy 2500

Characteristics Specifications
VDC max 600 V
VDC MPP 224 — 480V

IDC max 12 A
VAC nom 230V
fAC nom 50/60 Hz
PAC nom 2300 W
IAC nom 10 A
cos ¢ 1

(@) (b)

Figure 3.11: (a) Rectifier; (b) SMA Windy Boy 2500

46



3.24 Electric Vehicles

The electric vehicle used is the Proton Wira converted by UTAR students as shown
in Figure 3.12. This electric vehicle is designed to use three-phase AC motor and the
speed of motor is controlled using the motor controller of Curtis 1239-8501. The
motor can be operated at high voltage ranging from 144 V to 170 V. When the
current is increased to 500 A, the speed of the motor can reach up to 88 horsepower
and 108 Ibs of torque. The maximum current output rating of the battery charger used
is 15 A, having 93 % of efficiency. When the electric vehicle is plugged to the
network, it can be charged up to 12 A practically. It is connected to the network
through the LV panel via the 5-pin plug. Figure 3.13 shows the 5-pin connector of
the electric vehicle. In this experiment, electric vehicle acts as a significant load to

absorb power from the network and causing voltage to drop significantly.

Figure 3.12: Electric vehicle used in the experiment
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Figure 3.13: Charging connector of the electric vehicle

3.25 Load Emulator

Three phase load bank in Figure 3.14 is designed and built to emulate the consumer
load. The load bank consists of 18 units of 500 W power resistors. Each resistor can
be controlled by triggering the solid state relay (SSR) and the relay is controlled via
Labview control system using NI 9403 Digital Output Module as interface between
the supervisory computer (PC) and the controllable load. This NI 9403 is a 37
channel, 7 15 bidirectional digital 1/0 module for NI Compact DAQ chassis. Each
channel is compatible with 5 V/TTL signals and providing 32 digital input or output
channels as shown in Figure 3.15. The COM lines will be referred as the common
point for the signals. The 5 V digital signals will be channelled to the D2425 SSR as
shown in Figure 3.16. This D2425 SSR is silicon controlled rectifier output which is
suitable for heavy industrial loads and it is operated with zero switching. The control
voltage is 3-32 VDC and the current rating is 25 A. Figure 3.17 shows the

configuration of the controllable load bank. Each phase can be loaded up to 3000 W
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with an increment of 500 W per step. However, there is limitation for the designed
load bank as it is purely resistive. Hence, the load bank is having the unity power
factor all the way. In order to emulate a better consumer load, inductive load is

connected.

Figure 3.14: Load bank used in the experimental
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Figure 3.15: NI 9403 37 channels connection diagram

49



\

Supervisory i
P ry NT0403 D2425 Load Bank

Computer :
Digital Output ~ Solid State
Module Relay

Figure 3.17: Arrangement of controllable load bank

Inductive load used in the experiment is the laboratory equipment from
ELWE Germany as shown in Figure 3.18. It is a three-phase variable inductive load
consisted of 8 steps. It has 45 - 360 Var and the current rating is 0.2 - 1.56 A.
Applying the rating given, inductance calculated using the formula P=IV, V=1 XL
and X =2=fL, inductance, L, is in the range of 0.47 - 3.58 H. However, based on the
measurement, inductance calculated is in the range of 0.339 - 2 H. Hence, this

inductor load can only contribute maximum of 259 Var for each phase during the
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experiment. This inductive load is used to vary the power factor of the emulated

network. Power factor will be 0.85 when inductive load is switched to 7 steps.
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Figure 3.18: Inductive load used in the experiment

3.2.6 Energy Storage System

The proposed energy storage system consists of three bi-directional inverters. Each
bi-directional inverter is integrated with four battery banks. A RS232/RS485
converter is the communication link between the supervisory computer and the bi-
directional inverter. The structure of the proposed energy storage system is shown in
Figure 3.19. The Sunny Island is able to be controlled to maintain the voltage and
frequency of the grid at a constant level to mitigate the voltage rise, voltage

unbalance and improve the power factor of the networks. This energy storage system
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is usually installed at the loads because RE and EV are usually placed at the

customer sides.

Sunny Island 5048

Single phase output

) ~ . | tonetwork emulator
S L~ L — \ it

Battery Bank

Converter

-

-

Supervisory Computer

Figure 3.19: Setup of the proposed energy storage system

3.2.6.1 SMA Sunny Island 5048

Sunny Island 5048 is a bi-directional inverter produced by SMA GmbH, Germany.
The most advanced technology used in their Sunny Boys is combined with an
outstanding feature set for off-grid PV applications to form the SMA’s next
generation of Sunny Island inverters. The new Sunny Island 5048 shown in Figure
3.20 has incredible surge capabilities and excellent AC output characteristics. It
provides a very clean and stable 230 VAC output. Multiple units can be used
together for single-phase or three-phase applications. In this project, three Sunny
Islands are used for each phases. The power provided by the Sunny Island can be
increased by simply adding an additional Sunny Island inverter in parallel. The

Sunny Island also has the special ability to facilitate AC coupling of all the power
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generation sources. This is kind of efficient use of available AC power and greatly
simplifies the system expansion. The overall life of the batteries is optimized with
the help of the Sunny Island 5048 through its advanced battery management system.
Estimation of state of charge of the batteries can be obtained by this battery

management system as criteria for the energy storage system to charge and discharge.

Figure 3.20: Sunny Island 5048 bi-directional inverter

One of the greatest advantages of AC coupling is that it allows any type of power
generating device to be integrated to the system, such as solar, wind, hydro, even gas
or diesel powered generators. Hence, the chance to take advantage of all the
resources available at different location is offered to the system designers. It also
allows for easy system expansion by providing a solution for connecting future
power sources. AC coupling offers simple system expansion and guarantees that the
system will continue to serve the needs of its users safely and reliably over the long

term.
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As a conclusion for Sunny Island 5048, the settings needed for the operation can be
configured in few steps. It is flexible in its application, extendable and takes on all
the control processes. In addition, the device is highly efficient and has an ergonomic
die-cast aluminum enclosure. For systems, it is flexible from 3 kW to 300 kW, single
and three-phase operation. It is connectable in parallel and modularly extendable, AC
and DC coupling. It is simple and easy commissioning with the “Quick
Configuration Guide” and complete off-grid management. It has high efficiency,
intelligent battery management for maximum battery life, charge level calculation to
obtain the condition of battery. It has extreme overload capacity, OptiCool active
cooling system and 2-year SMA warranty. Sunny Island also offers the highest
flexibility where real time active and reactive power controls are possible. With this
features, the Sunny Island 5048 integrated with batteries are controlled by the
proposed fuzzy controller to mitigate the voltage rise, voltage unbalance and improve
the power factor caused by the intermittent RE power output on LV distribution

networks. Table 3.5 shows the specifications of SMA Sunny Island 5048 used in this

project.
Table 3.5: Specifications of SMA Sunny Island 5048

Output data
Nominal AC voltage (adjustable) 230V (202 V - 253 V)
Grid frequency adjustable 45 Hz — 55 Hz
Continuous AC output at 25 T /45 C 5000 W / 4000 W
/Cfr::ir:luous AC output at 25 <C for 30 / 56500 W / 7200 W / 8400 W
Nominal AC current 21 A
Max. current 100 A (for 100 ms)
Output voltage harmonic distortion factor < 3 %
Power factor ~1to+1

