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Synopsis

Synopsis

This Master thesis investigates the application of Peak Load Shaving (PLS) at University
of Cape Town Medical School (UCTMS). The purpose was to decrease the monthly
maximum demand (MMD) in kVA such that UCTMS monthly electricity bill is
decreased. It was purposed that implementing a three-phase inverter in conjunction with a

lead-acid battery at UCTMS for PLS is technical and financial viable.

Five-year UCTMS MMD data history was gathered from UCT maintenance office as
well as eight-month UCTMS load profile, which was gathered using the available
electrical meter at Electrical Department Substation for Medical School at Falmouth
Road.

Control strategies studies from previous works enabled the quickly synchronization of the
three-phase inverter to a three-phase grid. It gave a good quality balanced control of the
three-phase currents through the filter inductors, consequently gave a good quality

control of the real and reactive power.

Secondly a PLS algorithm (PLSA) was developed, which had the aim of setting a
threshold point (TP) to prevent the MMD supplied to UCTMS to surpass the TP. In
addition, the PLSA in conjunction with designed controllers would charge the battery at
unity power factor (PF), whenever the MD is below the set TP and discharge at the same
PF conversely, hence limiting the MMD at the TP.

To test the purposed PLS topology, simplorer simulator was used, where two daily
UCTMS load profile were simulated. The controls design and PLSA were implemented
and the result showed that implementing PLS at UCTMS is technical viable. In practice,
a prototype was built to show the synchronization of the three-phase inverter with three-
phase grid by using a digital phase locked loop PI-based controller implemented in a DSP
chip.



Synopsis

100kV A lead-acid battery system with 12-year lifetime was sized using UCTMS load
profile. The initial capital cost to install 100kVA PLS system was R1,353,000.00. With
2004 tariff structure, the MD yearly saving was R23,016.00. After investigating different
scenarios, it was concluded that the project would be financially viable at demand charge

of R142.36 or higher and percentage increase of demand charge of 3.51%.

vi
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Chapter 1

1 Introduction

1.1 Subject of This Thesis

The subject of this thesis is to investigate the application of Peak Load Shaving (PLS)
technique to reduce the electricity bill at the University of Cape Town Medical School
(UCTMS).

1.2 Background to the study

Electricity demand around the world has increased due to many reasons. In South Aftica,
rural electrification, commercial and industrial demand due to technological
advancement, put a lot of stress on the supplier to increase generation capacity. In
addition, new generation plants have to be commissioned to cater for the increased

maximum demand (MD).

This action is called Supply-Side Management (SSM) [1]. The disadvantages of doing
SSM are the following: Customers will continue to be ignorant of their usage of
electricity, i.e. they would be using more electricity at peak time. Consequently, supplier
has to spend huge amount of money to construct new generation plants or peak plants.

Therefore, the peak plants would increase the MD charges seen by the customers.

Many commercial and industrial consumers are charged by the public utilities on the MD
either in watts [W] or [VA]. According to Eskom’s definition, (Eskom is a South African
national Electricity Supplier), MD is “the highest demand measured in a billing month
during the chargeable times periods specified for each specific tariff” [2]. The reason
behind it is to enable the public utilities to have enough money to be able to pay for the
extra cost of maintaining the running of the peak substation [3]. The higher the MD or

peak loads the more consumers causing this MD, must pay.
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The UCTMS is such a consumer. They are charged by Cape Town municipality on the
MD in kVA, as well as on the energy and service charges at the end of each month at
specific tariff [4].

The process of managing the peak or energy consumption on the customer side, to ensure
that the MD is below a set threshold and that the system reliability is always acceptable,
is called Demand Side Management (DSM) [1]. Thus, DSM has an important role to
play. According to the American Department of Energy, the definition of DSM is
“actions taken on the customer’s side of the meter to change the amount or timing of
energy consumption. Utility DSM programs offer a variety of measures that can reduce
energy consumption and consumer energy expenses. Electricity DSM strategies have the
goal of maximizing end-use efficiency to avoid or postpone the construction of new

generating plants” [1].

In DSM, customers understand their demand usages during a day, a month or a year

period. This helps them to manage it properly, thus avoiding paying the MD charges.

Figure 1.2-1 shows the savings that can be obtained by shaving a peak MD.

kw

Peak Usage
rescheduled

to fit under
lower threshold

time

Figure 1.2-1: Maximum demand shaved substantially to decrease the expense to the customer [5].

Different PLS techniques can be used by consumers to avoid the higher peaks such as
[5]: Load scheduling, generation and load shedding.
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1.2.1 Load Scheduling

Load scheduling is a technique whereby customer loads that would cause the MD to
exceed a set threshold are scheduled on different time of the day to prevent the MD from
going above the set threshold. The information of load usage or timing is very essential
for better implementation of this technique [5]. Figure 1.2.1-1 illustrates the load

schedule scenario.

kw kw Peak Usage
rescheduled
Load |Load {Load to fit under
1 2 3 lower threshold
————— S h:———— e —r— r-—-——————-——-—-—-——--———-——
Load [Load | Load Load |Load {Load | Load | Load | Load
4 5 6 1 2 3 4 5 6
| I N N 1
time time

Figure 1.2.1-1: Peak shaving using the load schedule technique [5]

The most obvious advantage of load scheduling is that the load peak power never goes
above the set threshold. Thus this means that the utility machinery would be protected
against the overloading effect it would be under if the MD would go above the set
threshold line.

This is prevented by customer load being carefully planned to be spread throughout
different times of the day. In this way, the MD would not go above the set threshold,
which means that the supplier would supply constant power throughout the day.

Consequently, money would be saved on the cost of repairing or replacing the damaged

items in the unit under stress and on the peak substation, as well as on the costumer bill.

Load Scheduling has a huge disadvantage on consumers where the load is continuously
critical and the entire load must be on all the time. For instance in case of life support

systems, hospitals and other equipment.
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1.2.2 Generation

In the generation technique, the customer would set up an onsite generator that would be
ready to supply the available power to cater for the extra power needed. Although the
customer might exceed the MD, the public utility would see the power demand by the
customer as below the set threshold. To be able to implement this technique so that it can
be cost effective, a financial feasibility study of the fuel of the generator against the cost
of a higher demand charge would need to be done [5].

If well implemented the generation technique would be a win-win situation for both
customers and supplier. For the supplier the set threshold would not be surpassed by the
customers MD even though in reality it did surpassed. However, this additional demand
would be supplied by the backup generator.

Customers MD would be met even though the supplier would not be able to supply it. It
has huge advantages for customers, who have all their loads as critical. Therefore, there
would be no need to shed or schedule any load, as it would be on every time it would be

needed because of the generation.

If the financial feasibility study of the generator fuel versus the cost of MD charge is not

well implemented more expense will occur than saving.

1.2.3 Load Shedding

In load shedding, non-critical loads are the first to be disconnected whenever the MD is

about to reach the set threshold. Figure 1.2.3-1 illustrates the scenario [5].
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; ’ y ; .. \ i
; ke ! % 3
[ lowds 14 - / Load § [ loads6-7

Non-critical Load Non-critical Load ‘Nan-critical Load

Figure 1.2.3-1:non-critical load being disconnected when maximum demand is reached [5]

This procedure would enable customer critical load to be on continuously, which would
increase costumer site operation and reliability as well as public utility operation

reliability. In addition, blackouts would be prevented.

The disadvantage of load shedding technique is that, it cannot be implemented in the

customer site that has the entire load as critical.

1.2.4 University of Cape Town Medical School

University of Cape Town medical school (UCTMS) uses three substations and two
individual transformers situated at specific buildings. They are all used to supply
UCTMS loads. These substations and the individual transformers receive their power
from the Cape Town Municipality supplier at a specific point at 11kV bus bar and step it
down to 380V to supply the loads. This point is called the Electrical Department
Substation for Medical School at Falmouth road (it will be discussed in detail in section
2.1). It is at this point that the tariffs charges are applied by the municipality.

The substations names are:

o  Wolfsen Pavilion Substation, it has a total capacity of IMVA.
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In this substation, there is a plan to install a new transformer with a total capacity
of IMVA. This will add to a total capacity of 2MVA.

o Werner & Beit (North) Substation, it has a total capacity of 0.8MVA.

o Anatomy building Substation, it has a total capacity of IMVA.

e The individual transformers, one is located at Barnard Fuller building, with total
capacity of 0.5MVA and the other is situated at Chris Barnard building, with total
capacity of IMVA.

The combined capacity of all the substations and the individual transformers as well as
the proposed future transformer at Wolfsen Pavilion Substation adds to 5.3MVA. From
reference [4], UCTMS was considered as a Very Large Power User. The tariff charges
were allocated, as it will be shown in table 2.4-1 in section 2-4 [4].

From the interview with the Facility Project Engineer Manager responsible for UCTMS
energy supply, Chris Briers, it was discovered that the municipality had agreed once off
at beginning of the contract on a maximum threshold of 2.5M¥VA. Moreover, he added
that all loads supplied by the electrical department substation for UCTMS at Falmouth
road are critical. Table1.2.4-1 shows MD history of UCTMS from 2000 to 2005 and
figurel.2.4-1 focus only in the year 2000 and 2005 data, to illustrate the MD increasing
from 2000 to 2005.
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Table 1.2.4-1: 6 year MD history for UCTMS

1752 1602 1737 1725 1896 2046
1700 1773 1956 1935 1873 2070
1680 1752 1935 1860 1873 2127
1512 1563 1623 1689 1716 1977
1224 1509 1605 1665 1632 1818
1422 1485 1602 1746 1640 1953
1575 1557 1436 1686 1650 1833
1488 1590 1662 1749 1899 1995
1473 1550 1518 1668 1731 2004
1494 1503 1560 1776 1785 2037
15675 1656 1569 1701 1950 1941
1476 1485 1665 1668 1839 1911

kVA

R A AR e Al P

Month

Figure 1.2.4-1: 2000 and 2005 load profile for UCTMS

Table 1.2.4-1 MD values were recorded using the monthly bill received by the UCT
maintenance office. Analyzing table 1.2.4-1 it was understood that the MD in the five
years illustrated occurred on the following months:

e January 2000, MD was 1.75MVA

e February 2001, MD was 1.77MVA

e February 2002, MD was 1.96MVA
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e February 2003, MD was 1.94MVA,
e November 2004, MD was 1.95MVA,
e March 2005, MD was 2.13MVA.

The MD of UCTMS has being increasing for the past five year. Maybe three or five years
from now the consumption might reach or exceed the set threshold of 2.5MVA.

Comparing the total power capacity of UCTMS with the set threshold, one can notice that
not all transformers are working close to their maximum capacity and maybe never will,
unless the CTM set a new threshold in this case above 5.3MVA. If this happens, it will
mean that the UCTMS MD charge will increase by 53% above the current threshold.

A load problem was evident from recent events in the city of Cape Town, whereby the
incident of the Koeberg nuclear power station (at beginning of 2006); meant that one unit
was out of service due to negligence in the maintenance. The incident left the city of
Cape Town grasping for air to avoid major blackouts. There was a shortage of 965MVA
[6], which meant that the city was reaching the maximum capacity of the remaining unit.
Eskom came up with the following different strategies to avoid a major blackout:
e Load shedding
e Decreasing the percentage of MD by running a program of changing the customer
ordinary lamps of 45, 60 and100W (DSM), with the new energy saver lamps,
which draw less power but emit a reasonable amount of light. For example, a new
energy saver lamp of 14W has the capacity of delivering light as the ordinary
100W lamp.
e Awareness campaigns, urging consumers around the city to use energy wisely

during peak hours to avoid unnecessary load shedding.

Nevertheless, from the interview conducted with Chris Briers, it was confirmed that the
transformer were not working hard, which meant that the huge investment on the
transformers (R150000 for the IMVA, which is R150/kVA) are not being paid off,

reason being that the price of the transformer is directly proportional to its total capacity.
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From the above discussion, it is clear that load scheduling and shedding is not an option
for UCTMS, which leaves us with only generation technique, in other word an onsite

generator.

There are different ways to accomplish the generation technique to decrease MD, which
are:

e Onsite diesel generator or,

e Renewable source of energy such: solar, wind or water energy

e Peak Load Shaving storage systems.

For this thesis, PLS storage systems will be the focus of the investigation. The idea would
be to use the battery to store energy from the grid at low values of MD below the chosen
threshold line and then release back the stored energy to the grid at peak power above the
set threshold line [S].

1.3 Hypothesis to be tested

The hypothesis for this research is that using a lead-acid battery and three-phase inverter
for PLS of the electricity supply at the UCTMS is technically and financially viable.

1.4 Objectives

To test this hypothesis the following objectives should be accomplished:

e Collect and analyze UCTMS load profile data to identify possible PLS
installation.

e Review and implement the most appropriate control design using a three-phase
inverter in conjunction with battery storage synchronized with a three-phase
source.

e Simulate the designed topology in simplorer package, such that PLS at UCTMS

can be accomplished.
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¢ Build a prototype to test the simulated results practically in the lab.

¢ Do a financial analysis of the project, and check its viability being implemented
at UCTMS

1.5 Limitations

This project encountered several limitations such as:

¢ Simulation package license for simplorer V7 full version expired before the
completion of the project, which prevented several test to be done for the phase
locked loop control, current control and peak shaving algorithm in the three-phase
inverter topology, see figure 4.7-1.

e Thus, the PLS simulation was tested only at University of Cape Town load profile
at steady state condition as discussed in chapter 4.

¢ Simplorer student version packaged, which is a free student edition, has limited
number of component to be used in simulation. Thus, the topology of figure 4.7-1
could not be implemented in student version.

e Because of the time, only the phase locked loop control was implemented in

practice.

10
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2 Sizing a Three-phase Inverter and Battery system for
Peak Load Shaving for University of Cape Town
Medical School

As discussed on chapter 1 section 1.2.4, the UCTMS has all their loads as critical, which
meant that the only possible PLS technique to be used was the generation technique. This
chapter will start by looking into UCTMS substations schematic described in section 2.1.
It will follow then with the description of the type of loads that those substations supply,
discussed in section 2.2. Then in depth analysis, in the produced load profile will be done

in section 2.3. Section 2.4 will use the result of section 2.3 to size the lead acid battery.

2.1 Electrical Department Substation for Medical School at
Falmouth Road

There are two feeders coming out from the Electrical Department Substation for Medical
School at Falmouth Road, which are Wolfsen Pavilion and Anatomy Block. The
transformers in all substations are connected as A in the high voltage side and as Y in the
low voltage side. According to Sen, [7] A-Y transformers are commonly used to step up
the voltage. In this case however, it was used to step down the voltage because a neutral
point was needed in the low side of the three-phase transformer. Figure 2.1-1 illustrates
the UCTMS schematic.

11
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ELECTRICAL DEPARTMENT
SUBSTATION FOR MEDICAL
SCHOOL AT FALMOUTH
ROAD
11kV
WOLFSEN PAVILION WENER & BEIT
SUBSTATION (NORTH) SUBSTATION
-0 O g omoS
1MVA % Futurs
11KV, T 11kXA 1'\T/lf\,/(A 11kV, .q‘_h&VA
380Vms 380V rms 380V e

TRANSFORMER
AT
BARNARD FULLER
BUILDING

ANATOMY BUILDING
SUBSTATION

380V ms

11kv,L0.5MVA

Tfx

TRANSFORMER
AT
CHRIS BARNARD
BUILDING

11kV, L TMVA
Tix

380V ms

Figure 2.1-1: Schematic of the electrical department substation for medical school at Falmouth road

T

he Wolfsen Pavilion feeder feeds the following substations:

e Wolfsen Pavilion Substation

There is one active transformer with the following rated values: 1MVA

11kV/380V rms LL. There was a plan to put one additional transformer with the

same capacity of the former one, as discussed in chapter 1 section 1.2.4, which

now is active.

e Transformer at Barnard Fuller Building (it is fed through the Wolfsen

Pavilion Substation)

There is one transformer with following rate: 0.5SMVA 11kV/380V rms LL.

12
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e  Werner & Beit (North) Substation
There is one transformer with following rate: 0.8MVA 11kV/380V rms LL.

The Anatomy Block feeder feeds the followings transformers:
e  Anatomy building Substation

There is one transformer with following rate: IMVA 11kV/380V rms LL

e Transformer at Chris Barnard Building (it is fed through Werner & Beit
(North) Substation)
This transformer has the following rate: IMVA 11kV/380 rms LL

2.2 University of Cape Town Medical School Load

From the interviews with Chris Briers, it was said that the entire loads are all critical,
which meant that they must be on continuously. The types of load used at UCTMS in the
different substations are briefly discussed as was mentioned by Briers:
e The Wolfsen pavilion substation supplies energy to animal houses,
e Wener & Beit (North) substation supplies energy to deep fridges,
e The transformer at Chris Barnard building supplies energy in the animal houses,
air conditioner and deep fridge,

¢ The Anatomy building substation supplies energy to the air conditioner.

Given the critical nature of the UCTMS load, the most suitable PLS technique that could
be used to decrease the MD as discussed in section 1-2-4, was the generation technique.
The proposed technique falls well in this category, whereby a three-phase inverter will
charge a battery at off-peak or rather below a set threshold and then release the energy
back to the grid at peak time or above the set threshold by discharging the battery, the

latter action will decrease the MD,

13
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With this proposed solution, there would not be a need to disconnect none of the UCTMS
critical loads at peak time. However, the most important aspect to look into is the
capacity of the generator or of the battery. Similarly to the generator technique the
capacity of the battery is the fuel of the three-phase inverter system.

The greater the battery energy capacity, the longer time the system can supply the energy.
However, it also means the bigger and more expensive the battery would be. Therefore, a
careful analysis at the customer load profile is very essential to ensure a proper sizing of

the battery system and inverter.

2.3 University of Cape Town Medical School data analysis

As was discussed in section 1.2 about DSM, it was important to understand the

customer’s consumption to implement a financial viable system that would decrease the
MD effectively.

Thus, an electrical monitoring system, such as the one that was used in accessing data for
this project was an essential part. It enabled the gathering of all the relevant information,
such as load profile and power factor (PF) [5].

Eight months of data (from November 2004 to June 2005) were gathered with help of Mr.
Edsel Ford, the senior professional officer for bulk metering operation in the city of Cape
Town South Africa.

The place of data collection was at Electrical Department Substation for Medical School
at Falmouth Road. As was discussed in section 2-1 that point was the entrance point,

which supplies the entire UCTMS substations.
The metering system used was able to calculate the following:

e Current average demand +A in line 1, in kW

o Current average demand +A in line 3, in kW

14
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e Current average demand +A, in kW. This value is the three-phase power of
UCTMS. In addition it is the summation of line 1 and line 2

e Current average demand +Ri, in kVar. This value is the three-phase lagging
reactive power drawn by UCTMS,

e Current average demand +VA, in kVA. This value is the three-phase apparent
power drawn by UCTMS

Figure 2.3-1 shows the eight-month period load profile for UCTMS.

UCTMS eight month period of load profile since Nov 2004 to June 2005

2500
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time [how])

Figure 2.3-1: UCTMS eight month period of load profile

For the purpose of the thesis the load profile analysis was done only in one month, the
chosen month was December 2004. Figure 2.3-2 shows December load profile.
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Tahle L24-1: 6 vear MDD history lor LTS

A=y METER No. 677642
| _kva kVa kVa kVa kVa kVa
2000 | 2001 | 2002 . 2003 | 2004 2005
jan | 1752 | 1602 1737 5 1725 | 1BOG 2045
Feb | 1700 1773 - 1956 | ‘Das | 1873 2070
Mar 1680 1752 1935 1860 1873 217
Apr 1512 1563 1625 | 16a% 1714 1977 |
May | 1224 _ 1509 1805 | 1665 1632 | 1818
Jun 1422 1485 1602 1748 1640 1953
Jl 1575 1657 1436 1686 | 1850 1833
Aug | 1488 1590 1662 | 1749 | 1899 | 1995
Sap | 1473 1650 1518 | 1668 1731 2004
Dt 1494 1503 1560 1776 : 1TES 2037
Mo 1575 1656 1569 1701 1950 | 1441
Cac 1478 1485 1665 1668 1834 1611
2E00 ] s
2 e
oon —= e et
[ .
e |
L5000 H\“\ == |
= \./
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fenith

Figure £.2.4-1: 2000 and 2002 lpad profile for UCTMS

Table 1.2.4-1 MD valucs were recorded using the maonthly bill reccived by the UCT

mainlenance office. Analvzng table 1.2.4-1 it was understood that the MU in the five

vears illustrated occurred on the following months:

s lanuoary 20000 MD was | L75MVA

e  February 2001, ML was 1L77MYA
= Fobruary 2002, MD was 1L.96MVA
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s  Currenl average demand A, in kW, This value s the three-phase power of
UCTMS, In addilion 11 15 the stenmation of hine | and ling 2

s  Current average demand Ri, in kVar, This value is the three-phase lageing
reactive power drawn by LICTMS,

+ Curment average demand —VA, in kVA, This value 15 the three-phase apparent

power drawn by TOTMS

Figure 2.3-1 shows the eighi-month period load protile for UCTMS.

UDCTRS aight menth period of loal profile since Mowv 2004 to June 2005
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Figure 2.3-1: LCTMS eipht month period of load prolile

For the purpose of the thesis the losd prolile analysis was done only o ane month, the

chosen month was DNecember 2004, Tigure 2.3-2 shows December load profile.
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Cecember 2004 load profile
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Fivure 2,.3-2: LCTMS December Loud prohile
Each peak power represented in figure 2.3-2 ilustrates daily peaks. From the interview

held with Edsel Ford, at was [ound oul that UCTMS uses the Elster Kent meters. He
added also that those meters have a window period of a halt hour to gather the power
then it sends a pulse, which represents the average power cateulated. At the end of cach

monih. 11 resels the pulse for blling purpose,

The PF was caleudated using the data gathered al DCTMS (sec the accompanicd €Dy,
equation (2.3-1) was used 1o accomplish this.
£ N-Cos(th {(2.3-1)
Where Cos(B) equal 1o PF. [t van be seen that the customer draws the peak power al o low
load PF. The average PE lor the month of December was calculated 10 be (L83, Figure

2.3-2 shows that the MD occurred on the third dav, The MD obtained tor the month of

December was 1AMV AL

The (C'TM charges UCTMS on the peak apparent power or total capacity power. As
alrcady mentioned UCTMS 15 considered as a very large power user [4]. The tariffs used

are shown in table 2.3-1 [4].



Table 2.3-1: Flectricity tariffs for commercial consnmers |4

VERY LARGE POWER USERS 200304 2004:03 | Inceease %
Service Charge - (monthly) R per month | R45, 900,00 Suee Note

Service Charge - (daily) Rperday | RI, 50904 [RI, 36186 |350%
Encroy charpe - {dailv) ¢kWh | 12,72 E317 354%
Demand charge RKVA | RIS.53 R19,1% 3.51%

Note:
All fipures exclude VAT

hdonthly Service Charges calenlared as [oaly Service Chyrge caltphivl by nomber of days in alling period

From table 2.3-1 il can be seen that savings can be achicved in demand charge by
limiting the C'I'M peak power (o the sel threshold. This means that the peak shaving
techmigque that this thesis 1s proposing 1© nnplement will have 10 supply the peak MD

power in kAL To cosure that the CTM peak power in kV A would decrcased optumally.

Theretore assuning a LO0kVA and 200kVA three-phase inverter for analysis. then the
total capacity in kYA that the CTM would supply to UCTMS would drop [rom J. 84MTA
e £ 74MEA and {64MEA respectively.

In addition, the percentage shaved would be 3.4% and [0.9% for the [00kVA and
200k VA threc-phase inverter respectively. However, to decrease the peak power in KVA
i5 not as simple as it scems bocause the peak power is composed of the real and reactive

power as shown in the cquation (2.3-2),

S=P+ 0 (2.3-2)

Where 515 the apparent power in {kVA |, /715 the real power in [kKW] and € 1s the reactive

power tn {kVar],

Graphically cquation 2.3-2 15 represented as show in figure 2.3-3.
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=

Figrare 2.3-3: Graphical representarion of Apparent, real and reacrive power

Therefore to decrease S froom FEIMYA o0 L 748V A or 1.04MY A, there 15 a nead 1o

decrease £ and ¢ such that S would be decreased optimally,

2.3.1 Optimum Peak Load Shaving for UCTMS

As was pointed out from the previous section the apparent power., §. is the parameter that
should be decrcased at the CTM, i this way the peak shaving would be done optimally.
[deally, S should be drawn by the load ar unity P, However, many of the leads are made
of induction motors, which draw power al PF less than wiuty or laggimg PE[7] This s the

case Tor the loads at UCTMS,

The circle in f1gure 2.3.1-1 wepresents the weal seenario that the CTM wowld want to
have for the total capacity drawn by the load, Because in the scenario the PF is unity, e,
15 zero. which would mean from equattom 2.3-1 that the CTM would only deliver the

raal power demanded by the consumer.
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Ll
1l
[}

L J

Figure 2.3, 1-1: Apparent power at unity pewer factlor

However, the power triangle that UCTMS has is shown in figure 2.3-3 and 2.3.1-2

Fizure 2.3.1-2: Total capacity doawn by LCTMS losd o day 3
Recatling that the average PF of customur [or the month ol December was (0,83 and

assuming 1 to be constand lor simplicity, theretore the real and reactive power [low was

caleulated to be =1 3380 and (=7 033 ver.
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Three scenanos will be discussed to illustrate the optimumn PLS that must he
implemented at LICTMS, Scenariel will look inw the case of only supplving real power
from the inverter. Scenario 2 in another hand will analyec the elleet ol only doing P
cortegtion, Lo, delivering reactive power only, and finally scenario 3 will analvze the
cifcet of suppiying the apparcnt power Irom the inverter at the same PF as the (UM,

which mean that the three-phasc inverter would supply both real and reactive power.

u) Seenerainl @ Only real power delivered Crom the inverter,

Assuming the use of the three-phase wverters at unity PF, the inverter In conjunction
with the battery system would supply only the real power, The [00KVA and 200kVA
tverter would supply [O0KW and 200kW respectively i1l the respective baltery system
were sized to supply LOOKW and 2(0KW for the required time. This in tum would

decrease CTM real power from 330 o L43MWH and £ 34M P respectively.

The reactive power supplied rom CTM to COTM would remain the same. Thus, the total
syatemn capacily 5 would be L 70MWPA and £LaA8MEA Lor the 100RVA and 200KV A
inverter respectively. The new & is caleulated wsing the equation (2.3.1-1) and it is
tHustrated graphically m [tgure 2.3.1-3 Tor the 100k A three-phase inverter in the lett

ancl 2V A three-phise inverter in the right,

S=J{(P -0 {23 1514

20
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Figure 2.3.1-3: New svstem capacity for UCTMS after supplyving power fram 10DEY A and 2IHEY A 3-

phase invertee at unity PV respectively.

From figure 2.3.1-3, one can see that by supplyving only real power the PF gots worse.

This can be conlirmed mathematically using equation (2.3.1-2),

J
ER=Clos{T "L
ol fan P}

Tahle 2.3.1 1 illustrates the noew PE othe CTM would have 10 100KV and 200k were

supplied by the [O0EV A and 200KV A three-phase inverter respectively,

Tahle 2.3.1-1: New public utility power factor alter wsing Lhe threc-plase inverters al unity PF

CTM IPF € TM FI after the CTM Pl after the |
00KV A three-phase | 100KV A three-phase
: mverter supplies inverter supplies
| 0KW_ | 200k
i 'F {183 08l _ 0,79 i
h) Secneraiol: Only reaclive power delivered [rom the inverter.

Assuming that the three-phase mverters supplies only reactive power to CTMS, then this

mean that it was pertowming PT corecction only. The new reactive power thal CTM
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would supply 1o UCTMS aller the 100KV A threc-phase inverter supply the 100KV ar 1o
LOTMS woutd be (9408 Far and due to the 200kV A three-phase inverter, it would be
EI=N30E Far.

Theretore, the new & that the CTM would supply to the customer would be £ 790 FA and
L TAMEA while using the [00KVA and 200KV A three-phase inverter respectively, This

seenario is illustrated graphically in Hlgares 2.3,1-4

&
Libility | D-358  Mew ulility
Capeacity | Capacity

Ieretar
Crapety

-

Figuree 2.3 01-4: New svstem cupacity for COTMS after supphving piwer from [00EY A and HEIEY A

three-phase inverter at zeve PF respectively

The new system PIafter using the 100kVA and 200kVA three-phase inverler as PIY

correction would be as shown in Lable 2.3.1-2,

Tuble 2.3.1-2: New pubtic wiility power luctor afer using the theee-phase inverters as PF correction

umit
' CTM PF CIM PFafier the | CTM PF alter the
5 100kY A three-phase | 200kY A Lhree-phase
' wverler supphcs inverter supplies
: - [00kYar 200kYar
e ngs 033 (.88
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¢} Sceocraiond: Combination of real and reactive power delivered from the

inverter.
The third scenario was the possibility of Tinding the best point where CTM peak power in
kA could be decreased to a minimum value by using the three-phase inverter.

Analyzing figure 2.3.1-3 and figoure 2.3.1-4 there is a point on the three-phase mverter

cirele that would wive the nmimuam CTM peak power.

T'his paint was where the three-phase inverter circle and the CI'M new vircle meet in a
tangent. Practically, this would be only possible if the three-phase mverter would supply
S at the same PI7 as the CTM, Thus, the new CTM capacities, 5, when using the third
scengrio for the [00kVA and 200kVA three-phase inverter would be { 7404 and

L AFMEA respectively, Figure 2.3, 1-5 shows the scenario.

+ .
| (=i

Flanre 2.5.1-3: New system capacity Tor LOTMS for the best peak shaviong diee (o IIHKY A and 2000k

VA three-phase inverter vespeciively

Table 2.3.1-3 illustrates the response of each of the scenario in relation with CTM

supplying UCTMS without the three-phase inverter,

[t
L
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Fable 2.3 1-3; Table to illusteare the differcnt seenarios of PLS o be able to choose the eptimum peak

shaviug for LOCTMS

Apparent Real Power Reactive Power I’F
Power [MVA| [MW] [MVar|
| Cape Town
munmicipality | 1.84 153 1.03 0.83
- without the
three-phase i
b erler
Sceneraiol 176 Az T |03 |
: LUK W
| Sceneraiol | 168 33 e
200KV
Scencraio? 1.79 L5 | 053 17 T
100k Var
Scencran? e £.53 0.83 {)
Mk Var
Seeneraos L.74 | .44 197 (L83
100KV A ’
Sceneraiod F.0d .36 01.91 i 0.83
200k A | '

Therelore, from the results il can be scen that the best PLS would be found by applying
the third scenario. As discussed the three-phase inverter in this scenario would supply the
apparent power at the same PF as CTM is supplving UCTMS. In this away the minimum

MD that TTM would supply LCTMS sould be achicved.
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2.3.2 University of Cape Town Medical School monthly saving by
using 100kVA or 200kVA three-phase inverter

From tables 2.3-1 it could be seen that CTM charecs UCTMS in three ways: service
charge, energy charge and demand charge. The monthly bill that UCTMS has to pay
CTM is composed of the summation of those charpes, However, the only charse that
would he affected when a three-phase inverter in conjunction with battery storage 1s used

would be the demand charge.

The enerpgy charge that CTM imposed on UCTMS would oot be allccled becawse the
energy that the three-phase inverter in conjunclion with battery storage would deliver to
UCTMS at peak time, would be the same energy that UCTMS would buy from CTM at
oft-peak time or below the threshold point, to store or charge the battery, Thus the enerey
ihat CTM supply UCTMS at peak lime would merely be transterred to the off-peak time.
Once again, analyzing lable 2.3-1 it was noticed that the demand charge in 2004 was
RIS I8kVA, Continuing with the month of December analysis. the demand charpe
contrtbution in the December monthly bill was R35.272.02.0 [ was caleulated using

equation {2.3.2-1),

Monthiv. MDD Charge = Monthly  MDx Demand  Charge {2.3.2-13

Where, Monthly A2 15 the maximum daily peak, which would occur within a month. the
Montidy MD_ Charge s the charge that UCTMS must pay 10 CTM due 1o the daily MD
mm a month. The December Mewarily MDD was 1839KVA or LB4MVA az illustrated in
tables 1.2.4-1 and 2.3.1-3 respectivel v,

Morcover, usmg scenano 3 n table 2.3.1-3 and eguation (2.3.2-1), the new
Monthly MD Charge that UCTMS would pay o OTM would be R33.354.02 and
R31,436.02 tor the 100KV A and 200kV A three-phase mverler respectivel y.
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Conscquently, the monthly savings that UCTMS would make would be R1,918.00 and
R3.R36.00 respectively. Thus the yearly soving would be B23,076.00 and 840,032,060 by
using the 100kVA and 200k VA three-phase inverter respectively in 2004,

It is evident that with 200k VA threc-phase inverter the savings would be greater. in fact
the bipger the threc-phase inverter capacity. the greater the savings. Thus, the 200kVA

threc-phase inverter could be considered ax the best chotce Tor the design,

However, before considering the 2006V A three-phase inverter as the best chioice, stmply

hecause it would resulls in greater savings, some points were considerad, such as:

o LOTMS load profile curve should be analyzed to cheek tor how long the shaving
period would occar for the specific inverter in use.

o Then that would help to see the total cnergy that Lhe batery storage would need 1o
supply the required cnerpy demanded at peak timee,

o Rucall that encrey s cqual to the product of the power and the time.

«  The otal cnergy at peak time or abeve the threshold poant would help w size the
battery capacity.

« [n addition. the bigger the battery capacity. the more expensive it would be.

Thus from Lhe shove points, 11 was understood thatl, the choice of the right size of the
three-phase inverter [or UCTMS, depends on the shape of the UCTMS load protile curve
as weltl the enerey required at peak time i.e. the battery capacity. Therefore, the 100KV A
and 200k VA will be used in the analysis to size the battery storage. The cheapest battery

storage witl be used in the nunciab analvsis to check for financial viability.
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2.3.3 Energy required to supply the UCT Medical School at peak
time using the 100kVA and 200kVA Inverter.

=)

In section 2.3, the data gathered by the metering system was discoessed, Those data points
were {he important load measurements done by the metering system al hall bour inlervals

for PLS analysis. Lach signal gathered was averaged during this half hour period.

The measurement done by the metering svstem was undertaken al voltage level of 1HOY
and maximum current flow of 5A, hecause the matering system uses voltaee translormer
{¥T) of the following ratio | TOOOV/110Y and corrent transformer (CT) of 150454, All
the measurements had to be transtormed W the actuad values al 11kY and [30A lor
analysis as seen on the bus bay feeder. This was accomplished by using the ratio of the
VT and C1, which is 100 for VT and 30 tor CT. By multiplving them, it yields 3000; this
value is multiplicd by cach measured value to transtorm back to actual values on the hizh

side of VU and O

Fioure 2.3.3-1 illustrates the maximum daly load profile of UCTMS, which happen in

the third day. Each strip represents half an hour “cwrent average demand™.

Kawimum daily iad profile for the month of December 2004
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Figure 2.3.3-1: Maximum (aily load profile far the month of ecember represented as half an honr

strip
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The enerey in one strip is the product of the peak ol the strip and its width. the width
period was a set to half an hour, Theretore the total energy would be the suinmation of

the cnerey m cach stop,

In addition, having the above argument in mind. the energy at peak time was calculated
by sutnining the portion of the enerey in cach strip al peak tme 1. above the threshold

line. Ideal monthly PLS throughout one month was assumed for simplicity

[deal monthly PLS would happen when the threshoeld point would be set al begin ol cach
month in such way that the maximum peak within a month, would be the only peak
puwer that the threc-phase inverter would supply its Ul capacity in 30 minutes, The rest
of time, the threg-phase inverter woukd supply the required power in the range of 7ero and

bess ats Lull capucity,

From the above discussion, the threshold for cach relevant month throushout the ciehi
months pened was calculated using values (rom table |2.4-1. Table A- in appendix A
shows the values of table 1,.2.4-| for the relevant eight months on column 2 as well as the
actual data gathered from the metenng system. which 1 represented 1o table A-1 an
colomn 3. Comparing column 2 and coluin 3 of table A-1, it can be seen that some MID
throughout the eight-month period did not mateh exactly. Thus, the actual MD data in

colutnn 3 were uscd [or the encrey analysis of PLS to size the battery systen.

Lsing the actual dala i wble A-1 and subtracnog 100kVA and 200k% A m cach month,
the ideal teesholds for cach month were caleubated, The caleulated thresholds are
Hustrated i table A-2 in coblwnns 3 and 4 for the [O0EVA and 200V A inverter

respeetively,
UCTMS load profile representation  throughout the report will be represented as

continuous line as illustrated o figune 2.3.3-2 for sumphicwy, Figure 2.3.3-2 illustrates the

maxinum daily load profile tor the month of December,
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Maximum daily lead profile for the moenth of December 2004
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Figure 2.3.3-2: Masimnm daily lead profile for the month of December for UCTMS represented as

comtinuous line.

Mow using the threshold value caleulated for the month ol December Lor the 100KV A and
200k VA three-phase inverler respectively as illustrated in table A-2, it was apphied
figure 2.3.3-2, Thus, figures 2.3.3-3 and 2.3.3-4 were ohtained for the [O0KVA and

200KV A three-phase inverter respectively.
In leures 2.3.3-3 andd 2.3.3-4, the threshold line represents the new muaximuwm power that

the CTM would supply LOTME. In addition, this action ol the CTM would be possible
while using the 100KVA and 200kVA three-phase inverter respectively,
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Figure 2.3.3-4: UCT medical schood lead profile shaved by 200KV A

Tables A-3 and A-4 shows the penod where the load 15 above the threshold line as well

as the Uree-phase mverter capacity needed o supply the power above the threshold line

for the TOOKVA and 200kVA respectively, Tables A-3 and A-3 also shows the inverter

uuputﬂyink\#\,hnumvuru;mxulhulnnuwylhalea]pnumﬂin[kVV]isnccdinﬂcad.
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T'herefore, tables A-3 and A-6 illusirates the real and reactive power that the three-phase
inverters would supply al different PE above the threshold line as well as the period that

load would be above the threshold line,

n keeping with the half’ an hourly measurement period, the energy in kWh supplied by
the three-phase inverter for that period in each strips above the threshold line were added
together. Thus, the total energy above the threshold hine 15 presented in tubles A-7 and A-

§ for the third day for the 100KV A and 200KV A three-phasc inverter respectively.

Analyzing table A-5 to A-R_ it cun be seen that for the third day ol December the battery
slorage system would have to supply 209.81kWh for Shour and 733,55 kWh for 7.5 bour.
for the [OOKVA and 200kVA three-phase inverter respectively. The same analysis as

ahove was done for the other days throushout the cight months.

Table A-9 and A-10 shows the maximum daily energy that the battery sloruge would
supply 1a cach monih and its duration lor the 100KV A and 200kV A three-phase inverter
respectively. As mentioned above the battery storage would have to be sized tor the
worst-case scenano. Therefore, from tables A-Y and A-§0 the maximum energy in kKWh

arid the maximom tme duralion wias chosen to size the hallery storage,

Tables A-11 and A-12 shows the maximum daily enerey i the worst month, which
bappen 1o be in February, and present the maximuim duration lume when wsimg [O0RVA

and 200k VA three-phase inverter respectively.
The purpose of this rescarch was 1o use the three-phase inverter Lo supply the KV A power
at the same Pt as the three-phase source. Thus, ensuring that the best peak load shaving

could be achieved as discussed previously in seciion 2.3.1.