Input data

Input voltage (range) 230V (172.5V - 250 V)
Input frequency 50 Hz (40 Hz — 70 Hz)
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Max. AC input current (adjustable) 56 A(2A-56A)

Max. input power 6.7 KW /12.8 kW

Battery data
Battery voltage (range) 48 V
Max. battery charging current 120 A
Continuous charging current 100 A
Battery capacity 100 Ah to 10000 Ah
ch IUoU with automatic full and equalization

arge control
charge

3.2.6.2 Batteries

Batteries store energy in electrochemical form, creating electrically charged ions.
However, batteries consist of varieties of technologies, applying different operation
principles and materials. The most important battery concepts are electrochemical
and redox flow. For electrochemical batteries, there are lead acid, nickel cadmium,
nickel metal-hydride, sodium sulphur, lithium ion and others. Lead acid batteries are

commonly used due to its reasonable price.

Battery used in this project is Hoppecke solar.bloc valve-regulated lead acid (VRLA)
battery for typical applications of solar or off grid applications, storage for direct
consumption of photovoltaic energy, telecommunications and traffic systems. This
VRLA battery is reported to have a higher operational efficiency and longer lifetime.
Figure 3.21 shows the batteries used in the experiment. Each battery bank consists of
four VRLA batteries rated at 48 V, 115 Ah. Four banks are connected in parallel in
order to increase the capacity to 460 Ah. The nominal voltage of the battery is 12 V
which is having a total capacity of 5.52 kWh. The rated power for the Sunny Island

used is 4.0 kW at 45<C and 5.0 kW at 25<C. Figure 3.22 shows the connection of the
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energy storage system. This energy storage system acts as one of the energy sources

in the experiment.

In terms of sizing of the battery, assumed that 400 W demand is introduced in the
network. Using the equation 3. 1, the annual energy consumption is 3504 kWh, while
the efficiency is assumed to be 90%, battery size needed for a 1-day supply is 222.22
Ah. In the experiment, 460 Ah battery is connected, however, only 230 Ah is useable
due to its 50% of depth of discharge. Hence, the battery used in the experiment is
able to sustain the 400 W load in a day, assuming there is no any PV power output

for the day. In order to sustain for a week, the battery capacity needed is 1555.55 Ah.

Hence, the rated battery capacity has to be above 3111.1 Ah in order to sustain for a

week.

Battery size [Ah]

Autonomy time x Annual energér;aﬂsumptwn 1000

x
Efficiency Battery voltage
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Figure 3.21: Batteries

- L |
‘ ™ Single phase output
u
< _ to network emulator
o I L - V.
Battery Bank Sunny Island 5048

Figure 3.22: Arrangement of energy storage system

The main benefit of the lead—acid battery is its low cost; the main drawbacks are its
large size and weight for a given capacity and voltage (Buchmann, 2009). Lead-acid
batteries should never be discharged to below 20% of their full capacity, because
internal resistance will cause heat and damage when they are recharged. Therefore,
50% is the recommended state of charge (SOC) for the batteries. Figure 3.23 shows
the estimated life cycles based on depth of discharge for C1o Hoppecke solar.bloc,
which is the batteries used in the experiment (Hoppecke, 2012). It is observed that,

1,193 life cycles can be obtained with 48% depth of discharge.
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Figure 3.23: Depth of discharge for C1o Hoppecke solar.bloc

The higher the conversion efficiency, the less energy is converted into heat and
hence, the faster a battery can be charged without overheating. The conversion
efficiency of the batteries is better when the batteries are having lower internal
resistance. One of the main reasons why lead-acid batteries monopolize the energy
storage markets is that the conversion efficiency of lead-acid cells at 85%-95%
which is much higher than Nickel-Cadmium (NiCad) at 65%, Alkaline (NiFe) at
60%, or other cheaper battery technologies. Lead-acid is moderately expensive,
having moderate energy density, and moderate rate of self-discharge. Higher
discharge rates result in considerable loss of capacity. So, lead acid batteries are used

in the project for charge and discharge purpose.
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3.2.7  Communication and Data Acquisition Using LabVIEW

A data acquisition system is developed for monitoring the power flow of the network.
Several 40/5 A current transformers are used to measure current while NI 9225 3
Channels Voltage Measurement Card is used for voltage measurement. Elcontrol
STAR 3 power meters are used to measure and display the parameters. All the three-
phase voltage and current at the point of connection around the LV distribution
network are monitored. The data acquisition device used is the CompactDAQ 9174
Data Acquisition Chassis together with the NI 9225, a 3 Channels Voltage
Measurement Card module. Figure 3.24 shows the CompactDAQ 9174. The chassis
is connected to the PC to monitor the RMS voltage via Laboratory Virtual Instrument

Engineering Workbench (LabVIEW).

Figure 3.24: CompactDAQ 9174 Data Acquisition Chassis

Another data acquisition device used is the Data Taker DT82 as shown in Figure
3.25. It is a stand-alone and real time data logger which is used to acquire every data
entry. It can communicate with PC through Ethernet, USB, or RS232. Ethernet is
used in this project. A web based program developed by the manufacturer can be
accessed by the internet protocol (IP) address assigned to the data logger. Therefore,

Data Taker is configured to acquire the data needed and the PC is used to record the
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data collected via LabVIEW. The program written in the data logger to acquire data

from the power meters is shown in Appendix A.

Figure 3.25: Data Taker DT82 Intelligent Data Logger

The PC is connected to the three single-phase energy storage system using RS232/
RS485 converter of ICP CON 7563. Signals sent are interpreted into a standard open
process control (OPC) format via YAOPC server which is under SMA possession
protocol. Hence, the energy storage system can be controlled through the control
algorithm developed in LabVIEW. Figure 3.26 shows the flow of data measurement

and the instruction between PC and the three-phase energy storage system.

o ! Elcontrol STAR 3
Power Meter Geperator

SI 5048 E

Bi-directional Inverter

e

RS 232/ RS485
Converter

E Wind Turbine

Load Bank

cDAQ 9174 NI 9225

PC with Control Algorithm
in LABVIEW

Figure 3.26: Data acquisition between PC, Data Taker, cDAQ 9174, and the bi-

directional inverter
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LabVIEW is used in this project to develop the control algorithm. The programming
language applied in LabVIEW is a dataflow programming language. By connecting
the wires, the structure of a graphical block diagram on different function-nodes is
used to control the execution. Variables are propagated with these wires and all the
nodes can be carried out once all the input information is ready. It is capable to

execute in parallel since multiple nodes can be run at the same time.