Llowever, to size the battery, a unity Pl discharging was assumed to make sure that the

hattery would be sized w0 deliver the full inverter capacity in kW, This decision was 1aken
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because 1t was noticed from the data gathered that the PF throughout the cight month
perind changed trom 0,80 to 0.94,

Continuing with the analvsis i the worst case scenano as discussed in tables A-11 and
A-12, table A-13 llustrates the enerey that the 100KVA three-phase imverter would

supply il 11 had to deliver the power at same PF as the supplier.

Table A-14 however shows the maximum chergy the TOOKVA three-phase inverter would
supply 1o the god at unity PF. Simidarly, tatle A-15 and A-16 presents the resuit tor the
2006 A three-phase inverter using the same analvee used to culeulate the values in tahle

A-L3 and tuble A-14.

Comparing the energy delivered by the threc-phase inverters in table A-13 to table A-16
s clear thiat 1t was wise 0 siee the buttery to deliver the Tull poser ot unity PE, which 1s

the worst-case scenario, The focus ol the anulysis 18 now shilted to tables A-14 and A-16.

Mow tomake the analysis more realistic the theee-phiase inverter s assumed to deliver the
power {0 the three-phase grid at etficiency of 90%. From tables A-14 and A-16 the
average power that would be delivered by the 100V A and 200kV A three-phase inverler

are 73, 50KW tor 3.5hour and 142.73kW for 7.5bour respectively,

Thus at elliciency ol 90% af the three-phase inverter, it would mean that the battery
storuges must supply average power ol 83.90kW for 5.5hour and 158, 39kW for 7.3 hour

to the 10KV A and 200k VA three-phase inverter respectively,

2.4 Batteries Sizing

2.4.1 Different energy storage

The Rattery Energy Storage Systems (BESS) are a type ol cnergy storage device that

store encroy electrochemically. The other tvpes ol cnergy storage available are:
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e Superconducting Magnetic Energy Storage (SMES) has the aim to slore cnerey
magnetically, when a de current flows through a superconducting coil [¥].

s Advanced Capacitors are a lyps of deviee that store electneal encrey when
positive or negative charges, arc stored on their plates [R].

»  Flywhecl cnergy storage (FES}) is a type ol storuge doviee that store clectrical

enerey kinetically, when couple to an electrical machine [X].

In terms ol Tast response and hugh elliciency, the SMES 15 leadimyg the cnergy storage
devices with a charge-discharoe citiciency of 95%, However, il is the most costly from
them all [5]. The BESS compared to the others energy storage, are the most cost effective

enerey storage around and very eusily acecssible [8]

Looking deeper 1n the BESS technology. specifically the different batteries technology
around. for cxample: the lead acid batteries. nickel-metal hyvdnde batlenes, nickel-
cadimum batteries, and lithium-ion hattertes, which accarding to the authors ot reference

[8], they were being investigated for large-scale energy storage application.

Important factors to consider when choosing a BESS for a storage application arc the
following: high encrgy density. high encrgy capability. round tnp efficiency, ¢ycling

capability, lilc span and initial cost [8].

Lead-acid batteries has the lower eneray density capability and limited life cyele
compared with the rest discussed batteries, however if's lower cost and the casiness of
being accessed for replacement us well as being already a stable technology, make them

the first choice of wany storage application [8].

Bused in the above discussion the lead-acid battery was the choice for this thesis. The
lead-acid batlery used 1o do the lnancial feasibility study analysis was a battery

manutactured by the First Nationat Battery (FINB), which is o South Alnea compuny. [9).
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2.4.2 First National Battery Lead-Acid Batteries

Duc w the pature of the project, which was PLS, it meant that the battery bank that must
he used. has to be always ready or at standby mode whenever 1t 15 needed and also must

be able to handle high cycling,

FNB has diflerent range of battenies cell such as:
= FNB have batteries cells that can do high cyeling. for instance the Ravlite M-
Solar or Tubular RSO [9].
e Batlerics cells that can operate 1n a {loat mode or standby operation, tor instance
the Uhlortde Faure-x enclosed cells [9].
» Naoreover, batteries cells that can do both hieh cveling and operating on standby

maode, for instanee the Raylite tubular cells RCT {9].

The FNDB battery that was considered to be used for this project tor the financial analvsis,
which would be able to do hoth high cweling and operating 10 a standby mode, was the

Raylite tubular RCT.

2.4.2.1 Raylite Tubular Cells

[t was discussed that “the wbnlar cell offers ontstanding reliabiliny over an expected
werking fife of 10 e 12 vears in float charge applications. These cells are capable of
Mgh cveling. [t offers a greater surface area for a specific plate dimension, affording

higher energy densitg.”[9).

From the imtervicw with the techmical services manazer ol First Natonal Battery, Chit
Hurdmaa, 11 was found out that the ravhle twbular cells high cyeling capahitity goes as
low as B0% of depth of discharge (120M)). It was added that this is due to the amount of
acid residing 1n the tubular cells, which 1's quantity are high cnoush o allow tor those

hich cveling,

The raylite whular cells apphications, design features, product and service benelits can be

tound 1n Baylite Tubular Cells datashest, appendix B
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Next section will discuss the charging scheme, which would cnable the [cad-acid hattery

Loy be al slandby maode,

2.4.3 Multi-stage charging of a lead-acid battery

Lead acid battery does not like to be leit in discharge mode tor long. because it would
cause sullatiom on the negauye plate, however (1t 1s overcharged, 11 would cause gnd
corrosion on the positive plates as well as the wmperature would fse and cassing would
happen. The sassing would result in venting, which mean thar the clectrolyte in the
battery would evaporate (Conscyuenily, Lhe capacity as well as the hilvime of the hattery
would decrease [10]. Thus. it is important to fully charee the lead-acid battery and at

same time avording overchargime,

To charge a lead-acid battery for this tvpe of project. the worst-case scenario of charging
the hartery must be considered, The worst-case scenario would happen when the lead -
acid ballery has to be discharged daily and fully discharged e 80%, Then this would
mean that the battery bank would have to be charped hewween the daily duties or daily

peaks.

‘The total available time to charge the battery when using the 100KV A and 200kVA three-
phase mverter respectively as discussed noseetion 2,33 wouold be FRS hoar and 16.3
hour respectively., However, trom Hteratuee, it was discussed thar lor larger ballencs
capacily. such as the sealed lead-acid bateries the charping would Jast up to 36 hours
when charging Lhe ballery at constant vollage limited only [10, From reterence [10]. 1t
wus discussed that hy using higher charge current and muli-stage charge methods the

charge time can be decreased drmmatically down to [0 hours or fess,

The multi-stage charee tor the lead-acid batwry discussed 1o [1)] has theee stages, The
[irst slage s known gs constant curent stage and last for 3 hours, in this stage the current

15 held av mmitial constant value while the vollage rses to a preset value, this preset value

Lad
i
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is known as hoost voltage and it can be in range of 2.3- 2,45V per cell. The correct
setlings of the buost voltage depend greatly in the temperature, When the voltage reaches
its preset voltage. it was discussed that the badery s 704 fully charged [10]. At this

poinl, the scoond stage 15 reached and is known as constan voltaze.

For Lhe baltery to he 100% tully charged the preset vollage limit has to be held at thart
vilue while the current is reducing until it reaches 3% ol its rated value. [t was discussed
that this stage would last lor 5 hours, in addition 1 was mentioned that once ihe batlery

reaches the preset volrage it would be saturating { 14].

However, it was attinmed that it 1s very hmportant for Lthe well-heing of the battery for the
vollage 1o be held at that conslant preset vollage while the current is being decreased
toward 3% ol its rated value, this action would allow all baltery cells to he fully charged
[ LO].

At this point the last stage 15 reached. Now 1o provent sell-discharging the current 15 held
al 3% ol it rated currenl while the voltage would drop so that overcharge can be
prevenled, ihe float voltage would be set 1o 223V at temperature of 23" [180]. This last
stage 15 known as {loal charge slage. it was discussed that the ballery can stay al this stage
lorever withoul being damaged [10]. However. just like human beings, the battery ases,

and thatl would Limd s Tiletime.

Figure 2.4.3-1 illustrates the lead-acid multi-stage charging | [6].
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Figure 2.4.3-17 lead-acid buttery multi-stage churging [10]

Theretore. the multi-stuge charge discussed above 1s 1deal for this project, because
betwecen heavy daily dutics the battery would be able 1o be lully charge and stay in

standby mode or float charge.

2.4.4 Raylite battery Capacity Calculation

Recalling [rom scetion 2.3.3 thatl the 0KV A three-phase inverler batlery system would
supply an average power of 83.96kW for 5. 3hour and the 200kV A three-phase inverter
hattery system would supply an average power of 138, 59kW for 7.5 hour to the 100KVA

and 200kV A three-phase inverler respectivel v,

Assuming a DC bus nominal voltage of 400V, thus with a nominal voltage per cell 0oI'2 V
then the number ol cells would he 200 cells, Assumminyg a good veoulated roomw. the
maximum boost voltage per cell can be set to 2,43V [ 0], which would give a total
voltage o 490V tor 200 cells,
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Using the discussed floar voltage, the total voltage Tur 200 cells 1s 450%. The minimum
voltage that the battery can drop was assumed LY per cell, thus the total inimum

voltape for 200 cells 15 3600

The average power per eell Tor the TO0KVA and 200V A three-phase inverter bullery
system would he 4H9.8W and 792 95W respectively. Thus using the minimum voltage
per cell of LBV 1o cnsure that battery system delivers the [ull power at this mmumum
voltage, thus the average current would be 233 2A and 4405 A for 100KV A and 200kY A

three-phase inverter respectively.

However, recalling that at 80% DOD of s rated capacity the baltery would be empty.
Then lor the battery W be able W delivor the shove discussed currents it must be raled o
deliver the maxbmun average cwrent o 291.53A and 35006 A tor the 100KV A and

200k VA three-phase inverter system respectively,

Therefore the THKY A and 200k A three-phase inverler batlery syslem capacity in Ab
would be [o03.25A40 330 and 41296920 7.5h.

2.5 Chapter Summary

From the above discussion, the following points are summanzed:

o LICTTMS has all its load as critical

o Therefore the only PLS technique that must be implemented at CO7TMS was the
generation technique or distributed gencration, which tor this project was the
three-phase inverter in conjunction with a lead-acid battery,

» By comparing twao specitic three-phase inverter battery swstem, HIOkVA and
200EVA, 1L was concluded that the bigoer the three-phase inverter the more
savings can be obtained,

e« |1 was noticed that because UCTMS load profile was to tlat. a higher inverter
would nerease the discharmng peried. henee the batlery energy would inerease a

load,
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s« LUlsing UCTMS load protile, the battery storage device. lead-acid baltery, was

sized tor the 100KV A and 200kVA three-phase inverter,

The next chapter will discuss the chotee of the three-phuse inverler Lopology for KETMS,

as well as its control desion o analvec its technical teasihility,
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3 Choice of the Three-Phase Inverter Topology

In chapter 2, UCTMS loads were discussed, it was found out that the loads are all critical.
Thus, from the several PLS lechnigues discussed previously in chapter 1, the generation
lechnique was Lhe chosen one. which for the purpose of this thesis s scen as a three-

phase inverter in conjunction with a BESS,

The guality of power transter is very unportant when connecting a three-phase inverter
svstem with a three-phase grid, especially when supplyving loads such as those required at
LCTMSE. The installed system mast mercase the quality of the overall svstem, inslead of

bringing additional prablems.

Thus, the choice of the tvpe af three-phase inverter to be used is very important | [ 1], The
first sections of thus chapler will discuss the two dilferent tvpes of inverters, the voltuge
source  mverler (VSIL and the current source inverter (OS50, its advantage and
disadvantage. Thergafter, the one most suitable for this application will be chosen.

Furthermore, i control design o aceomplish the PLS scheme will be discussed.

3.1 Introduction

The threc-phase inverter can be used either as VSI or as CS1L In VS conneclion, the
three-phase inverler imput signal s a dircet current (DCY vollage, while n the CS1 the

inpud signal s 4 DO current source [12].

The output signal in the VS[ 15 an alternate current (ACH vollage signal with a
controlluble amplitude and phase [12], Thus, the active and reactive power can be
cantrilled bi-direetionallv by controlling the three-phase inverter phase angle and voltage
magnitude respectively [7, 131 Morcover, 1in this setup a proper design of a link inductor
15 very imporlant {or a good real and reactive power control, Equations (3.1-1) and {3.]-

2} tllustrate this.
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O
P=_tom  Grid | Kip s {3.1-1)
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Where, £ and ¢ represent the real and reactive phase power of the three-phase imverter
respectively. £ and € can ow bidircctional by controlling Fo., and o respectively, Foo,
14 the three-phase mverter magmifode vollage and & 13 the power angle ol the three-phase
inverter, [he angle 4 is the angle between V.., and Fon Fio 15 the volage of the grid.

X 18 the reactance of the link inductor.

However, in CSI the oulpul controllable signal 15 the titer inductor current | 11]. In this
sctup, the aclive and reactive power control s achicved by comtrolling the rcal and
imaginary component or the d-component and g-component of the output inductor filter

current respectively.

3.2 Voltage Source and Current Source Inverter for Power
Quality
This section will look nto the dillerence ol using the three-phase iverter as VSI1in

relation ot using it ag CSI for power quality,

Produnovic and Green, [11], discussed thal when using the three-phase inverter as VSIL
“the output curvent and power gualite depends on the grid voltase guadin [11], Thus,
any nd voellage distortion would automatically decrcase the oulpul power and current
quality, In addition, it was also discussed by Prodanovic and Green that o this
contiguration the three-phase converter system would behave as low impedance to the

already present gnd voltage distortion. Consequently, the power quality would be poor.

4|
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However, by operaung the three-phase inverter as CSL it was argued and shown
experimentally that the power guality would he a lot better [ 11], because output current

quality 15 not substantially affected by the grid voltage quality.

[t was also stated that. “the main advaninge of using o CST instegd of @ VSEis fe within
the contral frequency range. higher output impedance is observed from the point of view
of the grid veltaee”[ L], This action bud the result of decreasing the iniluence ol voltage

harmonics on the output current. so power quality would he high,

For this thesis the three-phase inverter was used as OS1 1o engure high output current
guality and subsequently power quabity [11]. In additon. the three-phase inverler mput
source signal vsed tor this thesis was a DO voltage signal (from a battery hank) across a

capacitor instead of a [DC current signal as discussed by Mohan, [12].

Nevertheless, by connecting the battery bank on the input of the three-phase inverter
across 4 capacitor, this conliguration ol the three-phase myverter 13 known as a V5[ as
discussed previcusly, However, by controlling the current throuch the output filter

inductor, the V81 was made 1o hehave us CS1[11].

3.3 Three-phase inverter Topology

From the above discussion, the real and reactive power can also be controlled bi-
directionally by controlling  the filter inductor cwTrenl, real and muaginary part

ruspectively,
I herefore, for this thesis. in simulation, the three-phasce inverler was operated as C51 The

topology in lgure 3.3-1 was designed without the hok inductor; it was implemented in

simulation design and in practice.
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Figure 3.3-1: Three-phase inverter topology

The next section will look into differcnt control designs for the chosen three-phasc

topoloey.

The threc-phase inverter had to be connected with the three-phase grid in such a way that

it would not cause any dislurbance on the moment of connection. Thus. for it to be

possible a phase-locked loop using a proportional plus integral (P controller was used o

synchronize the three-phase inverter frequency with the three-phase grid frequency [14].

Moreover s wus discussed above that the three-phuse vollage source inverter was used

as CSI by controlling the inductor [ilter current, so a control design using a I’ controller

also. was investigated with the guidance of the literature |11, 15] to control the current

flowmyg through the inductors filter.
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3.4 Control Design

Omee the three-phase inverter lopology, ligure 3.3-1, was modeled in simplorer, floure

4.7-1 in sevtion 4.7-1. the Tocus of the praject was shitted to the soltware design,

In the seltware, the first aim was to design a switch scheme o switch the Insulate Gate
Bipolar Transstor (IGIV]) gates i such way that it would decrease the swilching losses;

increase the output modulalion as close Lo 1008 [16].

The Space Vector Pulse Width Modulation (SVEPWM) is such a scheme. I cun inerease
the vutpul voltage of the three-phasc inverter to 90.6% of s capability [17]. and it was
impicmented m this project, in simulation as well in practice, however il was briefly

discussed section 49,2, as it was discussed by the author in his undergraduate thesis (18],

The sceond am was o design a phase locked loop (PLLY Pl-based controiler to
svichronize the three-phase inverter phase with three-phase gnd phase. This was
accomplished in simulation and 10 practice using a PLL Pl-based controdler. Scection 3.4.1
will discuss the PLL Pl-hased controller, The result of the PLE Pl-based controller, the
three-phase myverter phase angle, was very important, because it helped to caleulate the
threc-phase inverter signals such as, the voltage and the cwrrent, 1n Lhe rdating reference

plane using the Parke Uranstormation,

The third aim was to design and unplement @ miner loop current controdler using o P
comtrodler to contral the inductor filter currents, This was possible by using the respective
signals i rotating reference plane as discussed above. Furthermore the signals i the
rotating reference plane behave as DO signals, which made the implementation of a Pl
controller easy [19]. The minor toop current controller was only accomplished in
simulation and not i practics due 10 lme constrain, The minor loop current controller

desien is discussad in seelion 3.4.2,
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The fourth and last aim was W use the minor loop current gontroller to uccomplish
hiclirectional real and reactive power flow. Thus, a power caleulator T1LL 207 was used o

produce current reterence for the minor loop curvent contraller,

3.4.1 Phase Locked Loop Controlfier

Phase locked loop (PLL) 1% a very imporlant concept, as the name nuplics # happons
when an arbitrary device or system is able 1o adjust its phase or frequency to the same

phase or trequency of the main syvstem, and then lacking o [21].

Kaura und Blasko. [14]. discussed thal the PLL Pl-based controller can be designed in the
rotating reference plane. Figure 3.4.1-1 illustrates the block diagram proposed by Kaura

and Blaska,

it
¥
K:I'
‘vr|| el = { | S-I.-F" ] b | _?'
--_-'-_--{j T ——{ — >
i th“ o ) §
Sin
s

Figure 34.1-1; Block disgram of PLTL Pl-based contenller |14

In this techmigue the three-phase gnid vollages, F,, Fy and F. oare comlittoned  aiul
transtormed to the stationary reference plane by using Clark Transtormation, The Clark

Transformation is made of a 2 by 3 matrix. which reccives the three-phase gnd voltages
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as input and outputs two signals orthogonal 1o cocl other, see cquation C1-13 or C1-14

in the appendis €,

The ehtained signals are known as voltage alpha (V) and voltage betu (¥, where ¥, is
the real part and 15 10 phase with grid phase to neutral voltage ¥, and ¥y s the imaginary
part and ix at 907 out phase to ¥, The voltage Fe can cither lag or lead ¥, by 90",

The lageing or leading olfecr, depends on the Bollowing: f the three-phase end
connection is done in positive scquence as illustrated in tigure C.2-1 in the appendix C
and Lhe positive sequence forward Clark transformation, equation C1- 13 is used, then ¥y
lags F,. reler to fpeure €.2-2, On the other hand af neeative sequence forward Clark

l'ransfommation. cquation C.1-14, is apphicd instead. Fyg leads ¥, reler to Agure C.2-5.

Now the next step was to transform the obtained voltage signals from the stationary
relerence plane o the rolating relerence frame using Parke Transformation, The vollages
sipnals obtained using Parke Transformation is known as Fg, which is the real part and

o which is the imagimary part. Frand ¥, are orthogonal to one another 100

When these sienals are rotating at same frequeney as the three-phase grid, they have the
effect of being stationary when they are being observed from the rotuting reference

(tame, [22], appenchix C seotion €2 discusses this,

Ihe Parke Transformation is formed of 2 by 2 mattiees: this matrix is composed of sine
atd cosine {unction, see equation C.2-20. The input signals of the Parke transformation

are the two stationary signals, ¥, ¥y and a phase angle.
This phase angle, v, is the three-phasc inverter phase angle. which was obtained by using

a 1" controller and an integral function, sec Ngure 3.4.1-1. The input of the P controller

15 it error signal, made of the diflerence of the setpoint and the sienal Fy

A6
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The set pomt was set to zero, which would force F, to zero. When F; tracks the set point
Loy zvro. 1L was argued that the three-phase inverter phase angle would be the same as the
three-phase gnd phase angle, O e the two systems would be at the same Breguency [14].
The PL controller output signal was a trequency signal, this frequency in turn was

integrated into the required angle by the integrator plant, see tigure3.4.1-1.

Therefore. the same principle was used for this research, in addition, the PLL Pl-based
controller discussed in [14] was argued (o be simple w be implemented in a digital signal
processor (DSP)L [ast and robust tor the three-phase utility applicanons even if the utility

voltage is distorted.

3.4.1.1 Design of PLL Pl-based using Clarke and Park Transformation

Fallowing the work of Kaura and Blasko [12]. a PLL Pl-based controller was denved
fram hasic principle derivation for this research. Some variables will be delined lor the
analysis, The symbel £ known as theta was detined as the Lhree-phase grid phase angle.
which rotates at 30Hz and the svinbuol 3 known a3 ganmna was defined as the three-phase

mverter phase angle,

The fundamental aim of the PLL Pl-basced controller 18 w0 equate » w4 and then lock 1t
there. Now using equation (C-1) and all those equations discussed in section C.2 in

appendix C, equation {3.4.1.1- 1 was obtained [14].

P, ( Sinly -6
( -L_.;; WLt (34101}

Ko Cos(y— 1} ;
The full dervation of equation (3.4,1.1-1]) can be found in appendix D

v

Thus from equation (3.4.1.1-1), 11 was chear that when @ was equal 10 @ F,~0, which

validates the discussion in the previous section, Kaura and Blaske, [14] also mentioned
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that by regulating Vy to zero the possibility ol ragidly lockinge the inverter voliage 1o

atility voltage was high.

Using equation (3.4.1.1-1) and focusing the attention to V), the simplified control model

of the PLL Pl-based system in Ligure 3.4.1-1 is presented in figure 3.4.1.1-1 [[4].

@y (s )_¢y

K
Vi e (3) o~ i) I:.I 'TFHS} 0l %) ,f‘\J”;‘E'?J K, )
s ppll _T . s g
l = pullEr E
Vd{ 0y
— e 7-—| Sin { r—

Figure 3,4.1.1-1: Simplified Mock diagram for PLL Pl-based Controller[ [4]

The grid phase angle “67 wus caleulated usimg equation (5.4.1.1-2)
O=atan2{F, .V, (5 10Ty

Therelore, figure 3.4.1.1-1 was used to unplement the PLL Pl-based controller for this
project, The feedlorward signal, coy as it is ilustrated in figure 3.4.1.1-1 15 vsed to help
regulating the tracking error due o any system {requeney change [14]. However, for this

thests i practice, ey was not used, because the urility gnd frequency was quite stiff,

Caleulating the open loop transter funclions from Hgure 3.4, 1-1, equations (3.4 [ 1-3) to

(3.4 1. 1-3) were obtained,
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BEFIME o (3.4.1.1-3)
o e A o P e |

k(s)=K (T8 (3.4.1.1-4
5= e : B O
i ! T:UH c J

e B . g
g{s)— K.-[ {3.4.1.1-5)
Expanding equation (3.4, 1.1-4). equatton {3.4.1.1-6) was obtained,

KI_I i ¥ K." S Krl '.'|'|"5I -
k{-‘f}: T .:S' +"R;.rl = . % — {3:4.1.1-6)

Where gis) is the open loop transter funclion, &) is the PT control: it {s a type | control,
which means that 1t is made ol only vne integrator [19]. The transler tunction gisy 1s the
integrator plant, The variable &, s the proportional gain, its function is 1o sct the high
frequency gain. 1, is the integrator time constant. |'he integrator gain, K ;15 equal to

the rutio ol the proportional gain over the inlegral time constant.

In addition, the tmegral gain sets the low frequency gain of Lhe apen loop syslem, gfs).
Martin Braac [19], mentioned that this action would enable the close loop system o track

the setpoint with sood precision

It was mentioned that because the PLL Pl-based controller had two integrators connected
in series see figure 3.4 L 1-1. where the first one is the integrator part of the Pl control
and the vther one ts the PLL Pl-based controller plant, gss [14]. Conseguently. the PLL
Pl-hased controller could be used as a filter tou, so this would help o block any
unwanted noise in the output of the PLL Pi-based controller, which would enter with the

sampled voltages [14].

i
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3.4.1.2 PLL Pl-based controller gain parameters calculation
Figure 3.4.1.1-1 can be treated as a linear control system duc 1o Lhe fact thal Sin(y —#)

behaves in a linear manoer for small values of -f, thus Sl y — &) can be approsimated

to (— ) [14].

Methods such as root-locus or nyvguist design can be used 1w caleulate the PI controller
cains [19], however the method wsed m reterence [14] was the method of symmetnical
optimum. The cquations (3.4.0.2-1) to {3.4,1.2-3) were denved from this method [ 14].

and woere used to calculate the mun for this thess,

T (3.4.1.2-1%

© el

I,=a't, (3.4.1.2-2)
# b .'( a

K, = l k l J (3.4,1,2-3)

o [ ST K

Where, o known as akpha was defined ss the nomalizine {octor, T, the system sampling
i i pling

timme. and }the gnd smplitude voliage [14].

Far this thesis the swilch fregqueney was chosen 1o be 10 kllz, which meant T~ 00us.
Ihe und vollage was sampled at the lower side of the three-phase transtormer. at rms

ling-to-line voltage of 33.4 V| thus V7 43.234F. but V=i for cquation

[MHESEEY Aty

(3.4.1.2-3).

The normalizing factor used in reference [14] was chosen 1o be 2.4 or 300 I was
discussed that with =2 .4 it would enable the PLL Pl-bascd controller to quickly lock Lo

a distorted ulility voltage, howeyver its output signal would be full ol hannonics. On other
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hand with =30 the locking is nat as quick but eives a clean cutput signal on the PLL PI-

hased controller.

Thus the same values of a were used tor this project, table 3.4.1.2-1 illustrate the Pl

controller gains and its bandwidth frequency.

Table 3.4.1.2-1: Table of the Pl cantrolicr paing and constant

‘ o (radis) | e (H) K. 1, (msec) i =
24 © 4166.67 66314 G211 0.376 1599132
30 333.33 53.05 737 50 $19 |

From table 3.4.1.2-1, it can be seen Lhal with «—2.4 the proportional and mlegral gains

were much bigeer compared wilth e=3f0, specially the imegral gom, which helped 1o

understand why =24 had a fast tracking compared with =34,

Kaura and Blasko, [14], added that in practice bath values could be uscd, o cqual 10 2.4

would be used 10 guickly lock to the utlity gnd vollage because of its high bandwidih

and then, changing o ¢ equals to 30 to give a clean PLL outpur signals.

Figure 3.4.1.1-1, represent the control loop i continuous time domain, it was

implemented i this way 1 the simulation. However, in practice, due to nature of the

BISP chip. which is in dizital form, where the sionals are sampled or discrete, thos tizure

3.4 1. 1-1 was changed to discrete ime domain, The next section will discuss this.

3.4.1.3 PLL Pl-based Controller in digital form

In the DSP chip, the signals used were sampled and quantized from its continuous

counlerpart signals [23]. This was possible by using walog to digital converter {ADC) in

conjunction with a sanple-and-hold (5/H) desice, The 5'H had the am o allow the

signal to keep entering the ADC while it was being converted [23].

N
peEit
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Howgver to convert back to analog signals. a digital to analog converter (DAC) in
comjunction with a zcto order hold (ZOH) was vsed. The ZOH was the digital oquivalent
of the S'H. The ZOH had the aim of holding 1he last sampled signals until the next

sampte happens [23. 24|, Figure 3.4.1 3-1 shows this,

&
T Sk
/ t - S Sit)
s e < i
' K k+1 {

Figure 341.3-1 Hepreesentation of ZOL approvimation [24].

In {igure 3.4.1.3-1, variable “47 represents the present value being samplad. <& HI™ s the

next sampled value at samphe time 7, and S¢2) 1s the signal being sampled [24].

The PLL Pl-based controller transter tunction &) and ofs) were transformed to discrete
form by using z-transiormation, this precess cnable the PLL Pl-based controller to he

implementad digitailv in a very simple away.

Howewver, for those trunsfer functions 1o be operated successtully digitally, the ZOH
function should bhe implemented with them. As discussed above it holds the sampled
signals entening cach transfer functien for a time 7 and updates 1o the next sumpled value

in the nexl penod,

The trunsler function ol the ZOH was delined as shown i eguation (3.4 1.3-1[1Y].

l—r? ¥

h{s)—

(3.4.1.3-1)
5
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Applving the z-transform to the transfer function &y and gy in conjunction with

equation {3.4.1.3-1}, eguatiocns (3.4.1.3-2y and (3.4, 1.3-3) were obtained.
k(z)=z[k(s) his)] (3.4.1.3-2)
g(z)=2 g(s)-h{s)} (3.4.1.3-3)

Substituting cquations (3.4.1.2-3), (3.4.1.2-6) and (3.4.1.3-1} into {3.4.1.3-2) and
(3.4.1.3-3) and after a bit of simphtication, equations (3.4.1.3-4) and (3.4.1.2-3) were
cbtamaed [19].

Ky oGy K &y ashe
h(z)=z {.__’.“'_'J LN | 4 { L _}__ (3.4.1.3-4)
a5 5
e S
glz)=z f} i } (3.4.1.3-5)
L.\‘“ 2 X

In addiion, using real fragslation principte, equations (3.4.1.3-6) and (3.4.1.3-T} were
obtained [19].

8 vl s
(z)—(1—z ")z Ko ; i) (3.4.1.3-6)
5
e{zy={l-z")z % (3.4.1.3-T)
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Using the z-transform table, | 12], equations (3.4.1.3-0) and (3.4.1 3-7) were transformed

Lo equations (34,1 3-8) and (3.4.1.3-9).

k(=)= K.’_;J.'.'I-\ AR {3.4.1.3-8)
a— o [Z_]} r - ad T
K, T
g{zj—[q’_]-} {3.4.1.3-9

Moreover represenling #(z) and grz) in terms of its input and oulput, and neglecting the
feedforward input, mgsh due to the reason explained above, equations (3.4.1.3-14)) and
(3.4.1.3-117 were obtamned.

ulz) Kf_r-.'."?: +K.|"__.'?""{-Z_1}

—= - (3.4.1.3-1h
{2} (z—1)

gzl o AT, 341311
ufz) {z—l] Bl

—

Applying cross multiplication in the cquations (3.4, 1.3-10) and (3.4.1.3-11), equations
(341312 and (3.4, 1.3-13) were oblane:d,
mu(z)=K, Jelz)+zK, ,elz)-K, ,ez) - u(z) (3.4.1.5-12)

_
zplz) = K, T ulzi+ v(z) (3.4.1.3-13)
Dividing equations {3.4.1.3-12) and (3.4.1.3-13) by 7 and applving the inverse z-

transtormation it vields the difference equatioms. as ilustrated 1 cquations (3.4.1.3-14)
and (3.4.1.3-15) [19].
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Wy =k, M?'\fk L B K:’_ﬂ!“ﬁ.--l S (3.4.13-14)

P=K 4 (34.1.3-15)

Where uy, ¢, and v represent the present values, and wy,, €, and v, represents the

previous values.

The variable u; is the PI controller output equation in digital form and vy is the integral
lunction output cquation mn digital form. The PLL Pl-based controd had initial conditions

and it was important to initialize them for a sood operation of the systeimn.

A good inttial vatue to be mmplemented was zero, however, 11 was noted that the digital
integral representation, equation (3.4.1.3-15), was only composcd by previous vabucs
vanables as discussed belore. Thus the imual condition created a response delay in 1he

equation (3.4, 1.3- 13y of T pericd |14,

3.4.1.4 PLL Pl-based algorithm implementation

This scetion will illustrate, the block diagram of simplified controller of PLL Pl-hased
controller, figure 3.4.1.1-1 in cade form, also it will discuss its implementation in DSP

chip. using a lugh-fevel languawe (.

Figure 3.4.1.1-1 has three comparators, which were: the error comparator efs), i.c the
ditference hetween the setpoint and the feedback signal. The next comparator was the
phase difference between the three-phase mverter phase angle and the three-phase gnd

phasc angle.

Finally, the last comparator was the feedlorward (wgfs)) comparator. The leedlorwand
comparator was neglected due to the reasons explained above, The aim of a comparator

wis 1o add or subtract signals.

T
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One important thing to understand was that when the soflware i1s implemented, the
compiler reads the code ling by line from top down, therefore it was important to write

the code in such way that the compiler execute exactlty what it was supposed 1o do.

On thal note, because sy was the onty calcutated sampled signal coming into the control
loop and it was joined by required signal s in the comparator as discussed above, thus
the PLL Pl-based aleenithin code was started in the feedback loop, and equation (3.4, 1.4-

1y illustrates this.

theta  PLL diff —vy—0 . (3.4,1.4-1}

The next equation (3.4, 1.4-2) was defined as “Fdbek PLLT, which was composed of a
sinuseidal function. which fakes as argument the angle difterence illustrated m the

equation (3.4.1.4-1)

Fibek PLL =sin(theta PLE diff) (3.4.1.4-2)

The voltage amplitude, ¥, in feedback path as illustrated o figure 3.4, 1.1-1 was peglected
and left as umity for simplicity in equation (3.4.1.4-2). This was because, it was
mentioned that if variable Fis used, then any gnd voltage distortiom such as a voltage dip

or vollage unbalance, woukd resull 1o the loss of ¥V oan the control loop [ 14

Equalion (3.4.1.4-2} was the (cedback signal ¥, as discussed in section 3.4.1.1, recallmy
the argument made in the previous section, that by forcing F, to zero the three-phase
inverter phase angle would tracks the three-phase pnd phase angle, thus the setpoint as

thscussed proviously was set o zero,

Equation (3.4.1.4-3} presents the error signal, This aror signal was the imputl signul for

the PI controller,

err &k PLE=Setpoint PLE- Fdbek PLL (3.4.1.4-3)
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The digital PIocontroller derived in scetion 3.4.1.3, equation (341 3-14)  was
implemenied in practice. Where i 0 the code was defined as L7 PLL, wy; was delined as

U &8 PLL, ep was delined as evr & PLL and linally e; p was defined as ere 47 PLL

The product of integral gain K, with {7 and the proportional gain, & were represented as
fraction with the denominator having a maximum value of 2'™' This number
representation, 2'™7, is an integer representalion. which is very important in a digital
siznal processor lixed-point chip, The theoey of lixed-point number representation will be

dealt in the software chapter. section 3.2.3.6,

Finally. next step was tir use the integrator digital equation, as derived in section 3.4, 1.3,
equation (3.4.1.3-13). Where v in the code was defined as ¥ PLL und vy, was detined as
Y &1 PLL With this ¢quation. the block diagram of figure 34,1 1-1 was complete in the

code,

At this point in the code, the previous values were set o the present values, so that in the
next entrance in the code they can be used accurately, They are illustrated in cquations
{3.4.04-5). (34,1 4-6) and (3.4.1.4-7}.

o) T € {3.4.1.4-5)
T (3.4.1.4-6)
Ve = ¥yl {(34.14-7)

However, when the code was run for the first ime, the above equations were imitialized
tor zero in the main code routine. to ensure proper operation of the PLL control alegorithm

as discussed previously. refer to appendix [ too.

In practice equation (3.4.1.3-15) was changed to ¢quation {3.4.1.4-8)

T
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Chapter 3

Fipure 3.4.2-1 1llustrates a single-phase inverter connected to a single-phase ¢rid through
a LC Nler. Figure 3.4.2-1 was used w0 denve the mner current controller rom hasie

principle derivation for this thesis as discossed in [13].

Filter II
i T I‘ﬁll,e':r T 'y
Single-Phase Single-phase
Inverter Cary Cer Vo Grid

Figupe 3.4.2-Lsingle-plhase arid-tic imyverier

Assuming the positive dircetion of the current to be from the converter to the orid, thus

the inductor voltage drop is represented as equation (3.4.2-1}

2 _l = ¥ : ]
Yesiv = e =" (3.4.2-1)

Where, ) 1s the voltage drop across the inductor [ilwr, In addimon, cquation (3.4.2-1)

was modified to cquation (3,4.2-2) to represent the three-phase inverler svstem,

V(f::).'w _uabe 4 Grid _abe ~ 4 _abe (ae)

The inductor voltage drop was represented also as shown in equation (3.4.2-3).

di,

v, =L
& dt

{3.4.2.3)

Furthermore, substituting equation {3.4.2-3) into equation (3.4.2-2) and applving positive

sequence Clarke Translommadion, cquation (CU1-13) as well as Park Transformution,



Chapter 3

equation (C.2-20) to equattons (3.4.2-2), equalivn (3.4.2-4) was obtained. refer to

cquation (E-7) appendix E.

(3.42-4)

i % [N Fd ] F R % iy
( l l‘_mn'_r I l ll'ﬂ\hfIL - { r}.'jj" ;Sfff}’ h‘ l'; r ’
\=Siny Cosy | dt'i, |

 Uewey g T ek

Aller evaluating equalion (3.4.2-4), cquation (3.4.2-5) and (3.4.2-6) were obtained.

. B i d . . 5 .
ln‘_'ﬂﬁl 5 _r:,LIJ' ; +L ‘_r- FI__. * l.fim.l'_, {3.4.2-5)
3 —eli Li' +F 3.4.2-8

Lonu, L L Iff ;L\f Cividd, {3.4.2-6)

#

SR
Cam, ~ "L,

Where. |7

Conr 2, and b were the real and 1imaginary compuonent in rotating

reference plane ol the three-phase inverter volluge and currem respectively. |

(1

Canr,
e, ooce inverted buck to the stationary reference frame. by using the inverse Parke
Transfermanon. expression (C.2-22), they were used as mpul 10 the space vector pulse

width modulation (SVPWM) te produce the switching signals for the lhree-phase

iverier.
The detail of denvation of equations (3.4.2-5) and (2.4.2-6) from equation (3.4.2-4) can

be found in appendix E. Usimg cquations (3.4.2-5) and {3.4.2-6). the contrel block

diagram ol figure 3.4.2-2 was obtained.

Gk
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Creddy
- |
e +
b, B i - ;
W i ;
e +I"- = __i_.'-l:} - ."!’{'mul.'IJ
i -ij
i ) it
A -\-\-H-\"'\-\.\__\_-\--\- "u.l ('}LE
% s
H""-\-\_\_\_%R-f l|.__'_,.-""--
/ Hﬁ&‘w’h%"“u
i )
(i - Lo ;R
=P
.Illr : g ‘I S
Ly _rof -+ 3 4 t- , .
.'G | L W : 2 —F‘I’an_d
+.
i
zfrra'a'.l'__r

Fignre 3.4.2-2: Block diageam of voreecot contealler

For this thesis the current controller as presented in figure 3.4.2-2 was only applied in
simulation design. chapler 4, due (o tine constrain. Thus, a discrete analysis [or the
currenl controller 1o be implemented in the DSP chip s not presented here, but can be

found in reference [L1].