The configuration of user interfaces is tied into the development cycle which known
as a front panel. The LabVIEW programs are named as virtual instruments (VIs).
There are three elements in each VI, namely: front panel, block diagram, and
connector panel. The controls and indicators on the front panel can input data or
export data from an executing VI. The VI can be used as a subVI. Hence, a VI can
either be executed as a normal program with its front panel or dropped as a node onto
the block diagram as subVI. The connector panel is used to determine the inputs and
outputs node. This means that each VI can be easily tested and troubleshooting work

can be done before being embedded into a larger program.
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Figure 3.27: Screenshot of LabVIEW program

Figure 3.27 is a LabVIEW program illustrating the necessary elements in LabVIEW
programming, which is the dataflow of block diagram in the right frame and the I/O
variables in graphical objects in the left frame. The entire algorithm will be designed
and constructed in the block diagram while the front panel is the graphical user

interface presented.

The main benefit of LabVIEW as compared to other programming tools such as C++,
C#, and FORTRAN, is their wide-ranging support for accessing instrumentation
hardware. It also contains drivers and abstraction layers for many different types of
instruments and buses. The abstraction layers provide standard software interfaces to
communicate with the hardware devices. Hence, the provided driver interfaces can
save the program development time. The National Instrument is much user friendly
as compared to other traditional or competing systems because people who are
having limited knowledge in writing a program can write programs and set up test

solutions in a shorter time period with LabVIEW.

62



3.3  Summary

The LV distribution network is set up to study the loading and generation conditions.
This network consists of a network emulator, photovoltaic systems, wind turbine
emulation systems, electriq vehicles, load emulator, and energy storage system with
SMA Sunny Island 5048 and batteries. The network emulator is a 15 KVA
synchronous machine coupled with an induction motor driven by a variable speed
drive to regulate the system at 240 V, 50 Hz. Two PV systems, a wind emulator and
an electric vehicle are installed on the experimental LV network. All the devices are
single-phase and phases to connect can be selected freely by switching the phase
selector. Besides, a 9.0 kW three-phase controllable purely resistive load bank is
developed. A laboratory equipment of three-phase inductive load is also used to vary
the power factor of the networks. The data acquisition system is formed by several
current transformers, power meters, data logger, NI CompactDAQ chassis with
measurement cards, and a supervisory computer. All the measurements are displayed
and recorded using LabVIEW. Performance of the experimental LV distribution

network is tested. It is similar to the Malaysia’s LV distribution networks.
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CHAPTER 4

Design of Control Algorithm

4.1 Introduction

The details of the control strategy of the proposed fuzzy controlled energy storage
system are presented in this chapter. Fuzzy logic is selected as the strategy of the
controller because it can produce an appropriate output based on the needs and
changes of the network parameters, which is different from the conventional Boolean
method as controller. Hence, the amount of real and reactive power can be
manipulated based on the changes of network parameters effectively. The coding in

LabVIEW is also explained in this chapter.

4.2 Fuzzy Controller for the Energy Storage System

Load demand, resistance, and reactance of the distribution network are usually
unknown and varying time by time, imply voltage unbalance, voltage fluctuation and
power factor also varying simultaneously. Particular measure of real power that

energy storage system needed to supply or absorb, to maintain the network voltage
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level, is hard to be estimated by using the analytical method as voltage magnitude is

dynamic. The equation of voltage variation is expressed as follow:

_ RPW—L + :":va—l. .xppv—l_ - RQW—L
V= Vnc\minal v +.] v

nominal nominal

where R and X are the line resistance and reactance, Vnominal IS the rated voltage at
the PCC. While Ppyv.Land Qpv.L are denoted as
Pov—1 = Proad — Pov £ By

oad

nverter (4 2)

QP‘V—L = QLDad - QPV i Q]nverter

where Proad and Quoad are the real and reactive power of the load, Ppv and Qpy are the
real and reactive power output of PV, Piverter and Qunverter are the real and reactive
power output of the bi-directional inverter. Voltage at the PCC is maintained within
the tolerance boundary when Pinverter and Qinverter are determined provided other
parameters are recognized. However, it is unknown for R and X. In addition, Pinverter
and Qinverter IS in constantly changing power flow condition. Therefore, fuzzy logic
control is much appropriate to solve the dynamic voltage problems due to uncertainty

of parameters needed.

The extended fuzzy control algorithm is developed using LabVIEW in a PC which is
linked to the bi-directional inverters. Real time measurements will be collected and
manipulated by the controller such that an appropriate instruction can be sent to the
inverters for any remedial actions. The real and reactive power output of the energy
storage system can influence the network voltage. However, real power is more
influential than the reactive power on the distribution network because the resistance

is greater than the reactance of the lines. Therefore, real power is used to correct the
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voltage on the network. Below is the equation showing how the voltage change (AV)
is related to the real (P) and reactive power (Q) output of the energy storage (Jenkins,
2000).

_RP+XQ RP
\ Voo s (4.5)

AV

where R and X are the resistance and reactance of the distribution line. On the other
hand, reactive power is used to correct the power factor because the resistance is
greater than the reactance of the distribution lines as shown in Eq. (4.6) (Jenkins,
2000). However, the real power can still influence the power factor because the
amount of real power involved to correct the voltage is significant. The power factor
correction cannot be achieved satisfactory if it is carried out simultaneously with the
voltage correction. This is because the energy storage is not able to identify the right
amount of reactive power to be injected to correct the power factor if the energy
storage is still adjusting its real power injection. Therefore, it is proposed to correct
the voltage before the power factor.

_ XP+RQ
Vv

oV

Figure 4.1 shows the flow chart of the control algorithm. The controller begins with
the collection of the measured three individual phase voltages (Vpnx) and three
individual phase power factors (PFphx) in real time from the monitoring system. Vpnx
is the measured voltage at the PCC. The controller will check whether the voltage is
within the acceptable range of 238 V and 243 V or not. Park's transformation is used
to determine the phase with the maximum voltage deviation. VVoltage deviation, 4Vy,
is computed by using Vypnx—Vrer, Where Vypnx IS the measured voltage of the most

severe phase at the PCC and Vet is the nominal voltage rated at 240 V.
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The fuzzy controller uses AVy as one of the linguistic variables to create seven
linguistic terms through fuzzification in order to generate one output (41p) as the
instruction to the bi-directional inverter through defuzzification. The bi-directional
inverter will adjust its real power output accordingly. This process will continue until
the voltage magnitude is within the statutory limit. Once the voltage magnitude is

restored, the voltage unbalance factor will also reduced.

Ve (k= fub,o1 238 |
Vphx (t)lxz{a,b,c}:"zﬂaV?