The components —@Li, and @Li, | as dlustrated i lgure 3.4.2-2, are known as cross-

coupling [15, 25], which means that a sudden big change in thed; ., the reference
-

setpoint. m relation to 7, would not only cause a change in Vo obUE alsoin V.
. i 4

the same argument applics for IIL.- :

[or this thesis, a step test was not done for the current loop Pl control because of type of
load prolile UCTMS has, which does nol change suddenly bui increases garadually
throuzhout the day undil it reaches its MD and then comes back W its minunum value as
illustrated in figure 2.3-1. A normal operation without blackout was assumed too for

stmplictly,

6l
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3.4.3 Real and reactive power flow representation in stationary

and rotating reference plane
As discussed 1o appendix O the three-phase current and voltage can be represented in
staticnary and rotating reterenee plane by using equations (C-1) and (C-2), The ultimaic
aim of the project was to control hi-directionally the real and reactive power flow of the
three-phase inverter. Lhus 1L would make perfect sense to represent the three-phase real

and reactive power in stationary and rotating reference plane,

Akagi [20, 26] propescd a definition of the instantaneous three-phuase real power as

foalJovsw:

il ""',-r’-xr f3.4.3-11
Mualinowski, [20] claims that this definition of the instantaneous power is the same as the
standard definiion of instamtancous three-phase power. which s illustrated 10 the
gquation 3.4.3-2,

piti=v (t}- i (v, {t)-i (t) v (1)1 (1) (3.4.3-2)
For the instantancous reactive power, 4, Akag [20, 26] proposcd that,

q = vrr bt f!j‘ 1 V_-'f = ,..': 3'4'1"1}

Mow representing equations (3.4.3-1) and (3.4, 3-3) in matrix form, equation (3.4.3-4) was

ablained [20].

V(v (i
(% )
e I."i L3 .l!?.-'
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Where, p represents the total three-phase real power, and g the ol three-phase reactive

PO,

Fhe Clarke fransformation o calculute the voltage and the courrent, v oepresent the
instantancous real and reactive power, as defined in the equation (3.4.3-4) ditters lrom

the one defined in equation {(C-1) appendix C. This difference has o do with the

multiplication ol the coctficient, which in this case must be multiplied by WJI% instead of

% |20]. Eguation (3.4.3-3) shows his.

‘ I I Y
[ gl b Ty T 5 e i
| ]: = & ® o (EA. 3
e 1'|,|_1 i} ﬁ ﬁ” v

A 2 N

I'his action had the effect of muaking the instamancous feal and imaginary power of
couation (3.4.3-4) o be equal W the conventional instantaneous real and imaginary three-

phase power, [20].

Now applying Parke Transiormation in the voltage and current signals alpha and beta of
equation (3.4.3-4) and using as the input angle the three-phase inverter phase angle, v,

and al same time solving for the current signals, thus cquation (3.4,3-3) was obtained,

F”wl 1_[Ve ¥ W’GJ (3.4.3-6)

RVE VElv, v, llg

ol of

q

One thing w nodice 1= that the real and reactive power caleulimted wsing the vollage and

currenl signals cither in stationary or rotating reference plane would be the same.

Equauon {3.4.3-5) was represented 10 block diagram as presented in ligure 3.4.3-1
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iy ' Ir’hI’:f
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- \/
i

Figure 3.4.3-1: Mower Caleulator

For the project. p and g were the setpoint powers L. the powers that the Lhree-phase
inverter musl deliver. The vamables V) and ¥, were the output vollage signals ol the
three-phase inverter alter the low-pass [ler and id and 1g were the produced cutput

setpoint currents, also after the LC low pass lilter [11].

From the ahove discussion, 1lpure 3.4.3-1 was combined with figure 3.4.2-2, which
E = .

procduced hgure 3.4.3-2,
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e el
"Ic; i b _rer | I ,L '
Pl ] el T
Fﬂ':'.' L C— I [ “
|
-~ ______.--"--'
e - Power L‘JLIE’
Caloulator
[.-';I_":.J - — - w HJT e
Vrn 0 .'.-_"-' l'l-'n Y] o

b
,_

7 = P —Jr'*ij—r%)—ﬁ’: aiy

frend
Figure 3.4.3-2; Mioor loup encrenl controller in conjuaction with power caleulator

Figure 3.4.3-2 15 very important results because it helps w realize the bi-directional flow

ol real and reactive power by using the miner loop current controller in rotating reterence

plane,

Using reference [11]. the reference currents, |, and i,
¥ i

see [gure 3.4.2-2

¢ oref j_ref
ahove, were able to be caleulated from the power caleulator by adding the inductor Glter

current, ¢y and 3 and subtracting the [C filter output current fivid, and Fosi,

f

respectively, from the power calculator reference output currents, | S
Yy —

Coriel . ref

respectively,

3.4.4 Peak Load shaving Algorithm

The Peak Load Shaving alzorithm was developed from the theory discussed m section
2.3.1. wherehy the locus was to decrease the real and reactive power of the threc-phase
inverler, in such way that the apparcnl power is decrcasad optimally, As discussed. that
would be possible by delivering the apparent power from the three-phase iaverter at the

samc PF as the three-phase pod.
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Morcover, Lthis action would mean that the three-phase grid currents would he in phase
with the three-phase inverter currents. [n addition, it was argued previously: that
whenever the customer load happens o be above a set threshold, the power available in
the battery must be deliverad to the threc-phase grid through a IDC-AC three-phase
inverter, Conversely, if the customer [oad happens to be below a set Lhreshodd the battery

must be charged.

[rom the above discussion it could be understood that the hattery activitics (charging and
discharming mode) wore movemned by the threshold settines, Thus, the next section will

discuss the threshold algorithin design and its implementation m simplorer.

3.4.4.1 Threshold algorithm

In section 2.3.3, the setting of an ideal munthly threshold value was assumed in such
way, which only the maxmum monthly peak would be shaved, This assumpntion helped

to simplily the battery sizing analysis.

Haowever, in reality the monthly peak load would not be known betore hand. so if would
b hard w choose o threshold value that would only decrease the maximum monthly peak
at tull capacity of the three-phase inverter. Thus, different method can be used 10 predict

ki

monthly peak load. for instance load forecasting |27,

For this project. bowever, o new method was developed, This method uses the previous
history ul the maxonnwm monthly peak power: se¢ table 1.2.4-1, to choose a reasonable

witial threshold setting [or a speaific month.
Thercafter, it hag the alm of preventing the difference between the maximum customer

daily peak load and the set lhreshold value to exceed the inverter capacity. Thus, the

threshold value would [ollow the changes of the maximum customer dinly peak load in

66
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such way o keep Lthe dilferenee the saie as the inverter capacity or a desired percentage

shaving,

Omnee the maximum daily customer peak load for that month is surpassed and reach a new
maximum value for that month, the new threshold value would be calculated and held
constant as long the ditference buetween the new MDD and the threshold value 15 Tess or

vqual to the three-phase inverter capacity,

This new threshold value would be the maximum value thal (he threc-phase grid would
reach in that monlh and consequently 11 would b the new ML Tor billing purpose. Figure

3.4.4.1-1 presents the discussion,

]
Daily winstomer load protile
i, E 1?1{En§r ""a:im"'m Threshold ling
aftained peak power -
[kWVA] e e
! = .
—t
e - \
o [ nraa-phass grid profls by
’ b1
y 1
.-.r" III."
.l'/"- y
K L -

Time [hcur]
Figute 34,4, 1-1: ‘Uhresold setrings profile

Oned the lollowing month would be reached, the threshold value is reset to an acceptahble
value tor that specitic month using the UCTMS history M1D. as presented in section 1.2.4
in table F.2.4-1. Note that the analysis presented in fligure 3.4.4.1-1 does notl Llake in

comsideration Lhe batlery capacity. The locus was the theeshold value settings only,
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Using the analysis discussed in the previous paragraphs, the threshold settings algoritiun
was implemented in simplorer for 5% shaving reter o appendix (L6 to see the code

Figure 3.4.4.1-2 shows the threshold setting algorithm flow chart.

Thrash_naw = 20500
Trresn_durmy =Thrasa_naw,

Thresh = Thresh_dumy:

21 (5 _cad-Tareshi=l5 Laad™c 08) Taresn dumy:= Threst_now;,

¥E3

Thresh_naw = Thresh: Thresh_new=5_Loac-5_Inac*D J5)

» Paak Load Shaving Aigadthm

Figure 3.4.4.1-2: Theeshold algorithm Aow chart
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Thrash_nrw

|
-5 Sounges Thresh nEm'u o *‘
= = o e
‘}'Hh - 5 Load=Theesh naw "=
L EAc -t -----"-- L lm
-.-_'_'___S_Sr_u|rr:r:-‘l'l"|r-'_:5h_1e:'.\-u;Tl'.laal'L_nal.\-‘l:l_l:IZn __'__'.'-

S cony dunn. 55 Laad-Tluesh fee;

e l
¥ ) 2 i

po=t cany durptsosiang st

G_rorv_dunry:=3E_rane_durmy+b S cony dumy =5 coaw durr-1 S i ARGl
X i
. - '- .S_cnrw _dulny‘:'ﬂ----_-_".'.? = ._;5.'-!__cun'.l'__dl.lmff-lfblila-_--.-"' e
¥ YOS
Y - ¥
5 oo durme =0 B o _durmy: - 43000
SR LAY l
p=5_conv_dumy" i =5 cony dury® b, s
=5 comv cLIng: Q=5 cony dumy’L;
= = ' Discharging Mode '
Ciharaing facs r
Maas Inad shavien [

Figure 3.4.4.2-1: Peak Load Shavine algorithm (low chart

The algorithims as illusirated in ligure 3.4.4.2-1 had as input the three-phase source
apparent power, S Sonwree, the tree-phase load apparent power. S Lowd and Lhe threshold
vitlue, Fiiresh new. The three-phase urid appacent power and the tree-phasc load apparcut

power were caleulated as desenbe i appendix G2 and GL3 respectively,

Bt
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Its output varishles were the real and rcactive power p and g, These oulpul variables were

used as input 1o Neure 3.4.3-2. In this way the real and reactive power were controlted bi-

dircctionally by operating the three-phase inverter as ('S1, Figure 3.4.4.2-2 1llustrates the

complete closed [oop control design.

! .
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Fipure 3.4.4.2-2: complete eontrol design block diagram tor peak load shaving
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3.5 Chapter Summary

From the above discussion, the lollowing points are summarized:

Using the three-phase inverter as CSI, nuproves the three-phase inverter current
quality and hence the power quality being delivered by the three-phase inverter as
discussed m relerence [L L.

LI Pl-based controller as discussed in reference [14] was successtully design in
digital form.

The Clarke and Park Transformation were very cnicial technigques to implement
the PI controller in PLL and mwinor current loop.

A threshold algorithm was designed in section 3.4.4.1, amd it had the aim (o koep
the difference between the MD and the threshold value at the maximum mverter
cupacily or less.

The combination of the PLS algorithm with a power calculator in conjunction
with @ mmer loop current controller gave the possibiity of the three-phase

inverter to control the real and reactive as discussed (o seclion 2.3.1

I'he next chapter will discussed the modeling of the three-phase inverter wopology in

simplorer us desenibed 1n Ngure 3.3-1. The proposed P18 echnigue for LICTMS was

simulated,
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4 Modeling and simulation of chosen topology in
Simplorer Version 7 to identify control algorithm for
peak shaving and provide foundation for control
software

The procedure to simulate the chosen three-phase topology for PLS followad the
followings steps:

= Modehng of the tiree-pliase supply as will be discussed in section 4.1,

= Modeling of the three-phase load as will be discussed in secuen 4.2

+  Modeling of the three-phase mverter as will be discossed i section 4.3,

o Modeling of the three-phase ransforiners as will be discussed in scetion 4.4

s« Modeling of the baltery as will be discussed in section 4.5

= Finallv, modeling of the low pass tilter as will be discussed in seclion 4.6.

When the entire models wore ready and assembled, the next step was Lo sumulale the
following: PLL Pl-based controller as was discussed o seetion 3.4.1.2 in continuous
mede, Simulation ol the inner current controller e, the low pass filter inductors currents
as was discussed in section 3.4.20 Simulatton of the real and reactive powdor s was

discussed oy section 3,43,

Thercalter, simulation of the SYPWM to swilch the [GHET gates: (mally, sunmulation of
the PLS by charging the battery below a sel threshold and discharge the battery whoen the

Ioad demand goes above the sel threshold as discussed n section 3.4.4.

4.1 Modeling of the three-phase supply

The three-phase source was madeled with a three single-phasc sources, phase shitted by
120 degree from each other, Positive seyuence conneclion was chosen to retlect the
actual  threc-phase source  connection, refer photo 3.1.1-1.0 In posilive  sequence

connection, F A leads F 8 by 120% and in . F B leads ¥ Chy 120" (where VAV B
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and F C are line to neutral voltage). Figure 4.1-1 below. shows the connection of the

three-phase source in the sumplorer.

PHASE (= 126 aep . 2]
i [}
5,
i B
| =5
FIAEE = =120 dey e

ey
PHASE = Ddar - ™

-
a

Figure 4. 1-1; three-phase source represcotation m Simplorer

The red dots represent the flow of the current in this case from left to right |28].Figure

4.1-2 shows the voltage source input parameter panel.

Sqiamate |IU: Paamatass| otpur/ Disclaw, Toimisrcms | Lbcsy!]

Hxs U A ¥ Shows Hara
x
Paamraimes
< ERT s [\ | |8
Uaipe varishis Eamegsior. [i:
& “mirr Y - —- ———
Lo ded |“'" "_'J

B Spxo sonnceslbie

S ke [0 o |'|:' i . o o EI
Chgen [T 3
Fugerey By o =] =1 =
I et | o=
o T S e e
Diala 51 2 ey
e lam ] R Gl EMFCaa Y|
|_r T ] Cancal E ook 'I Hep ]

Fignre 4. 1-2: Voltage source inpud pacmueler in simplorer simulagion
The three-phase sowree as it is shown on the figure 4.1-1 was set to 230V rms line to

neutral wilh frequency of 30Hz in Lhe voltage source pancl in ligure 4,1-2, The three-

phase violtaze sipnals are illustrated on figure 4.1-3.

T



Positive sequence three-phase balanced voltage
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Figure 4.1-3; Positive sequenee Three-plase Balaoced Souree

From figure 4.1-3. 11 can be seen that the threc-phase supply was [ollowing posttive

sequence conneclion as described above, The signals tor calculation were acquired using

the meters provided by stimplorer such as the voltmeter. ammeter. Table 4.1-1 was tuking

directly [roun reference [28].

Table 4,1-1 shows the meters and electrical sources, it helps to see the direction Now of

the current and the vollage dircetion in cach clement simplorer ases, The results of table

4.1-1 were very important ong for the contral desian,

Table 4. 1-1: Simplorer Reforenge arrows system (28]
"'.l':-ltage Source: Cuarrent Sourias Faszwe Components
5 N P WO
z - Ftisden -
]
E| v Z & T
= FOT.‘ L OTH dp s e
Valtmeter AMimeter Wattmeter
] . r
w S --‘_V'IZJ W + L
T iy 53 ! -
T " | — —
= : . iy F e
3 -
4 fud ' s nE

The three-phase source was modeled as ideal voltage source for simplicity. In the next

section, wi will discuss the three-phase load modeling,
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Figure 4.2.1-1: Three-phase Delia connected Load modeled in simplorver

The switches to increase the load in figare 4.2.1-1 were controlled by o look-up table.

The good thing about look-up tables was that it could produce any shape of signals, [rom

a sinusoidal waveform, polynomial, ete. to random shape depending on the user choice,

Thus. the wavefornn used was a sinple pulse. which gave zero {off) and one {on} o the

switches. Figure 4.2.1-2 shows the look-up table pancl,
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Figure 4.2.1-2: Look up table properties panel in Simplorer
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In [gure 4.2.1-2, the interpolation was sct o without to allow the transaction of the
switch from “off” to “on™ to be instantancous, The look-up table characterisiic is

illusirated m hgure 4.2.1-3

J | 4=l
o Ill

Figure 4.2.1-3: Pulse signal to switch the extra load on ancd ofif

The threg-phase source and load were ready to be comnected; figure 4.2.1-4 shows their

conneetlon,

-
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Figure 4.2.1-4: Simulation of the three-phase sonree aind three-phase Load
Figure 4,2.1-4 was simulated and the total three-phase power was shown i fipure 4.2, ] -

5. Figure 4.2.1-6 shows the lookup table chavacteristic as tunction of time. When it was

compared with figure 4.2, 1-4 it could scen that the switches were working fine.
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Three-phase Power drawn by the three-phase Load
.k
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s

Figure 4.2.1-5: Fhree-phase Power deawn by the three-phase Lound
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Figure 4.2.1-6: Lookup table pulse characteristic

Figure 4.2.1-7 depicts the PEF that the chosen resistor and inductor viclded,
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Figure 4.2.1-7: Simnlated power factor of 0,95
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Figure 4.2.1-8 shows that the rms currcot drawn by the cach phase inductor was below

gy

{
B ]| -

the mted carrent of the practical inductors 1.c. the mms current was =, L =44,

Three-phase current drawn by each phase
- = i

4.0

2

L1104
{ ] L 1Al

Currinils [A]
L=}

LB} Rt F ] [IFNERTT] 15 RIFEEY L) 25 1dlin EIEEEC) LE i HiEEn RIHILES]

(K}

Figure 4.2.1-8: Three-phase load current drawn by each pliase

The total power and the power factar were caleulated by using the cguation block, which

Is tHustrated in Gieure 4.2.0-9,

Equatinn_Blogk
EQU
Flphase=F 4P +F o P+P CF
EL=2PrantLe L
[F=cozi [ptdegatar] KXo R 39180

Figure 4.2.1-%: Simplorer equation binek

The changing load using a switch was successfully implemented in Simplorer: however,
there was a need to model and siimulate the actual UCTMS load proiile i sunplorer, 1o
be able o simulate the proposed peak load shaving in the acteal load profile. Thus, the

following scction will discuss the actual CCTMS load prolile modeling in detail,

il



{ hapter 4

4.2.2 Modeling of the actual changing load profile of UCTMS in

Simplorer

Losingr the actual data and specitically the December load prolile data, the resistor and the
imeluctor values were caleulated {refer to the accompanicd CD), These chancing resistors
and inductors values represent the total changing ot the equivalent load impedance tor all

LICTTMS substations, seen as one load. The proceduore taken will be deseribed helow.

From section 2.3.3, it was discussed that the metering system gathered the Hiree-phase
average apparcul, real and reactive power lor LOTMS Jor a period of cieht month.
Furthermors, it was discussed that the PT was calculated using equation (2.3-1). For this
section. the three-phase real and reactive power and the PF tor the December month were

used to caleulate the changing m resistors and iwluctors.
The power entertng the bus bar in electrical department substation for medical school, see

ligwe 2.1-1 section 2.1, comes (rom the CTM. Figure 4.2.2-1 illustrates the CTM and all

LICTMS substations as ilustrated in tigure 2,1-1 10 seetion 2-1

1
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"7 Electrical Separtment T
| Subslaber for Medical School :
1 at Falmouth Rpad |

CTM

W= TEY rms
S5, P 0

UCTME subrstztmns

Figure 4.2.2-1: Simplified UCT medical schonl substation represented as block diagram

As was discussed previously in chapter 2. the measurements were donc at the bus bar
potnt as shown in fgure 4.2.2-1. The bus bar can be seen as the new supply point {or the

LOTMS loads. Thus, ficure 4.2.2.-1 can be represented as figure 4.2.2-2,

. -
L] -
- -
f [
G
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+ - Z
17 5 ar
s
Ll Fad
- * Zx Mo
B2 !HI": o IAE
lﬁ
- = -
B

Ficure 4.2.2-2: Simplified VCT mcdical sehool substation represented as eirenil diageam

In this configuration, the CTM and the bus bar were shown as a halanced-Y three-phase

source. All UCTMS substations were (lustrated as a three-phase balanced-A load, and
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this was because the high sides of the three-phase transformers as illustrated in figure 2.1-
1 in section 2.1, were connected as delta configuration and its voltage line to line was
11kV mms. In figure 4.2.2-2 E,g=11kV rms.

The total load impedance, Z, is defined as shown in equation (4.2.2-1)

Z,=R+jX, (4.2.2-1)
The inductor values was calculated using equation (4.2.2-2) at frequency of 50Hz
X,=2x-f-L (4.2.2-2)
In balanced three-phase delta load, the three-phase apparent power was equal to the sum
of the phase’s apparent power [7, 29]. Assuming a balanced three-phase delta load, the
three-phase apparent power was represented as shown in equation (4.2.2-3).

Where S45=Spc=Sc4 for balanced three-phase delta load. The apparent power in phase
AB was defined as shown in equation (4.2.2-4) [29].

Sip=P+i04s (4.2.2-4)

Where, P,s and Q,; are the real and reactive power of the phase AB, which could also be
defined as illustrated in equations (4.2.2-5) and (4.2.2-6) [29].

2

Pp=Vg, 1pg=Ryp-1 = T;& (4.2.2-5)
4B
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2

Qn=V, Ip=X, -I iz, (4.2.2-6)
4B =V 4By, "1 4B Ly 4B =y

Lyp

Noticing that in the series connected circuit, the current is the same for both components,
but the voltage is shared between them. Thus looking on branch AB of figure 4.2.2-2, the

voltage across it was defined as shown in equation (4.2.2-7).

Vs =Vasy + 7V a5, (4.2.2-7)

Where for a balanced three-phase delta load, Vys=Vsc=Vc4. The voltage VA By and

v, By represents the voltage across the resistor and the inductor respectively.

From literature the phase angle between the voltage current triangle is the same as the
power triangle and as well as the angle between the resistor component and the reactance
[29]. As discussed above the current flowing through for both resistor and inductor in
each phase was the same. Consequently it was chosen as the reference for the voltage

current triangle shown in figure 4.2.2-3.

|
Figure 4.2.2-3: Voltage Current triangle

The angle @ is the PF angle. With this in mind, the resistor voltage and the reactance
voltage were calculated for each value of the PF using the equations (4.2.2-8) and (4.2.2-
9).

Vs, =Vp-cosO (4.2.2-8)
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Vs, =Vap-sind (4.2.2-9)

Using the above equations (4.2.2-2), (4.2.2-5), (4.2.2-6), (4.2.2-8) and (4.2.2-9) R,p and
L4 were calculated. The resistor and reactance for the other branches used the same

value as branch AB because a balanced three-phase load was assumed.

The resistors and inductors values were loaded in a lookup table to be able to change the
load resistors and inductors in each phase of the three-phase delta load. This procedure
helped to mimic UCTMS load profile. Figures 4.2.2-4 and 4.2.2-5 shows the inductors

and resistors characteristic values respectively.

Lookup table characteristic for the inductor values for UCT medical school loads
658.0

600.00m]
550.00m ]
& 500.00mm ﬂ ! A
 450.00m] J i il r J
400.00m]
350.00m-{ ﬂ V b
310.00m,

0 200,00 400.00m 600.00m 800.00m 1.00
tfs]

Figure 4.2.2-4: UCTMS load inductor values

Lookup table characteristic for the resistor values for UCT medical school loads
298.50 ’

o | |
o0 /U'Ll ] \V/ bM

[
220.00+

200.00- k

171.00_
1

0 200.00m 400.00m 600.00m $00.00m 1.00
thsl

Figure 4.2.2-5: UCTMS load resistor values

Figure 4.2.1-4 was changed to figure 4.2.2-6. In this configuration, the load inductor and
resistor values were changed according to figure 4.2.2-4 and 4.2.2-5 respectively.
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Figure 4.2.2-6: Simulation of UCT medical school load profile

The voltage line to neutral V_A4, V_B and V_C was changed to QV rms. The three-

N

phase power drawn by the load was the summation of P_a, P_b and P_c as illustrated in
figure 4.2.1-8. Figure 4.2.2-6 was run and the three-phase power drawn by the load was
shown in figure 4.2.2-7.

Three-phase Power drawn by the three-phase Load

1.61Meg='

Sl 000

800.00k
& 600.00k
400,00k
200.00k]

phase Power [MW]

Total 3

0 200,001 400,00 600.00m 800.00m 1.00

t[s]
Figure 4.2.2-7: Simulated three-phase real power drawn by UCT medical school

Using the real data for UCTMS, the real three-phase power, drawn by the UCTMS for
the month of December was plotted in excel, so that it could be compared with simulated

one. Figure 4.2.2-8 shows this.
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Real three-phase power deliverad by the public utility
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Figure 4.2.2-8: Three-phase real power dravwn by UCT medical school

From the above discussion. UCTMS foad protile was successfully simulated in simplorer.

In the next section, the modeling of the three-phase inverter witl be discussed.

4.3 Modeling of the three-phase Inverter

The Lhree-phase inverter used i practice was made of Insulaicd Gale Bipolar Transistors
(IGBT) semiconductors manufactured by SEMIKRON, Stnplorer offers SEMIKRON
maodel and surprisingly the same lype used in practice, the SKM 200GB123D. Figure 4.3-

[ illustrates this,

SEMZO0CE" 2301

=T

P

Fr iz
Figure 4.3-1: Simplorer [GBT SEMIKRON model SKM 200GBI23D

Several atempts were taken to incorporate lthe [GBT SEMIKRON maodel o the

sitnulation but with no suceess. Because of time constrain, simple IGBTs and diodes
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components were used to construet the three-phase inverter, Lsing reference [12] the

three-phase tnverter was constructed. Figure 4.3-2 illustrates this,

gk £F o3

5

X K& LA

Figure 4.3-2: three-phase inverter models in Simplorer

The IGBTs and diodes components used were of systems level type and [rom simplorer
onling help |30 it was stated that thev were used to simulate static voltage-current
relation, In addition, it was also mentoned, “each valtage causes o corresponding

crrrrent depending on the selected characteristic” [30].

Moreover it was claimed that the “prodefined characteristics defined within the
companent dialog suarantee a high calontation speed” |30, Therefore, figure 4.3-2 was
uscd i the stmulation, The characteristic used [or both [GBTs and disdes components

were an exponegntial predefined characteristic,

The SPWM was usad 1 comunction with a [OkHz triangle wavetorm 1o switeh the 1GBT

gates, It witl be discussed later,

4.4 Modeling of the three-phase Transformer

The threc-phase transtormer used e practice had the following rating, 4.53kVA 4000554
Y-A lme-lo-hine mas. 1 was composed by three single-phase three wimnding translormer

with [oljowings ratmes: 1.5kVA 230055 4.

No-load test and short circuited test were done in cach one of the single-phase three

winding transformer, refor o appendix F oscction F.3. Furthermore, modelmg the
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translormoers 1o Sunplorer, the No-Load and shorted circuit test results were used. The

no-laad and sheorted circuit result arg presented i appendix F section F.3.

4.4.1 Single-Phase Transformer in Simplorer

In the hardware section. the practical single-phase three windings transformer. cven
though 1t had three windings, only two windings were used; refer to photo 5.1.6-1. For

this reason, in Simplarer a linear two windings ransforoer was used in simulation.

Fioure 4.4.1-1 illustrates the lincar two winding transformer schematic in Simplorer.

FNie N2

Figure 4.4.1-1: linear two winding transformer

Figure 4.4, 1-1 in facl represents a practical single-phase two sanding transfonmer, Using
reference [31]. the lincar two winding transformer of fipare 4.4.1-1 was explained in

detail, Figure 4.4, 1-2 sllustrates figure 4.4.1-1 content as discussed in reference [31].

— ; . ‘@_:M T s : —— ,l,|'|f"——lI ! - -@ L B
La=a Mi_& 11 ACL' 5% REC7 L=t 12 HZ_ &
L& i . | s | ke o

13z -0.0m . § . = *
oo, ® p: O O —C

ML e |1 LMl RFE FACT = 2TR EAL| -KIR vi

AT =1e-20E ik | | -
&TR =+ | i i I L z:

'_F'n' maﬁidﬂ ‘Secondary idla|

Figure 4.4.1-2: linear two winding traosformer contents, [31]

Figure 4.4, 1-3 shows the inpal parameters panel of leure 4.4 1-1 and Gpure 4.4.1-2,

2%
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Fipure 4.4.1-3: Linear Two-winding tpansformer input panel for transformer A

In tigure 4.4.1-3. K1F is the turn ratio, which was defined as

W2 554K 7
Wl 23y S

KTR
Lach respective caleulated No-load and shorted-cireuil parameters values for the practical
single-phase transtormer AL B and () see tables F.3.2-1 to table F.3.2-3 | were used to
caleculate the primary and secondary resistunces and inductances tor each single phase
transformer. reter to table F.4-1, In addition, the values ol table F4-1 were loaded in cach

respective linear single-phase two-winding transtormer in simplorver.

Figure 4.4.1-4 shows the connections of the three individual single-phase transformers in

simploree,
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Figure 4.4.1-4: Single-phuase transformers A, B and C

The sinusordal AC source in cach transformer was set 1o 230V s and was connecled fo
the primary side of each transtormer. The measurement sensors, the voltmeter, ammeter
and passive component, resistors were cotnected 1n the way shown i figure 4.4.1-4 1o

oboy the rule ol the current Now and vollage dircction as illustrated in table 4.1-1.

Moreover, the current enlenng the red dot of the pnmary side of Lhe single-phase
transformer 1s in phase with current leaving the ved dot on the secondary sude of the
singzle—phase transformer [7]. Sumilary, the vollage on the pomary side 1s in phase with
the voltage in sccondary side when measured from {he red dot respectively as shown in
figure 4.4.1-4,

Two scenarios were {ested 1o simulation w check i the responses comeide with real

single-phase transformer behavior m terms of primary and secondary voltages relation as

well as prnary amd secondary current relalion,
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The single-phase transformers rating values were 2300354V mis 13KV A as mentioned
provicusly, Therelore this will mean that the 1, = 6.532A rms and Ly, = 27.07A oms,

where! =1, - K/# .

Seemarind

In the first scenanio the resislors values £ 4, & # and & _C in figure 4.4.1-4 were set to a
very big number such as [GE2 to mimic zero cwrent flow or a no-load so that the
secondary voltage can be comparcd with the voltage in primary side. Fieure 4.4 1-5

illustrates the voltages and current waveform of each transformer of tigure 4.4.1-4,
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Fizure 4.4.1-5; Single-phase trunsfvrmers A, B and € voltage and current waveform at nn-

luad
Figure 4.4, -6 shows the vollage wnd current rms value and many more. However. the

focus in figure 4.4.1-6 is the rms values of the vollages und currents.
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Figyre 44.1-0: Single-phase transformers A, B and O voltage and current data cesull al ne-lead

In figure 4.4.1-6, it was noticed that the primary rms voltages in cach ranslonmer were
the same but the sceonduary rms voltages were not and this was because of the difference
in the paramicter values that were sol im cach trunsformer, Nevertheless, the primary and

secondary voltage relatjon was accomplished.

Seeninion?;
In scenuno 2, o resistor value was chosen to give the rited maximum current of the
single-phase transtormers. The resistor value chosen was 195500 Figure 4.4.1-7

iliustrates each transtormer result at full load.
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Figure 44, 1-8: Single-phase transformers A, Boand C, voltage and coreent dara eesulr ar full-foad

Figure 4.4.1-8 shows that the single-phase transtormer primary and secondary rms

current relation was accomplished.

The three single-phase transformers were ready to be connected as Y-A three-phasc

transformer. The lollowing scetion will brivlly discuss its connection,
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4.4.2 Three-Phase Y-A Transformer in Simplorer

The threc-phase Y-A trunsfommer was connected as explained in |7] and illustrated in

appendix F section F.3, Figure 4.4.2-| illustrales Lhe connection in simplorer.
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Figure 4.4.2-1: Three-phase Y-A translormer in Simplorer, it was assembled using three single-phase

From refercnce [7] was discussed that in the three-phase Y-A transformer the Y line (o

line vollage, ¥, leads the A line to line voltage Fyg by 30° however 11 was also stated

that the Y line to neutral vollage, Fan, is i phase with A phase voltage Vs It is good to

notice that the A line-to-line voltage i1s the same as the A phase voltage [7], Figure 4.4.2-2

shows the Y line-to-line voltage, ¥ gh. the Y hine 10 neutral or phase voltage. ¥ an and

the A line 1o |ine or phase volt

age, ¥V AB.
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praclice. The batlery in practice had a capacity ol 102AR for 20h, thus the mean value of

the discharging current was 3.1 A per houe.

[n Simploger the lead-acid battery model. its capacity was rated for 1, which would
give 10L.2A per hour. The mean value of discharge current was set 10.2A. The mtial
value of charge rate was set to 30% of the rated capacity of the battery, which came to be
364N,

4.6 Modeling of the low pass filter

The aim of low pass [ilter was w block high lrequency to go theough and allow only the
frequency below the cut-oft frequency to go through, which ideally had to be only the

fundamental frequency. 'The low pass Oller used was made of inductors and capacitors.
Figure 4.6-1 below illustrales a single-phase LC low-pass filwr.

'nput = Sipul

Dy il
A

i

Figure 4.6-1: Single-phase representation of LC low pass {ilwer

in figure 4.6-1. the input signal came from the three-phase inverter. and it is compaosed of
the fundamental frequency plus the switch frequency signal and its harmones. The
choice of the inductor and capacitor valucs had to be such that only the tundamental goes

thriugh with a little distortion possible,

The inductor and the capacilor can also by represented as impedances. Equalions (4.6-1)

and {4.6-2) il lusteates this.

X, =ewl=2rfL (4.6-1)

L%



Chapter 4

Y. = | 1

= 4.6-2
¢T wC " 22 fC S

The capacilor of S{uF was chosen due to is wvarlability in practice. The lundamental

frequency of the signal was 50Hz: the switch frequency was chosen to be 10 kilz as

mentionad hetore,

The cut-off frequency has to be big enough to allow the tundamenal frequency signal
through and small enough 1o prevent the unwanted harmonic at switch frequency to pass
through. A cut-ofl [requeney ol | kHz was chosen, which by using equation {4.6-3)

below, yvielded L-=306.6% 10" H

T (4.6-3)
2210

When the value ol Loand C as calculated above are usad in the cquations (4.6-1) and (4.6-
23 respectively, ot tundamental frequency, it could be scen that the capacitor had a big
value ol the reactance compared with the inductor. This meant that the big capacitor
reactance would prevent the fundamental current signal W Now through the capacitor,

thus the fundamental curvent signal would be transferred to ouput throueh the inductor,
Conversely, at switch frequency the capacitor would behave as a short cireuil with g very
small reactance valie. while the inductor reactance value would be much bizsoer in

relation with the capacitor reactance, thus the opposite would happen.

Frzure 4.6-2 shows the low pass filter response as discussed in |33
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Figure 4.6-2: Low-pass filter response (33

4.6.1 Three-phase Low-pass filter

The three-phase low-pass filter in o threg-phase system can be assanbled in two ways:
firsthy, the filter capacitor can be connected to the neutral point, which would mean that
the voltages across the capacttors would be the line to neutral voltages, or sccondly. each
capucitor could be connected across lwo phases in the threc-phase system not requiring a
neutral point, In this way the capacitors connections would form a delta connection,
which would so well with the three-phase trunslonner delta connection, The lopology 15

Hlustrated v hgure 4.60.1-1,

Irpul 2Py [ STITRR
> g pt - =)
T C_AE
=
(L1 TR I H [ Sl
= —— i
i ea
[
It LG [ olzir
- - . : |

Fizure 4.6.1-1: Three-phase L0 low-pass fiitcr
One thing o notice was that the inductors and capacitors in figure 4.6.1-1 were ideal

components. In the simulution for the low pass filter to have a good damping response. a

small resistor was connected n series with the inductor to ictlect the practical inductor.
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Morcover, the selud] mductor value bsed i simulation was not the same one caleulated
th previous section but instead the desianed in practice, which had the avermue value ol
44l l.

It was discussed in relerence [34]0 thut in the RLC low pass {ilter cireait, the oulpul
vollage, lags the mput voltage. "This was because of the voltage drap across the resistor.
Thus, 1t is importanl that the resstor be smaller enough just to introduce the necessary

damping, Figure 4.6,1-2 illusteates the discussion,

[
o
S5 v |
Vs M ; ﬁ?,-'-ﬁ - o
Wi Bkt .
i
i =V ¥, ¥

: -
Ko ¥
L)

Fipure 4.6.1-2: Three-phase LO low-pass filter

In the next scetion, the entire models will be connected together, ta form the compliete

tapoiogy,

4.7 Full simulation Models connected

All the models were successlully implemented as discussed (n previous section, 1o this
section, the entire models were assembied together. They ure presented in figure 4.7-1 in
conjunction with all control model and eguation blocks, which will he discussed w luter

seClions,
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Figure 4.7-1: full simulation models connected
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The three-phase load of figure 4.2.2-6 waus assembled inside block as shown in figure 4.7-

I The next section will discuss the simulation sequence flow 1o accomplish the purposed

PLS.
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4.7.1 Simulation sequence flow
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o I Batt, the battery current, I inductor A and I_inductor B are the inductor
filter currents measured at “phase a” and “phase b” respectively.
I Conv Out A_LS and I_Conv_QOut_B_LS are the currents measured on
the output of the LC filter, at “phase a” and “phase b” respectively also.
Finally I Source A and I Source B, which are the source current

measured at “phase a” and “phase b”.

Following the sequence of figure 4.7.1-1, the next step was to transform all the three-
phase measured signals to the stationary reference plane by using the positive sequence
forward Clarke transformation. One thing to notice was that, the Clarke transformation as
was discussed in appendix C, takes three input signals, however only two signals were

measured for the voltages and two for the currents.

Furthermore, real and reactive power control was what was supposed to be accomplished,

therefore as was discussed in section 3.4.3, the positive forward Clarke transformer

instead of using £ as coefficient; it used \/% .

The coefficient \/g aim as discussed before was to scale the stationary reference

obtained signal, the current and the voltage, to a magnitude that would enable the exact

calculation of the magnitude of the instantaneous three-phase power.

Therefore, the positive forward Clarke transform used to calculate V, and V3 is shown in

equation (4.8-1).

1
Va_gl_i Vac 4.8-1
V,) V3| 3 [\ Vic @8-

0
2

For the current, it is shown in equation (4.8-2)
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3
R o
2

Equation (4.8-2) was only valid for balanced system whereby (la+Ib+1c=0) [35].

Now using Park transform expression C2.20 section C.2, the stationary reference frame
was changed to rotating reference frame, appendix G.2 to G.4 illustrate the application of

Parke Transformation in simplorer.

4.9 Simulation of Control Design

Two controls loop were implemented in the simulation to accomplish the PLS as
discussed in chapter 3. The first one was a PLL Pl-based -controller as discussed in

section 3.4.1, with aim to synchronize the three-phase inverter with the three-phase grid.

The second one was an inner current loop control using a PI controller also; the aim was
to control the low-pass filter inductor current so that the real and reactive power control
could be achieved. They are both implemented in the rotating reference frame or dg-

plane.

4.9.1 Phase Locked Loop Pl-based Control Simulation

In previous section 3.4.1, the control design of PLL control was discussed for the
continuous and discrete modeling, however the PLL Pl-based controller used in
simulation was the continuous controller because of its easy implementation as well as
the easy tuning of the PI controller gains. Figure 4.9.1-1 illustrates its implementation in

simplorer.

106



Chapter 4

Setpoint error

theta_diff

@

Grid_angle

Figure 4.9.1-1: Block diagram of PLL PI-based controller in Simplorer

Due to the limitation of simplorer license, the full simulation model, figure 4.7-1 stopped
working in simulation by the time the discrete PLL Pl-based control algorithm as
discussed in section 3.4.1.3 and 3.4.1.4 was ready to be implemented in the DSP chip in
the lab.