Pthx (t)|x:{n.b,c}
<0,987

Compute ﬁ'[.?y(t) = L{"ph {ti— Vef Compute .ﬁP.F;,(t) = |P.F;,phr(t) -1
N where y=severe phase

where y=severe phase J,
* C te AL, (£)withf
[ Compute Al (£) with fuzzy ] [ ompute Ay, (£) with fuzzy ]

!

[ Ly (4 1) = Ly (£— 1) — Al (£) ]

v
Ty (1) =1 (= 1) — AL, (8)

By (£4 1) = Iy (6= 10 + ALy (£) ]

available?

Is PF"M‘ [t+1)

available?

Yes

Figure 4.1: Flowchart of control algorithm

Figure 4.1 shows that the controller will correct the power factor if the voltage
magnitude is with the acceptable range of 238V and 243 V. If the voltage is out of
the acceptable range of 238 and 243 V, then the controller will correct the voltage

first before the power factor. Similarly, should the measured power factor is below
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0.98, 4PFy is computed by using |PFyphx-1|, where PFypnx is the power factor of the
severe phase at the PCC. The fuzzy controller uses APFy in the fuzzy system to
create one output (41g) as the instruction to the bi-directional inverter. The instruction
Iq is used to manipulate the reactive power flow of the energy storage system in order
to improve the power factor of the network. The details of how Al, and 41, are
generated will be discussed in the following. The meaning of the inequality of
PFypnx(t) is to check whether the power factor is leading or lagging at time t. If
PFypnx(t) is greater than O, then the power factor is leading. If it is not greater than O,

then the power factor is lagging.

4.2.1 Details of the Fuzzy Controller

As mentioned above, 4Vy used as the input parameter for the predefined fuzzy
membership includes seven linguistic terms of voltage condition. It is necessary to
convert the voltage deviation and power factor into linguistic variables. This is
because the fuzzy controller takes the linguistic variables as the inputs that describe
the conditions of voltage and power factor with continuous values starting from 0 to
1. Therefore, the control signal derived from the de-fuzzification is a precise
instruction to the energy storage system to restore the voltage and power factor in a
relatively short period as compared to any basic control algorithm. They are
extremely undervoltage (EUV), very undervoltage (VUV), undervoltage (UV),
normal (Normal), overvoltage (OV), very overvoltage (VOV), and extremely
overvoltage (EOV) as shown in Figure 4.2. While the predefined fuzzy membership

for APFy also includes seven different envelopes of power factor condition. Two of
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the input parameters are not linked together. They will be triggered by different
condition and criteria. They are negative extremely high power factor (-EHPF),
negative high power factor (-HPF), negative power factor (-PF), undefined
(Undefined), positive power factor (+PF), positive high power factor (+HPF), and
positive extremely high power factor (+EHPF) as shown in Figure 4.3. These

memberships functions will be mapped to determine the types of instructions.

Input variable membership functions

EUV vuov uv Normal ov VoV EOV
A
1

\
NEEAVAN

I
L —
~——_
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— EUV
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=3 7
E / 1 \ —_ UV
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=} n
E 04 : — oV
=l
VoV
o2 — EOV
A
0 1
20 17.5 15 125 10 -1.5 -5 2.5 1] 25 3 7.5 1o 125 15 17.5 20
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Figure 4.2: Fuzzy logic input variable membership for voltage change (4Vy)
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Figure 4.3: Fuzzy logic input variable membership for power factor change (4PFy)
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For the defuzzification, there is also seven types of predefined membership functions,
namely extremely high supply power (EHSupply), high supply power (HSupply),
supply power (Supply), normal (Normal), absorb power (Absorb), high absorb power
(HAbsorb), and extremely high absorb power (EHAbsorb). The rules for the
defuzzification in terms of voltage change to be done are as shown in Table 4.1,
while Table 4.2 is due with the rules for defuzzification of power factor change. The
rules are designed in such a way to obtain the results oriented. After the membership
functions mapped each other, the centroid of defuzzification is used. The types and
the membership of the instructions are used to justify the area encircled in the fuzzy
output membership in Figure 4.4 and Figure 4.5. The changes needed for real current
(41p) to minimize the unbalance voltage is sent as instruction to the bi-directional
inverter by using the center of area (CoA) deffuzification method. In the same way,
the change of reactive current (41y) is needed to improve the power factor. The
linguistic variable 47y can vary in the range of -20 V to 20 V as the voltage
regulation is #10% of the nominal value while the power factor can only vary from -
1to 1.

Table 4.1: Rules of defuzzification for voltage change (4Vy)

IF Delta Voltage = THEN Delta | =

EUV EHSupply

VUV HSupply
uv Supply
Normal Normal
oV Absorb

VOV HAbsorb

EOV EHAbsorb
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Table 4.2: Rules of defuzzification for power factor change (4PFy)
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Figure 4.4: Fuzzy output membership of instruction (41,)
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Figure 4.5: Fuzzy output membership of instruction (41q)
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For an example, if AVy is -6 V, it will generate two outputs:
1. 0.2 of very undervoltage (VUV)

2. 0.8 of undervoltage (UV)

Hence, the invoked rules for -6 V is "if delta voltage is VUV, then delta | is
Hsupply" and "if delta voltage is UV, then delta | is Supply" with the weight of 0.2
and 0.8 respectively. The instruction (41p) sent to the bi-directional inverter can be
calculated through the CoA defuzzification method as shown in Figure 4.6.
Therefore, the output value will be -1.7. For the power factor, it is exactly similar to
the example above, if APFy is -0.2, it will create two outputs:

1. 0.2 of undefined (Undefined)

2. 0.8 of negative power factor (-PF)

Therefore, the antecedents and consequences for -0.2 is "if delta power factor is
Undefined, then delta I is Normal" and "if delta power factor is -PF, then delta I is
Supply" with the weight of 0.2 and 0.8 respectively. The command (41g) is delivered
after the calculation using the CoA defuzzification method and it is found to be -0.2

as shown in Figure 4.7.
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Output variable membership functions
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Figure 4.6: CoA defuzzification method for real current change (41p)
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Figure 4.7: CoA defuzzification method for reactive current change (41g)

4.2.2 Implementation of fuzzy Control Algorithm using LabVIEW

In LabVIEW, there is front panel and block diagram panel. Figure 4.8 shows the
developed graphical user interface of the energy storage system. Front panel is the
interface for the user to observe the changes of network parameters. From the front

panel, the user can monitor and control the network condition. It consists of the data
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acquisition from the Data Taker with the basic parameters such as voltage, real and
reactive power, power factor, frequency, and current. The phase selection, VUF,
divergence, voltage sequence and other necessary parameters are also shown in the
interface for the purpose of inspection. Besides, the users can monitor and control the
three Sunny Islands through the interface manually or automatically. For manual
control, the user is allowed to control the amount of absorption and injection of
power in the Sunny Island. In automated mode, the fuzzy control algorithm will
trigger the energy storage system when the voltage is out of the acceptable range.
There are 15 buttons in the load bank controller to control the emulated consumer

load. Graphs will demonstrate the dynamic change of voltage, VUF and power factor.
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Figure 4.8: Graphical User Interface of the Energy Storage System

The block diagram contains a lot of wired functional blocks. They are divided into a
few parts, which are the data acquisition section, fuzzy control section, computing
section, control of Sunny Island, and others. The details of the parts will be further

elaborated in the following paragraphs. Figure 4.9 shows a simple load bank control
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where it controlled by the 15 buttons shown on the monitoring interface in Figure 4.8.