However, to improve the practical result of the PLL Pl-based controller, a portion of the
simulated model, the PLL PI-based controller model, see figure 4.9.1-1, was simulated in

simplorer student version on its own.

The simplorer student version packaged as mentioned in beginning has a limited numbers
of elements to be used. Thus, few elements were used to simulate the PLL Pl-based
controller such as two sinusoidal function blocks, which was set to produce voltage line-
to-line 7, and V.. An equation block to calculate the voltage V, and Vj as well as the
phase angle, theta. Moreover, an initial condition block, where the PLL PI gains, for

a=2.4 and a=30 were set. Figure 4.9.1-2 shows this.
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V_BC V_AC

Setpoint

theta_Source

Equations Initial_Condition
Crca ]
V_alpha_S1:= sqrt(2/3)*(V_AC.VAL -(1/2)*V_BC.VAL ) KI_PLL:=1736.111111
V_beta_S1:=sqr{(2/3)*(sqri{3/4)*"V_BC.VAL ) KP_PLL:=92.11
theta_Source:= atan2(V_alpha_S1,V_beta_S1) KI_PLL1:=11.1111111
KP_PLL1:=7.37

Figure 4.9.1-2: PLL PI-based controller simulated in simplorer student version

Some change was made in the PLL Pl-based controller in practice, those change were
simulated in the model of figure 4.9.1-2 above. The changes were the following: the gain
KI was set to 20 for the integral plant in practice, thus same was done for the simulated
model. The feedforward, w, was not used in practice, thus it was set to zero in the
simulated model. The feedback voltage gain, U _max, was set to unity in practice, so the

same was done in the simulation too.

Moreover, because this new model was not being simulated in conjunction with the full
model as it was before the license expired, see figure 4.7-1, then the simulated dynamic
response of the new model of the PLL Pl-based controller, figure 4.9.2-2 was different
from the practical dynamic response. Noting that figure 4.7-1 was similar to the practical

model in the lab; see figure 5-1.
Therefore the focus of the new simulated model of the PLL Pl-based control was to

improve the practical design of the PLL Pl-based controller in term of the choice of the

gains as discussed previously.
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The integral block is defined in simplorer as shown in figure 4.9.1-3, [30].

v = yk-D+KI.TS.x(k) or O@) = %
xa-T}- Tp = Inegnl-ActionTime TS = Sample Time
R

Figure 4.9.1-3: simplorer integral block definition [30]

From table 3.4.1.2-1, 0=2.4 the PLL PI-based controller proportional gain, KP PLL was
92.11 and the integral-action time was 0.576m sec. Using figure 4.9.1-3 the PLL integral
gain, KI_PLL was 1736.11. The second integral gain in figure 4.9.1-2 was set to 20,
which meant that the integral time constant was 50ms. Figure 4.9.1-4 illustrates the
response of the PLL with a=2.4. It can be seen that the PLL response, quickly tracks the

three-phase source phase as was discussed in section 3.4.1.

Phase Locked Loop (PLL) Response

3.5
3 | 2.0
§5-'| 1.0
g O
So
g £ 1 OJ
-2.04
-3.57 l / |
T T T T
0 10.00m 20.00m 30.00m 40.00m 50.00m 60.00m 69.98m

t[s]

Figure 4.9.1-4: Phase locked loop response with alpha equals to 2.4

In addition, applying a=30, KP_PLL was 7.37 and the integral time constant was 90m sec
as discussed in section 3.4.1. Using figure 4.9.1-3 the integral gain, KI PLL was 11.11.
Maintaining the same integral gain for the second integral, the PLL response for =30

was presented in figure 4.9.1-5.
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Figure 4.9.1-5: Phase locked loop response with alpha equals to 30

4.9.2 Simulation of Space Vector Pulse Width Modulation

The Space Vector Pulse Width Modulation algorithm was written in an equation block in
simplorer, see appendix G.5. The SVPWM algorithm had as inputs the voltage signals
alpha and beta and as output three voltage reference at 50Hz and 120° out phase. These

three voltages reference were compared with a triangle waveform signal with a frequency
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value of 10kHz. Consequently, this comparison resulted in pulse signals known as
SVPWM, which control the three-phase inverter IGBT’s gates switching.

The SVPWM algorithm in appendix G was subdivided in two parts. The first part was the
calculation of the sectors, where the Space Vector voltage reference rotates to change the
states of the three-phase inverter switches [17]. The second part was the calculation of the
switching times for each state, whereas these switching times were combined in such way
to form the three-phase voltage reference, 4,5 Brrand C,.rof the SVPWM, see appendix
G.5. Those voltages are phase shifted by 120° from each other.

The three-phase VSI switches have eight operating states; this can be better understood
by analyzing the three top switches. The bottom switches were neglected in the analysis,
because by changing the top switches, the bottom switches automatically were affected
[17]. Table 4.9.2-1 illustrates the eight possible states as describe in reference [17].

Table 4.9.2-1: three-phase VSI switches states

States Swi Top Sw2 Top Sw3 Top
Vo 0 0 0
Vs 0 0 1
V3 0 1 0
V4 0 1 1
Vi 1 0 0
Ve 1 0 1
V, 1 1 0
V; 1 1 1

Where, 0 represent “off” and 1 “on”. There were two zero vectors, which are Vy and V;
and six non-zero vectors, which are V; to Vs. When the Space Vector voltage reference
travels through each state, it forms a hexagonal shape with six sectors; figure 4.9.2-1

shows this.
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V(0 1 0)

V(1 10)

V(0 0 0) alpha
V0 11) ATEEN Vy(100)

Vs(00 1) Ve(10 1)

Figure 4.9.2-1: Representation of the three-phase inverter switching states in the stationary reference
plane {17].

“In order to maintain the effective switching frequency of the power devices at minimum,
the sequence of toggling between these vectors is organized such that only one leg is

affected in every step” [17]. Thus, this procedure helped to form the six sectors illustrated
in figure 4.9.2-1.

In Analog devices [17], it was discussed that the calculation of the time that the non-zero
and zero states takes, was “the central part of space vector modulation strategy”.
Equations 4.9.2-1 and 4.9.2-2 shows the equations used to calculate the times that each

non-zero and zero states would take respectively.

T BT sin%ﬁ —cos]—CZ v
[ k Jz___ 5. 3 ( “J (4.9.2-1)
Ty 2 Ve _sin (kD= cos (k-D)rx Vﬁ
3 3
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T,
Ty=3~(T+Tp) (4.9.2-2)

Where 7 and Tj+; represent the time of the non-zero states in each sector, the sector
selection is governed by the variable &, which goes from 1 to 6. When i=6, k+1 is set to 1
[17]. T, is the time that the non-zero states takes, T is the period and Vpc is the battery
voltage. Table 4.9.2-2 illustrates the relation between the times of each top switches

states of the three-phase inverter in each sector.
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Table 4.9.2-2: states time relation in each sector

Sector Time States Swl Top Sw2 Top Sw3 Top
To/2 Vo 0 0 0
T, V, 1 0 0
T, V, 1 1 0
1 To V; 1 1 1
T V, 1 1 0
T, Vi 1 0 0
To/2 Vo 0 0 0
To/2 Vo 0 0 0
T V3 0 1 0
T, V, 1 1 0
2 To V; 1 1 1
T, V, 1 1 0
T, V; 0 1 0
To/2 Vo 0 0 0
To/2 Vo 0 0 0
T V; 0 1 0
Ty V, 0 1 1
3 Ty V5 1 1 1
T4 Vi 0 1 1
T; V; 0 1 0
To/2 Vo 0 0 0
To/2 Vo 0 0 0
Ts Vs 0 0 1
Ty Vs 0 1 1
4 Ty V; 1 1 1
Ty V, 0 1 1
Ts Vs 0 0 1
To/2 Vo 0 0 0
To/2 Vo 0 0 0
Ts Vs 0 0 1
Te Ve 1 0 1
5 To V; 1 1 1
T Ve 1 0 1
Ts Vs 0 0 1
To/2 Vo 0 0 0
To/2 Vo 0 0 0
T, Vi 1 0 0
Te Ve 1 0 1
6 To V, 1 1 1
T Ve 1 0 1
T, V) 1 0 0
To/2 Vo 0 0 0
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The maximum modulation index with a continuous SVPWM as mentioned in section 3.4
was 90.6% [17]. Furthermore, at this modulation index, the reference vector, V,.; has
locus that would follow a circle inscribed within the hexagon [17]. Figure 4.9.2-2 shows
this.

V3(010)

V(11 0)

Vo(0 0 0) alpha
Vi(011) VA111) \/—1({-5 0)

Vs(00 1) Ve(10 1)

Figure 4.9.2-2: Representation of the three-phase inverter switching states in the stationary reference
plane for the maximum modulation index {17]

If the reference vector happens to be outside the hexagon, it was discussed from reference

[17] that the summation of T, and Ti+; in equation (4.9.2-2), would results in a value
bigger thanZs | which would result T) to be negative. This negative result would be

meaningless for the time duration of the zero-state vectors [17].

To overcome this predicament, the active time Ty and 7., were rescaled to new values,

Ti_new and Ty+; pew, such that their summation is always equal to—z’— whenever the active

times happens to be greater than% . Equations (4.9.2-3) to (4.9.2-5) show this [17].
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T T,
Ty pow =2 7 (4.9.2-3)
k. 2 (T, +T,,)
T T
T, =L —-——-k—“——; 4.9.2-4
k+l_new 2 (Tk + Tk+1) ( )
Tk_new +Tk+l_new:= :gs'; (4.9.2-5)

With this rescaling method, 7 would always be zero whenever the SVPWM would be
over modulating, and so, V,.rlocus would follow the hexagon peripheral. However, this

action would reduce the output fundamental voltage [17].

Nevertheless, as discussed previously in section 3.4.2 the minor loop current controller
has as output a voltage signals in rotating reference plane, dg-plane. Moreover, after
inverted to the stationary reference plane, af-plane by using the inverse Parke
transformation, it was discussed in same section, that these signals could be used as input
to the SVPWM algorithm.

However, before implemented as discussed above, the SVPWM algorithm was tested by
using ¥, and V} as input, which were calculated from Clark transformation, and which
had as input the three-phase source line to line voltage signals ¥ 4c and V_pc. Figure

4.9.2-3 illustrates the voltages signals.
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Graph of V_AC and V_BC vs. Valpha and Vheta
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Figure 4.9.2-3: line-to-line voltage signals and voltage signals in the stationary reference
Figure 4.9.2-4 illustrates the results of SVPWM sector selection.

SVPWM Sectors Changing

7.0
e.oJ‘J———v
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4.0+

sector

3.0+
2.0+
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0 5.00m 1000m  1500m  2000m  2500m  3000m  35.00m 40.00m
tis]
Figure 4.9.2-4: SVPWM sector selection

When a sector is selected, the switching times are calculated for the specific state in that

sector as discussed above. Table 4.9.2-3 illustrates this.
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Table 4.9.2-3: Space Vector reference voltages for each phase.

Sector Reference Signal Time
Aref T,/2+T,+T,
1 Bref T,/2+T,
Cref T,/2
Aref T,/2+T,
2 Bref T,/2+4T,+T,
Cref T,/2
Aref T,/2
3 Bref T,/2+T,+T,
Cref T,/2+T,
Aref I,/2
4 Bref T,/2+T,
Cref T,/2+T, +T,
Aref T,/2+T,
> Bref I,/2
Cref T,j2+T,+T,
Aref I,/2+T, +T,
6 Bref T,/2
Cref T,/2+T,

Figure 4.9.2-5 presents the SVPWM reference signals of table 4.9.2-3 in simplorer
simulation.

SVPWM Referepce Signal

=/ /A\W\ / ]\ \
BEE 250y ‘ / \ / \ '

' ‘ \
oo / \ \ o/ Y

Figure 4.9.2-5: SVPWM reference signals
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These reference signals were compared with a high lrequency triangle wave to produce
the PWM signal. Figure 4.9.2-6 presents the module used to compare the SVPWM

reference sienais with the tnangle wave.

Ared COMP1 SuUM1
e R - £,
= — il _— = —_—l |
) == ),
TRIANG1 ‘ —
Braf COMP2 SUM2

e P
— T —

Cref COMPY | SUn3

i i r____!:" \_l> __i_lT.;;.
CONST =5 \ .
|ct:m$'r — —

et
Figure 4.9.2-0; compacison of the relerence signals with o high freguency triangle wavelorm

Frgure 4.9.2-7 shows the result of the SVPWM pulsc in the first seetor.
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SVPWM vs. Sector]
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Figure 4.9.2-7: SYPWHM pulses in the first sector
With this resull the three-phase inverter could be switched on and off i very efficient

Wiy,

Next section will present the result of the power caleulator in conjunction with minor
loop current controller. In addition as was mentioned previously the results of the munor
loop controller was the voltage in the rotating reference plane, which atier inverted to the

stationary reference plane, was sent as input to the SVIPWM algonthim.

4.9.3 Current Loop Control and power calculator Simulation

Figure 4.9.3-1 shows the result ol the three-phase inverter being synchronized with three-
phase grid. This result was gathered from the simulation of the full moded, figure 4.7-1,

hefore the leense was expired.
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Three-phase Converter Voltage before & After LPF vs. Grid Voltage ling ta line
117.1
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Fignre 4.9.3-1: Three-phase inverter voltage phase Incked with the three-plase arid

Simultancously the power calculator in conjunction with the minor loop was

unplemented with g, and ¢, imlially set to zero to torce the filter inductor current to
zero. Figure 4.9.5-2 allustrales the power caleulalor in conjunclion wilh mmmor loop as
discussed in section 3.4.3. The Pl control gains were set by trial and error method. table

4.9 3-| shows the minor loop current Pl gains.

W_q T %o
| zam
o
f_g_CApac tor I Gary Irsgior e KP =2 UL =7&35
| i + 'F"— 5 Gkl i ﬂ.-l—\' - 1' A K -|—\I # LT : u +'} _H"+_; B g pam
A ] '\-_‘_ \S. I T
| — LL —=F§.35
i [
A%t aorer | g tane Induals RIEE182 | acano
; —_—
N e | | | Galh d
851 ke —_ ?:'nwnr_ﬂ.:l:u asar
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Figure 4.9.3-2: Power calenlator in conjuachion with minor loop corvent contredler implemented in
sunporer,
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Table 4.9.3-1:. Minor loap currvent controller P1 control zains

Pl ¢l-prant i) q-fiart

Kp

L

3

Ki i 300 ' 100 :

At this point. the full control design was implemented. Moreover, the PLS algorithm as
discussed in section 344 was also inplanented. Thus. fipures 4.9.3-3 and 4.9.3-4
illustrate the filter inductor current in the rotating reference plance, { d Comv fuductor
and [ g Conv Inductor, tracking the changing  sctpoint  or  reference  current.

I Comv fndicior_pef VAL and 1 ¢ Conv Inductor ref VAL respectively.

Pl Controller Id Inductar ws. ld_Inductar_ref

T g |
%:E' “5 =200 '\ 'II f
Eﬁ o |!II il' |
=_,I EI 48]0 H ‘\ 4
o E 0o | | \ 1 |\
6

o e l'. / J

e

-8 3.5__ L#

1 1 T 1
1 20001100 400 00T 600 Ol 800 0Cm 1.00
s8]

Fignre 4.9.3-3: Real part of the rotating reference plane current through the induetor lilter tracking
a refercnee vurrent
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Pl Controller 1 Inductior vs, l_Inductor_ref

It

g T Inductar ref VAL

1 L] |
H 2000 CIHIRATE R 0 AN0.0n 1001
18]

Figure 4.9.3-4: Ionagimaey pact of the cotating relfecence plne cucreot theowgh the indouciore ier
tracking a refervimes current

These reference cwrents changed as illustruted ubove because of the peak load shaving

aloorithin, so that the charging and dischareing of the battery could be accomplizhad.

Figure 4.9.3.-5 shows the minor loop signals resubts, which were the following: the
voltage sienals in the rotating reference plane, Vo pwm VAL and Fy pwm VAL, and the
voltage signals in the stattonary reference plane alter inverted, Falpha pwm and

Fheta mam.

Graph of Vd_pwm and Vq_pwm vs. Valpha_pwm and Vbeta_pwm
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Graph of Wd_prwm and Vg pwm vs. Yalpha pawm and Ybeta_pwm
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Graph of Wd_pwmand ¥q_pwm vs, Yalpha_pwm and Vheta pwsm
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Fimure 4.9.3-5: Minor loop current conteoller results

4.10Peak Load Shaving Simulation

This scction will present the PLS simulation of UCTMS load profile. Figure 4.10-1
shows two daily peaks of UCTMS load profile and the set threshold. which as discussed
in seetion 3.4.4.1 had the aim to decrease the peak power by 3%, The power values were
scaled from mega watts o kilowatls, because the three-phase source was set to 400V LL
instead of kY LL.
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Peak Shaving Results
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Figure 4.10-1: Two days laad preofile for UCTMS and the ser threshold

Recalling Irom the previous discussion, that whenever UCTMS load is betow the
threshold point, the PT.5 alporithm was set up in such way that it would enable the three-
phase inverter o charge the battery, This would mean that the three-phase end or souree
apparcnt power would be higher than the UCTMS toad, so that it could be able to supply

both UCTMS load and the battery storage svstem.

At this point, the three-phase inverter system behaves as load. buving electricity from the
arid and contributing on the MDD peak power. However the three-phase source apparent
povwer 15 nonitored 1o the peak load shaving atgoritho, as deseribe o section 3.4.4.2 m
such way that whenever it would reach 9%8% of the threshold point, the three-phase

inverter would decrease the low of power toward Lhe baltery storage to zero.

However, as soon as UCTTMS load profile would be above the threshold point, the peak
foad shaving algonllnn as discussed previously, was writlen 1n such way to enable the

three-phase inverter to supply the apparent power at the same PF as the three-phase prid.

Consequently decrcusing the three-phase souree apparent power oplimally and holding ol
at the threshold point. The three-phase inverter at this point was behaving as distributed

generation (DG} system, which would mean that it would be positively contnbuting

1\.
'\-\.,.'“
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towards  the three-phase source supply relinbilily and sustainability and as well as

decreasing UCTMS menthly hills,

Figure 4.10-2 shows these results

Fhrec-phase source

reached 98% of the Three-Phase Apparent Power for the Source, Load and Convertar

threshold point *tm______f._h. - —— ST
200k S " bl
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A 5 . Anpripy B
L% & T .
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E 15. 0k Y o I"“""’“"“"«-'k-“""“"-"'
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TR (R :
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g ' =
[} La =
o ;
...'ﬁ

J
oy
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a e e
e #
45k N f - —'_;“ |
a 200,06 400,00 A00. 0 500,00
t[sl

Figure 4.10-2: peak load shaved

As was mentjoned previously in section 3.4.4.2 the battery charger algonthm was not
tmplemented m s thests, then the focus o this seetion . however was to show the Three-
phase source MD, § Somrce, been shaved, which was accomplished successfully. From
figure 4.10-2, it could be seen that the consumer load. S foad. was bemg supplicd by the

batlery storage.
[n figure £.10-2, § comv dumy s the peak load shaving algorithm control apparcrt power
variahle. see appendix G.6, In addition, as was mentionad previously, positive flow of

power was chosen from the three-phase inverter towards the Lhree-phase grid.

Thus, the 5 comv diumy was allowed to be positive or negative, see figure 4.10-2, in this

way whenever S_comv_dwmy was negaiive the three-phase inverter would be charging the
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battery. Conversely. 1t would be discharging the batterv, While charging. § com dumy
was not allowed to go more than the three-phase translormer muximum capacity. which

was 4.5kV A, Figure 4.10-3 shows the result of the battery charpe and discharging mode.

Battary Voltage and Curment
s o T T il
[LL AR o

LR

B -

v
|_Batt.| |4]

ann-

W O

2ulr

\ r_.'- A 5
= o e
SE0 ™, £ \\ A \\v_‘

ek .
L 2000, 10 A0 Do B S BDC-!I:H:Irr 10

Figure 4.10-3: Bartery voliage and current resulis

The variable §_Com 1IS Acinal in figure 4.10-2 is the three-phase inverler apparent
power calculated from the measurement taken from the high side ol the three-phase
transformer. S Cony LS in other hand is the three-phase inverter apparent power
calculated from the measurcment taken fromm the low side of the three-phase translommer.
Finally § Conv [1S Calcnlated s the three-phase inverter apparcnt power caleulated
tronn the voltage and current signals thal were nol measured but mstead calculated trom
the lower side signals of the three-phase transtonner voltage and current signals, see

appendix .2 and (1.3 for more detal.

From chapter 3, it was discussed thal when the three-phase VSI s made 1w behave as CSI
by using a tminor current loop, 1t would produce good quality three-phase inverter
currents, Freures 4 10-4 4. 10-5 and 4.10-6 conlinm the discussion: il shows the Lhree-
phase inverter currents through an inductor filter. It can be seen that the current was well

controlled and balanced.
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Fisure 4.10-d: Three-phase inverter inductor currenis ar charging and discharze mode
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Figure 4.11-5; Three-phase inverrer inductor currents at charging mode

Three-Phase Inverter Inductors currents in Charge & Discharge mode
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Fipure 4.10-6: Three-phase inverter inductor currents at discharging mode
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Moreover, 10 check if the PLS ax illustrated in figure 3,10-2 was accomplished optimally
as was discussed i osechion 2301, “phase A” currents ol Lhe three-phase source, Lhree-
phase load and the three-phase inverter were plotted in Ngure 4.10-7 [or chareing mode

and figure 4.10-8 for discharging mode.

In those tigures 4. 10-7 and 4.10-8 the three currents ol “phase A™. met at the node point
in the grid side. Recalling from literature [29], that the ancle of the PF is the angle
between a voltage and current, then by checking if the currents of each respective “phase
AT woere i phase or out phase with cach other. that helped o determing the state of their

PF in relation with source voltage

Phase A Source, Load and Converter cuments in Charging mode

=% P JI | | Y o I il | I i II I ||
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o B s A \ ’L e o f \ f [ \ s o i
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Figure 4.10-7: Three-phase sonvee, three-phase inverter and (hree-phase load phase A currents at
chareion mode

129



Chapler 4

Phase & Saource, Load and Converter cuments in Discharging mode
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Figure 4.10-8: Three-phase svurve, three-plase inverter snd three-phase load phase A currents at
discharging mode.

From figure 4. 10-8, it can be seen that the three currents were in phase, which meant that

they were oul phuse with the “phase A™ source voltage by the same angle, Thus, ther PF
was the same.

4.11 Chapter Summary

FFrom the above discussion. the following points are summarized:

The modeling ol the three-phase supply, three-phase load, three-phase inverter,
three-phase transformer, three-phase LC low-pass [ilter and the battery was
accomplished successiully.

Using the three-phase load as resistor and inductor enabled the implementation ol
the actual UCTMS load in simulation.

The "LL "-based controller was successiully implemented in simulation in the
continuous mode. [t was shown that by using the right cans of the PI controller
the three-phase phase angle was truck successiully and quickly

The calculation of the three-phase inverter phase angle, 3, by using the PLL [l
based controller was very crucial: it helped 1o calculate the three-phase inverter

signals in the rotating reference planc.

Consequently, the minor carrent loop controller was successfully implemented.
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Using the power calculator and PLS algorithm in conjunction with the minor loop
current controller give the possihility of implementing the purposed peak load
shaving at LCTMS load,

Theretore, with this result the proposed peak load shaving was accomplished

successfully im simulation, which meant that the project is technically viable,
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5 Hardware and Software Design

The full Peak l.oad Shaving technigue proposed m this thesis i chapter 2 was completely
implemented in simulation as discussed in chapter 4. Due to time constrain however, the
focus in practice was to implement the digital PLL Pl-hased control emly as discussed in

chapter 3. section 3.4.1.

Thus, this chapter will deal with the hardware and software design of the proposed
topology, figure 3.3-1, with a goal in mind of implementing the digital PLL Pl-based

comtrotler,

Open loop controllers were done simply by controlling manually two potentiometers,
whereby one controls the power angle bi-directionally, which control the real power, and
the other controls the three-phase amphitude voltage, which controls the reactive power as
discussed in chapter 3 section 3.4, which in the sense was the same as using Lhe Lhroe-

phase inverter as V51

Photir 5-1 shosws the bardware connection in Lhe laboratory.
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Flioto 53-1: Laboratory prototype

5.1 Hardware design

5.1.1 Three-phase supply
The three-phase voltages used 10 practice came from a three-phase nuans supply located
at machine [aboratory at UCT i the clectneal engineering departiment. The voltage rating

was 400V line-to-line rms. Photo 5,1, 1-1 shows the three-phase mains supply.
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cireutt breaker

Meuiral point

LOT 3-Phase <
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\

Photo 3.1 0-1; UCT maching labeeators theee-phase supply, eonnected in positive scquence

The three-phase voltage signals produced at TCT machine lab was not an ideal sinusoidal

stgnal. Power Analyser Result 3.1.1-1 shows this.
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Power_Analvser Resule 5 L1L-1; UCT machine lab line-to-line three-phise voltape,
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Power Analyser Result 5.1.1-2 shows the hammonics which UCT machine lab line to

line voltage has,

Iaa._ 5005Hz 0912406 16:54 oo

Uho1 (11100.0x (>1000x (3 100.0%
397.4v 399.1 v 399.1v

+00n* +0on~ +000n*
* .
1oo| .+
il
L]
2
i L3
R
q -

T T T R R
v A VA U A2 4D

Power _Analyser Result 5.1.1-2: Harmoaies content at LCT muchine laboratory three-phase supply

viltage

Those harmenics were the one responsible lor the peak shape in the three-phase voltage
of the Power Analvser Result 3.1.1-1. Those harmonics were originated from the
following source:
e The power electronies devices, such us: AC and DC machines dnvers, rectiliers,
invericrs

e [luorescent livhts. computer

5.1.2 Three-Phase Load Design

The three-phase load was conligured in della connection: each phase was made ol
resistors and mnductors connected in series as was discussed in scetion 4.2, To increase
the load however the same confipuration of resistor and inductor in series were connected
in parallel with cach phase und in senes with a switch, The total capacity was of SKVA ar

PT of 0,96,
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The inductors and resistors bad the tollowing values: 10hmIT at 3A and average resistor
of 04402 respecuvely, Photo 301.2-1 iHuswakes the three-phase load connection done in the

luh.

Sw,

AL

Photo 3_1.2-1: Threee-prhase Loac made ol vesisiors aocl incluctors

Where R and Ly iflustrate the Hrst combination of the three-phase load delta connection.
the manuval circuit breaker, 5w, was wsed to connect the three-phase load to the three-
phase erid. The resistors and inductlors R: and Ly where conneeted in same contiguration
as Byoangd L. 5w is an electrical switch, which s function was to increase the load in
cach phase. Power Analyser Result 5.1.2-1 shows the three-phase load power capacity

and the PF. hefore and atter closing Sy
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Power _Analyvser_BResult 5.1.2-1: Three-phise load capacity before and after closing 5.,

5.1.3 Battery storage

i3
Li
L2
Ly

The batteries used in the lab were a combination of leacd-acid batieries of 12 valts trom

two different munulactures, First Nutional Batiery and Delkor. See photo 5.1.3-1,

OB LAPA

g T m—

Fhoto 5.1.3-1: Lead-acid battery used in the lab for (his thesis

The reason was that there were not enough batteries of the sume type available in the lab,

however they had the sume raling capacities therefore they were compatible to be used

together,

Lt
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Phote 5.1.3-2: Eizht Lead-acid balferics sssemblecd to make 90% de bus

The hatteries had the following rating: 12V [02AL 20 howr, 1o total, they were 8 batteries

connceted in series, which inereasad the total vollage to 96V,

5.1.4 Three-Phase Inverter

The three-phase inverter available had a total capacity of 120V AL 1t is made of IGBT s
mudutes. the SKM 2000GB 1230, see figure 5.1.4-1. Those modules were manutacture by

Semikron.

Fipure 5.1.4-1: Semikron LGUET moduales. the SKX2ZURGH1231)

It has 3 total maximum voltage range of 12000, at temperadure of 237, its maximum
current capabibity al temperature of 25°C is 2004 and at temperature of $5°C is 180A

Consult the datasheet in accompanied CT)

Photo 5.1.4-1 shows the practical three-phase inverter,
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Hicsh vollage
Cupacilors

Thrie-phase
tnverter AU side

Fan system
|

Phato 5.04-12 Theee-phase invertor wsed i the Tab

The three-phase inverter 13 composed of tollowing:

Six high voltage capacitors with 3.3mI cach, they are black in color, s [unction
15 o hold the DC bus voltage.

Heat sink assombled with o fmosvstem, 1o cool down the SKM200CE] 231
modules, which were assembled on the heat sink.

Across the DC bus there 1s a small capacitor of 0.47uF, vellow in colur, Its
Tunction 1s 1o decrease the vollage ripple of the DC bus voltage,

Lach high voltage capacitors has connected across it a discharoe resistors with
value of 22k T0W.

A Semikron driver. which has the tunction of tire up the IGBT gate with the
SVPWM signals coming [rom the DSP chip. The Semikron driver input voltage

was 15V,

However, the signal coming from the DSP had valtage level af 3V, Therelore, to lix

Lthe problem a voltage level shifter was built by the suthor to sheft the DSP voltage

sirmal from 5% 0 13V, Photo 5.1.4-2 illustrates this.

Discharging
rusislars

Sumikron
Deoiver



Chuagier 3

Outpat signal
—7 1o the Driver a
15 volis peak

Input signal from

the DSI to level

shifter at 5 volts  ————_
preak

Photo 5.1.4-2; voltage level shiller

5.1.5 Three-phase low pass filter

The practical inductors had value of 440uH and a simall resistor value due to the inductor
windings, the capacitor had value of 30uF. Figure 5.1.5-1 tllustrates the LC low pass

filter used 1 practice,

High voltage
———— nan-polarezed
capacitor

Inductor

Photor 5.1.5-15 Low-pass filter inducior

Using cquation 4.6-3 the cut-oll lrequency was caleulated o be 10773Hz, As discussed
the switch trequency was set to |} kHz, Thus, the cut-ott frequency was 10 times smaller
Lhan the switch frequency. Therelore with this cut-off frequency the harmoenics lrequency

were Hltered out substantially.

| 4]
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5.1.6 Three-Phase Transformer

The three-phase transtermer in the lab as discussed previously was made of three single-
phase three winding toroidal transfonmers with the lollowing ratings: 230/54V, 1.5kVA.
In appendix F. the single-phase three windings translormer was discuss in detail. In
addition, it was concluded that it could be used as a single-phase two windings

transformer. just by leaving the third winding open.

Me-load test and short circuit test was done in cach of the single-phase three windings
transformer using only two windings, appendix F section F.3 discussed this. The no-load
and shott-cireuit test result seere used (o model the single-phase translommer 10 stmulation
as discussed in previous chapter, The three single-phase three windings transformer were
assembled together W lorm the three-phase Y-A transformer, as discussed in appendix F

section F.5, Photo 5.1.6-1 shows this.

Connection AC Connection BA

Primary side 1 I
ihigh voltage) econdary s

(leawe sigle)

T—| Connection OB

Photoe 5.1.6-1: practical single-phase three winding transformer connected as Y-A5 three-phase
transformer

4]
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After the connection, a three phase voltage from a three-phase gnd of 400V line-line, was
applicd to the three-phase transformer Y-connuction (prmary side), while the A-
connvetion was left unconnected to the three-phase inverter AC side to check if the
relation of vollages of the primary and secondary side corresponds with the theory of

reference [7] and [29]. The results are shown in Oscilloscope Results 3.6.3-1 and 5.6.53-2.

{sciflosenpe Resulr 5.1.0-1: Three-phase transformer primary phase voltage in channel 1 and the

corresponded seeondary phase voltage in channel 2

,": Agilent Technologles

Crseilloseepe Eesult 3,1.6-23 Three-phase transforme e primaey sollage froe to line in chaone| 1 and

corresponded secondary voltage line to line in chaonnei 2
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FFrom the Oseilloscope Result 3.1.6-1 and 3.1.6-2 it can be seen that the three-phase
transformer was successfully connected from the three single-phase three winding
transtormers, Recalling from the thoory of the Y-A three-phase transformer [7]. the delta
line-to-line valiage (F 0} 15 in phase with the Y line to neutral voltase (F,,) and out phase

by 30 depree with Y lime-to-line voltage (F,.).

5.2 Software design

The bram of the project was the DSP chip. thus all the signals were loaded 1nto 1t to be
processed, The DSP used was very sensitive to voltage level, The range of voltage level 1t
accepted was between (0 and 3.3V, Theretore, a veltage level out of this range would

damage the DSI

Therefore [LEM transducers were used to step down the hizh signals to low signals cither
1o a peak-lo-peak signal of 3.3V 11 15 an AC signal or to maximum vohage of 3.3V il it

s a DC signals.

The peak-to-peak siznal belore 11 was sent mito the DSP chip it had 1o be shefled up to lic
butween zero and a maximum voltage of 3.3V, Te accomplish this, an jnwerluce board

was usedl, which will be discussed i mueh detai] laler.

Recalling that in the practice, the aim was only to implement the PLL Pl-based controller
as discussed in sectton 3401, doe o ume constrains; theretore, the only [L1EM fransducer

used was the voltage transducer,

To accomphish the PLL Pl-bascd contreller successiully, different sieps had to be laken
such as:

e Implementatton of SVPWM algorithm as discussed betore, which had the aim of

switchmg on and off the three-phase inverter, in such way that the magnitude and

phasc of the three-phase mverter voltage would be controlled. The SYIWM

algoritin used in practice was an adaptation of code written in the DSP chip by a
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previous student [36]. The signals that were needed to implement the SVPWM
algorithm were the battery voltage and the voltages in stationary reference plane,
Vs and V3.

¢ Clark transformation algorithm was an essential piece of code. It helped to obtain
the signals ¥, and V. The Clark transformation used in this thesis was written by
the author. It used as input two line to line three-phase grid voltages V,. and V.
and they were 60° out phase from each other.

e Parke transformation algorithm was also written by the author and it was
implemented successfully in the DSP chip. As discussed in appendix C, it
transformed ¥, and V3 from the stationary reference plane to the rotating
reference plane, V; and V,. Consequently, with this algorithm there was a

freedom to control manually the three-phase inverter phase and magnitude.

The next section will discuss the implementation of the voltage transducer to step down

the voltage signals needed in the DSP chip.

5.2.1 Voltage sensors design

The type of voltage transducer used was manufactured by LEM Components. The choice
of the voltage transducer range depended mainly on the voltage range. As was discussed
in previous section, the topology used for this project, made the use of Y-A three-phase

transformer, which is step down transformer.

The voltage measurements needed to accomplish the PLL PI-based controller in practice,
were taken in low side (A-side) of the three-phase transformer as well as on the DC bus
of the battery storage. Recalling the three-phase transformer voltage had value of 55.4V
line to line and the battery nominal voltage of 96V. Therefore, the voltage transducer

used was the LV 25-P, which its voltage range was from 10 to 500V, see appendix H.

As explained on the datasheet appendix H, the voltage transducer LV25-P is used for

electronic measurement of voltages either DC or AC signal. It has a built in galvanic
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isolation between the high voltage side and the electronics side (lower voltage side). Its

advantage and Applications are stated in appendix H.

5.2.1.1 AC voltage transducer LEM design

From appendix H, the LV 25-P electrical connection is represented schematically as

shown in figure 5.2.1.1-1.

+ +15V
LV () Y
25-p "
- 15V Ru

Figure 5.2.1.1-1: Voltage LEM Connection drawing

Where, +HT and —HT is the high or primary side terminal input voltage, whereby the
terminal +HT is defined with respect to —HT. For instance if +HT receives phase A
voltage and —HT receives phase B voltage, then the voltage entering in, would be defined
as V4p. The variable R; and I, are the primary side resistor and current respectively,
where R, is the variable to be calculated and I; has nominal rms current of 10mA, see

appendix H.

The voltage values of +15V, -15V and OV are the output voltage of a 15 volt split DC
power supply, which the LV 25-P would need to be able to operate. This LV 25-P can
also operate with a DC voltage level of +12V, -12V and 0V, refer appendix H, however

the measurement resistor, Ry, would have different operating range of resistors values.
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Variable [j; and V), are the measurement current and voltage of the secondary side of the
LV 25-P respectively. V) is the input voltage level of the secondary device, which in this

case is the DSP chip, which has maximum voltage of 3.3V as discussed previously.

The secondary nominal rms current is 25mA. LV 25-P conversion ratio was defined to be
2500:1000 in appendix H. Therefore, the relation between the primary and secondary
current is defined as shown in equation (5.2.1.1-1). The value of Ry, must be chosen such

that the current flowing through it produces the required input voltage of the secondary

device.

I, =251, (5.2.1.1-1)
Equation 5.2.1.1-1 helped to relate the primary and the secondary side of the LV 25-P,
see figure 5.2.1.1-1. The equation in primary side of the voltage transducer is defined by
ohms law as it is shown in equation 5.2.1.1-2.

Vi=R-1, (5.2.1.1-2)
In addition, the secondary equation was defined as illustrated in equation 5.2.1.1-3.
Vy=Ry 1y (5.2.1.1-3)
Now substituting equation (5.2.1.1-1) into (5.2.1.1-3), equation (5.2.1.1-4) was obtained.
Vi =Ry -2.5:1 (5.2.1.14)
Moreover solving for ; in the equation (5.2.1.1-2) and then substituting into the equation

(5.2.1.1-4), and at same time solving for the high side voltage V;, equation (5.2.1.1-5)

was obtained.
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= R Vy

v,
'"R,-25

(5.2.1.1-5)

The voltage transducer operates at its optimum accuracy when nominal primary current is
drawn. Therefore from appendix H it was advised that R; should be calculated in such
way that the primary voltage been applied should force a current of 10mA to flow. With

this criteria and nominal voltage of 55.4 V line to line, R; was calculated to be 5.5 kQ.

From previous section, it was seen that the DSP only accept voltage between 0 and 3.3V,
which mean that the V), peak to peak voltage (for AC voltage signal) has to have a value
of 3.3V. Using the conversion ratio, the secondary rms current that would flow through
Rum is 25mA.

To calculate the accurate value of Ry, the peak-to-peak voltage should be changed to r.m.s
value or conversely the current should be change to peak-to-peak current. Thus having

the voltage and the current in one form only, the Ry, calculated was 47Q.

However, from the electric data on the data sheet, appendix H, the minimum
measurement resistor Ry when using a supply voltage of +15 and -15 V must be 100Q.
Therefore using the minimum advisable measurement resistor value of 100Q the

secondary rms current using equation 5.2.1.1-3 was calculated to be 11.67mA r.m.s.