The 15 buttons are clustered as a whole in order to arrange them properly.

;

Load Bank
Load Bank (30 Control
[E=t b—dE LT} data

* Error in

Figure 4.9: Load bank control

4.2.2.1 Coding of the Data Acquisition

The functional blocks used to read the measurement data from the Data Taker is
shown in Figure 4.10. In order to establish a working connection, the TCP open
connection with the IP address 169.254.60.152 is used to connect the Data Taker and
read the input registers of the 5 power meters of PV1, PV2, load bank, generator, and
wind turbine. Since the data read from the registers are encoded values, all the data

are decoded as shown in Figure 4.11 in order to obtain the parameters correctly.

Figure 4.10: Values read from the input registers
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Figure 4.11: Way to decode the encoded the parameters obtained

4.2.2.2 Saving of the data collected

After all the data acquisition, data obtained will be saved in TDMS format in the
desired location. For TDMS format file, it can be generated in the template excel file
with all the group names (sheet) and channel names (column) are given. Hence, the
data will be grouped and displayed in different sheets as desired. The user can review
and analyse the data loaded from the file directly as shown in Figure 4.12. Figure

4.13 shows the coding for storing of the data. The data measured by the Sunny
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slands and power meters will be saved accordingly. The specified TDMS file will be

created or replaced to the specific file path.
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Figure 4.13: Data Collection coding
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4.2.2.3 Control of the Sunny Island

Figure 4.14 illustrates the way to turn ON and OFF the Sunny Island with either
signal ‘1’ or ‘2’ is sent. Once the signal is sent to turn ON, 10 server variable pre-set
in the 10 server library will connect with the YAOPC server which is under the SMA
possession protocol. Next, true and false selector is used by the controller to identify
whether the instruction sent to the Sunny Island is taken from the automated control
or manual control as shown in Figure 4.15. When the instruction transmitted is the
same as the previous iteration, it flows into the false case and no action is taken in
the Sunny Island. This can prevent the communication port from doing the extra job
and avoiding the delayed problem. As shown in Figure 4.16, the parameters of the
Sunny Island are read from the 10 server variable. Batteries of each phases within a
range of 60% - 90% is set as healthy condition. Power output of the Sunny Island is

plotted to have a better view on monitoring.
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Figure 4.14: Turning ON and OFF of the Sunny Island
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Figure 4.16: Reading parameters from Sunny Island

4.2.2.4 Coding of the Main Fuzzy Controller

For the programming of the main fuzzy controller, it is put into a sequence structure.
Firstly, the voltage and current are obtained by DAQ Assistant and the fundamental
of voltage and current signals for N channels are calculated. By using the complex to
polar function, the output received will be converted to the magnitude and phase
components. Hence, the voltage and current magnitude can be obtained while the

voltage angle and the current angle can be calculated from the phase component.
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Therefore, VUF can be calculated when the negative sequence is divided by positive
sequence and times 100. Figure 4.17 shows the block diagram for the calculation of

VUF.
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Figure 4.17: Calculation of VUF

By utilizing the symmetrical components, maximum divergence can be determined
and phase with the maximum divergence will be corrected by the energy storage
system. Park’s Transformation as shown in Figure 4.18 will be adopted as the phase
selection for the fuzzy controller. Park’s transformation is used to determine the
maximum divergence of phase, while the phase selection for low power factor is
shown in Figure 4.19. The condition to trigger the case is when the power factor is
lower than 0.98. The phase with the lowest power factor will be selected as the
severe phase. However, when the voltage unbalance and the power factor are within
the tolerance, it will go to the default case, hence, the fuzzy controller will maintain
the previous instruction with no increment or deduction of current output towards the
Sunny lIslands. Figure 4.20 and Figure 4.21 show the fuzzy logic for voltage

unbalance and power factor used respectively. It is explained in the section 4.2.1
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which describes the details of the fuzzy controller. The output of the fuzzy logic is

the current value that needed by the energy storage system for adjustment of the

power output.
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Figure 4.19: Phase selection for low power factor
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Figure 4.21: Fuzzy logic for power factor

4.2.25 Network Operating Conditions Causing the Operation of the Energy
Storage System

For the energy storage system to supply or absorb power from the networks, the
following situations must be fulfilled. First, the voltage must be greater than 230 V
and updated in the following iteration for the case to be triggered. The case will
check the active current value whether it is within the defined safety range which is -
16 A to 16 A. Another condition that needs to be fulfilled is that the voltage of the

distribution network must be higher than 1 which is set in the controller in order to
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make sure that the network is always energised; otherwise the energy storage system
can continue to operate on the dead network. Then, the present current value will
subtract the output current specified by the fuzzy logic. If the current value after
subtraction is equals to 0 A, the case will check for the present voltage whether it is
smaller than the average voltage. If it is smaller than the average voltage, the current
will be added by 1 A. In vice versa, current will become -1 A. This is to prevent the
energy storage system to stop working. Finally, the current value will be sent to the
energy storage system in order to mitigate the voltage unbalance of the network.

Figure 4.22 shows the cases as mentioned above.
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Figure 4.22: Condition of active current before sent to the energy storage system

On the other hand, the conditions for reactive current are slightly different. First, the
reactive current is checked to be within the range of -16 A to 16 A. The acceptable
voltage range for the case is within 238 V to 243 V. If the power factor is in the
range of 0.3 to 0.98, the present current value will be added by the current output of
the fuzzy logic. However, if the power factor is in the range of -0.3 to -0.98, the
output of fuzzy logic will be subtracted by the current value. After all, the reactive
current instruction will be sent to the energy storage system to improve the power
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factor of the network. Figure 4.23 shows the situation and the way for the reactive

current to process before sent to the energy storage system.
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Figure 4.23: Processing of reactive current before sent to the energy storage system

After all, the energy storage system will operate by adjusting the power output from
the bi-directional inverter after the amount of the real and reactive current needed to
inject or absorb had been determined. Hence, voltage rise, voltage unbalance, and
low power factor can be mitigated by this fuzzy logic controlled energy storage

system effectively.