With this new secondary current, the primary current was calculated to be 4.67mA, which
from the data sheet a primary current drawing current of SmA has accuracy of £1.6% at
25°C. The primary current of 4.67mA is very close to the advisable optimum accuracy.
So the primary resistor R, for the primary voltage of 55.4 V and current of 4.67mA was
calculated to be 11.86 kQ. Table 5.2.1.1-1 and 5.2.1.1-2 below illustrate the calculated
and actual values.
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Table 5.2.1.1-1: AC voltage transducer calculated parameters

Given Calculated

Vac[VIrm.s | Vp{V] Current I[mAlrm.s | I{mA]r.m.s | Ry[Q] | R,[kQ]
pk-pk Ratio

554 33 2.5 4.67 11.67 100 11.86

Table 5.2.1.1-2: AC voltage transducer actual parameters

Given Calculated

Vac[Virm.s | " {V] Current IimAJrm.s | IyfmAJr.m.s | R[Q] | Ri[kQ]
pk-pk Ratio

55.4 33 25 4.54 11.29 103.3 | 122

However, using the actual resistor in practice the peak-to-peak voltage, V), due to the
noise was higher than 3.3V pk-pk. So R; was calculated to ensure that the ¥}, was below
3.3V. Thus, R; was calculated to be 13.7kQ. Two voltages LEM were designed, which

had as input voltage two line-to-line voltages V¢, Viac.

5.2.1.2 DC voltage transducer LEM design

The same procedure used to calculate the parameters for the AC LEM voltage transducer
was used to calculate the parameter for the DC LEM voltage transducer. Thus, the same
LV 25-P LEM module was used.

The DC voltage source was from a bank of lead acid batteries of 12 voltages each. As
discussed in section 5.1.3, the total number of batteries connected in series was 8, which

brought up the nominal DC voltage to 96 V.
However, the choice of the DC voltage to design the LEM voltage transducer parameter

had to be the maximum possible voltage that the battery would raise. In this way, the

DSP maximum voltage would not be surpassed.

148



{hapter 5

M section 2.4.3, 1L was discussed that when the battery is being charged, it reaches the
conslant vollage remion with a value ranging {from 2.3- 245V per cell, or [3.8-147 for
the 12 wolts batterv. The chowee of the specific volage depends on the battery
temperature as discussed previously, Thus {or 8 batteries connected in serigs, its boost

volluges would range from [EOA-1 176V,

Furthermore, if equalization s necded 1he voltage can be raised to a value of 153 Y (for a
battery of 12 vollage) per battery | 1G], thus for 8 batteries connected m series. the voltage
would be 120 V. In light of the above. 120V was used as the maximun impul primary

vislluge [or the DC voltage lnmsducer.

Using equation 5.2, 1.1-2 and the nowanal primary cotrent of 10mA, £ was calealated to
a value of 12 k€, The scvondary current Ty was set to 23mA by using the current
conversion ratio of 2.5, Knowing lhe maxinmum nominal input voltage that DS can
handle, the measurement resistor was Caleulated 1o g value of 132 £2 The valeulated
resistor valwe is within the range of Rye. and #y., see appendix L The caleulaled

values and Lthe actual values are tlustrated i table 5.2 1.2-1 and 1able 3.2.1.2-2.

Table 5.2.1.2-1: T voltage transducer calcalated parameters

Cirven Caleulated i

Fic V] Fa V] {urrent LmAjrmes | fgmArms | £y[Q] ° RJ{Q]
Ny ; Ratic

L 20 3 T 10mA 23mA 132 12k

Pakle 5.2,1,2-2- DC voltage rransducer actual parameters

Given C'alculated

V] V] Current LlmArms  AgmAjnms | R[] R[]
max Ratio

120 33 25 | 1oma 2imA (32 122k
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5.2.2 Interface board design
Once the voltage transducers were designed and implemented as discussed previously,
the threc-phase prid valtage e 1o e, Foeoand Fyeoas well as the battery voltage, Foe,

were step down to the DSP input voltaze range.

However, those signals coudd not be sent dirvetly inte the DS because ol the noase level
confained in the signals, In addition, {oi the AC sipnals, it was also because the peak-to-

peak voltages were atlaining negative values.

Therefore, an interface board was a very essential part tor the software design. because 1t
helped (e the conditioning of the vollage signals, Such that the nowse fevel could b
decreased and the voltage level shifled to fil inlo the ISP input voltage range. Photo

5. 2.2-1 shows the inlerlace board used for this project.

TLOGS

Photo 3.2 210 incerface bnsared

This interface board was made of tour chips. the TLO64 {a low power I-FET quad
aperational amplifier), as well as polentiomelers, resislors, capactlors, ransistors, relays
and diodes. Each TLOG4 has built inside four Op-Amps, which were asscmbled in pair fo

form lwo inverting Op-Amps in senes. Fioure 5.2.2-1 illustrates this.



Polentometer [or ——

Chapter 3

G2
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160 My SN |
R3 1k 1000
Y — © |
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| 1K
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|
Ly .

Figure 2.2.2-1; Inverting amplilic s assembled on rhe inferface Doard

The two inverting Op-Amps wore conneeted together as shown in figure 3.2.2-1. 10
climinate the cffeet of sending into the DSP the inverted original signal while the

intertace board was conditioning the voltage signals.

The neise in the voltage signals were substantially reduced by using the capacitor o,
Resistor Ry was used to level shift the peak-to-peak AC signal voltage to be above zero
and below 33V, however [or the DO osigonal Re owas tomoved, Resistar Ry-, a
patentiometer, was used to adjust the output Op-Amp (U D) voltage gain, such that the

output voltage was adjusted to be within the DSP acceptable voltage range.

Once the voltage signals were conditioned, they were ready to be sent into the DS chip.
which was done. However, beside these caleulated signals, two other signals were sent
it the DSEP, which were the two stzoals cominge (bom two polentiometers that arce

locatecd on the interface hoard: photo 53.2.2-2 illustrates the potentiometers.

power angle
confrol
—— —  Potentiomeler lor
voltage magnitude
contro

Pl 53.2.2-2 Potentiometers for pover angle amd » oltaae magnitde cant ral

I3t
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Where the potentiometer for the voltage magnitude is defined as Rgy on the interface
board and for the power angle is defined as Rgs. The output voltage range of the

potentiometers was from 0-3.3V.

Next section will discuss the DSP chip used and the implementation of the mathematical

algorithms to achieve the PLL PlI-based controller results.

5.2.3 Digital signal processor controller

The digital signal processor (DSP) controller used for this project was manufactured by
Texas Instruments [37]. However, the control design for this project could also be
accomplished by using analog systems design or microcontrollers. Thus, why then using
the DSP chip?

K.M.Chung, A.Wu, and T.Hidajat [38], discussed that by comparing the analog controller
with digital systems, it was seen that the “analog controls offer two distinct advantages

over the digital systems”, which are:

o “Higher speed control by processing input data in real time.” [38]

® “Higher resolution over wider bandwidths because of infinite sampling times.”
[38]

However, the analog systems have some disadvantages, which made the choice of using

analog system design unattractive one. The disadvantages are listed below:

e “Aging and temperature can cause component variations, which in turn causes
the system to need regular adjustment.”[38]

® “Analog systems have more physical parts than digital systems, which reduce
reliability and makes analog systems more difficult to design (component

tolerance issues).”[38]
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o “Upgrades are difficult because the design is hardwired.”[38]

The microcontrollers in other hand have the following advantages:

e “Drift is eliminated since most functions are performed digitally.”[38]
o “Upgrades are easily made in software.”’[38]

e “Part count is reduced because the microcontroller can handle several function

on-chip.”[38]

It was said that the “microcontroller are good for systems that do not require high speed
or precision” [38]. Therefore, for systems, that does require high speed or precision, the

microcontroller fails to be an eligible choice.

Chung, Wu and Hidajat [38] however, stated that the DSP-based controllers are a fusion
of the advantages of the microcontrollers and the analog systems, which consequently
enabled the DSP-based controller to be able to implement math-intensive algorithms; as a

result, the system cost was lowered.

Some benefits of the DSP-based controller as stated by Chung, Wu and Hidajat are

shown below, the rest can be found in reference [38].

e “Control power switching inverters and generate high-resolution PWM outputs.”
[38]

o “System cost reduction by an efficient control in all speed ranges, implying right
dimensioning of power device circuits.”[38]

e “Reduced harmonics using enhanced algorithms to meet easier requirements and

reduce filter cost.”[38]

e “Single chip control system.”[38]

Photo 5.2.3-1 shows the Texas Instrument DSP-based controller used for this project, the
TMS320LF2407A.
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LISI* ourput

DSP Clup. the
T OSVIWM

TMEF20LE240TA

Photo 5.2.3-1; Texas bnstrnment DSP, TMAIHNLEX46TA

The TMSIZ0LE2407A chip was assembled in the board as showit in the photo 5-12 by 4
MLT Prives. ML'T Drives is a renewahle source of energy South Atrican company,

hascd i Cape Town [39].

5.2.3.1 The TMS320LF2407A
The TMS320LT2407A helones 10 the TMS230 lumily of chip. spocilically the lo-hil
fixed-point one. The TMS230 family consists of the following family members: Tixed-

poind, Floating-poin, Multiprocessor DSPs and Fixed-poinl DSD controllers [37].

The TMS23) family architecture design 15 used (or real time signal processing.
Moreover, the combination of the real thme signal processing with the conteoller
peripherals gave nse for the 240xA series of LDSP controller. They are ideal chips to be
used for application salution of control system: its charactenistics are described below

37

“Vepy flexible instruction set.”[37]
s “lnherent operational flexibiilin (37|

“High-speed performeance ”[37 |

o “lonovative perallel arefiiteenre " [37)

»

“Cost effectiveness.”[37]
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Figure 5.2.3.1-1 shows the 240xA devices architecture as discussed in [37].

C2x CPU + JTAG
+ 544 x 16 DARAM
SARAM Lﬁic H&;g}(mﬁ)
~ {up to 32K x 1
{up to 2K x 16)
Mem UF
E ]
| e ] Synthesized ASIC gates
| P bus
Event
nagers ADC Interrupts o
(Ew and EVB) SPl scl CAN Wo control | Jreset, etc.] | registers

ADC

Figure 5.2.3.1-1: 240xA Device Architecture [37]

The TMS320LF2407A features are discussed in reference [40]; however, some relevant

ones are listed below:

¢ A 10-bit analog-to-digital converter (ADC) control,

e I/O registers, which used the *MCRA register to set the PWM1-6 output pins.

e Event Managers EVA, which used the register *EVAIMRA (interrupt mask

register A) to enable the timerl underflow interrupt.

e Serial peripheral interrupter (SPI) had the function to set up the 8-bit digital-to-

analog converter (DAC), for debugging the code.

The TMS320LF2407A can be programmed either in assembly language, which is a low

language or machine language [37, 38, 41] or in high level language [41]. The high level

language used to program the DSP chip for this thesis was a C++ language, which used a

C compiler to program the chip.
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5.2.3.2 Digital representation of all the signals

As was discussed previously, the output signals on the secondary side of the voltage
transducer are voltage signals that range from zero to 3.3V. These signals were the input
of the ADC in the DSP chip.

The ADC as mentioned previously is 10-bit, which meant that it would resolve the input
voltage [0-3.3V] into [0-1024count] levels inside the DSP, where 1024 = 2'°, The
equation (5.2.3.2-1) relates the output voltage of the ADC and its input voltage.

1024

Voie==373 Vu (5.2.3.2-1)

Whére Voig is the ADC output voltage and V), is the ADC input voltage, which as
discussed previously is also defined as the output of the voltage LEM.

5.2.3.3 Signals Transformation to real values inside the DSP

Once the signals were inside the DSP chip they were in the range of 0 to 1024 counts,
which as discussed before, in voltage it were in range of 0 to 3.3V. However, for

calculation purpose, those signals must be transformed back to their real values.

Recalling from section 5.2.2, the signals used were the following: Vyc, Vie, Vpe, the

power angle potentiometer (pot;) and the voltage magnitude potentiometer (pot,).
Substituting equation (5.2.3.2-1) into (5.2.1.1-5), equation (5.2.3.3-1) was obtained.

= Rl '3-3'VDIG
R, 251024

4 (5.2.3.3-1)
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The real voltage signal V¢, Vpc and Vpc were represented inside the DSP as shown in
equation (5.2.3.3-2) and (5.2.3.3-3). Notice though that V¢ has the same value as V¢

because the resistances R; and Ry, for V¢ and V¢ had identical values.

175
122
Voe =104 Vot (5.2.3.3-3) -

However, before scaling the AC digital signals to their real values, they must be level
shifted to lie between a negative maximum value and a positive maximum value, refer to

appendix J.

5.2.3.4 DSP Fixed-Point arithmetic

From the DSP section it was discussed that the DSP chip used was a 16-bit fixed-point
processor, which meant that its number representation for calculation purposed must have

an integer format, a whole number [42].

A digital number inside the DSP chip is represented in binary format as 2", where N is
the number of bit. Thus, the maximum value for this processor is 65,536 (2'¢) [42].
However, usually the 16-bit processor is used as two’s complement representation, to
ensure that the DSP chip would handle negative values [42, 43]. In this format, the
maximum negative and positive values are represented as illustrated in the equation
(5.2.3.4-1).

M <21 5 32,768 <i<32,767 (5.2.3.4-1)

However if two integers numbers are multiplied together, whereby their values happen to

be at their maximum point as equation (5.2.3.4-1), then the result would be a 32 bit,
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chip. To overcome this situation sample time was redefined using Q format. Equation
(5.2.3.4-3) represents this.

K,-T=0002-2" =66 Q15 (5.2.3.4-3)

Equation (5.2.3.4-4) presents how equation (5.2.3.4-2) was written in the code.
Y PLL= (int) ((66*(long int) U_PLL)/32768+ (long int) Y kI PLL), (5.2.3.4-4)

In equation (5.2.3.4-4) as mentioned above, Y PLL, U PLL, and Y kI PLL were defined
as integer. The variable U _PLL and Y kI_PLL were converted to long integer temporally
for calculation purpose. As illustrate in equation (5.2.3.4-4), once the calculation is done

the results is converted back to integer by typecasting it.

5.3 Chapter Summary

From the above discussion, the following points are summarized:

e The prototype to implement the peak load shaving was successfully designed and
implemented in the lab with a changed three-phase resistive and inductive load.
The load could be changed from 4.3kVA at PF of 0.96 to 8.9kVA at PF of 0.96.

e However, due to time constrain only PLL Pl-based controller would be
implemented in the lab. Therefore, the only LEM transducers that were built were
the voltage transducers.

e The signals for PLL Pl-based controller, V4 Vpc and Vpc were successfully
conditioned by the interface board and sent to the DSP at the right voltage range.

¢ Fixed-point arithmetic Q-format was used successfully in DSP chip, which help to

represent float number as integer numbers.
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which wouldn’t fit inside the 16 bit register or an integer variable. Consequently, some

information would be lost.

Thus, to prevent this for happening, a C-language function, the typecasting [44], was
used as well as some fixed-point arithmetic manipulation, such as Q format. Typecasting

has the function to convert any C data type to another data type.

Reference [42] (page 4 of 5), states that “Q-format is a technique for tracking the relative
location of the radix point within arithmetic input and operation results”. In addition,
“this is important since certain operations such as multiplication can shift the location of

the radix point in the operation result.”

Recall from section 3.4.1.4, the PLL Pl-based controller integral equation (3.4.1.4-8)

Vi =K T +y, (5.2.3.4-2)

Thus for the 16 bit system the maximum Q-format is represented as Q15 or 2'°. Now to

represent the product K,-7, on Q-format, Q15 was multiplied to it. Moreover by

multiplying by Q15 it is the same as shifting a bit to the left 15 times, which meant that if
the number that was being multiplied was already 15 bit, therefore it would increase to 32

bits.

Conversely, by dividing by Q15 is the same as shifting a bit to the right 15 times [43].
Thus for an integer variable to be able to store the bits that were shifted to the left or
multiplied, they had be converted to a long integer temporally using the typecasting

function. The long integer variables are 32 bits.
Recall that the sample time, 7,=100us, the integral gain from the simulation was set to

K= 20. In the code yx, u; and y; were defined as integer, see appendix J. The sample

time was a float number, 0.000001s, in this way it cannot be used in fixed-point DSP
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chip. To overcome this situation sample time was redelined wsing Q format. Equation

{3.2.3.4-3) represents this.

K,-T =0002.2" =66 Q15 (5.2.3.4-3)

Equation (3.2, 3.3-4) presents how eqguation £5.2.53 421 was wrilten in ihe code.

Y _PLL= (inf) ((66*(long int) & PLLYIZTEN (long int) ¥ &1 PLLY: (5.2.3.4-4)

In equation (3.2.2.4-4) as mentioned above, ¥ PLL, O PLL and ¥ kS PLIL were defined
as mteger, The variable £7 PL4L and ¥V & PLL were converted to long integer temporally
tor calcutation purpose. As illustrate o cquation (5.2.3.4-4), once the cateulation 15 done

the results is converted back to integer by typecasting it

5.3 Chapter Summary

From the above discussion. the following points are summarized:

*  The pretotype o mmplement ihe peak load shuving was successfully desizned and
implemented in the lab with a changed three-phasce resistive and mductive load.
The load could be changed from 4.3kV A at FI of (0L96 to 8.9%VA ul PF ol 0.96.

e However. due e Ume constram only PLL Pl-hased controller would  he
implemented i the lab, Theretore, the ondy LEM transducers that were huill were
the voltage transcducers.

¢ The signais for PLL Pl-based controller, ¥ Fae and Fre were successtully
conchitioned by the interface board and sent to the DSP al the nght voltage range.

= Fixed-point arithmetic Q-format was used successfully in DSP chip. which help

represent Noat number as inleger numbers.

Mext chapter will show the laboralory resull locusing manly on the PLL Pl-based

controller.
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6 Result and discussion

[his sectiom will discuss fivstly the luboratory results of the three-phase inverler in
conjunction with lead acid battery, focusing mainly in the imptementation of digital PLL
Pl-bused controller. section 6.1, Thus, its technical viability can be shown practically.
Secondly. section 6.2 will discuss whether the project at HUCTMS will be financial viable

o whether it will nol b,

6.1 Laboratory Result

6.1.1 Three-Phase transformer line to line voitage from lower
side
Oscilloscope Result 6.1.1-1 illustrates  the  result of the  three-phase  transtormer

secondary (lower side) line-to-ling voltage, Fye and Fao

: Agllent Tectnaivping

Oscilloseape Result fn1.1-10 Three-phase transtformer line-to-line sevondary voltape

The voltage Vye and Fge were then sent mto the voltage transducer 1o be steppud down as
discussed previously, Omce all the relevant signals, Fae, Fye and Foe were conditioned
and sent inte the DSP chip, the discussed algorithins such as Clarke Transiormation, Park
Transtormation, SVPWM and PLL. Pl-based control were implemened. The following

seetions will present their resulis

L&)



Chupler &

6.1.2 Clarke transformation result

The Clarke transtormation was already implementad by the author in his under graded
thesis, vsing eguaton (4.5-17 withoul the coefTiciend \‘.'? This was hecause there was 2
dilficult mmplementing cguation (4.858-10 m O coding. lowever. for this Master thesis,

equation {4.58-1} was implemented successtully together with the coelficient, cquations

(0.1.2-1) anel {6.1.2-2) illusirates how they were implemented i C coding, appendix I

Valpha—{VaReal ¥ 133771 16384 FhReal 1 <6638 16384 (6.1.2-1)
Vhetu= [ VBRealV+ 1 |385) 16384: (6.1.2-2)

13377 12 0688 12

o35 V3 1eoxe V3

|_M-.'|

Where, the ratio

| 11385 12
-— aind -
2 l63kd Y3

oo | %

The variable Falpha, Pheta, Valeal and Fillea! were delined as long inteeer, to cnsure
that the muluplication with a big number would not overllow the maximum availabie hit
space in the wvamables. In addition, Vafeof and FhRew! represenl Fye and FBC
respectively, Oseilloscope Result 6.1.2-1 shows the result of cquatioms (6.1.2-1) and

(6.1.2-2).

': Agilen Technaolagies

Y _alpha

Oscilloseope Result 6.1.2-1: Resalt of Clacke Transformation
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Clomparing the wavelomm results ol Osailloscope Result 6.1.2-1 with the result of Dgure
7 in the literature [ 17§, page 22, it wag understood thar the SV PWM was operating at full
rmocwdation index, m=1. At this modulation index 11 was added as discussed previously
thai the oulput fundamental voliage would be reduced compared with desired voliage

value, Later section will shonw this,

6.1.3 Three-phase grid phase angle result

Recatling cquation (3.4.1.1-2) in section 3.4, 1.1, 1l was uscd 1o caleulate the three-phase
erid angle in simulation as well as in practice. As it was illustrated. it receives as input

the Lwo stenals caleulaled previously, Fy, and Fa

In the code an arelan function, “int arctan fine Re, int Imy”, was used. refer to appendix J.
As it can be scen from above sentence, this function input and oulput values were delined
as nteger. The vamables “Ae™ and ™ represent ¥, and Fy respectively. However as
discussed n the previous seetion F, and Fy were defined as long inteper, which meant

thar 1f they were inserted 1o the arctan Tunction as long mieger it wouldn™t work,

Thus, the values of ¥, and ¥y calculated from the previous section were divided by 4, so
that the result could fit inside the arctan lunction integer variable (tor this project dividing
by 4 was sufificient, however 1t could be a number higher than 4} In addition. they were
converted o “aTT vanables by usine the tvpe casting [unchon, Equabons {6.1.3-1),

{fi.1.3-2y and (6. 1.3-3) shows ihe discussion.

valdpha dusy— fint) Valpha 3, fa.1.3-1)
vheta dumv— iint) Vheta'd; i6.1.3-2
thew = avetan fvalpha dumy, vheta dumy), {6 E.3-3)

Cracilloscope Result 6.t.3-1 illustrates the resuli of the three-phase grid angle, equation
(6.1.3-3).
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= Agilent Technologies

Oscillosenpe Resolt &0 1L3-10 Fhree-phase peid angle. thela

fL can be seen from Oscilloscope Resull 6.1.3-1 above, that the waveform had period of
20ms, which meant that, the anple was rotaing at 30He Therelore, the caleulation of

angle theta was accomplished successiully.

6.1.4 Parke Transformation restit

To implement the Parke trunslommation as prosented in oguation (C.2-20) in C code
language, some tricks had to be done. This was because, not all clement of ecquation (C.2-
201) were available to caleulate ¥y and ¥ ‘There was no math function in the DSP library
to culeulate the cosine of the angle (or tus project. However, there was a look up table
for the sinusoidal functiom, The look up table had the following range: the x-valucs

ranged from zero o 1024 and the y-values from - 1024 to 1024 | 18].

Moreover, to implement the cosine of the angle, the angle thewr was shilled by 907, Usipyg
cquation (6. 1.4-1). which represenied the relalion between the angles in degree to the

numbers inside the computer, thus 986" was cquivalent 1o 236 counts.

1024 RLileR

anglel Count| _ angle[deg ree] (61413
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Theretore equation (6.1,4-2) was obtained, which shows how the angle gheta was shified

by 90 dugree 1n the codwe.

thetacos I—theta— 256, {1 4-2)

The theta values were ranging from & to [323 in arctan function as presented appendix I,
Thus, by adding 256 into angle thefa, the new theta was in the range of 256 and 12749,
Moreover, the maxunum value ol the now thete anele was higher than the maximum
value of the x-value of the sinuseidal look up table tunction, which practically would
produce a distortied cosine wavelonn. Thus, it was important to scale the new theta anygle

o be in the range of ¢ to 1023,

Thue picee of code below did the tnek:

iffthetacos! = 1023 theracos { —thetaens /- 1023

From the above piece of code, 1t can be scen that whenever the new angle was above
1423, 1023 was subtracted from it, which resulted the new angle theta being 1o the range

of O to 23,

Thus the sing of theta and the sine of the new theta, thetacos 1. which is equal to cosine of

theta, were caleulated mm the C code as shown i equalions (6.1.4-3) and {6.1.4-4}

sinthetad =sinefthea); (6.1.4-3)

costhetaf —sincfthetacas!); (a.].4-4)

The sinthetaf und costhered are the sine and the cosine of Lhe three-phuse gnd angle.
There were delined omee at tis point in the code o prevent wsing the sinusowdal look up
table several fimes in the code, which consequently would deteriorate the speed

performance of running the code.

| v



Chapler 6

Equations 6.1 .4-3 and 6. | 4-6, presents how Park transformation was implemented m ©

code.

Vi urid— (Vadpia¥iiong intensthetad ) 1024+ (Vbera*(tong intsintheta l)/1024.:(6.1 4-5)
Vi mrid=-(Vedpha¥tong inthsintheta 137024 (Vheta ¥long ingeosthera )/ 1024:(6.1 4-0)

Oscilloscope Results 6.1.4-1 and 0.1.4-2, presents the Park Transformation results. The
rotating reference plane signals, Frand F_ are shown in relation with stationary relerence

plane signal, ¥,.

'-'!.'{- Bgilest Techanlogies

Oscilloseope Resnle 6.14-1: Resulbbof the three-phase grid ¥, and V)

e Agilent Techmologies

V.4 ||.I

LSOO
'VVV‘V

Y alpha

\

Oscilloseope Hesut 61422 Result of che three-phase grid V., and ¥
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From Osalloscope Results 6.14-1 apd 6.1.4-2. 1t was wvisible that the Parke
Transformation  was  inplemented  seccesstully, Az discussed o appendix L 1
transtormed the voltage signals, I, and Fz trom stationary reference plane to rotating

reference plane, whereby Fyand B, look hike a DO sienals.

Howoever Fipom lgure 6.1.4-1 does oot look as perfect DO signal because V), and Iy did
not have the same amplitvde, reter 1o Oscilloscope Result H.0.2-1 The inverse Park
Transtormation was also implemented in the code just by chunginge the siens of equation

{tv.1.4-5) and (G.1.4-6) as discussed m appencliz C section O.2, equation (C.2-22).

6.1.5 Phase Locked Loop controller result

tn this section, the digital PLI. Pl-based controtler as discussed in sections 3.4.1.3 and

3414 were implemented. Alpha equals to 2.4 and 3] were tested tn two scenartos.

The first scenario was the inplementation of the digital PLL Pl-based controller with
previous vofue of the output PL controller. L7 &5 PEL, being used in the inteeral plant,
see equation (3.4.1.3-15). The second scenario however the present value, U PLL was
uscd  mstead, sec cquation (3.4.0.4-8) Egquation (3.4.1.3-153) or (3.4.1.4-8) was

implemented in C coding as shown in equations (6.1.5-1) and (6.1.5-2} respectively.

Y PfL—finipifon*long im0 K1 PLL32708+dome int)Y ki FPLLD, {6.1.3-1)
Y PLl=dingicattilong ingl! PLIYIZT8E - dlong mghY B PLE): (6.1.3-2)

Furthermore. the digital PI controller, equation (3.4,1,3- 14 was implemented o C coding

as show i eguation (61,33,

L PLE=fingpir2 3380 bong fatlery & PEEI236 1 (324003 ¥ long intlery kT _PLE)32768-
(23580 % lomg intherr &1 PREZ250 ) flong inthl kI PLLY; (6.1.3-3}

(Rl
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Where the ratio 233800256 15 cgual 1o 92,11, this is the proportional gaim, K o s ROLE
that the denominator is 2", which mean that the & Lo was muihiplicd by Q-tormat of Q8.

The ratio 52400332768 s cqual to [5.99, this valug s the product of the integral sain,
K, . and the sample tme 7=/, The pan values ol cqualion (6.1.3-3) were

implemented for =24, refer to table 3.4.1.2-1 oo section 3,412,

M) Scenario Do Provions value of the onting of the B conteeadfer vised

Thus lor a—=2 4, cquations (6,133} wus used. Onee the DSP chip power supply was
awilched on. ¢ owracked ¢ with a delay, Oscilloscope Resull 6.1.5-1 conlinms the

discission.

2% Agllent Technalogics

el angla Inveiter angle

Oscillosenpe Resilt 6,051 Resali of the y syncheonizing with () asing e=2.4 and the presious value

of the ourput of the P1conlreller

Using now «=31. the gains of equation {6.1.53-3) were change to the richt gains of a=3(L

refer o fable 3.4.1.2-1, Oscilloscope Result 6.1.5-2 shows the resull.
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2% Aglleat Technolagies

grid angle

Orseilboscope Hesalt 6, L.5-2: Hesull of shye v synehronizing with B, using a=3 qmd the previous value

ol 1he outpud of the B1 controller

b Seenario 20 Presens vodue of the owipot of the P contmoliar nved

In this scenario, eqguation (6.§.5-2) was used in the code, which represents the integral
funcuon of the PLL '-based controller using the present value of the output of the 'l

comtroller, equation 6.1.5-3. Thus Lsing an=2 4. Oscilloscope Resull 6.1.3-3 shows the

rosklL,

2% Agllent Technalogics

T

Imserter andgle

g.rlcl angla

Oscilloscope Hesult i 1532 Hesuli of the y synchreanizing with 0, using a=2.4 and the present value

ol the output of fhe P oontealler

L O&
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Lising a--34, Oscilloscope Result 6, 1.5-4 shows the result

"o Agilent Techpologies ~ 1 dgilamt Teghna|wgies

il ;

e

L.

|
M=

| Agilent Technejoyies

Ocilloseope Hesolt 6.1.5-4; Result of the 7 synchrondziog with 8, using a=30 and the present value of

the outpud of the P1 controller,

Analyamg the 1wo scenanos, when the previouns value s used, scenano 1. 0t can be scen
that it introduced a delay oo the ntegral response as discussed previously, but also that
delay when o—34 was used. it distorted the p on the starl up, refer to Oscilloscope Result
6.1.5-2, Consequently, the distorted » when used produced a distorted  Tundamuental
imverter vollage initially with frequency higher than the fundamental frequency, 50z,

Dscilloscope Result 6.1.5-5 shows this,

| 54
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2. Agllent Technziogies e crbcer! b B Ayitent Teshmeinper e

r-;x = A

- Mude s
Mormal

Oscilloscope Besuln 6.1.5-6: Resull of thy inverter soltape synchronizing with grid voltaue, using

=3 andd the present vialue of the vutput of the PL conteoller.

Oscilloscope Resull 6.1.5-T7 shows the three-phase inverter tundamental voltage tor

scenario 2 for e—2.4. [t shows hew guickly the inverter voltage tacks the unid voltage.

i
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previously that was caused by the modulation index been set to full modulation of { by

using equations (4.4 2-37 to (4.9.2-5), such that over modulation could be avordad.

Therefore the 1XC bus should be increased to prevent the over madulation to occur and

hence preventing Lthe deereasing of the fundamental voltage.

Now (o he able to conneel the three phuse mverter with the three-phase gnd such that no
current gither real or reactive should flow, the three-phase inverter voltage has to be equal
it phase and tagmitude with Lhe three-phase gnd voltage. However, that was not the case

i Oscilloscope Result6.1.3-7.

Thus, as discussed. the two potentiometers, which contral the real power or the 8 and
reactive power or magiitude, were used 10 adjust the nverler voltage angle and
magniiude 1o match  as close as possible (o the three-phase grid  voltage.

Oscilloscope Resull 6.1.5-8 shows this,

i i Agilent Technologiee

Oscilloscope Resale .1 5-8: Resuli of the iuverter voltave syuelronicng with arid voltage, using
u=2 sl the present value of the outpot of the PI contealler,

To understand better how the manual control was done, recall from section 5.2.2, it was
discussed that the polenuometers vollage were from 0 w 3.3V, where i digital form,

goes [rom 0w 1024,
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ma = potl; (6.1.5-5)

Where, ma was defined as the modulation index in the code and ranging from 0 to 1024
counts. The rotating reference voltages, equations (6.1.4-5) and (6.1.4-6) were
transformed back to stationary reference plane by using the inverse Park Transformation

see appendix J.

In the code, those stationary sinusoidal orthogonal signals had a maximum peak
magnitude of 512 counts. Moreover, they were used as input to the SPWM algorithm. In
addition, to be able to control the voltage magnitude such that would go above or below
512 counts, the variable ma was multiplied to it, and then the product was divided by
512. Equations (6.1.5-6) and (6.1.5-7) shows this

VdRef = (ma*vd_inv)/512; (6.1.5-6)
VqRef = (ma*vq_inv)/512,; (6.1.5-7)

Furthermore, ma was limited not to rise above 804 counts using the piece of code below

If (ma>804) ma=804,

Thus, the values of modulation index was from 0 to 1.57, where 804/512=1.57.

Therefore, the inverter voltage magnitude was controlled bi-directionally.

6.2 Financial look in the project

In this section, a financial cost analysis will be done for the 100kV A three-phase inverter
battery system only as it was the one with less battery capacity as discussed in section
244.
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The cost of the battery for the 100kV A three-phase inverter battery system will be done
in section 6.2.1. Section 6.2.2 will discuss the battery maintenance cost. Section 6.2.3

will look into the battery recovery cost.

Furthermore, section 6.2.4 will discuss the total capital cost to have the system up and
running. Section 6.2.5 will present all the yearly saving incurred by 100kVA battery
system during the lifetime of the battery system.

Finally, a net-present value and break-even analysis will be done in section 6.2.6 to
investigate if the 100kVA three-phase inverter battery system savings would payoff the
initial capital cost, before the life time of the battery system, which is the part of the
100k VA three-phase inverter battery system that has the shortest life time.

6.2.1 Battery Cost

The rating of the 100kVA three-phase inverter battery system as calculated in section
2.4.4 was 1603.25Ah/5.5ht/1.8V per cell /25° C. Recalling from section 2.4.2 that the
chosen FNB battery was the Raylite Tubular RCT. The Raylite Tubular RCT has
different types of cell range for different capacities i.e. maximum current discharged at
minimum voltage and different period; see the table of standby power-Raylite Tubular

RCT constant current discharge in appendix B.

From section 2.4.4, the maximum average current that the battery would supply for the
100k VA three-phase inverter was calculated to be 291.5A for 5.5hour. Using the constant
current discharge data in appendix B, the chosen tubular cell was the 14RCT1750. From
the appendix B, it can be seen that the 14RCT1750 is able to deliver the average current

for 5.5hour with a minimum voltage of 1.8V.
Moreover, the meeting held with Cliff Hardman and Mervin Barry, the sales engineer of

the First National Battery (FNB) South Africa Company, it was discussed that the
14RCT1750 cell at 1.8V for 5.5hr, has capacity of 1595Ah, which is close enough to the
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calculated one. Furthermore, the cost per cell for this battery is R6,000.00 thus for the
200 cells the total cost was R1,200,000.00. This is 2007 price as given by Barry.

6.2.2 Battery maintenance cost

Mervin Barry said that the Raylite Tubular RCT batteries would need 3 times
maintenances in a year. The maintenance cost is made of the following steps: traveling
fees, checking of each cells voltage, water topping and labors hour, which in a year adds
up to 15 hour. The labors work is subdivided into the following task: skill report writing
and skilled technical labor.

In addition, it was added by Barry that, currently the cost of maintenance of 55 cell
battery is R350 per visit. Thus the maintenance per cell in one visit is R6.36/cell, which
for 200 cells it would be R1,272.73. Therefore, the yearly maintenance would be
R3,818.18. The yearly maintenance cost was assumed constant throughout the lifetime of

the battery for simplicity.

6.2.3 Raylite Tubular cell battery scrap recovery value

The scrap recovery value is the value that the battery would be worth after its lifetime. To
calculate the scrap recovery value the following was done: Using the RAYLITE tubular
cells datasheet in appendix B, more specifically in the tubular capacities, weights and
dimensions section, the weight of a cell completed filled of the 14RCT1750 tubular cell
type is 144.1kg.

The Rand/kg rate as discussed with the sale engineer of FNB is R1.70/kg. Therefore, the

scrap recovery value per cell in Rand would be R244.97, which for 200 cells it would be
R48,994.00.
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6.2.4 Total capital cost

The capital cost to have the 100kVA three-phase inverter battery system installed at
UCTMS on the 11kV bus bar, see figure 2.1-1, was estimated with help of Peter Burden,

a general manager (sales and production) of MLT Drives.

The main components of the system are listed below:
e 100kVA three-phase inverter.
e 100kVA line to line 380/11kV rms A-Y three-phase transformer
e Battery system

From the interview with Burden, the cost of 100kVA three-phase inverter, the cabling
system cost, the cost of installing the full system and the transportation cost were given as

shown in table 6.2.4-1.

Table 6.2.4-1: Some system item cost

Items Cost
100kVA three-phase inverter R100,000.00
‘ Installation R20,000.00

Cabling R3,000.00

Transportation R15,000.00

From section 1.2.4 the costs of UCTMS three-phase transformer were discussed, the rate
per kVA was given as R150/kVA. Thus using the same ratio, the 100kVA three-phase
transformer for this project would cost R15,000.00. Furthermore, from section 6.2.1, the
battery system cost was calculated to be R1,200,000.00.

Therefore, adding all the above discussed costs, the Initial capital cost or cash outflow of
the system would be R1,353.000.00.
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6.2.5 Yearly savings calculation

Recalling from section 2.3.2, the yearly saving for the 100kVA three-phase inverter in
2004 was calculated to be R23,016.00. From table 2.3-1 the percentage rate of increase of
UCTMS annual demand charge was 3.51%. The demand charge rate of increase was
assumed the same throughout the lifetime of the batteries storage. The battery storage

lifetime as discussed in section 2.4.2.1 was 12 years.

Furthermore, assuming the project was started in 2004, the first yearly saving or cash
inflow of the project would be at end of 2004. The rest of the yearly cash inflow was
calculated using equation (6.2.5-1). Moreover, recalling from table 2.3-1 in section 2.3,
that the demand charge in 2004 was R19.18, then the future demand charge were also

calculated using equation (6.2.5-1)
FV =PV (1+r) (6.2.5-1)

Where r is the percentage rate of increase of demand charge, » is the number of year, FV/
is future value and PV defined as the present value. Table 6.2.5-1 shows the result of the

FV yearly savings that the project would have and its respective demand charges.
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Table 6.2.5-1: Project yearly saving and demand charge for the period of 12 years

Year Yearly saving | Demand Charge n r
[R] [R] (Increase )

[%]

2004 R 23,016.00 R 19.18 1

2005 R 23,823.86 R 19.85 2

2006 R 24,660.08 R 20.55 3

2007 R 25,525.65 R 21.27 4

2008 R 26,421.60 R 22.02 5 351

2009 R 27,349.00 R 22.79 6

2010 R 28,308.95 R 23.59 7

2011 R 29,302.59 R 24.42 8

2012 R 30,331.11 R 25.28 9

2013 R 31,395.73 R 26.16 10

2014 R 32,497.72 R 27.08 11

2015 R 33,638.39 R 28.03 12

The PV value in equation (6.2.5-1) to calculate the FV of yearly saving and demand
charge from 2005 to 2015 were set to 2004 values, R23,016.00 and R19.18 respectively.

6.2.6 Net present value and break-even analysis

The Net Present Value (NPV) is “the difference between the present value of cash inflows
and the present value of cash outflows” [45]. For the project to be financial viable, NPV
must be greater or equal to zero. In addition after the break-even point, the savings must
be enough to self-sustain the installed system for any system part replacement and

maintenance.

The yearly saving calculated as illustrated in table 6.2.5-1 must be used in each respective
year to pay for the battery maintenance cost or any system expense, which for this project
for simplicity the only expense or cash outflow was assumed to be the battery

maintenance cost, R3,818.18.
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The recovery value of battery, which was calculated to be R48,994.00, would be added in
the last year cash inflow. Therefore the overall future cash inflow for each respective
year, taking in consideration the battery maintenance cost and battery recovery value as

discussed above, would be as presented in table 6.2.6-1.

Table 6.2.6-1: Project cash inflow for the period of 12 years

Year Cash inflow (C,) N
[R]
2004 R 19,197.82 1
2005 R 20,005.68 2
2006 R 20,841.90 3
2007 R 21,707.47 4
2008 R 22,603.42 5
2009 R 23,530.82 6
2010 R 24,490.77 7
2011 R 25,484.41 8
2012 R 26,512.93 9
2013 R 27,577.55 10
2014 R 28,679.54 11
2015 R 78,814.21 12

As mentioned above the NPV is defined as shown in equation (6.2.6-1)
NPV =C,-C, (6.2.6-1)

Where C; is defined as “the present value of cash inflows” [45], and C, is “the present
value of cash outflows” [45].

The lump sum of the present value cash inflows for table 6.2.6-1 was calculated using

equation (6.2.6-2), at discount rate, r, of 10%.

12 C
= (1+r) (6.2.6-2)
=R173,286.34

C =

1
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Where, C, is the cash inflow for each respective year and n as discussed before is the
number of year.
C, was set to the initial capital cost, R1,353,000.00, which is the present value cash

outflow of the project.

Thus, using equation (6.2.6-2) with value of C; and C, as discussed above, the result of
NPV is presented below.

NPV = R173,286.34— R1,353,000.00
=-R1,179,713.66

(6.2.6-3)
The NPV attained a negative result, therefore it can be conclude that the project would
not be financial viable at this present condition of demand charge and percentage rate of
demand charge, which means that at the end of the battery life time the initial capital cost
would not be fully paid off. However, a question could be asked such as, what changes

should be done or happen to make the project financial viable in future?

To answer this question, two scenarios can be investigated such as the project internal
changes and external changes. The internal changes are changes that can be controllable
by investor of the project, for instance, decreasing the initial capital cost by looking for
alternative and cheaper components to install the 100kVA three-phase inverter battery

system.

The external changes are changes that cannot be controllable by the project, however, it
influences the turn over of the project. For instance, the change on the demand charge
tariff and the percentage rate increase of the demand charge are controlled by the
National Electricity Regulator (NER) in South Africa [46].

Scenario 1: Project internal change

If the initial capital cost is considered to be decreased by looking for alternative and

cheaper way to install the system as discussed before. However, the present value cash
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inflow due to the installation of 100kV A three-phase battery system was calculated to be
R173,286.34.

Moreover, NPV to be greater or equal to zero, the initial capital cost would have to be
decreased at least by 87.2%, which realistically it is impossible. Because it would mean
that the battery and the three-phase inverter cost for example would have to be decreased
from R1,200,000.00 and R100,000.00 to R153,600.00 and R12,800.00 respectively. At
this new price, the battery and the three-phase inverter would not be the same one with
same capacity in Ah and kVA respectively. Therefore, scenariol would not be the right

option.

Scenario 2: Project external changes

a) In this part of scenario 2, the change is only done in the percentage rate increase of
demand charge, such that it would be increased by 48.24% while keeping the initial
capital cost and demand charge the same. Increasing r to 51.75% would ensure that NPV
be positive and with enough return to buy new sets of battery after its lifetime. Table
6.2.6-2 shows the changes that happen by setting r=51.75%.

Table 6.2.6-2: Scenario2 percentage rate increased of demand charge

Year Yearly Cash inflow Demand n r
saving [Rand] Charge (Increase )
[Rand] [Rand] [%]

2004 23,016.00 17,452.56 19.18 1

2005 34,926.78 25,706.59 29.11 2

2006 53,001.39 36,952.07 44.17 3

2007 80,429.61 52,326.64 67.02 4

2008 122,051.93 | 73,413.86 101.71 5 5175

2009 185,213.80 102,393.10 154.34 6

2010 281,061.95 142,269.89 234.22 7

2011 426,511.50 197,189.55 355.43 8

2012 647,231.20 272,869.93 539.36 9

2013 982,173.35 377,198.27 818.48 10

2014 1,490,448.06 | 521,054.70 1,242.04 11

2015 2,261,754.93 | 735,059.23 1,884.80 12
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The lump-sum of the C=R2,553,889.40, thus the result of NPV is shown in (6.2.6-5)

NPV = R2,553,889.40 - R1,353,000.00
=R1,200,889.40

(6.2.6-5)
However, in practice this increases would be impracticable because at the end of the
battery lifetime, every consumer, which uses the same tariff structure as UCTMS, their
demand charge would jump from R19.18 to R1,884.80 for 48.24% increase. Therefore

scenario 2 (a) would not be the right one.

b) The change is done now in the demand charge, while keeping the initial capital cost
and the percentage rate increase of demand charge the same. For the project to be self
sustained in its first year of installation (NPV>0) in such way that at end of the battery
life time, it could pay off the initial capital cost and at same time buy its new set of
battery, then the demand charge would have to be started at R269.00. Table 6.2.6-3
shows the changes that happen by setting the demand charge to R269.00. However, the
project would just be viable (NPV=0) if the demand would have to be started at R142.36.

Table 6.2.6-3: Scenario2 increase in demand charge only

Year Yearly Cash inflow Demand n r
saving [Rand] Charge (Increase )
[Rand] [Rand] [%]

2004 322,800.00 289,983.47 269.00 1

2005 334,130.28 272,985.21 278.44 2

2006 345,858.25 256,979.77 288.22 3

2007 357,997.88 241,909.50 298.33 4

2008 370,563.60 227,720.05 308.80 5 3.51

2009 383,570.39 214,360.22 319.64 6

2010 397,033.71 201,781.74 330.86 7

2011 410,969.59 189,939.14 342 47 8

2012 425,394.62 178,789.56 354.50 9

2013 440,325.97 168,292.65 366.94 10

2014 455,781.41 158,410.36 379.82 11

2015 471,779.34 164,717.85 393.15 12
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The lump-sum of the C=R2,565,869.52, so the result of NPV for this scenario is
presented in (6.2.6-6)

NPV = R2,565,869.52 - R1,353,000.00
=R1,212,869.52

(6.2.6-6)
In this scenario, the demand charge would increase from R269 in 2004 to R393.15 by
2015, which compared with line (a) it gives a better results and more realistic one.
Therefore scenario 2 (b) would be the right choice that would make the project financial

viable.

Appendix K shows the break-even results of the scenario 2 (b). It can be seen that at this

scenario the project would pay the initial capital cost between the year 5 and 6.

From the above discussion, the project would be financially viable if by the time the
project is started, the electricity pricing would reflect scenario 2 (b). Furthermore, in
reality, both demand charge and the percentage rate increase of demand charge are

increasing due to economic regulation [47], construction of new power utility [48].

6.3 Chapter Summary
From the above discussion, the following points are summarized:
e The Clarke Transformation algorithm using \/g as coefficient was successfully

implemented.

e The three-phase grid phase angle, 8 was successfully calculated using the arctan2
function algorithm. The algorithm had as input the results of the Clarke
Transformation, ¥, and V3.

e The digital PLL PI-based controller algorithm was successfully implemented in
practice. The new produced phase (three-phase inverter phase) tracked the three-
phase grid phase. This was a very important result because it helped to transform
the orthogonal stationary signals of the three-phase inverter into the rotating

reference plane using Park Transformation, and then back to the stationary
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reference plane using inverse Park Transformation as presented in simulation as
well as in practice.

It was shown practically that by using the present value, U PLL, of the output of
the PI controller of PLL PI-based controller in the integrator function eliminates
the delay that would be introduced by the previous value, U kI PLL, if is used
instead.

The Park Transformation and inverse Park Transformation developed algorithm
was successfully implemented in the DSP chip. This result is a very crucial step to
implement practically the minor loop current controller as presented in simulation
chapter.

The NPV and Break-Even analysis showed that external change or the dynamic
change in the electricity market plays a big role in determine the financial

viability of the project.

186



Chapter 7

7 Conclusion

Recalling that the hypothesis for this research was that, using a lead-acid battery and
three-phase inverter for PLS of the electricity supply at the UCTMS is technically and

financially viable.

From the result of the research done, it is concluded that the project is technically and

financially viable.

The technical viability was shown by simulating UCTMS load profile in simplorer
simulator, where two dailies MD were demonstrated being shaved towards a set

threshold. As well as implementing practically the digital PLL PI-based controller in lab.
The financial viability however, would depend on status of the electricity market at the

time the project would be commissioned, which would make it possible to be

implemented.
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8 Recommendation

Based on the results and conclusions of this research the following recommendations are

suggested:
e Develop a multi-stage charging of lead-acid battery algorithm as discussed in
section 2.4.3 to be implemented with PLS algorithm.

e Use the continuous minor loop current controller to derive the digital version so

that it can be implemented in the DSP chip.

e Use a DSP chip with more ADC input to sense more signals to implement the

PLS in practice successfully.
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A UCTMS tables results for the load profile analysis

Table A-1: UCT Medical school MD data recorded from Electricity bills and actual data

UCT Medical School MD data UCT Medical School actual
recorded from Electricity bills MD data recorded from the
meters
Nov 04 1950 1951.20
Dec 04 1839 1839.60
Jan 05 2046 2046.00
Feb 05 2070 2070.90
Mar 05 2127 2129.10
Apr 05 1977 1978.80
May 05 1818 1818.00
June 05 1953 1953.00
Table A-2: UCT Medical school Ideal Threshold Line for each Month for 100kV A three-phase
inverter
UCT Medical School UCT Medical school UCT Medical school
actual Ideal Threshold Line for | ideal threshold Line for
MD data recorded each Month for 100kVA | each Month for 200kVA
from the meters three-phase inverter three-phase inverter
Nov 04 1951.20 1851.20 1751.20
Dec 04 1839.60 1739.60 1639.60
Jan 05 2046.00 1946.00 1846.00
Feb 05 2070.90 1970.90 1870.90
Mar 05 2129.10 2029.10 1929.10
Apr 05 1978.80 1878.80 1778.80
May 05 1818.00 1718.00 1618.00
June 05 1953.00 1853.00 1753.00

Table A-3: Inverter capacity used for the 100kVA three-phase inverter on 3™ of December

Day of Time MD Threshold New MD Inverter
the Line Capacity
Week _ [hour} ~ [kVA] [kVA] [KVA] [kVA]
Friday 03.12.2004 10:30:00 1,707.90 1739.60 1,707.90 0.0
Friday 03.12.2004 11:00:00 1,755.60 1739.60 1,739.60 16.0
Friday 03.12.2004 11:30:00 1,839.60 1739.60 1,739.60 100.0
Friday 03.12.2004 12:00:00 1,831.20 1739.60 1,739.60 91.6
Friday 03.12.2004 12:30:00 1,800.30 1739.60 1,739.60 60.7
Friday 03.12.2004 13:00:00 1,788.90 1739.60 1,738.60 49.3
Friday 03.12.2004 13:30:00 1,780.20 1739.60 1,739.60 40.6
Friday 03.12.2004 14:00:00 1,770.90 1739.60 1,739.60 313
Friday 03.12.2004 14:30:00 1,802.70 1739.60 1,739.60 63.1
Friday 03.12.2004 15:00:00 1,744.80 1739.60 1,739.60 5.2
Friday 03.12.2004 15:30:00 1,768.20 1739.60 1,739.60 28.6
Friday 03.12.2004 16:00:00 1,735.50 1739.60 1,735.50 0.0
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Table A-4: Inverter capacity used for the 200kV A three-phase inverter on 3" of December

Day of Time MD Threshold New MD Inverter
the Line Capacity
week [hour] [kVA] [kVA] [kVA] [kVA]
Friday 03.12.2004 09:00:00 1,601.70 1,639.60 1,601.70 0.0
Friday 03.12.2004 09:30:00 1,642.80 1,639.60 1,639.60 3.2
Friday 03.12.2004 10:00:00 1,682.70 1,639.60 1,639.60 43.1
Friday 03.12.2004 10:30:00 1,707.90 1,639.60 1,639.60 68.3
Friday 03.12.2004 11:00:00 1,755.60 1,639.60 1,639.60 116.0
Friday 03.12.2004 11:30:00 1,839.60 1,639.60 1,639.60 200.0
Friday 03.12.2004 12:00:00 1,831.20 1,639.60 1,639.60 191.6
Friday 03.12.2004 12:30:00 1,800.30 1,639.60 1,639.60 160.7
Friday 03.12.2004 13:00:00 1,788.90 1,639.60 1,639.60 149.3
Friday 03.12.2004 13:30:00 1,780.20 1,639.60 1,639.60 140.6
Friday 03.12.2004 14:00:00 1,770.90 1,639.60 1,639.60 131.3
Friday 03.12.2004 14:30:00 1,802.70 1,639.60 1,639.60 163.1
Friday 03.12.2004 15:00:00 1,744.80 1,639.60 1,639.60 105.2
Friday 03.12.2004 15:30:00 1,768.20 1,639.60 1,639.60 128.6
Friday 03.12.2004 16:00:00 1,735.50 1,639.60 1,639.60 95.9
Friday 03.12.2004 16:30:00 1,647.90 1,639.60 1,639.60 8.3
Friday 03.12.2004 17:00:00 1,687.30 1,639.60 1,5687.30 0.0
Table A-5: 100kV A Three-phase inverter at different PF
Time Inverter PF Real Reactive Duration
Capacity Power Power
[hour] [kVA] [kW] [kVar] [hour]
03.12.2004 11:00:00 16.0 0.86 13.77 8.14
03.12.2004 11:30:00 100.0 0.87 86.79 49.67
03.12.2004 12:00:00 91.6 0.87 79.74 45.07 5
03.12.2004 12:30:00 60.7 0.87 52.62 30.26
03.12.2004 13:00:00 49.3 0.86 42.24 25.42
03.12.2004 13:30:00 40.6 0.86 35.11 20.39
03.12.2004 14:00:00 31.3 0.86 26.85 16.08
03.12.2004 14:30:00 63.1 0.85 53.65 33.22
03.12.2004 15:00:00 5.2 0.85 4.43 2.72
03.12.2004 15:30:00 28.6 0.85 24.42 14.89
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Table A-6: 200kVA Three-phase inverter at different PF

Time Inverter PF Real Reactive Duration
Capacity Power Power
[hour] [kVA] [kW] _[kVar] [hour]
03.12.2004 09:30:00 3.2 0.86 2.75 1.63
03.12.2004 10:00:00 43.1 0.86 37.15 21.85
03.12.2004 10:30:00 68.3 0.86 58.91 34.57
03.12.2004 11:00:00 116.0 0.86 99.84 59.05
03.12.2004 11:30:00 200.0 0.87 173.58 99.35
03.12.2004 12:00:00 191.6 0.87 166.80 94.27 1.5
03.12.2004 12:30:00 160.7 0.87 139.30 80.12
03.12.2004 13:00:00 149.3 0.86 127.92 76.99
03.12.2004 13:30:00 140.6 0.86 121.57 70.63
03.12.2004 14.00:00 131.3 0.86 112.64 67.47
03.12.2004 14:30:00 163.1 0.85 138.67 85.86
03.12.2004 15:00:00 105.2 0.85 89.66 55.02
03.12.2004 15:30:00 128.6 0.85 109.79 66.96
03.12.2004 16:00:00 95.9 0.85 81.44 50.63
03.12.2004 16:30:00 8.3 0.85 7.05 4.37

Table A-7: Energy supplied by the 100kV A three-phase inverter for the 3
day of December

Time Real Power Energy Total
Energy
[hour] [kW] [kWh] [kWh]
03.12.2004 11:00:00 13.77 6.89
03.12.2004 11:30:00 86.79 43.40
03.12.2004 12:00:00 79.74 39.87 209.81
03.12.2004 12:30:00 52.62 26.31
03.12.2004 13:00:00 42.24 21.12
03.12.2004 13:30:00 35.11 17.55
03.12.2004 14:00:00 26.85 13.43
03.12.2004 14:30:00 53.65 26.82
03.12.2004 15:00:00 4.43 2.22
03.12.2004 15:30:00 2442 12.21
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Table A-8: Energy supplied by the 200kV A three-phase inverter for the 3

day of December
Time Real Power Energy Total
Energy
[hour] (kW] _[kWh] [kWh]
03.12.2004 09:30:00 2.75 1.63
03.12.2004 10:00:00 37.15 21.85
03.12.2004 10:30:00 58.91 34.57
03.12.2004 11:00:00 99.84 59.05
03.12.2004 11:30:00 173.58 99.35
03.12.2004 12:00:00 166.80 94.27 733.55
03.12.2004 12:30:00 139.30 80.12
03.12.2004 13:00:00 127.92 76.99
03.12.2004 13:30:00 121.57 70.63
03.12.2004 14:00:00 112.64 67.47
03.12.2004 14:30:00 138.67 85.86
03.12.2004 15:00:00 89.66 55.02
03.12.2004 15:30:00 109.79 66.96
03.12.2004 16:00:00 81.44 50.63
03.12.2004 16:30:00 7.05 4.37

Table A-9: Maximum energy in kWh supplied by 100kVA three-phase inverter

Nov Dec Jan Feb Mar Apr May Jun
2004 2004 2005 2005 2005 2005 2005 2005
Energy |226.70 | 209.81 | 157.87 | 361.16 | 95.77 | 126.06 | 228.23 | 170.55
[kWh]
Duration 5.5 5 4 5.5 2.5 3.5 5.5 4
[hour]
Table A-10: Maximum energy in kWh supplied by 200kV A three-phase inverter
Nov Dec Jan Feb Mar Apr May Jun
2004 2004 2005 2005 2005 2005 2005 2005
Energy | 720.54 | 733.55 | 623.92 | 930.06 | 455.39 | 563.14 | 850.68 | 696.99
[kWh]
Duration 7 7.5 6.5 7.5 5.5 6.5 8 7.5
[hour}

Table A-11: Maximum energy supplied by the 100kV A three-phase inverter through the eight month
period and its time duration

Maximum Energy Supply Maximum duration time
[kWh] [hour]
361.16 5.5
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Table A-12: Maximum energy supplied by the 200kV A three-phase inverter through the eight month
period and its time duration

Maximum Energy Supply Maximum duration time
[kWh] [hour]
930.06 8
Table A-13: Maximum daily Energy supplied by the 100kVA inverter at same PF as the source
Time Inverter | PF | Inverter | Energy Total Duration
’ Capacity Capacity Energy
[hour] [kVA] [kW] [kWh] [kWh] [hour]
16.02.2005 11:00:00 8.5 0.87 7.39 3.69
16.02.2005 11:30:00 27.1 0.87 23.65 11.82
16.02.2005 12:00:00 77.8 0.87 67.95 33.97
16.02.2005 12:30:00 87.1 0.87 75.70 37.85
16.02.2005 13:00:00 100.0 0.87 87.03 43.52
16.02.2005 13:30:00 | 92.5 0.87 | 80.42 40.21 361.16 5.5
16.02.2005 14:00:00 99.4 0.87 86.18 43.09
16.02.2005 14:30:00 91.9 0.87 79.63 39.82
16.02.2005 15:00:00 94.9 0.87 82.58 41.29
16.02.2005 15:30:00 82.0 0.87 71.12 35.56
16.02.2005 16:00:00 70.0 0.87 60.67 30.33
Table A-14: Maximum daily Energy supplied by the 100kV A inverter at unity PF
Time Inverter | PF | Inverter | Energy Total Duration
Capacity Capacity Energy
[hour] [kVA] [kW] [kWh] [kWh] [hour]
16.02.2005 11:00:00 8.5 1 8.5 4.25
16.02.2005 11:30:00 27.1 1 27.1 13.55
16.02.2005 12:00:00 77.8 1 77.8 38.90
16.02.2005 12:30:00 87.1 1 87.1 43.55
16.02.2005 13:00:00 100.0 1 100.0 50.00
16.02.2005 13:30:00 | _ 92.5 1 92.5 46.25 415.60 5.5
16.02.2005 14:00:00 99.4 1 99.4 49.70
16.02.2005 14:30:00 91.9 1 91.9 45.95
16.02.2005 15:00:00 94.9 1 94.9 47.45
16.02.2005 15:30:00 82.0 1 82.0 41.00
16.02.2005 16:00:00 70.0 1 70.0 35.00
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Table A-15: Maximum daily Energy supplied by the 200kVA inverter at same PF as the source

Time Inverter | PF | Inverter | Energy Total Duration
Capacity Capacity Energy

[hour] [kVA] [kW] | [kWh] | [kWh] | [hour]
16.02.2005 10:00:00 49.4 0.87 42.76 21.38
16.02.2005 10:30:00 72.5 0.87 63.14 31.57
16.02.2005 11:00:00 108.5 0.87 94.29 47.15
16.02.2005 11:30:00 127.1 0.87 110.92 55.46
16.02.2005 12:00:00 177.8 0.87 155.28 77.64
16.02.2005 12:30:00 187.1 0.87 162.61 81.30
16.02.2005 13:00:00 200.0 0.87 | 174.07 87.03 930.06 7.5
16.02.2005 13:30:00 192.5 0.87 167.37 83.68
16.02.2005 14:00:00 199.4 0.87 172.87 86.44
16.02.2005 14:30:00 191.9 0.87 166.28 83.14
16.02.2005 15:00:00 194.9 0.87 169.60 84.80
16.02.2005 15:30:00 182.0 0.87 157.85 78.93
16.02.2005 16:00:00 170.0 0.87 147.33 73.67
16.02.2005 16:30:00 87.8 0.86 75.74 37.87

Table A-16: Maximum daily Energy supplied by the 200kV A inverter at unity PF
Time Inverter | PF | Inverter | Energy Total Duration
Capacity Capacity Energy

[hour] [kVA] [kW] [kWh] [kWh] [hour]
16.02.2005 10:00:00 49.4 1 49.4 24.70
16.02.2005 10:30:00 72.5 1 72.5 36.25
16.02.2005 11:00:00 108.5 1 108.5 54.25
16.02.2005 11:30:00 127.1 1 127.1 63.55
16.02.2005 12:00:00 177.8 1 177.8 88.90
16.02.2005 12:30:00 187.1 1 187.1 93.55
16.02.2005 13:00:00 200.0 1 200.0 100.00 1070.45 7.5
16.02.2005 13:30:00 192.5 1 192.5 96.25
16.02.2005 14:00:00 199.4 1 199.4 99.70
16.02.2005 14:30:00 191.9 1 191.9 95.95
16.02.2005 15:00:00 194.9 1 194.9 97.45
16.02.2005 15:30:00 182.0 1 182.0 91.00
16.02.2005 16:00:00 170.0 1 170.0 85.00
16.02.2005 16:30:00 87.8 1 87.8 43.90
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Applications:

Emergency Lighting
Telecommunications
Railway Signalling

DC Emergency Syslem

The RAYLITE Tubular Cell offers outstanding reliability over an expected working life of 10to 12
years in ficat charmge applications. These cells are capable of high cycling.

The: round fube has the following advartages over the sguare tube:

-

it offers @ more uniform active material distribution around the
supponting spines, resulting in more efficient uihsation of
matenals.

it 15 less prone 10 distortion under operating conditions

Design Features

POSITIVE PLATE CONTAINER

The fubuiar gauntlet plate toulded, DIM standard, transparent
conslinuclion consists of special lead styrene acrylonitnle, giving very high

alipy spines in complete contact with insulating properties which eliminate

supenor active material, effactively the use of insulators. Age or acid

retained by woven terylene tubes. cortact wilk not cause delerioration.

The terylere gauntlets, which are

resin impreghated, combine high LIDS

tensile sirength wilh resilience, Moulded rom opague styrene acrylonitrile,
retaining (he: aclive matenal while:

enabling the electrolyte to penetrate END BUFFERS

freely. This ensures 2 high power PYC end bufiers provide additional |ateral suppon
putput per unit volume. at each emd of the efement. ensuring a compac!

assembly to prevent the plates from splaying.
NMEGATIWE PLATE

The negative plate is of a special SEPARATORS

alloy gnd, pasted with & highly-porous High quality, microporous rubber separators.
paste formulatior, givirg & balanced Chemically-inerl, with a high degree of porosity,
performance and ife, and comple- they offer minimum internal resistance,

menting the posilive plate construction. The sleeve separators prevent shor-

circuiting caused by mossing.
VENT PLUIGS
The speciai design effectivaly returns
all acid spray to the cell, yet pemits
free exit of oxygen and hydrogen.

Product and Service Benefits

Lc:calg—Manufaclureﬁ Rarge
Manufaciured by a South African company, praven under South Afcan condibions,

Premier Quaiity
Conforms to DIN and 1EC standards and manufactured 1o 150 9001:2000 guality standams.

Nationwide After-Bales Support

Countrywide network of branches and agencies, wilh access 10 information 1o ensure sound
technical backup.

Proven Reliability
Used successfully, achieving claimed life, in mumerous applications.

Cuslomer Care

Every Rayiite stendby cell carries a comprehensive product wamanty backed by the industry leader
and supported by a national distributor network.



Tubular Capacities, Weights And Dimensions
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ARCT200 200 | 144 BE 14.0 199 4.6 a7 103 | 266 55 455 113 A7h Ged
EROT 250 250 (184 85 (175 | zen 5.5 ack 12a | 306 a55 | 438 124 ATE Ban
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First National Battery

ESTABLISHED 1M 1031, RIRST MATIOMAL BATTERY A LEADIMNG MANUF ACTURER OF LEAD AC/D BATTERES IN SOUTH AFRICA

THE CONMPANY PRODUCES MORE THAN 2 000 004 BATTERIES ARNKLUIALLY TO
FROVITE ELECTRICAL POWER FO= PASSENGER CARS, TRUCKS, TRACTORS, FORELIFT TRUCKS BOATS, RAILWAY
LOCOHADEIVES AN COACHES, URDERGROLND LOCOMOTIVES AND MINERS CAF LAMES
POWER 5147 I0M S, 560 CH YARDS, FARM LIGHT TG,
SOLAR SYSTEMS, COMPUTERS, TELECOMMUNICATIONS
EQUIFMENT . ANWD 4 HDST OF OFHER LISES.

FIRET MATIZNAL BATTERY ACKMIWLELGES THAT BUPESIOR TECHMOL OGY,
COMSISTEMT PRODUCT QUALITY ARND DEDCATED CUSTOMER SERY CE ARE M-NiMLIM EECWUIREMENTE T
EMMELE THE COMPANT TO MAINEAINITE FOS TIOM AS AN INDUSTRY LEADER

THE COMPANYS WALLES ARE REFRESEMNTED BY ITS MOTTD: THROWGH GARING WE LEAD

PRIOF OF THESE WALUES 15 T4 BE FOUND * T HE MANY PRODUET AND SERVICE QUALITY AWARDS AND CERTIFICATES
FRESENIED TO FIRESTNATICMAL GATTERY OWVER MAMY YEARS OF SERVICE TOBATTERY UEERS
TRACTICON BATTERIES AND CELLS ARE MANLUFACTURED AND COMPLY ¥YATH |50 0012000, IEC 02541 AND 2 (1995

A DEMCATED MANUFACTURING SITES

BLFFAL O VIEW ROAL, EAET LONIONE Ifllflflhl'l? FACTORY
iSO A0t 2000 AND IS0 14001 CERTIFIED
IMODUSTREIA. BATTERY MAMUFACT LIRING
FORKTRUCK EATTERIES: STAMDEY BATTERIES: MINMING EATTERIES

SETTLERSWAY. EAST LONDONG 2|Z||Z|I'H"|2 FACTORY
IS0 & 16949200k AND ST 14000 CERTIFIED
ALITOMOTIVE BATIERY MANUFACTLIRING
YO BATTERIES PER DAY
ALED TECHMICAL CENTRE

FORT JACHKEON 5 0ok~ FACTORY
EOUTE 1E89 2002 AND B0 14001 CERTIFIED
; FLASTIC IMJEC TIOM MOLULDING
A0 TOM-BED TON INJECTION MOULDING MACHINES
18 WILLION PIECES FER ARNLIRS
BLS0 FOOLROCCHA

LIVERPOLE. REWAD BENCMI
IS0 S 16249 2008 AND IS0 14001 GERTFIRIED
LEASSMELTER
SO0 TONE RECYLCLED LEAN FER ANMLUIM
LSO WAREHQUSING & DuSTRIBUTION
FOEMAT N E FINISHENG | [HE
MARKET MG & FIMAMCE [IyIS NS

FIRST "
NATIONAL
BATTERY

TRRACGUGH CARING %WE LaAD

FIRST NATIONAL BATTERY
INDUSTRIAL (Pty) Lid

FIRST MATIONAL BATTERY WILL R EMAIM THE EXCLUSIVE MANUFACTURER OF BATTERIES AN
SUFPLIER OF PRODUCTS AND SERVICES TC FIRST WATIONAL BATTERY INDLUISTRIAL. 1M KEEPING
Y TH THEIR CRJECTIVE TOWARDE TRUE ELACK EMPOWERMENT THEY FLAM TO FURTHER INCREASE

BEMNONI
COR LIVERPDOL & BRISTGL ROADS. BENONI SOUTH
P4l BOX 5015 EENCNI SOUTH 1502 SOUTH AFRICA
TEL: +27 11 7413600
FAx: +27 11 421-26a2 [ d62-1625

FIRST NATIONAL BATTERY IS THE REGISTERED LSER OF THE TRADEMARE FEAYLITEIN SOUTH AFR ICA

IMTHE INTEREETS OF CONTINLHNG ADYVANCEMENT WE REEERVE THE RIGHTTC MO DIFY SPECIFIC ATIINE WITHCOUT
PRIOR MOTICE.
€ CLOFYRIGHT SLIBSISTS IMTHIS WORK. ANY UNAUTHORISED REPRODUCTICN. ADAPTION AND COFYING OF THIS
TOCUMENT ARE ACTS OF COPYRIGS ] INFRIMGEMENTS AMND ENMTITLES FIHST MATICHNAL. EATTERY TO TAKE ACTION
[BOTHCIVILLY AMD CRIMEMALLY) AGAINST THE INFRINGER".

GNGT



Standby Power - Raylite Tubular RCT
Constant Current Discharge Data (amps at 25°C)

Click Cell type to view or print additional detail and discharge data for 3 specific cell. To view data for entire range, cucy
here: Specification | Constant Power

5 10 15 20 30 45
Min | Min | Min | Min | Min ] Min

1.60 | 1200 1150 | 1080 977 | 820 | €97 § 596 | 3570 | 263 | 173 | 155 | 127 | 100
"5 |2:00]1020] 970 | 898 | 780 | 667 | se0 | 370 | 263 | 173 | 155 | 127 ] 100
170 967 | 920 | 870 | 817 | 730 | 620 | 520 | 360 | 258 | 173 | 155 | 127 } 100

775 | 842 | 500 | 760 | 718 | 650 | 566 | 490 | 330 { 255 | 173 | 155 | 127 | 10c

1.80 | 733 | 690 | 650 | 620 § 570 | 508 } 430 | 306 | 240 | 172 | 155§ 127 |} 100

1.85 | 527 | 520 | s10 | 502 | 480 | asc | 380 | 270 | 225 | 167 | 150 | 125 } 100

10RCT1000| VpC IHrZHr [ 3Hr{SHr§ 6 Hr] 8Hr | 10 Hr

11RCT1100 VpC

1.60 1500 | 1408 | 1320 ) 1240 2113 | ©52 § SO3 | 517 | 363 | 242 214 174 i3¢

1.65 1400 | 1287 | 1188 | 1127 | 1023 | 890 750 | 485 | 363 | 242 214 174 138

1.70 1120 § 1111 § 1078 | 1007 § 891 796 f 715 ) 495 | 363 § 242 214 174 i38

1.7% e07 | 902 | 886 | 852 | 792 | 724 | 660 | 457 | 345 | 240 |} 208 } 171 138

1.80 772 769 | 765 | 746 692 637 | 583 § 440 | 330 | 2321 208 171 138
£

185 | a6 | 643 [ 627 { 605 | se1 [ sie | a7z [ ze3 [ 200 | 220 [ 200 | 168 | 138
12RCT1200] VvpC 5 1 10 | 15 1 20 | 30 } 45

Min Min Min | Min Min Min AMr | 2Hr ] 3BHr] SHr 6 Hr§ 8Hr | 10 Hr

1.60 1440 1 1380 ) 1290 | 11721 984 § 836 § 708 ] 444 { 346 | 208 § 186 | 152 izg
1.65 1320 ] 1248 1 1164 | 1078 § 936 800 ) 672 | 444 | 316 | 208 186 | 152 120

1.70 1160 | 1104 | 1044 ] 980 | 876 749 | 626 | 432 } 330 | 208 | 188 | 152 i26

1.75 1010f 960 | 922 § 962 | 780 § 680 { 588 | 326 | 30¢ | 208 | 186 § 157 120
1.86 880 | 828 | 780 } 744 | 684 | 600 | 5i6 ]| 360 | 288 | 206 ] 186 152 120
1.85 632 | 624 | 612 | 602 | 576 | Hae | 456 | 3za | 270 | 200 | 180 § 150 120

5 i0 15 20 30 a5
12RCT1500] VpC min | min | Min | Min | min | Min AHr f2Hr 3 Hr | SHr J 6Hr | BHr ] 10 Hy

1.60 1636 | 1536 | 14401 1353121281039} 876 § 564 | 396 | 264 | 233 190 150
1.65 1527 31404 | 1296 § 12291 11161 571 | 528 | 540 | 396 | 264 | 233 | 190 150
1.70 1222 1123211764 1099 ) 972 | 868 § 780 | 540 | 396 | 264 | 233 | 120 150
1.75 989 | 984 | 966 | 929 | 864 | o0 § 720 | 458 | 376 | 262 § 227 § 187 150
1.80 842 | 839 | 834 § BO7 | 756 | 655 § 636 | 480 | 360 | 252 § 227 § 187 150
1.85 705 ) 701 | 684 | 660 | 612 | 5563 ) 516 ] 396 | 316 ] 240 | 218 } 183 150

5 10 15 20 30 45
13RCT1625 vpcC min | ™Min | Min | min | #in | Min IHr2Hr J3Hr | SHr ] 6 Hr § S8Hr | 10 Hr

1.60 1773 ] 1664 | 1560 ] 1465 | 1313 | 1125 § 940 | 611 | 429 | 286 § 253 | 2066 183
1.65 1655 ) 1521 1 1404 § 1332 § 1209 J 1052 897 | 585 | 429 | 286 § 253 }§ z06 163
1.70 1324 | 1313 § 1274 § 1190 § 1053 § 941 B45 § 585 | 429 § 286 | 253 | 206 162

http://fnb-ben-ras01/anewfnb/Standby/SbyDisCC.asp?franeei=11
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1.75 1072 § 1066 | 1047 J 1007 | 936 | 856 | 780 | 540 | 408 | 284 | 246 | 202 163
1.80 917 1 909 | 904 | 875 | 819 | 753 | 685 | 52CG | 390 | 273 | 246 | 202 162

1.85 762 | 760G | 741 | 715 | 663 | 610 | 55% | 429 | 343 | 26C | 236 | 19° 163
h———————

14RCT1750) vpC

1Hr J2Hr ] 3Hr | SHr | 6 Hr § 8Hr | 10 Hr

1.60 | 1909 | 1792 | 1680 | 1578 | 1414 | 1212 J 1022 | 658 | 462 | 308 | 272 | 221 | 175
1.65 | 1782 | 1638 | 1512 | 1434 | 2302 | 1333 ] 966 | 630 | 462 | 308 | 272 | 221 | 175
2 176 |1425) 1424 | 1372 1282 | 1134 | 1013 ] 10| 630 | 462 | 308} 272 J 221 | 175
V 175 |1154) 1148 | 1227 1084 ] 1008 | 021 | a0 ] 581 | 430.1 305 | 265 J.218 | 175

1.80 | 983 175
1.85 | 822,' 175 |
5
10 Hr
1srcTie7s| vec | oo

1,60 }2045] 1920 ] 1800 § 1691 | 1515 | 1298 | 1095 705 | 495 | 330 | 292 | 237 188
1.65 1908 | 1755 ) 162G | 1537 | 1395} 1214 § 1035 €75 | 495 | 330 ] 252 | 237 188
1.70 1527} 1515 1470 | 1373 | 1215|1085 975 | 675 | 465 | 330 | 252 | 237 188
1.75 1237 ]| 1230 ] 1208 f 1162 J 1080 ) 987 | 900 | 623 | 470 | 227 | 284 | 233 188
1.80 1052 11049 | 1042 L 1005 ] 945 | 865 | 795 | 600 | 450 | 315 | 284 | 233 iB§
1.85 881 877 | BS5 | 825 } 765 )| 704 ] €45 }§ 455 355 } 200 }§ 273 } 22% 18¢

5 10 1s 20 30 3] .
16RCT2000 vpcC min | Min | Min | Min | Min | Min 1HF | 2HAFr ] SHr§ SHr ]l 6Hr ] BHr |10 Hy

1.60 2182 | 2048 § 1520 | 1804 | 1616 |} 1385} 1168 752 528 | 352 | 311 | 253 204G

1.65 2036 1 1872 | 1728 | 1635 | 1488 | 1265 | 1104 | 72C | 5z& 352 1 31t 2532 26¢

1.70 1629 | 1616 | 1568 | 1465 § 1296 | 1158 § 1040} 72C S2g | 352 | 311 | 252 206

1,75 13101 1312 | 1288 § 123 ] 1152 | 1053 | ©60 £64 502 34¢ § 303 | 249 200

1.80 1123111191 1112310761608} 27 | &4& | 640 | 480 | 336 | 303 | 249 204
1,85 940 | 935 | 912 | 880 | 816 | 751 | 688 | 528 | 422 | 320 | 291 | 244 206

5 10 15 20 30 45
17RCT2125 vpC min | Min | Min | Mis THr | 2Hr ] 3Hr J SHr | 6Hr | 8Hr ] 10 Hr

1.60 2318 1 2176 1 2040 | 1916 | 1717 f 1471 § 1241 ] 799 561 374 | 331 269 213

1.65 2164 | 1989 § 1836 | 1742 § 15811 1375 1173 ] 765 561 374 | 331 269 213
1.70 1731|1717 § 1666 | 1556 | 1377 | 1220 ] 1105 ] 765 561 | 374 | 331 269 213
1.75 1402 11394 | 1369 | 1317 | 1224 } 1119 | 1620 706 | 533 371 321 264 213
1.80 1193 | 1188111821 11441 1671 | 984 | 501 680 | 510 | 357 | 32% 264 212

1.85 998 | 994 | 969 | 935 | 867 | 797 | 731 | 561 | 448 | 340 ] 30¢ | 260 2312
# e —————

5 10 15 20 30 45
i8RCT2250] Vpc min | Min | Min | min | Min | mMin 1Hr| 2Hr§ 3 Hr

1.60 J 2455 § 2304 | 2160 | 2629 | 181811558 | 1314 | 84€ § 394 | 396 | 35¢ | 285 22%
1.65 229112106 ] 1944 § 1844 | 1674} 1456 | 1242} 810 | 594 § 396 | 350 | z&5 225
1.70 1833118181 1764 | 1648 | 1458 § 1302 {1170} 810 | 594 | 396 | 350 | 285 225

1.75 1484 1 1476 § 14451 1394 § 1296 1 1185 § 1080 | 747 | 565 | 393 | 340 | 280 225
1.80 1263 | 1256 § 1251 [ 12114 1134 | 1042 ] 954 | 720 | 540 | 378 | 340 | 280 225

1.60 | 2591|2432 2280 | 2142 | 1915 ] 1644 | 1387 ] 892 | €27 | 418 | 370 | 301 238
1.65 124181 2223]12052)1947 1767|1537 ) 13111 855 | 627 ] 418 | 37¢ § 301 238

1.70 193511919 | 1862 | 1739 | 1539 ) 1375 1235] 855 | 627 | 418 | 370 | 301 238
1.75 1567 | 1558 | 1530 | 1472 ] 1368 | 1251 | 1140 ] 789 | 596 | 415 | 355 | 295 238

http://fnb-ben-ras01/anewfnb/Standby/SbyDisCC.asp?frangei=1 1 08/12/2006



1.80 1333 § 1328 J 1221 f 1278 | 1197 | 1200 ] 1007 ] 756

<
wn
-~
<

399 | 359 | 295 | 238
185 | 1116} 111111082 ] 1045 ] 969 gg1 | 827 | 627 | 501 § 380 | 345 | 20 | 238
20rcT2500] vec M";n :,;ion ;?ﬂ b";?n ri?n ,:fn svorlzir]snr|shr]enr | sur]sonr
1.66 V27271 2560 | 2400 | 2255 ) 2020 § 1723 | 1460 ] 940 | 660 | 440 | 389 | 316 | 250
1.65 l2sas)2340) 2160} 2040 | 1860 | 1638 | 1380)] 900 | 660 | 440 | 389 | 316 | 250
1.70 | 2036 | 2020 | 1960 | 1831 ] 1620 | 1447 ] 13006 ) 00 | 680 | 440 ]| 380 | 316 | 250
1.75 | 1649) 1640 | 1510} 1540 | 1440 1316 1200 830 | 627 | 436 | 378 } 311 | 250
1.80 | 1404 | 1398 | 1390 ] 1345] 1260 | 2158 | 1060 | 800 | 0o | 420 378 | 311 | z50
1.85 | 1175|1169 | 1140 1100 | 1020 | 938 | 860 ‘66&‘5‘2?‘ "400°| 364 | 305 | 250

s lio| 15| 20| 30 | a5
3RCTI50 | VPC | min | min | Min | Min | Min | Min

IHr | 2Hr | 3#Hr} 5Hr] 6 Hr | 8 Hr | 10 Hr

1.60 245 1 207 { 180 [ 159 i29 106 { 87.0§ 52.0] 39.0§ 25.2 | 22.5 ) i8.7 5.0
1.65 200 | 186 | 168 156 122 160 | 840§ 50.1 | 39.0§ 25.2 § 22.5 | 18.7 ] 15.0
1.70 192 171 150 } 138 114 | 96.6] 81.0} 455] 39.0 ) 25.2 } 22.5 ] 18.7 ] 15.6
1.75 165 150 § 135 127 165 1 85.0] 75.0 ] 48.3 ] 39.0 ] 25.2 1 22.5} 187 } 15.C

1.80 132 § 129 120 ) 111 Joeo] 8o 6s5.0)458) 60)25.0)225)18.7]) 150

z
1.85 108 ] 105 | seo |20 8t0f70c)enc])435)330]220)19.¢)17.0] i5¢€

arcr200 | vpe |5 | 201 151 20 | 30 4 45 |yl zmr[sur]|sur|en|aur|aonr
160 | 326 | 276 | 240 | 212 | 172 | 242 | 236 | €6.0 [ 526 (336 [ 306 [ 256 [ zcc
165 | 266 | 248 | 226 | 200 | 162 | 132 | 2312 | 668 | 52.0 [ 33.6 [ 30.0 | 25.0 | 200
176 | 256 | 228 | 200 | 180 [ a5z | 128 | soe | esc [ 520 (336 {300 ) 250 2o
175 | 220 | 200 | i8¢ | 165 | 140 | 110 | 200 | 644 | sz.¢{ 35.6 | 30.0 | 25.6 [ zec
160 | 176 | 172 | 16c | 147 | izs | 107 |esc |1z | eso {353 {300 | 250 | 20.0
185 | 144 | 1ac | 132 | 123 | 108 | o33 | oo | sec | aa0 252 [ 265 | 226 | 20.0

5 10 15 20 3
5RCT250 VpC min | Min | tin | Min | min | win IHr ] 2He P 3 Hr ] S5Hr ] 6 Hr I 8 Hr | 10 Hy

r
1.50 408 § 345 | 30C | 265 | 23 | 17 | 145 } 83.G | 5.0} 42.0 ) 37.5
4]

51,2} 25.C

1.63 333 31C | 280 | 250 | 203 167 § 140 | 8351 65 42,0 | 37.5 ) 31.2 | 25.8

1.78 320 § 285 | 250 | zz2= iso 160 § 135 1825 1 65.G | 42.0 1 37.5 1 31.2 25.C

1.75 275 ) 250 | 2zE | 203 178 148 § 125 | 865§ 65.0 | 42.0 1 37.5 Y 31.2 | 25.¢

1.80 220 § 215 | 206G | 184 160 133 116 1 76.5 1 60.6 | 42.€ | 375§ 31.2 ] 28.¢C
8.