4.3 Summary

Fluctuations of RE output and random plugged-in EVs are unpredictable, causing
voltage rises, voltage sags, voltage unbalance, and low power factor. Therefore, an
effective active control algorithm is needed to mitigate the fluctuating voltage rises,
voltage unbalance and improve power factor. This chapter presents a fuzzy control

method implemented with the energy storage system. The fuzzy control algorithm is
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developed using LabVIEW in a supervisory personal computer. The fuzzy control
would determine and send the appropriate instruction to the energy storage system
and instruct the energy storage system to carry out the necessary action to prevent the
network parameters exceed their statutory limits. The Park’s transformation is used
in the algorithm to identify the affected phase that causing high degree of voltage
unbalance factor and hence to coordinate with the three-phase energy storage system
to mitigate the voltage rise, voltage sags and voltage unbalance issues. Hence, the
particular affected phase can be addressed and balance the voltage effectively.
Meanwhile, only the lowest power factor will be addressed for each phases to

improve the power factor.
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CHAPTER 5

RESULTS AND DISCUSSIONS

51 Introduction

The performance of the fuzzy controlled energy storage system is verified by setting
up the energy storage system on the experimental LV distribution network with two
single-phase PV systems, a wind turbine emulation system, and an electric vehicle. A
number of case studies under different generations load demands are designed to
investigate the performance of the three single-phase fuzzy controlled energy storage

systems. The discussion of the results and conclusions are presented in this chapter.

5.2  Experimental Result and Discussion

The renewable energy used in this system is the 3.6 kW, PV system and 2.3kW,
wind emulation system. When the RE is connected to the network, it causes VUF to
fluctuate and increase. The statutory limit of VUF set by Malaysian Grid Code is 1 %.
Hence, the fuzzy logic controlled energy storage system is designed to react in such a
way to prevent the network VUF from exceeding 1 %. In addition, penalty will be

charged when power factor is lower than 0.85. Hence, this energy storage system is

86



also designed in such a way to improve the power factor. Several case studies are

conducted to represent the different scenarios.

5.2.1 Case Study 1: Impacts of high PV power output on the experimental LV

distribution network

The idea of this case study is to investigate the impact of the intermittent PV power
output on the experimental network. A constant load of 700 W and a 3.6 kW, PV
system are connected at phase A of the experimental network. Figure 5.1 shows the
load profile, PV power output and the power factor of the experimental case study.

Figure 5.2 shows the voltage and VUF at the PCC.
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Figure 5.1: PV power output at Phase A, load at Phase A and power factor of all
three phases of the experimental case study 1
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Figure 5.2: VUF and voltage at phase A of the experimental case study 1

Initially, the PV system generates 800 W which is slightly greater than the 700 W
load. The VUF is recorded at 1% while the voltage is approximately 243 V. However,
at 2:45 pm, the PV power output starts to increase, causing the system voltage to rise
above 251 V and the VUF to be 3.4%. It is noticed that the power factor is

fluctuating all the time. This is due to the intermittent PV power output.

5.2.2 Case study 2: Power factor of a university’s building

The second case study is carried out to study the power factor profile at the tutorial
block (SE Block) in the university. This data was collected on the 1% July 2013 from
12 am to 11.59 pm. This one day data was taken at the switch room of SE Block

using TES-3600 3-phase power analyzer.
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Figure 5.3 is the power factor profile on Monday, a working day. It is shown that the
power factor is in the range of 0.75 and 0.85 early in the morning. However, the
power factor begins to increase to the range of 0.8 and 0.9 starting at 8 am. This is
because the occupants started to switch on many electronic devices in SE Block such

as lighting, air conditioner, fans, computers and even some of the laboratory

equipment.
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Figure 5.3: Power factor profile on 1% July 2013, Monday

Figure 5.4 shows the power factor profile on a non-working day, Saturday. It
is shown that the power factor stays within the range of 0.75 and 0.85 throughout the
day. This is because the occupants didn’t switch on many electronic devices. Case
study 2 shows that the power factor at the building of the university is always low.
However, if the energy storage system is used, the power factor of the building is

improved.
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Figure 5.4: Power factor on 6 July 2013, Saturday

5.2.3 Case Study 3: Effect of using fuzzy controlled energy storage on the

network with PV

This case study is to study the response of the fuzzy controlled energy storage system
with respect to the changes of PV power output under a balanced load condition. A
fixed load of 400 W is introduced to every phases. A 3.6 kW, PV system is

connected to phase B of the network.

Figure 5.5 shows that, the increment of PV power output affects the three-phase
voltages at 3.38 pm. Due to the coupling effect, voltage at phase C reduces to 230 V
although the PV exports power to phase B. The fuzzy control system detects the
sudden change and instructs the bi-directional inverter to absorb the excess power
from the PV system at phase B. The three-phase voltages are then restored to their

nominal values once the excess power is stored into the energy storage system. At
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3.45 pm, the control algorithm detects that the voltage at phase C is out of range.

Therefore, the controller instructs the energy storage system to restore the voltage.

260 r 1400
L 12
255 1200
PV Power (W) - 1000
250
S - 800 g
245 - 600
& Ing =" 5
S w0 e [ = N 0 E
= [ 200 M
233 Y > ;
Voltage B WVoltage A Lo
33 \
230 Voltage C - -200
223 400
ERERAYS 540 PM 347TPM 354 FM 4:01 PM
Time

Figure 5.5: Three-phase voltages and PV power output of the experimental

case study 3

Figure 5.6 shows the response of the energy storage system and the VUF of the
experimental network. The VUF is recorded at 2% when the PV system exports
power to the network. It is noticed that VUF is reduced to 0.5% in 1 minute when the
energy storage system absorbs the excess power from the network. As compared to
the results of (Wong, Lim, & Morris, 2014) in Figure 5.7, VUF is found mitigated from
1.9% to 0.9% in 5 minutes. Table 5.1 shows the improvement of power quality with the

integration of the fuzzy controlled energy storage system.
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Figure 5.6: VUF and power output of the energy storage system of the experimental

case study 3
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Figure 5.7: Corresponding VUF of the energy storage system using the control

strategy of (Wong, Lim, & Morris, 2014)

92



Table 5.1: Comparison of the improvement of VUF with the integration of the

energy storage system

Methods VUF VUF VUF Time
Before After Improvement Needed
Fuzzy Control 1.9 0.9 52.6% 5 mins
(Wong, Lim, &
Morris, 2014)
My method 2.0 0.5 75% 1 mins

Figure 5.8 shows that the power factor of the network. There is a drop in power
factor at 3.38 pm because the PV inverter begins to be connected to the network,
exporting real power to the network at that time and hence causing a reduction on the
power factor. The reduction in the power factor happens only for a brief period of
time after the connection of the PV system at phase B at 3.37 pm. The power factor
Is restored automatically to the normal level without any corrective effort from the
energy storage system because the PV inverter has the built-in feature to bring up the
power factor to 0.85 or above at its terminal once it is connected. However, the
power factor can still be easily reduced if any electrical vehicles or electrical
machines are plugged to the network. Therefore, the energy storage has to be used in

conjunction with the PV inverter so that the power factor can be increased up to 1.00.

93



F02
5 { At LN
g 5 : 2
2 095 : PFB ESS C(Q) —
= : / ESS A(Q) T2 E
2 5
E e F04 5
£ ESSB(Q)
0.83
L P 06
08 08
333 PM 3:40 PM 347 PM 3:54 PM 401 PM

Time

Figure 5.8: Power factor of all three-phases and reactive power output of the

energy storage system

5.2.4 Case Study 4: Effect of using energy storage when inductive load is

connected.

This case study is to investigate the effectiveness of the fuzzy controlled energy
storage system in improving the power factor of the experimental network. In this
experiment, a 2600 mH inductive load is connected to phase A. Figure 5.9 shows the
VUF, voltage and its angle, power factor, reactive current control of the energy
storage system and reactive power flow of the experimental network. It is noticed
that VUF is reduced from 0.8% to 0.5% after the energy storage system supplies 192
Var to compensate the inductive load in the experimental network. The fuzzy control
algorithm is used to manipulate the amount of reactive current flow from the energy
storage system to the network based on the network power factor. It is noticed that
the power factor is maintained within 0.98 and unity power factor. Table 5.2 shows

the improvement of power factor and VUF with the integration of the fuzzy
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controlled energy storage in this case study. Reactive power is not only able to

improve the power factor; it can also provide a support to the network voltage. This

indicates that reactive power supplied by the energy storage system can improve

power factor, VUF, and voltage.
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Figure 5.9: (a) Three-phase voltages, (b) VUF, (c) Reactive power flow and,

(d) Power factor of the experimental case study 4

Table 5.2: Improvement of power qualities with the integration of the fuzzy

controlled energy storage system

Power Quality Before After Improvement
Power Factor 0.93 0.98 5%
VUF 0.8 0.5 37.5%
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5.2.5 Case study 5: Effect of using energy storage when electric car (EV) and

photovoltaic system (PV) are connected to the network

This case study is to study the response of the proposed energy storage system when
EV and PV system are connected at the same time. Figure 5.10 shows the VUF, EV
power, PV power output and voltage at phase A. At 3.16 pm, EV is charged at 2.4
KW, hence causing the voltage at phase A to drop below 230 V. It is noticed that the
fuzzy controller detects the sudden change and instructs the energy storage system to
inject power to the network. At 3.19 pm, PV is connected to phase A of the network,
hence causing the voltage at phase A to increase. It is noticed that the fuzzy control
algorithm is able to manipulate the power output of the energy storage system so to
mitigate the VUF and voltage of the experimental network. At 3.25 pm, the PV and
EV are disconnected on a purpose and it is shown that the fuzzy controller is able to

regulate the voltage and mitigate the VUF in a very short period.

Figure 5.11 shows the power factor at Phase A, B and C with the reactive current
from ESS. The power factor at phase A starts to drop at 3.17 pm because EV begins
to draw reactive power only from the grid emulator after ESS supplies real power to
EV at 3.17 pm to improve the voltage level. However, the fuzzy controller detects
the reduction of the power factor and then supplies reactive power to the network to
improve the power factor. At 3.19 pm, the power factor at Phase A drops again. This
is because the PV starts to supply real power to the load at 3.19 pm, hence causing
the power factor to drop. However, the reduction happens for a brief period of time
because the inverter has the built-in feature to correct the power factor at its terminal.

At 3.25 pm, the power factor drops again after PV and EV are disconnected from the
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network. However, the fuzzy controller senses the reduction and then supplies

reactive power to the network to restore the power factor.
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Figure 5.10: VUF, voltage, active power output of energy storage system, and PV

power of the experimental case study 5i
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Figure 5.11: Power factors of all three phases and reactive current output from the

energy storage system
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5.2.6 Case Study 6: Impacts of wind power on the experimental LV

distribution network

In this case study, emulated wind energy is injected in order to study its impact to the
experimental LV distribution network. The wind speed is emulated based on the
wind speed graph of Kuala Terengganu for the year of 1995 in Figure 5.12
(Shamshad Ahmad, 2009). The graph shows that the wind speed is fluctuating. A
constant load of 370 W is connected to each of the phases while wind emulator is
connected to phase A of the experimental network. This wind emulator is designed to
fluctuate along the time in order to emulate the harvested wind energy. However, the
wind power that can be generated is around 600 W only. Figure 5.13 shows the wind

power output and the power factor of the experimental case study.
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Figure 5.12: Mean daily wind speed values at Kuala Terengganu (Shamshad Ahmad,
2009)
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Figure 5.13: Wind power output at phase A and power factor of three-phases in

experimental case study 6

When wind power output is fluctuating, the power factor of phase A is also
fluctuating according to the wind power. Due to the network is highly loaded with
inductance load; power factor is only 0.8 for all the three phases. It is noticed that the
power factor drops tremendously during high wind power output. This is because the

induction machine is absorbing the reactive power from the network.

Figure 5.14 shows the VUF and voltages of three-phases of the experimental network.
It can be noticed that VUF and voltages are affected by the fluctuating wind power
output. Due to small wind power output, VUF hits only 0.9% which is still under the
statutory limit. However, when this situation is applied to the higher wind power

output, VUF and voltages can be out of the range hence creating power quality issues.
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Figure 5.7: VUF and three-phase voltages of the experimental case study 6

5.2.7 Case Study 7: Effect of using fuzzy controlled energy storage on the

network with wind emulator.

This case study is to study the response of the fuzzy controlled energy storage system
with respect to the changes of wind power output under a balanced load condition. A
fixed load of 370 W is connected to every phase and wind emulator is connected to

phase A of the network.

Figure 5.15 shows the fluctuating of wind power output affecting the three-phase
voltages. Figure 5.16 shows the response of the energy storage system and the VUF
of the experimental network. Since the wind power output is around 600 W only,
VUF hardly to reach the statutory limit of 1%. For the fuzzy logic control, if VUF
hits 0.9%, the energy storage system will react to reduce the hazard of high VUF. At

11.06 am, it can be noticed that, the energy storage system responses to the high

VUF.
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Figure 5.8: Three-phase voltages and wind power output of the experimental

case study 7
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Figure 5.9: VUF and power output of the energy storage system of the experimental

case study 7

Figure 5.17 shows the response of the energy storage system and the power factor of
the experimental network. Since the inductive load is connected to the network, the
power factor is around 0.9. It can be observed that when the energy storage system is

used to improve the power factor, the power factor is improved to unity. However,
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the wind emulator exporting power to the network causes the power factor to drop. It
is because the induction machine absorbs the reactive power from the network. The
fuzzy logic control then injects reactive power to the network to improve the power

factor.
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Figure 5.10: Power factor of all three-phases and reactive power output of the
energy storage system for experimental case study 7