1.85 180 1 175 | 168 152 13:

sreT3so | ovee |3 ) 10| 35 | 20

1.60 505 | 455 } 40 | 367 | 305 258 § 240§ 120 0.0 ) 606} 54.0] 44.2 ) 35.¢

1.65 450 | 410 | 375 § 240 | 250 248 § 210 § 320 § 900 ) 60.6 ) 54.0 } 44.2 } 35.0

1.70 386 | 360 | 335 | 307 | 265 223 188 | 120 | 90.0 § 60.5 ) 54.0 | 44.2 | 35.¢

1.75 213 | 310 | 2e8 } 277 | 243 216 | 180 | 120 § 200 ) 20.6 | 54.0 | 44.2

9]
(73]
Ut

¢
1.80 273§ 265 | 252 236 ] 210 ] ig6 | 165 § 115 § 275 60.6 § 54.0 | 44.2 | 35.¢
G

1.8¢ 210 210 208 183 175 is8 143 100 § 77.5 1 58.0 § 53.0 § 44.0 35,

5 i 15 20 30 45
RC
6RCT300 ¥pl Min | Min | Min | Min | min | Min AHr 2Hr 3 Hr SHr | 6Hr ] 8 Hr | 10 Hr

1.60 490 | 414 | 350 § 318 § 258 | 212 { 174 | 102 { 786.0 | 50.4 § 45.0 ] 37.5 | 30.0
1.65 460 | 372 | 336 } 300 § 243 200 § 168 | 100 | 76.0} 5G4 | 450 37.51 30.0
1.7¢ 384 | 242 | 200 ¥ 270 } 228 1z 1 162 § 9501 780 5641 45.0¢1 37.5] 30.¢
1.7% 330 § 300 | 270 } 244 ] 210 178 § 150 } 6.6 ) 780 ) 50.4 § 45.0 F 37.5 § 30.0
1.80 284 ) 258 ) 240 § 221 ) 192 i6C | 132 } 918 ) 72.0] 50.6 ] 450 ) 37.5 ¢ 30,0
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30.0

20
6RCT420 - 10 Hr

1.60 606 | 546 | 490 | 440 | 366 | 310 | 288 ] 144 | 108 | 72.6 | 64.8 | 53.1 | 42.0
1.65 540 | 492 | 450 | 408 | 348 } 297 ] 252 ] 144 ] 108 | 72.6 ] 648 | 53.1 | 42.0
1.70 463 | 432 { 402 | 369 | 318 | 267 | 225 | 144 | 108 | 72.6 | 64.8 | 53.1 | 42.0
1.75 375 | 372 | 357 | 332 | 291 | 252 ] 216 | 144 | 108 | 72.6 | 64.8 | 53.1 ] 42.0
1.80 327 1318 | 303 | 283 }§ 252 | 223 1 198 | 138 ] 105 ] 726 ] 64.8] 53.1] 42.0
1.85 252 | 252 } 246 ] 231 | 220} 190 | 171 | 120 | 93.0 | 69.6 | 63.6 | 52.8 | 42.0

6RCT600 veC min } Min | #in | Min | Min | min 1Hr{2Hr | 3Hr | SHr ] 6Hr | B8Hr ] 10 Hr

i1.6C 720 § 6SC | 548 S66 | 452 | 418 | 354 | 222 | 158 | 104 | 93.0 | 76.¢ |} 60.0

1.65 660 | 624 582 539 | 468 | 400 | 336 | 222 | 158 § 104 | 93.0} 76.0] 6C.0

1.70 580 | 552 | 52z | 490 | 438 372 312 1 236 } 155 § 104 | 93.0 | 766 ] 606
1.75 505 § 480 } 456 | 431 360 | 340 | 284 | 198 | 153 | 104 | 93.0 | 76.L ] 66.&
i.80 440 | 414 } 350 ) 372 342 | 360 | 258 | 806 | 244 | 102 | 930 | 760 | 600

1.85 316 | 312 } 366 § 301 288 | 258 | z& | 187 135 GG foG.G § 75.C ) 6L.U

JRCT490 VpC S io i5 20 30 45

wr| 10w
pin | min | Min | #in | Min | min | 2R 2B | 3B | SHr| 6 Hr] 8 Hr r

1.60 7067 | €37 572 Si3 | 427 | 36z | 336 | 168 | 126 | 84.8 | 75.6 ) ez.0 | 45.¢

165 | 630 | 574 | s2= | 476 | 408 | 347 | 704 | ie2 | 126 | 845 | 756 | 62.6 | sc.c
170 | 540 | 504 | a6s | a30 | 373 | 332 | ze3 | 106 | 126 [ sa8 ] 756 J 620 | 4o
175 | 438 | a3a | 427 | 387 | 340 | 204 | 252 | 168 | 12¢ | oae 756 fozc | 4ot
166 | 382 | 271 | 354 | 230 | 284 | zec | 23z | 261 | 122 | sas | 756 [e20| acc
1.85 | 204 | 204 | 287 | 270 | 245 | 222 | 200 | 540 | 10e [ e2z | 742 [ sse | acc
L
7Rer700 | wpe | 2| a0 ) A5 ) 20 | 30 1 85 |iwr)zm)zuc]sur]lenr|auc]one

1.60 840 | 805 | 756 | £84 574 | 488 | 412 | 255 | 184 | iZ1 109 § 887} 704

1.65 770 | 728 | 67¢ { 62¢ | S4¢ | 467 | 352 | Z5% | 184 | 121 109 | 88,7 ) 70.9

3 364 | 252 ) 181} 123 | 109 | 8.7 ] 70U
1.75 585 § 560 | S32 | 503 | 455 | 366 | 343 | 2331 | 175 | 121 | 109 | 887 | 0.0

1.80 513 | 483 | 455 | 434 | 39¢ | 356 | 352 | 210 | 168 | 120 | 109 | 887 ]| 7o

185 | 369 | 364 | 357 § 351 | 336 | 303 | w66 | 185 | 356 | 117 | 105 | 875 oo
%— hd < v
sreTs00 | vpe | 5 | 20 | 15| 20 | 30 | 45 -

Min | Min | Min | mMin | Min | Min THr | 2Hr | 3Hr | SHrf 6Hr | 8 Hr | 10 Br

1.60 960 | 920 | 864 | 781 | 656 | 557 | 47z | 296 | 2331 | 138 | 124 | 103 86
1.65 880 | 832 | 77€ | 715 | 624 ]| 533 | 448 | 295 | 211 ] 138 | 124 | 103 &0
1.70 773 ] 736 | 656 | 653 | 584 | 496 | 416 | 288 | 257 | i38 | 124 | i61 | £
1.75 673 | 640 | 608 | 575 | 520 ] 452 | 392 | 284 | 204 | 138 | 124 | it 804
1.80 587 | 552 ) 520 | 496 | 456 § 4G0 | 344 | 240 | 192 | 137 | 124 | 101 BL.O

1.85 421 | 416 | 408 | 401 384 } 244 § 304 | 216§ 180 | 133 } 3120 | 100 800

5 i0 15 26 30 45
SRCTS00 vpcC Min | min | Min | Min | Min | Min THr | 2Hr [ 2Hr | SHe | G Hr | 8 Hr | 10 Hr

1.60 108011035) 972 | 872 | 738 | 627 | 532 | 333 | 237 ] 156 | 14C | 114 96.G
1.65 990 | 936 | 873 | 809 | 702 | 600 | 504 § 233 | 237 | 156 | 140 | 114 SG.U
1.70 870 | 828 | 783 § 735 | 657 | 558 ) 468 | 324 | 233 | 15¢ | 140 | 114 96.¢
1.75 758 | 720 | 684 | 647 | 585 | 510 | 443 | 227 | 230 | 156 | 140 | 114 96.¢

1.80 660 | 621 ] 585 )| 558 | 513 | 430 | 387 | 270 | 216 ]| 155 | 140 | 114 S{.¢
3

1.85 474 | 468 | 459 | 452 | 432 | 387 | 4z | 24 263 } 150 | 135 | 113 | 800
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I AW LNPUgE. L) i)

YELEVMDIL B

rar— . e a—

e . P N T S



Appendix B

APPENDIX B

B Raylite Tubular RCT datasheet
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Appendix C

C Clarke and Park Transformation Analysis

The AC system was first designed and implemented in 1885 by William Stanly. In 1888,
the three-phase induction motor was designed by Nikola Tesla, which has since become
the workhorse of the industry [29]. Since than the three-phase AC system has become the
normal application for generation, transmission and distribution of electricity around the

world.

However, in terms of control design DC system signals are much easier to control than
AC system signals simply because the DC signal is a constant. For example in control
engineering to track a step function a high level mathematical analysis is not required, a
simple PI control type 1 would be adequate [19]. Thus, new techniques such as Clarke
and Park Transform were developed to enable the transformation of the three-phase AC
signal into DC signals.

Clarke Transformation takes the three-phase static signals and represent it as two signals
on a stationary reference plane, orthogonal to each other, from Texas instruments report
literature [34]. It was stated that due to this transformation, the real and imaginary part of

the three-phase was obtained.

The Park Transformation on the other hand takes these two signals and puts on a rotating
reference plane, it rotates at the same frequency as the three-phase signals, which in this
case have the value of 50Hz. This last transformation has the effect of representing the

real and the imaginary part of the three-phase signal, as DC values.

The Clarke transform results in reference plane known as alpha-beta plane; where alpha
(o) is the real part and beta (B) the imaginary part. Clarke Transformation is used to
transform either a voltage or a current therefore a neutral variable, x, was used in

equation (C-1).
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xa
Xy (C-1)
xc

The Park transformation results in reference plane known as d-q plane. The Park
Transformation equation is represented in equation (C-2). The d-component is the real

part and g-component the imaginary part.

X3 |_[Cos@ Sin0 | Xa

X,

7| | =Sin@ CosO|*s ©2

Therefore, throughout this thesis report, Clarke transform will be treated as a-p and Park

transform as d-q.

C.1 Derivation of Clarke Transform

From Glover and Sarma analysis [29], it was noticed that the equation (C-1) was used for

positive sequence three-phase connection. The analyses below will illustrate this.

There are three types of sequence on a three-phase source: zero-sequence, positive-
sequence, and negative-sequence. It was explained that according to Fortescue (the
founder of the method of symmetrical components, in 1918) the phase voltage or current
can be resolved into the sequence discussed above and are defined as follows [29]:

e “Zero-sequence components, consisting of three phasors with equal magnitudes
and with zero phase displacement.”[29]

e “Positive-sequence components, consisting of three phasors with equal

magnitudes, +120° phase displacement and positive sequence.”[29]
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e “Negative-sequence components, consisting of three phasors with equal

magnitudes, £120° phase displacement and negative sequence.”[29]
Figure C.1-1 below shows the sequences, the zero, positive and negative respectively as

discussed in [29].

Vao Voo Voo =V,

S

(a)Zero-sequence (b)Positive-sequence

components components

(c)Negative-sequence

components

Figure C.1-1: Zero, Positive and Negative sequence phasor [29].

The sequences as illustrated in figure C.1-1 are defined mathematically as shown in the
equation (C.1-1) [29].

v (1 1 1)(¥,
V,|=|l & a|N (C.1-1)
v, 1 a a®)\V,
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Va VO
Where | V, | represent the phase voltages, V| | illustrates the sequence voltages and the
Ve ¥,
1 1 1
3x3matrix |1 a® a represent the transformation matrix [29].
1 a a?

Solving for the sequences voltages from equation (C.1-1), equation (C.1-2) was obtained.

Y 1 1 1)\(p,
4 =%1 a a |V, (C.1-2)
v, 1 a> a \V,

The constant % in the 3x3 matrix of equation (C.1-2) was the result of taking the inverse

of the 3%3 matrix of equation (C.1-1) [29].

Now solving for each sequence voltage individually from equation (C.1-2), equations
(C.1-3), (C.1-4) and (C.1-5) were obtained.

A =§(V +V,+V,) | (C.1-3)
, |

Vi=3(Va+aV,+a’V,) (C.1-4)
1

v, =§(V +a%V, +aV) (C.1-5)

The letter “a” was defined as illustrated in equation (C.1-6) [29].

a=1120° = 71 Jg , (C.1-6)
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It was also mentioned that if a phasor would be multiplied by “a”, then it would be
rotated by 120° in a counter clockwise direction [29]. Substitute equation (C.1-6) into
equations (C.1-4) and (C.1-5), equations (C.1-7) and (C.1-8) were obtained.

2
1 -1 .3 -1 .3
|4 —§[Va +(—-2—+J—§—]Vb +[—2—+1—:—2—J Vc] (C.1-7)
_1 -1, J’ L3

Expanding the square part of equations (C.1-7) and (C.1-8), equations (C.1-9) and (C.1-

10) were obtained for V; and V; respectively.

1y, (1..8), (1 B

I/l —§{Va+( §'+J—§—Jl/b+[ 5 jT]I/c] (C.1-9)
1 3 1 \3

I/Z —-"3-(Va+(——2'— —Z—JV +[—§+_]7}I/c] (Cl-lO)

Continuing with analysis and representing V; and ¥V, with its real and imaginary
components ¥, and Vg respectively, equations (C.1-11), (C.1-12), (C.1-13) and (C.1-14)

were obtained.

Vl=Va+ij=§[(n—§n—%nj+1{—?n—§nn (C.1-11)
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Vz=Va+jVﬂ=§([V;—§n—%nj+1{—§—n+—§nn (C.1-12)
S B
v 1 T2 T2 |
V= -1 1 C.1-13
! [V,J 3, B _ B, R
07 )\
1 1
1 -1 _1 4y
Val_1 2 2 |
V, = =— V. C.1-14
2 (Vp] 3, B B 119
2 2 )\

Equations (C.1-13) and (C.1-14) represent the forward Clarke Transformation for

positive and negative sequence connection respectively ignoring the zero sequence part.
Therefore positive sequence forward Clarke transform equation (C.1-13) will be used
throughout this thesis because the three-phase source connection used was positive

sequence, whereby the phase voltage 7, leads ¥, by 120° and lags V. by 120° see figure
C.2-1.

C.2 Derivation of Park Transform

Let the phase voltage V,, ¥}, and V. be defined as represented in the following equations:

V, =sin(wt) (C2-1)

V, =sin (wt — 277[} (C.2-2)
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Now using equation (C.i-13) on figure O.2-1 the three-phase voltage ¥, ¥, and Ve,
which arc 120 from cach other in positive sequence were Lransformed to bwo-phuse

vullage ¥, and ¥ orthoponal to cach other,

One thing that should be noted was that when usine the positive sequence torward Clarke
Transformation, equation (€.1-13), on a posinve three-phase voltape connection. F, leads
Fa by 90", Figure C2-2 illusirates this. However, 1f equanon {C.1-14), the negative
forward Clarke Transformation, were used instead, Py would lead F, by 907, hgure (7.2-3

illustrate the seenario

G0

1805 =

a7

Fipure (0.2-2: Positive Clarke Transformation applicd on a positive seguenee three-phase connection
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1805 -
| S
=

27

Figure C.2-3: Nepative Clarke Transformanien applied on a pesitive sequence three-phasce ennnection

Lsing cguation ((71-13}, equations ((7.2-5) and ((.2-6) were obtained.

S _df_ s e ;

= E.;LVG_E;.%_E;K- el
oy ey

7, :%I(g =ik (C.2-6)
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Moreover, in most literature about Clarke Transformation, [34, 17], the coefficient of

Clarke transformer instead of being % as discussed before, was%. The reason behind

was to make V, equals to ¥, in magnitude.

Looking carefully at figure C.2-2 we can see that V, and Vj are formed by adding their

respective phase vectors in vector summation. In addition, it can be seen that in the V,
. 1 1
equation, Va was at zero degrees, —EV; was at 60°, and _EVC was at -60°, however ¥V},

and V, were phase shifted from Va by -120 and -240 respectively. Moreover in equation

5

(C.2-6) 731/,, was at 60° and —\—/Z_ch was at -60°.

Assuming, for argument sake, that V,, ¥, and V. magnitude is unity. Now using the above
discussed in equations (C.2-5) and (C.2-6), equations (C.2-7) and (C.2-8) were obtained.

__l o _ 1 o _ 1 — 4

V,= 3(1[0 2] 120 2| 240 J (C.2-7)
—__.1 3 — 0__3._ — o

Vp= 3[ > =120 5 |—=240 } (C.2-8)

Decomposing equations (C.2-7) and (C.2-8), which were in polar form, to rectangular

form, the equations below, were yielded

v, =1 (1+1+1)+j V3 A3 (C.2-9)
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> 11| V3 _A3 (3 3 i
Vs=3 A +J( n 4) (C.2-10)
> _1(3

-2 2 2-11
Vo 3(2) (C2-11)
713 i
V,,—3( 12) (C.2-12)

As was mentioned above, by multiplying the Clarke Transformation equation by a
coefficient of % , it would result in ¥, and ¥, being equal. Applying now this argument to

equations (C.2-11) and (C.2-12), equations (C.2-13) and (C.2-14) were obtained.

(3) =1 (C.2-13)

(— ]%J =—jl (C.2-14)

From equation (C.2-13), it was confirmed that ¥, equal to V, when multiplied by—i—,

recall that V, was assumed to be unity in magnitude. Now replacing % by % in the

equation (C.1-12) and using figure C.2-2 on first quadrant only, figure C.2-4 was drawn.
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B —axis

ot

> > o —axis
Ve=V,

Figure C.2-4: Alpha-Beta reference frame

In figure C.2-4, the space-phasor Vs was rotating at a speed of wt, where w=2xf, /~50Hz
and f=wt. From the literature [22], it was stated that the stator current space-phasor can
be decomposed into components along two perpendicular axes (dq reference frame) that

are stationary relative to the rotor.

Thus assuming that the dq reference frame was leading the aff reference frame by 8, and

lagging the space-phasor Vs by 8-8,, figure C.2-5 was obtained.

i P —axis
a7 14
\ |
\ ! I
\ |
\ I
' l
\
vV
\ B I:

Figure C.2-5: Rotating reference frame (dq) and Stationary reference frame (af).[22]
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In addition, it was mentioned that dq reference frame was related with aff reference frame
by the instantaneous angle formed between the two reference planes [22]. The rotation of
the space-phasor V.. and the rotating reference plane (dq) was in counter-clockwise

direction when observed from the stationary reference frame (af).

However, when the observation was done from the (dq) reference plane, V,.r appears
stationary and (af) reference plane rotates in the clockwise direction [22]. Choosing
positive direction the counterclockwise direction, thus the dq-plane is related to the af-

plane by the following equation.
dg-plane=af-planexe ™ (C.2-16)

Using the components projected on each reference plane from the space-phasor, V. in

figure C.2-5, equation (C.2-17) was obtained.

Vit jVy =W+ jVs)-€ (C.2-17)
Recalling from Euler definition [49],

e’? = Cos6 + jSin6 (C.2-18)
Therefore applying equation (C.2-18) to equation (C.2-17),
Vy+jVy=(Va+iVs):(Cos, - jSin6,) (C.2-19)

Now representing the equation (C.2-19) in matrix form, equation (C.2-20) was obtained.

Vi) (Cos6, Sin6 \(Va Can
v, | \~Sin6, CosB )|V, (€.2-20)

q
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a

V

Now solving for the vector [
7

]in the equation (C.2-20), equations (C.2-21) and (C.2-

21) were obtained.

(S e C.2-21
Vs | \=Sinf, Cos6,) |V, (C.2-21)
Va| (Cos6, —Sin6\(V,

(Vﬂ]—(SinHI Cos6, ][Vq (C.2-22)

Equation (C.2.22) is known as inverse Parke Transformation [22].
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D PLL Equation Derivation
v, =V -Sin0
v, =V Sin(0-F) ©-1)

v, =V Sin(e—f%’i)

Arrange (D-1) in matrix form, equation (D-2) was obtained.

’ V- Sin@
v, |= V-Sin(e—%’i) D-2)
<y sine-47)

3))

Recalling equation (C-1) and substituting equation (D-2) into equation (C-1), equation
(D-3) was obtained.

1 1
Va ) va -— —2- vb - 5 vc
A N .
p 0 ——vb ——vc
2 2
Solving for ¥, and ¥} individually, equations (D-4) and (D-5) were obtained.
S R S §
vV, = 3 (va > vb 5 vc) (D-4)
2(3., V3
Vﬁ = -3—(—2—\)17 —-2—VCJ (D-S)
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From section C.2, it was discussed that when the coefficient of the Clarke transformation

is% , Vo would be equal to V, in magnitude. Then equation (D-3) becomes equation (D-

6).
y va
[V;J= (vb—vc) (D-6)
5

Recalling equation (C-2), the Park transformation equation and using the phase angle

defined for the three-phase inverter in section 3.4.1.1, equation (D-7) was defined.

{V ]_ (—Sz‘n}/ CosyJ(Vﬂ] 0-7)

q

Substituting (D-6) into (D-7), equation (D-8) was obtained.

va
V .
(VdJ:[—C;Z’ glo’;};// ] (vb-vc) (D-8)
! B

Expanding equation (D-8), equation (D-9) was obtained.

c S (vb - vc)

s . ln  ——

V, _ o8y va 4 V3 (D-9)
v, (vb —vc)

—Sin}/-va+Cos7-T

Now substitute equation (D-1) to equation (D-9), resulted in equation (D-10).

229




Appendix D

Cosy -VSin0 + ¥ Sin}/(Sin(B - —23£) —Sin(6 - 4—375))

V
[ V" J = V3 (D-10)
1) | _Siny -VSin0+ % c()sy(sm(e - -231) _ Sin(6- ‘_‘31)J
From James Stewart [49],
Sin(p— B) = SinpCos f—CospSinf (D-11)

Then substituting equation (D-11) to equation (D-10), and simplifying it, equations (D-
12)-(D-14) were obtained.

Cosy -VSin@ — 14 SinyCos6 -3
Va)_ V3
o= ” (D-12)
q —Siny -VSin@ — -~ CosyCos0 -3
V3
Vi) _,( CosySin@—SinyCos6
{Vq}— V(—Sinysme—cosycose] B-19)
V . _ .
d|__y SinyCos6 Co.S}/Sz.ne (D-14)
v, CosyCosO + Siny Sin0
Also from James Stewart [49],
Cos(p— )= CospCosf + SinpSin (D-15)

Therefore, equation (D-16) was obtained.
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Va|_ _p[ Sin(r—6)
v Cos(y—6) (D-16)
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E Current Controller Equation Derivation

As was discussed in section 3.4.2 the current controller was implemented in the rotating
reference plane. In this section the full derivation of the current controller equation from
the voltage drop across the filter inductor, using the Clark and Parke Transformation will

be discussed.

Using figure 3.4.2-3 in section 3.4.2, the voltage drop of the phase filter inductor is
illustrated in equation (E-1).

VConv - VGrid =V (E-1)

Where ¥V is the inductor voltage drop, Ve,ny is the inverter output voltage, which is
applied to the low pass filter and Vg, is the grid voltage. V; is defined as illustrated in
equation (E-2) [7, 12].
diy

ar (E-2)

V,=L

Substituting equation (E-2) into (E-1) and representing equation (E-1) for a three-phase

system, equation (E-3) was obtained.

N

V g’idabc - d t

Conv,,,.

(E-3)

Recalling from appendix C, for power calculation, Clark Transformation was defined as

shown in equation (E-4).

) 2|1 _% _% Y
(x;Jz\g 3 B D
07 )
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Now applying equation (E-4) to equation (E-3), equation (E-5) was obtained, which as
discussed in section 3.4.1 and appendix C, it represents the signals in the stationary

reference plane.

di
Ly

VCanvaﬁ _Vgridaﬂ =L dt (E‘S)

Thereafter applying Parke Transformation in the equation (E-5), equation (E-6) was
obtained. Equation (E-6) represents the signals on the rotating reference plane.

I di I
VConvd _ Vgria'd - (COS}’ Sm}/ ] _ZJT (E-6)
Veons, | \Veria, | \~Siny Cosy 7 c_lfLL
dt
Continuing with equation (E-6), equation (E-7) was obtained.
Veonn, | [Vera, _(Cosy Siny 14 Iy
vV, B4 "\ =Siny Cosy| dt|i ‘ (E-7)
Conv, grid, Y 4 Lﬁ

Where, the symbol y as discussed in section 3.4.1 is the output of the PLL PIl-based

controller angle.

i,
In equation (E-7), the vector (i “ J can be defined as expression (E-8)
Ly
i, _ Cos;/-zLd —Sm}/-qu ©9)
iy | | Siny-i +Cosy-ij
Where, equation (E-9) is the inverse Parke Transformation. Substituting equation (E-9) to

equation (E-8), equation (E-10) was obtained.

235




Appendix E

Conv, gridy

Vo, B Veria, _(Cosy Siny I d Cosy-iy —Siny-i,
V V -Siny Cosy ) dt Sin}/-iLd+Cosy-iLq

Let:

p d {Cos}/-iLd —Sin;hiLq)

=L4
dt Sin}/-iLd +Cosy-iLq

Equation (E.10) was redefined to equation (E.12)

VConvd _ Vgridd _ Cosy Siny A
Ve, | |\ Veria, —Siny Cosy

Now applying the derivative in equation (E-11), equation (E-13) was obtained.

di; di;
(—o-Siny-i;, +Cosy-—2)—(w-Cosy-i, +Siny-—7*)
A= d dt d dt
di; di
d

(@-Cosy-i; +Siny-—4)+(—0-Siny-i; +C0s7.7iq)

dt

Now factorizing o, equation (E-14) was obtained.

di, di,
o(=Siny -i, —Cosy-i; )+(Cosy-—*—Siny-—*)
A=1 d e dt dt
: . : diLd diL,,
a)(Cosy-zLd —Smy-qu)+(Szny- 7 +Cosy - 7 )

Equation (E-14) was group in matrix form as shown in equation (E-15)
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di;
. d
—Cosy —Siny )|, Cosy —Siny)\| dt
A=L -
a)( —Siny  Cosy J[il‘d ]+( Siny  Cosy di;, (E-15)
dt

Notice that equation (E-15) is composed of a summation of two Park Transformation; in
fact the second part of the summation is the inverse Park Transformation. The matrix of
first part of the summation of the equation (E-15) was also set as the matrix of the second

part of equation (E-15). Equation (E-16) shows this.

di;

. d

B Cosy —=Siny\| 7%, | (Cosy -Siny\| dr
A=L a{Sin}/ CosyJ[iLd J-{Sz’n}/ Cosy diLq (E-16)

dt

Equation (E-16) can also be rewritten as shown in equation (E-17)

di,
R .o\l 4
d=Il o CO.S}’ Siny . L |, Co.sy Siny c?t E-17)
=Siny Cosy ) |i, =Siny Cosy | | di L
dt
Substituting equation (E-17) to equation (E-10) and simplifying it, equation (E-18) was
obtained.
Veony V. ~i i
Conv, _ 8 dd =a)L ' Lq +Li 'Ld (E-18)
VConvq Vgridq lLd dt qu

Furthermore solving for ¥V and V, equation (E-19) was obtained.

onv, Conv,
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d.
=—@Li, +L—i, +V, .
Veony, =—0Li ddt L, YV 6rid, E19
VConvq =aoLi; +L_dt i, +VGn.dq
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F Three-phase transformer analysis

The aim of a three-phase transformer is to step up or siep down voltages so that, dilterent
power systems with different vollages values can be connecled together [ 7], In addition. it

can he used as clecirical isolator belween two systems.

The three-phase ranslommer used in pructice was a combination of three single-phase
transtormers, mote specifically a single-phase three winding transfonmer of the following

ralings 2307554 1 5kV AL

In the sections to follow, the sinple-phase threg-winding transtormer connections will be
discussed, It will ocus on no-lead, shorted cireuil st and the construction of the throe-

phase transformer.

F.1 Single-Phase three winding transformer

As wias mentloned the single-phase lanslommer thal was used had three winding, one on
the primary side and two on the secondary side. The winding on the primary side voltage
was rated at 230%. The two winding on Lthe secondary side, their vollages were rated at

4% Phaoto F.1-1 show this,

Photo F.1-1:5ingle-phase three winding transformer information plate
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The single-phase transtormer were made has torowdal core material. Torvidal transformers
arg more advantageous than the other type of transformer cores, for instance the EI core,
Photo F.E-2 shows the photo of the single-phase three winding transiormer used in the

projuct.

Photo B E-2:Single-phase three winding transformer phaoto

From photo F1-2 the primary side is colored as pumple and the secondary side as black

angl red.

Figure F.1-1 below tllustrates an wdeal single-phase three winding vransformer.

{op . : .
+ e | e G
| —~
e $,42-0)
\l o i
A
PRI(E-8) i S
; p
T | & §,(0-2)
| tem

Fiznre F.l-1: schematic representarion of the ideal single-phase three winding reansformer

For a transtormer {0 be ideal some assuimptions had 1o be made, the assumptions given

are the following [24):
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o “The windings Fave zero resistance; therefore, the FR losses in the windings are
zero."[20]

o “The core pameahifity n Is o infinite, wlich corresponds to zero core
refuctance.”| 29|

s “There is no leakage flt; (hat is, the entire flux @ is confined (o the core and
finks hodh windings 7[29]

o “There gre no core losses”|29]

Those assumptions are important because they enabie the use of Ampere and Faraday’s
laws to denve the 1deal transiommer relationships, In the deal single-phase two winding

transformer, the Ampere’s law is defined as shown in exprassion (F.[-1; [ 29].
{HI.III d'ir = "rrm feeserd {]'—- ]'l }

Tt was used 1o denve the relationship between the number of turms und the current through

it of the primary side and sceondary side. Equation {E.1-2) was obtained

N =N (1.1.-2)

Faraday’s liw was delined as shown im equation (F. | -3) [29].

\ 460)

elr)= N dr (F.1.-3)

It was used ta derive the relationship between the number of turns und the voltags across

it of the primary side and secondary side windings, Equution {1°.1-4) shows this

= F.1-4
N {4



Appendix F

The same analyss done above for the ideal single-phase two winding transtormer was
done for the ideal single-phase three winding transtormer, which vielded the following

equations (k. {-5) and {F.1-6) |29].

Nk = Xl + N {F.1-3)
A .

£ _E_E F.l-6
NN N [ }

However, figure F.1-1 cannot be used to analyze the practical transtormer illustrated in

photo F.1-1.

In [29] it was mentioned that the single-phase three winding transformer can operate as
single-phasce two winding transformer just by lcoving one of the windings open, il was
also added that due to this fact, a standard Wo-Load and short-circuit test can be

performed to evaluate the leakage nmpedances.

The practical transtormot ditficrs from ideal translomer (o the following points [29]:
o Phe winding have resistance.” |29
o The core permeability e is finite"[29]
o “The mageetic flux s noi eatiredv confined o the core[29]

s Hhove are real and reactive power losses in the core”| 29

F.2 Practical single-phase three winding transformer

In previous section the ideal single-phase three winding trunsformer schematic was
ilustrated in fizure Fol-1. however it was conclude that it cannot be used to analyze the
practical transformer. From reference |7, 29] the practical single-phase three winding

transformer schematic was denved. Ngure F.2-| ilustrate ths,
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Figure F.2-1: schematic representation of the practical single-phase three winding transformer

It was also discussed that the single-phase three winding transformer can be used as
single-phase two winding transformer, this can also be proved mathematically by using
equation (F.1-5) whereby I; is set to zero, this action yielded equation (F.1-2). Equation
(F.1-6) can be represented as equation (F.1-4) by ignoring the last equality of the
equation (F.1-6).

In light of the above discussion the third winding of the single-phase three winding
transformer was left open. Figure F.2-2 illustrates the practical single-phase three

winding transformer as a practical single-phase two winding transformer.

N
I— RI X" (-—2) ]2—-»
o~ W\’ m 1
+ ¥ I’“ + e
Icl Iml
V, PRI(8-8) R, X E,

N,

Figure F.2-2: schematic representation of the practical single-phase two winding transformer

The no-load and shorted-circuit test was performed on the single-phase three winding

transformer, so that the practical resistors and inductors of figure F.2-2 could be
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calculated to be used in the simulation. In the next section the no-load and shorted-circuit

test for the three single-phase three windings transformers used in the practice were done.

F.3 No-Load and Shorted-circuit Test

No-load test and shorted circuit test were done in the three practical single-phase three

winding transformers. Table F.3-1 shows the result.

Table F.3-1: No-load and shorted circuit test result for the three single-phase three winding

transformer

Transformer A Transformer B Transformer C

No-Load | Short-circuit | No-Load | Short-circuit | No-Load | Short-circuit

Test Test Test Test Test Test

(HV open) | (LV shorted) | (HV open) | (LV shorted) | (HV open) | (LV shorted)
Voltmeter | 554V 1iv 555V 1122V 554V 114V
Ammeter 04 A 6.5A 0233 A 6.5 A 0338 A 63A
Wattmeter | 8.3 W 70.99 W 8 W 72.89 W 83 W 71.74 W

Using reference [7, 29], figure F.2-2 was transformed to the approximated equivalent

circuit shown in figure F.3-1, to simplify the calculation of the resistors and inductors.

I, R, K, PO~ I,
11451
IcIJ' I
v, V
RcIiE XmI

Figure F.3-1: Approximate equivalent circuits
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The transformers are rated as 230/55.4V 1.5kVA as mentioned previously. The
transformers turn ratio is calculated using the equation (F.1-4); its result is shown in

equation (F.3-1)
230
T tio=——=4.152=a F.3-1
urn ratio 554 ( )

In figure F.3-1 the secondary side parameters (lower side) were referred to the primary
side (high side), thus equations (F.3-2), (F.3-3) and (F.3-4) were obtained.

V,=aV, (F.3-2)
R,=a’R, (F.3-3)
Xp=a'X), (F3-4)

In reference [7], it was stated that when performing the No-load test, the core losses
would be the same if the voltage was applied in either side of the transformer. And this is
because the core losses is determined by using the maximum value of the flux in the core,
which was stated to be the same whether the voltage is applied on the high side or
whether the voltage is applied on the lower side. Therefore, for convenience the voltage

was applied on the lower side.

For the shorted circuit test the voltage was adjust on the high side to set the rated current

in the primary winding while the lower side winding was shorted.

F.3.1 No-Load Test:

As was discussed previously, for the No-load test the voltage was applied on the lower
side of the single-phase three winding transformer. The No-load test result for each
transformer is shown in table F.3-1. Using figure F.3-1 and reference [7] the No-load
equivalent circuit is illustrated in figure F.3.1-1.
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Figure F.3.1-1: No-load equivalent circuit [7]

The equations used to calculate the No-load equivalent parameters are shown below [7].