5.3 Summary

Several scenarios under different generations and loading conditions were outlined in
this chapter. The performance of the fuzzy controlled energy storage is verified by
setting up the energy storage system on the experimental LV distribution network.
The responses of the fuzzy control system under different conditions were
investigated. The experimental results show that the fuzzy controlled energy storage
system is able to restore the voltage fluctuation, reduce the voltage unbalance factor,
and improve the low power factor under rapid changes of RE output and EV

integration. Therefore, the developed control algorithm is found satisfy to limit the
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desired network parameters within the level under intermittent RE and integration of
EV. At the same time, the fuzzy controlled energy storage can increase the use of the

RE without limiting the generation effectively.
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CHAPTER 6

CONCLUSION

6.1 Conclusion

The utilities of the world are taking solid steps towards incorporating new
technologies to evolve the traditional grid systems into smart grid systems. As a
promising renewable alternative, the wind and solar power is highly expected to
contribute a significant part of generation in power systems in the future, but this also
brings new integration related power quality issues. In line with this, this thesis
presents a fuzzy controlled energy storage system to mitigate the VUF, voltage rise,
and improve the power factor by manipulating the real and reactive power flow.
Several scenarios under various generating and loading conditions have been carried
out to investigate the performance of the fuzzy controlled energy storage system. It is
noticed that the energy storage system which allows real power control only has its
limited capability. With the aid of reactive power in the distribution network, it can
provide voltage support and also improve power factor. The experimental results

show that the proposed fuzzy controlled energy storage system not only mitigates the
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voltage rise and VUF caused by intermittent PV power output, but also improves the

network power factor effectively.

The majority of the existing control methods are used to solve steady state voltage
fluctuation, voltage unbalances and power factor. The fuzzy control method is
different from the existing control methods as it is able to adjust the supply of its real
and reactive power appropriately and effectively based on the changes in voltage
magnitude and power factor at a point of concern. As a result, the voltage magnitude
and power factor can be maintained well within the required tolerance under the high
intermittency of photovoltaic systems which happened predominantly in Southeast
Asia or other regions with cloudy skies. In the developed control algorithm, VUF
can be reduced from 2% to 0.5%, which is a 75% of reduction in 1 minute. Power
factor is also improved from 0.93 to 0.98. Therefore, this method is an appropriate
choice when dealing with dynamic voltage fluctuations, voltage unbalances and
power factor. Also, this fuzzy control solution is definitely a new and powerful

approach for the energy storage system.

6.2 Future Works

Further work is necessary to study how the energy storage system can solve power
quality issues caused by the random penetration of EV, ESS and PV across the real
distribution network. Also extra work is required to establish the appropriate size of

the energy storage system with respect to the capacity of the RE systems. This is
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because the cost of the energy storage system is also an important aspect to be

considered for the implementation.
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Appendix A: Specifications of SMA Sunny Island 5048

Nominal AC voltage (adjustable)

Grid frequency adjustable

Continuous AC output at 25 T /

45 C

Continuous AC output at 25 <C for

30/5/1min
Nominal AC current
Max. current

Output voltage harmonic distortion

factor
Power factor

Input voltage (range)
Input frequency

Output data
230V (202 V — 253 V)
45 Hz — 55 Hz

5000 W / 4000 W

6500 W /7200 W / 8400 W

21 A
100 A (for 100 ms)

<3%

—1to+1

Input data

230V (172.5V - 250 V)
50 Hz (40 Hz — 70 Hz)

Max. AC input current (adjustable) 56 A (2 A—56 A)

Max. input power

Battery voltage (range)

Max. battery charging current
Continuous charging current
Battery capacity

Charge control

6.7 KW /12.8 kW
Battery data

48 V

120 A

100 A

100 Ah to 10000 Ah

IUoU with automatic full and equalization
charge

Efficiency/power consumption

Max. efficiency (typical)

Own consumption with no load

(standby)
Protection type
Certification
Device protection

Interfaces

Width / height / depth
Weight

Ambient conditions
Ambient temperature
Warranty

Ext. battery temperature sensor
“GenMan” generator manager

95 %
25 W (< 4 W)

DIN EN 60529

CE

short-circuit, overload, over temperature

2 LEDs, 4 buttons, 2-line display, 2
multifunction relays, RS485 /
RS232 / CAN electrically separated (optional),
MMC/SD card

Mechanical data

18.4/24.1/9.3 inch (467 /612 / 235 mm)
139 Ibs (63 kQg)

—13F ... 122F (-25 T to +50 T)
2 years

Accessories

Included

Optional
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Appendix B: Program written in Data Taker DT82
begin "UTAR"

RA100-cv 'trigger when 100cv change to zero
1MODBUS(AD10,R4:1)=1142

RB100+CV 'trigger when 100cv change from zero
'Seq for modbus40001 to start motor

‘a) xxxx xIxx x111 x110 (1142d)

') xxxx xIxx x111 x111 (1143d)

'€) xxxx XxIxx x111 1111 (1151d)

'‘Write to Modbus slave (AD9 is big inverter, 10 is small inverter)
1MODBUS(AD10,R4:1)=1142
1MODBUS(AD10,R4:1)=1143
1MODBUS(AD10,R4:1)=1151

RC1S
‘40002 contains set frequency
1MODBUS(AD10,R4:2)=101CV 'Inverter frequency

RD10S 'Read power meter values

1MODBUS(AD2,R3:29,=1..10CV)
delay=100

1MODBUS(AD2,R3:39,=11..20CV)
delay=100

1MODBUS(AD2,R3:49,=21..26CV)
delay=100
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1MODBUS(AD2,R3:67,=27..34CV)
delay=100

1MODBUS(AD3,R3:29,=201..210CV)
delay=100

1MODBUS(AD3,R3:39,=211..220CV)
delay=100

1MODBUS(AD3,R3:49,=221..226CV)
delay=100

1MODBUS(AD3,R3:67,=227..234CV)
delay=100

1MODBUS(AD4,R3:29,=301..310CV)
delay=100

1MODBUS(AD4,R3:39,=311..320CV)
delay=100

1MODBUS(AD4,R3:49,=321..326CV)
delay=100

1MODBUS(AD4,R3:67,=327..334CV)
delay=100

1MODBUS(AD5,R3:29,=401..410CV)
delay=100

1MODBUS(AD5,R3:39,=411..420CV)
delay=100
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1MODBUS(AD5,R3:49,=421..426CV)
delay=100

1MODBUS(AD5,R3:67,=427..434CV)
delay=100

1MODBUS(AD6,R3:29,=501..510CV)
delay=100

1MODBUS(AD6,R3:39,=511..520CV)
delay=100

1MODBUS(AD6,R3:49,=521..526CV)
delay=100

1MODBUS(ADG6,R3:67,=527..534CV)
delay=100

1MODBUS(AD10,R4:2,=102CV)

END
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