V22
Py roud =32 (F.3.1-1)
No—Load Rc2
L=J%+1%) (F.3.1-2)
X,, =V (F.3.1-3)
Im2
R,=a’-R, (F.3.1-4)
X, =a*X, (F.3.1-5)

F.3.2 Shorted-Circuit Test:

Following with the shorted circuit test, the lower side was shorted, while the high side
voltage was adjusted to bring the primary current winding to its rated current value as
discussed previously. Using figure F.3-1 and reference [7], the equivalent circuit of the

shorted-circuit is illustrated in figure F.3.2-1.
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Figure F.3.2-1: Equivalent circuit derived by shorted-circuit test [7]

The equations used to calculate the shorted circuit parameters are shown below;

Reql = Rl + RI'Z (F.3.2-1)
X=Xy + X, (F3.2-2)
P.=IIR,, (F.3.2-3)
V:
ol = —1-11— (F.3.2-4)
Z,, =R +X2) (F.3.2-5)
Re
R, = agl (F.3.2-6)
X,,="u (F.3.2-7)
eq2 az .
X
L= F.3.2-8
27 f ( )

Using table F.3-1 and the equations of No-load test and shorted-circuit test, table F.3.2-1,

F.3.2-2 and F.3.2-3 illustrates the calculated results for each single-phase transformer.
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Table F.3.2-1: Practical Single-Phase Transformer A

Result of No-Load Test Result of Shorted-Circuit Test

High Side Low Side High Side Low Side

Reia Lot a Re2 A L2 a Reqi A Leqi a Reg2 A Leq2 A
(] (H] [€2] [mH] (] [uH] [mQ] [uH]
6405.1 82 371.61 475.09 1.68 640.36 | 97.49 37.152

Table F.3.2-2: Practical Single-Phase Transformer B

Result of No-Load Test Result of Shorted-Circuit Test

High Side Low Side High Side Low Side

Rci B L B R B L B Reqi B Leqi B Req2 B Leg2 B
[©2] [H] Q] [mH] 1%} [uH] [mQ] [uH]
6612.5 16.6 385.03 963.97 1.73 177.39 100.1 10.292

Table F.3.2-3: Practical Single-PhaseTransformer C

Result of No-Load Test Result of Shorted-Circuit Test

High Side Low Side High Side Low Side

Rai ¢ Lt ¢ Ro c L c Reqi_c Leqi c Reg2 Lep ¢
(2] [H] [©2] (mH] (] (uH] [mQ] (uH]
6401.3 10.0 371.39 | 581.42 1.81 271.79 104.87 15.77

Tables F.3.2-1 to F.3.2-3 results illustrates the values of the respective single-phase
equivalent circuit. The equivalent circuit calculated parameters for each transformer were
used in the simulation. Next section will discuss simplorer single-phase transformer

implementation.
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F.4 Implementation of the practical single-phase transformer
parameter into simplorer single-phase transformer

Figure 4.4.1-2 in section 4.4.1, as discussed previously represents the model of practical

linear single-phase transformer provided by simplorer. For it to operate as close to the

practical transformer in practice, it requires that all the parameters input as describe in

figure 4.4.1-2 or figure 4.4.1-3 in section 4.4.1 be inputted correctly.

However the no-load and short —circuit test parameters values were calculated using the
approximated equivalent circuit, figure F.3-1. This method results in an equivalent
resistor and reactance referred to only one side of the single-phase transformer. In this

way, it cannot be implemented in simplorer model.

In reference [7] was discussed that in well-designed transformer R, =a’R, =R

and X,, =a’X,, = X,,. Therefore assuming that each single-phase transformer was well

designed, equations (F.4-1) and (F.4-2) were used.

R
a’R,=R = ;"1 (F.4-1)
X
a’X, =X, = ;"‘ (F.4-2)

Using table F.3.2-1 to F.3.2-3 and using equations (F.4-1) and (F.4-2), the winding
resistances and leakage inductance for each of the single-phase transformer in the

primary as well as in secondary were calculated. Table F.4-1 shows this.
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Table F.4-1: winding resistance and inductance for the three single-phase transformers

Primary side Secondary side

A B C A B C A B C A B C

Rl |Rl [RlI [L1 |L1 |L1 |R2 |R2 |[R2 [L2 |[L2 |[L2
[(mQ] | [mQ] | [mQ] | [wH] | [pH] | [uH] | [mQ] | [mQ] | [mQ] | [uH] | [uH] | [uH]

840 |85 (905 {3202 88.7 [1359)48.8 (503 |52.6 (186 (52 |79

Therefore, tables F.3.2-1 to F.3.2-3 and table F.4-1 were used to implement the single-

phase transformer in simulation.

The next section will discuss the assembly of the three-phase transformer from the single-

phase three windings transformer.

F.5 Construction of the three-phase Transformer from the
single-phase transformers

The three-phase transformer was chosen to be connected as Y-A. The A-connected side of
the three-phase transformer was the side connected with the AC side of the three-phase
inverter, which was the lower side of the three-phase transformer. The Y-connected side

was the side connected with three-phase grid, with neutral point.

Figure F.5-1 illustrates the three-phase transformer Y-A connection using three single-

phase transformers
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Figure F.5-1: Y-A three-phase transformer connections

From (7, 29] it was mentioned that in the Y-A or A-Y three-phase transformer, the
corresponded primary and secondary line to line voltages are phase shifted by 30°,

however the corresponded primary and secondary phase voltages are in phase.
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G Simplorer Block functions

G.1 Initial conditions block

INTERN EQU {

w:=2*pi*50 ;

p:=0; // active power variable control for the power calculator

q:=0; // reactive power variable control for the power calculator

switch:=0; //this variable was set to zero to keep the synchronize
switch open until the phase are synchronized

KI PLL:=1736.111111; // PLL integral gain

KP PLL:=92.11; //PLL proportional gain

Thresh_new:=20900 ; // initial threshold point

Thresh_dumy:=Thresh_new ; // threshold variable to be manipulated in the code.

S _conv_dumy:=0; // apparent power variable control to be manipulated in the

code

turn ratio:=4.151624549 ;  // three-phase transformer turn ratio.

}

G.2 Three-Phase Grid Equation Block

In the three-phase grid supply side, the only measured signals were the currents in phase
“a” and “b”, which were used to calculated I alpha S and I beta S by using equation
(4.8-2). However, the three-phase grid supply phase angle (A4ngle Source),
Valpha_source_Calculated and Vbeta_source_Calculated were calculated from the lower

side of the three-phase transformer measurements.
In lower side of the three-phase transformer the line to line voltage ¥ AC TfSec.V and

V_BC _TfSec.V were measured and V_alpha_TfSec and V_beta_TfSec were calculated by
using equation (4.8-1), and theta_TfSec was calculated by using equation (3.4.1.1-2), see
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code section G.3. Knowing the fact that the line-to-line voltage of the Y-part of the three-
phase transformer leads the corresponded A-part by 30° as discussed previously, thus 30°
was added to theta_TfSec to produce the Angle Source of the Y-part of the three-phase

Y -A transformer.

Moreover /3 was multiplied to a constant value of 230, which represent the grid rms
line to neutral voltage. This action resulted in a value, which in the internal equation was

defined as Amp_S, which was equivalent to the amplitude of ¥, or ¥z when the Clarke

transformation had as coefficient \E .

The calculated angle of the three-phase grid, Angle Source, was used in a sine and a
cosine function having as amplitude the calculated Amp_S. It resulted obviously to two
sinusoidal signals orthogonal to each other, due to fact that cosine and sine signal are
phase sifted by 90 degree. This result was very good because it was as if ¥, and Vs were
calculated. Comparing the calculated waveform with the ¥, and Vj, calculated by using
equation (4.8-1) and the two input line to line signal discussed above, it was noticed that
Ve was equal to Amp S cos(Angle Source) and Vs was equal to Amp S
sin(Angle_Source). Therefore Amp_S cos(Angle Source) was used as the grid voltage
alpha and Amp_S sin(Angle_Source) as grid voltage beta

For the purposed of PLS, the apparent three-phase grid power, S Source, was calculated
by using equation (2.3.1-1). The three-phase grid real power, P_Source and the three-
phase reactive power, Q Source, used to calculate S Source, were calculated by using
equation (C.3-4), which used as input V alpha TfSec, V beta_TfSec, I alpha S and
I beta S.

The internal equations below illustrate the above description.

INTERN EQU {
Amp_ S:=55.4*%turn_ratio*sqrt(3); // Calculating the amplitude voltage of grid Valpha
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and Vbeta
Angle Source:=theta TfSec +rad(30) ; // Calculation of high side grid phase angle from
the calculated lower side phase angle of the
three-phase transformer.
sin_source:=sin(Angle Source) ; // calculating the sine of the grid Angle Source
once in the code tovbe used elsewhere in the code.
cos_source:=cos(Angle Source) ; //calculating the cosine of the grid Angle Source
once in the code to be used elsewhere in the code.
Valpha_source_Calculated:=Amp_S*cos_source ;
Vbeta_source Calculated:=Amp_S*sin_source ;
V_d Source:=Valpha source Calculated*cos_source+Vbeta_source Calculated*sin_sou
rce;
V_q_Source:=-Valpha source Calculated*sin_source+Vbeta_source Calculated*
COS_source;
I alpha S:=sqrt(3/2)*1_Source A.I
I beta_S:=sqrt(3/2)*(sqrt(1/3)*1_Source_A.I+sqrt(4/3)*1_Source B.I);
[ d S:=I alpha S*cos_source+I beta S*sin_source;
I q S:=-1 alpha_S*sin_source+I_beta_S*cos_source;
P_Source:=Valpha source*I_alpha S+Vbeta source*I beta S;
Q_Source:=-Vbeta_source*1 alpha S+Valpha source*] beta S;
PF:=cos((pi*deg(atan(Q_Source/P_Source)))/180);
S_Source:=sqrt(P_Source”2+Q_Source’2);
}

G.3 Three-phase load equation block

In the practical experiment, due to the limited numbers of the ADC input, no
measurements were done for the three-phase load current signals to be used in the DSP
chip as discussed previously. However to accomplish the purposed peak load shaving in
simulation, the apparent power of the three-phase load had to be used. Thus to calculate
the three-phase load apparent power, the load current and voltage alpha and beta had to
be known, so that as discussed before, equation (C.3-4), could be used to calculate the
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three-phase load real and reactive power, and hence by using equation (2.3.1-1) discussed

in section 2.3.1, the three-phase load apparent power would be calculated.

To accomplish what was discussed in previous paragraph without sensing the signals at
the load side, a little trick was done in simulation to calculate the load current values
alpha and beta. The trick was done as follow, knowing that the three-phase grid supply
line currents, the three-phase load line currents and the three-phase inverter output line
currents in the high side of the three-phase transformer, met in a node point, see figure

4.7-1, then the Kirchhoff’s current Law (KCL) could be applied.

The KCL states that, “at any node of a circuit, at every instant of time, the sum of the
currents into the node is equal to the sum of the currents out of the node” [50]. The

direction flow of the grid, load and inverter current were illustrated in figure 3.3-1.

Therefore applying the KCL to the three-phase grid supply current alpha and beta, as well
as to the three-phase inverter output current alpha and beta of the high side of the three-
phase transformer, when the three-phase inverter was in the charge mode, equations (G.3-

1) and (G.3-2) were obtained for the three-phase load current alpha and beta.

[Load_a = Igrid_a - Ilnv_a (G3'1)
Livea 5 =1gia p=Lpm s (G.3-2)

In addition, when it was in the discharge mode, equations (G.3-3) and (G.3-4) were

obtained.

ILoad_zx = Igrid_a +Ilnv_a (G3'3)

Livei p=1gia pt1m 4 (G.34)

Note that the three-phase inverter currents measurements were done only in the lower

side of the three-phase transformer, therefore its alpha and beta values could not be used

257




Appendix G

to calculate the three-phase load current alpha and beta as discussed in above paragraphs.
This was because of the nature of the three-phase Y-A transformer in term of its phase
angle relation between the primary and secondary corresponded line-to-line voltages as

discussed previously.

In addition, similarly to the voltage phase angle calculation as discussed in section G.2,
the phase angle of the three-phase transformer line current in the lower side was
calculated using equation (3.4.1.1-2). The difference between the voltage phase angle and
the current phase angle in the lower side of the three-phase transformer is the PF phase
angle, which has the same value in the high side of the three-phase transformer [29]. This
means that the current phase angle in the lower side of the three-phase transformer would
be phase sifted by 30° when it is observed from the high side.

To calculate the amplitude of the alpha and beta current in the high side of the three-
phase transformer two steps were taken: firstly the magnitude of the three-phase
transformer alpha and beta line current in the lower side was calculated using
Pythagorean equation (2.3.1-1), however, having as input the alpha and beta line current.
Lastly the magnitude of the alpha and beta line current in the high side of the three-phase

transformer was calculated by dividing it by the three-phase transformer turn ratio and

V3 [71.

Figure G.3-1 and G.3-2 illustrates the result of equations (G.3-1) and (G.3-2) when the

three-phase inverter is in the charge mode.
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Graph of the alpha and beta currents of the 3-Phase Source and Transformer HS
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Figure G.3-1: Three-phase grid supply current alpha and beta and three-phase inverter current
alpha and beta

Graph of the alpha and beta currents of the 3-Phase Load
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Figure G.3-2: Calculated three-phase load current alpha and beta

INTERN EQU {

dumy I_alpha:=(I_Amp/(turn_ratio*sqrt(3)) ) *cos(theta_Current_LS to_HS); //
//calculated three-phase inverter output current alpha on the
high side of the three-phase inverter.

dumy I beta:=(I_Amp/(turn_ratio*sqrt(3)) ) *sin(theta Current LS to HS); //
//calculated three-phase inverter output current beta on the
high side of the three-phase inverter.

IF (((I_alpha Conv_out_HS_Calculated>0) AND (I_alpha S<0))

OR ((I_beta_Conv_out HS Calculated>0) AND (I_beta_S<0))
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OR ((I_alpha Conv_out HS Calculated<0) AND (I _alpha S>0))

OR ((I_beta Conv_out_HS Calculated<0) AND (I_beta_S>0)))
// this if statement condition
is used to calculated the load
current alpha and beta from
the grid and inverter current

alpha and beta.

{ // in this bracket the dumy alpha and beta current are negative i.e. the three-phase
inverter is in the charge mode.

I_alpha Load dumy:=I alpha S+dummy I alpha;

I beta Load dumy:=I beta S+dummy I beta;

}

ELSE({ // in this bracket the dumy alpha and beta current are positive i.e. the three-phase
inverter is in the discharge mode.

I alpha Load_dumy:=I alpha S+dumy I alpha;

I beta Load dumy:=I_beta S+dumy I beta;

35

I alpha Load Calculated:=I_alpha Load dumy;

I _beta Load_Calculated:=1 beta Load dumy ;

I d Load:=I alpha Load Calculated*cos source+] beta Load Calculated*sin_source ;
I_q Load:=-1 alpha Load Calculated*sin_source+l beta Load Calculated*cos source;
P_Load:=Valpha source_Calculated *]_alpha Load Calculated
+Vbeta_source_Calculated *I beta Load Calculated;
Q_Load:=-Vbeta_source_Calculated*] alpha Load Calculated
+Valpha_source_Calculated *I_beta Load Calculated;
S_Load:=sqrt(P_Load"2+Q_Load"2);

I_Amp:=sqrt(I_d Conv_out_LS"2+I q Conv_out_LS"2);

P_Load dumy:=Valpha source Calculated*I alpha Load dumy+Vbeta source Calcula
ted*]_beta_Load dumy;
Q_Load_dumy:=-Vbeta_source_Calculated*] alpha Load dumy+
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Valpha _source Calculated*I_beta Load dumy;
S_Load_dumy:=sqrt( P_Load dumy"2+Q Load_dumy”2);}

G.4 Three-phase inverter equation block

INTERN EQU {

V_alpha_TfSec:= sqrt(2/3)*(V_AC_TfSec.V -(1/2)*V_BC TfSec.V) ;
V_beta_TfSec:=sqrt(2/3)*(sqrt(3/4)*V_BC_TfSec.V);

theta TfSec:= atan2(V_alpha TfSec,V_beta TfSec) ;

theta Conv:=theta PLL.VAL ;

sintheta:=sin(theta_Conv) ;

costheta:=cos(theta_Conv) ;

V_d_TfSec:= V_alpha_TfSec*costhetat+V_beta_TfSec*sintheta ;

V_q_TfSec:=-V_alpha TfSec*sintheta+V_beta_TfSec*costheta ;

V_alpha Conv:= sqrt(2/3)*(V_AC_Conv.V -(1/2)*V_BC Conv.V);
V_beta_Conv:=sqrt(2/3)*(sqrt(3/4)*V_BC_Conv.V);
V_d_Conv:=V_alpha_Conv*costheta+V_beta_Conv*sintheta ;

V_q _Conv:=-V_alpha Conv*sintheta+V_beta_Conv*costheta ;

I _alpha_Conv_Inductor:=sqrt(3/2)*I_Inductor A.I ;

I beta_Conv_Inductor:=sqrt(3/2)*(sqrt(1/3)*I_Inductor_A.I +sqrt(4/3)*I_Inductor B.I);
I_d_Conv_Inductor:=1_alpha Conv_Inductor*costheta+I_beta_Conv_Inductor*sintheta;
I_q Conv_Inductor:= -I_alpha Conv_Inductor*sintheta+l beta Conv_Inductor*costheta
I _alpha Conv_out_LS:=sqrt(3/2)*I Conv_Out_A LS. ;

I beta Conv_out_LS:=sqrt(3/2)*(sqrt(1/3)*I_Conv_Out A LS.I
+sqrt(4/3)*I_Conv_Out B _LS.I);

I d Conv_out_LS:=1 alpha Conv_out_LS*costhetat] _beta Conv_out LS*sintheta ;

I q Conv_out LS:=-I alpha Conv_out LS*sintheta+I beta Conv_out_LS*costheta ;

I alpha Conv_out HS Actual:=sqrt(3/2)*I_Conv_Out A _HS.I ;
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I beta_Conv_out_HS_Actual:=sqrt(3/2)*(sqrt(1/3)*I_Conv_Out_A_HS.I+sqrt(4/3)*1_C
onv_ Out B HS.I);

I d Conv_out HS Actual:=I alpha Conv_out HS Actual*cos_source+l beta Conv_o
ut HS Actual*sin_source ;

1 q Conv_out HS Actual:=-I alpha Conv_out HS_ Actual*sin_source

+1 _beta_ Conv_out HS Actual*cos_source ;
P_Conv_LS:=V_alpha TfSec*I_alpha Conv_out LS+V_beta TfSec*I_beta Conv_out_
LS;

Q_Conv_LS:=-V_beta_TfSec*]_alpha Conv_out LS +V_alpha TfSec
*I_beta_Conv_out LS ;

P _Conv_HS_Actual:=Valpha_source_Calculated*I alpha Conv_out HS_Actual
+Vbeta_source Calculated *I_beta Conv_out_HS_Actual ;
Q_Conv_HS_Actual:=-Vbeta_source_Calculated *I_alpha Conv_out_HS Actual
+Valpha source Calculated *I beta_Conv_out_HS Actual ;

S Conv_HS Actual:=sqrt( P_Conv_HS_Actual*2+Q_ Conv_HS_Actual*2) ;
S_Conv_LS:=sqrt( P_Conv_LS"2+Q Conv_LS"2) ;

theta Current LS to_HS:=theta Current LS+angle rad;

angle _rad:=rad(30) ;

PLLCos:=55.4*cos(theta PLL.VAL ); ;

PLLSin:=55.4*sin(theta PLL.VAL); ;

theta Current LS:= atan2(I_alpha Conv_out LS,I beta Conv out LS) ;

theta Current HS Actual:=atan2(I alpha Conv_out HS Actual,l beta Conv_out HS_
Actual ) ;

Magnitude I LS:=sqrt(I_alpha_Conv_out_LS"2+] beta Conv_out LS"2);

I_alpha Conv_out LS_Calculated PhaseShifted:=Magnitude I LS*cos(theta Current
LS to_HS);

I beta_Conv_out_LS Calculated PhaseShifted:=Magnitude I LS*sin(theta Current LS
_to_HS);

I alpha Conv_out HS Calculated:=I alpha Conv_out LS Calculated PhaseShifted
/(turn_ratio*sqrt(3)) ;
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I beta Conv_out_HS Calculated:=I_beta Conv_out LS _Calculated_PhaseShifted
/(turn_ratio*sqrt(3)) ;

P_Conv_HS Calculated:=Valpha source_Calculated*I_alpha Conv_out_HS_Calculated
+Vbeta_source_Calculated *I_beta_Conv_out HS_Calculated ;

Q _Conv_HS_Calculated:=-Vbeta_source_Calculated*I_alpha_Conv_out_HS_Calculated
+Valpha_source_Calculated *I_beta_Conv_out_HS Calculated ;
S_Conv_HS_Calculated:=sqrt( P_Conv_HS_Calculated"2+Q_Conv_HS_Calculated"2 )

3}

G.5 SVPWM equation block

INTERN EQU {
Valpha pwml:= Vd_pwm.VAL *costheta-Vq_ pwm.VAL *sintheta ;
Vbeta_ pwml:= Vd_pwm.VAL *sintheta+Vq_pwm.VAL*costheta ;
Valpha:=Valpha pwml ;
Vbeta:=Vbeta pwml ;
Vabs_alpha:=abs( Valpha ) ;

Sector Selection

IF( Vbeta>=0 )
{

IF(Vbeta>=tan(rad(60))*Vabs_alpha )
{
sector:=2;
}

ELSE IF(Vbeta<tan(rad(60))*Vabs_alpha )
{

IF(Valpha>=0)
{

sector:=1;
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}
ELSE
{
sector:=3;
}
}
}
ELSE IF (Vbeta<0)
{
[F(Vbeta<=-tan(rad(60))*Vabs_alpha )
{
sector:=5;

}
ELSE IF(Vbeta>-tan(rad(60))*Vabs_alpha )
{
[F(Valpha>=0)
{
sector:=6;
}
ELSE
{
sector:=4;

}
}s

Period:=TRIANGI1.TPERIO ;
Vdc:=V_DC.V;;
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IF (sector=1)

{
t1:=(Period/(2*Vdc))*(sqrt(3/2)*Valpha-sqrt(1/2)* Vbeta);
t2:=(Period/(2*Vdc))*(sqrt(2)*Vbeta);
IF((t1+t2)>(Period /2) )

{
tlnew:=(t1*(Period /2) )/(t1+t2);
t2new:=(t2*(Period /2) )/(t1+t2);
overmod:=1;
tl:=tlnew;
t2:=t2new;

}

ELSE

{

overmod:=0;
}
t0:=(Period /2)-(t1+t2);
Aref:=t0/2+t2+t1;
Bref:= t0/2+12;
Cref:=t0/2;

ELSE IF (sector=2)
{
t2:=(Period/(2*Vdc))*(sqrt(3/2)*Valpha+sqrt(1/2)*Vbeta);
t3:=(Period/(2*¥Vdc))*(-sqrt(3/2)*Valpha+sqrt(1/2)*Vbeta);
IF((t2+t3)>(Period/2) )
{
t2new:=(t2*(Period/2) )/(t2+t3);
t3new:=(t3*(Period /2) )/(t2+t3);
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overmod:=1;
12:=t2new;
t3:=t3new;
}
ELSE
{
overmod:=0;
}
t0:=(Period /2)-(t2+t3);
Bref:=t0/2+t2+t3;
Aref:= t0/2+t2;
Cref:=t0/2;

ELSE IF (sector=3)

{
t3:=(Period/(2*Vdc))*(sqrt(2)*Vbeta);
t4:=(Period/(2*Vdc))*(-sqrt(3/2)*Valpha-sqrt(1/2)*Vbeta );
[F((t3+t4)>(Period /2) )

{
t3new:=(t3*(Period /2) )/(t3+t4);
tdnew:=(t4*(Period /2) )/(t3-+t4);
overmod:=1;
t3:=t3new;
t4:=t4new;

}
ELSE

{

overmod:=0;

}
t0:=(Period /2)-(t3+t4);
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Bref:=t0/2+t4+t3;
Cref:= t0/2-+t4;
Aref:=t0/2;

}

ELSE IF (sector=4)

{
t4:=(Period/(2*Vdc))*(-sqrt(3/2)*Valpha+sqrt(1/2)*Vbeta);
t5:=(Period/(2*Vdc))*(-sqrt(2)* Vbeta);
IF((t4+t5)>(Period /2) )

{
tdnew:=(t4*(Period /2) )/(t4+t5);
tSnew:=(t5*(Period /2) )/(t4-+t5);
overmod:=1;
t4:=tdnew;
t5:=t5new;
}
ELSE
{
overmod:=0;
}
t0:=(Period /2)-(t4+t5);
Cref:=t0/2+t4-+15;
Bref:= t0/2+t4;
Aref:=t0/2;

ELSE IF (sector=5)

{
t5:=(Period/(2*Vdc))*(-sqrt(3/2)*Valpha-sqrt(1/2)*Vbeta);
t6:=(Period/(2*Vdc))*(sqrt(3/2)*Valpha-sqrt(1/2)*Vbeta);
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IF((t5+t6)>(Period /2) )
{
tSnew:=(t5*(Period/2) )/(t5+t6);
tonew:=(t6*(Period/2) )/(t5+t6);
overmod:=1;
t5:=tSnew;
16:=tbnew;
}
ELSE
{
overmod:=0;
}
t0:=(Period /2)-(t5+16);
Cref:=t0/2+16+t5;
Aref:= t0/2+t6;
Bref:=t0/2;

ELSE IF (sector=6)
{
t6:=(Period/(2*Vdc))*(-sqrt(2)* Vbeta);
t1:=(Period/(2*Vdc))*(sqrt(3/2)*Valpha+sqrt(1/2)*Vbeta);
IF((t6+t1)>(Period /2) )
{
ténew:=(t6*(Period/2) )/(t6+t1);
tlnew:=(t1*(Period/2) )/(t6+t1);
overmod:=1;
t6:=t6bnew;

tl:=tinew;
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ELSE

{

overmod:=0;

3
t0:=(Period/2)-(t6+t1);
Aref:=t0/2+t6+t1;
Cref:= t0/2+16;

Bref:=t0/2;

33}

G.6 Peak shaving equations charging and discharging block

INTERN EQU {
IF(t>20m)
{
switch:=1;
KI_dumy:=11.1111;
KP_dumy:=7.37;
IF(switch=1)
{

KP PLL:=KP_dumy;
KI PLL:=KI dumy;
}
S_conv:=4500;
Angle:=-acos(PF) ;
//******************Setting the threshold line****************
Thresh:=Thresh_dumy;
IF( (S_Load-Thresh) >(S_Load*0.05))
{
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Thresh new:=S_Load-(S_Load*0.05);
Thresh _dumy:=Thresh new;

}
ELSE {Thresh new:=Thresh;}

//*************************charging Mode***************************

IF(S_Source<Thresh new) //if three-phase grid apparent power is below the
threshold line, thus start charging the battery

{

IF(S_Source>(Thresh_new-(Thresh_new*0.02))) // check if three-phase grid
apparent power is greater
than 98% of the threshold
point

{
S conv_dumy:=S _conv_dumy+S5 //decrease the flow of apparent power
into the three-phase inverter.

[F(S_conv_dumy>0){S_conv_dumy:=0;}//while the three-phase grid power
is below the threshold and above
98% of the threshold point, and the
inverter apparent power is trying to
flow in the positive direction, then
hold it at zero value.

}
ELSE

{

S_conv_dumy:=S conv_dumy-1 // increase the flow of apparent power
towards the three-phase inverter
IF(S_conv_dumy<-4500){S_conv_dumy:=-4500;}//while the three-phase
grid power is below the

270



Appendix G

98% of the threshold point

and the inverter apparent
power reached the maximum
capacity, then hold it at

maximum capacity.

}

p:=S_conv_dumy*1; // set the total apparent power as real power, which mean
PF was set to unity

q:=S_conv_dumy*0; // set the reactive power to zero.

}
}

//*************************Discharging Mode 2k ok ok ok ohe 3k 3k 3k 3k sk ok 3k b 3k 3k o 3k ok ok ok dk ok ok

IF(S_Load>Thresh new) //the customer apparent load power is greater than the
threshold line, thus discharge the battery for peak load
shaving

{

S _conv_dumy:=S_Load-Thresh_new; //this is the apparent power that the
three-phase inverter must deliver
whenever the customer load is above the
threshold point

p:=S_conv_dumy*cos(Angle);//deliver the real power to the three-phase grid

depending on the three-phase grid PF.
q:=S_conv_dumy*sin(Angle);//deliver the reactive power to the three-phase grid
depending on the three-phase grid PF.
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APPENDIX H

H Voltage Transducer LV 25-P
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Voltage Transducer LV 25-P L, = 10 mA

For the electronic measurement of voltages : DC, AC, pulsed..., V = 1 0 500 V
with a galvanic isolation between the primary circuit (high voltage) PN "
and the secondary circuit (electronic circuit).

| Electrical data ]

Ion Primary nominal r.m.s. current 10 mA  Features
I Primary current, measuring range 0..+14 mA
R,, Measuring resistance Rymin  Rumax » Closed loop (compensated) voltage
with+ 12 V @+10mA 30 190 Q transducer using the Hall effect
@+ 14mA : 30 100 q *® Insulated plastic case recognized
with 15 V @:t10mA 100 350 ©  accordingtoUL 94-V0.
@t14mA 100 190 Q ..
) e Principle of use
lsy Secondary nominal r.m.s. current 25 mA
Ky  Conversion ratio 2500 : 1000 e For voltage measurements, a current
Ve Supply voltage (+ 5 %) t12..15 v proportional to the measured voltage
I Current consumption 10@+£15V)+lg mA must be passed through an external
v, R.m.s. voitage for AC isolation test ", 50 Hz, 1 mn 25 kv resistor R, which is selected by the
user and installed in series with the

L Accuracy - Dynamic performance data [ primary circuit of the transducer.
X,  OverallAccuracy @1, T,=25°C @+12..15V 09 % Advantages

@+15V(5%) 08 %
€,  Linearity <0.2 % e Excellent accuracy

Typ | Max ® Very good Iinea'rity

1 Offset current @ I, =0, T, = 25°C $+015 mA ° Low thermal drift
loy  Thermal drift of I, 0°C..+25°C  |£0.06/+0.25 mA  * Low response time

¢ High bandwidth
. o High immunity to external
t Response time? @ 90 % of V,, 40 us interference

e Low disturbance in common mode.

+25°C..+70°C |1£0.10{£0.35 mA

| General data B
Applications
T, Ambient operating temperature 0..+70 °C
T Ambient storage temperature -25..+85 °C e AC variable speed drives and servo
R, Primary coil resistance @ T, = 70°C 250 Q motor drives
Rg Secondary coil resistance @ T, = 70°C 110 Q e Static converters for DC motor drives
m Mass 22 g ¢ Battery supplied applications
Standards 2 EN 50178 ¢ Uninterruptible Power Supplies
(UPS)
e Power supplies for welding
applications.
Notes : " Between primary and secondary
2 R, =25 kQ (L/R constant, produced by the resistance and inductance
of the primary circuit)
3 A list of corresponding tests is available 981125/14

LEM Components www.lem.com
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Dimensions LV 25-P (in mm. 1 mm = 0.0394 inch)

Bottom view Right view Top view
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Secondary terminals
Terminal + : supply voltage + 12..15V
Terminal M : measure
N Terminal - :supply voltage - 12..15V
&
Connection
Back view
Mechanical characteristics Remarks
¢ General tolerance + 0.2 mm ¢ 1, is positive when V, is applied on terminal +HT.
* Fastening & connection of primary 2 pins e This is a standard model. For different versions (supply
0.635 x 0.635 mm voltages, turns ratios, unidirectional measurements...),
¢ Fastening & connection of secondary 3 pins & 1 mm please contact us.
* Recommended PCB hole 1.2 mm

Instructions for use of the voltage transducer model LV 25-P

Primary resistor R, : the transducer’s optimum accuracy is obtained at the nominal primary current. As far as possible, R, should be

calculated so that the nominal voltage to be measured corresponds to a primary current of 10 mA.

Example: Voltage to be measured V,,, = 250 V a)R,=25kQ/25 W,I,=10mA Accuracy = + 0.8 % of V(@ T, = +25°C)
b)R,=50kQ/1.25W,|,= 5mA Accuracy = + 1.6 % of V(@ T, = + 25°C)

Operating range (recommended) : taking into account the resistance of the primary windings (which must remain low compared to R, in order
to keep thermal deviation as low as possible) and the isolation, this transducer is suitable for measuring nominal voltages from 10 to 500 V.

LEM reserves the right to carry out modifications on its transducers, in order to improve them, without previous notice.
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APPENDIX I

I DSP board and interface circuit diagram
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************************************************************************/

PLL_C_code.c

/* written by Antonio Conelio

/* Date:
/* Title:
/*

/* Comments:
*

*
*
*
/*
*
*
%

/ AT A ARG T AN TR r T dhhhhhhhhthdhthhhhhhdhhhhhhhhhhhhhhhkhkhhhhhhddhddhhhhdh® /

Nov 2006

PLL PI-based control

for a three-phase inverter.
the function of the controller is to produce

the three-phase inverter phase and synchronize with
the three-phase grid phase.
phase angle

/*Initialising pointers*/

volatile
volatile
volatile
volatile

volatile
volatile
volatile

volatile
volatile
volatile
volatile
volatile
volatile

volatile
volatile
volatile
volatile
volatile
volatile
volatile

volatile
volatile
volatile
volatile

volatile
volatile
volatile
volatile
volatile
volatile
volatile
volatile
volatile

volatile

volatile
volatile
volatile
volatile
volatile
volatile
volatile
volatile
volatile
volatile
volatile
volatile
volatile
volatile
volatile

unsigned
unsigned
unsigned
unsigned

unsigned
unsigned
unsigned

unsigned
unsigned
unsigned
unsigned
unsigned
unsigned

unsigned
unsigned
unsigned
unsigned
unsigned
unsigned
unsigned

unsigned
unsigned
unsigned
unsigned

unsigned
unsigned
unsigned
unsigned
unsigned
unsigned
unsigned
unsigned
unsigned

unsigned

unsigned
unsigned
unsigned
unsigned
unsigned
unsigned
unsigned
unsigned
unsigned
unsigned
unsigned
unsigned
unsigned
unsigned
unsigned

int
int
int
int

int
int
int

int
int
int
int
int
int

int
int
int
int
int
int
int

int
int
int
int

int
int
int
int
int
int
int
int
int

int

int
int
int
int
int
int
int
int
int
int
int
int
int
int
int

This code implements phase-locked loop PI control

*COMCONA = (volatile unsigned int *) 0x7411;
*GPTCONA = (volatile unsigned int *) 0x7400;
*ACTRA = (volatile unsigned int *) 0x7413;
*DBTCONA = (volatile unsigned int *) 0x7415;
*CMPR1 = (volatile unsigned int *) 0x7417;
*CMPR2 = (volatile unsigned int *) 0x7418;
*CMPR3 = (volatile unsigned int *) 0x7419;
*T1CON = (volatile unsigned int *) 0x7404;
*T2CON = (volatile unsigned int *) 0x7408;
*T1PR = (volatile unsigned int *) 0x7403;
*T1CNT = (volatile unsigned int *) 0x7401;
*T2PR = (volatile unsigned int *) 0x7407;
*T2CNT = (volatile unsigned int *) 0x7405;
*MCRA = (volatile unsigned int *) 0x7090;
*MCRB = (volatile unsigned int *) 0x7092;
*MCRC = (volatile unsigned int *) 0x7094;
*pPADATDIR = (volatile unsigned int *) 0x7098;
*pBDATDIR = (volatile unsigned int *) 0x709A;
*pCDATDIR = (volatile unsigned int *) 0x709C;
*pFDATDIR = (volatile unsigned int *) 0x7096;

*EVAIMRA = (volatile unsigned int *) 0x742C;
*IMR = (volatile unsigned int *) 0x0004;
*IFR = (volatile unsigned int *) 0x0006;
*EVAIFRA = (volatile unsigned int *) Ox742F;

*SPICCR
*SPICTL
*SPISTS
*SPIBRR =
*SPIRXEMU
*SPIRXBUF
*SPITXBUF
*SPIDAT =
*SPIPRI =

(volatile unsigned int
(volatile unsigned int
(volatile unsigned int
(volatile unsigned int

= (volatile unsigned int *) 0x7046;
(volatile unsigned int *) 0x7047;
(volatile unsigned int *) 0x7048;

*) 0x7040;
*) Ox7041;
*) 0x7042;
*) 0x7044;

(volatile unsigned int *) 0x7049;
(volatile unsigned int *) Ox704F;

*SCSR1 = (volatile unsigned int *) 0x7018;

*ADCTRL]1 = (volatile unsigned int *) 0x70A0;
*ADCTRL2 = (volatile unsigned int *) 0x70Al;
*MAXCONV = (volatile unsigned int *) 0x70A2;
*CHSELSEQL = (volatile unsigned int *) O0x70A3;
*CHSELSEQ2 = (volatile unsigned int *) 0x70A4;
*CHSELSEQ3 = (volatile unsigned int *) Ox70A5;
*CHSELSEQ4 = (volatile_unsigned int *) Ox70A6;
*AUTO_SEQ_SR = (volatile unsigned int *) Ox70A7;
*RESULTO = (volatile unsigned int *) Ox70A8;
*RESULT1 = (volatile unsigned int *) 0x70A9;
*RESULT2 = (volatile unsigned int *) Ox70AA;
*RESULT3 = (volatile unsigned int *) O0x70AB;
*RESULT4 = (volatile unsigned int *) Q0x70AC;
*RESULT5 = (volatile unsigned int *) 0x70AD;
*RESULT6 = (volatile unsigned int *) Ox70AE;

*
*
*
*
%
¥*
*
*
*
*
*
*
*

/
/
/
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(volatile unsigned int *) Ox70AF;
(volatile unsigned int *) 0x70BO;
(volatile unsigned int *) 0x70B1;
(volatile unsigned int *) Ox70BZ;
(volatile unsigned int *) 0x70B3;
(volatile unsigned int *) Ox70B4;
(volatile unsigned int *) Ox70BS5;
volatile unsigned int *RESULT14 (volatile unsigned int *) Ox70B6;
volatile unsigned int *RESULT15 (volatile unsigned int *) 0x70B7;
volatile unsigned int *CALIBRATION = (volatile unsigned int *) Ox70BS8;

volatile unsigned int *RESULT?7
volatile unsigned int *RESULT8
volatile unsigned int *RESULT9
volatile unsigned int *RESULT10
volatile unsigned int *RESULT1l
volatile unsigned int *RESULT12
volatile unsigned int *RESULT13

/¥initializing variables*/

int num,thou,hund,ten,unit,A_test,B_test;
long int counterl;

int
vac,Vvbc,va,vb,ia_L,ib_L,ia_o,ib_o,DCBus,potl,pot2,theta,zeta,power_angle,Theta,ma,Angl
e_flag,theta_grid_off;

Tong int
DCBusRealV,varRealVv,VbRealv,IaRealv_L,IbRealv_L,IaRealVv_o,IbRealv_o,vd,vq,valpha_grid_o
ff,vbeta_grid_off;

int
err_k1 _PLL,err_k_PLL,err_PLL,U_k2_PLL,U_PLL,U_k1_PLL,Step_point_PLL,Y_k1_PLL,Y_PLL,w,
int Fdbck_PLL,I,err_P,U_PLL_MAX,U_PLL_MIN,theta_PLL_diff,a,ud,Y_PLL1;
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int
Ang]e,ang]ed,ang]eq,sector,A,B,C,D,swfr,Aref,Bref,Cref,overmod,va1pha_dumy,va1pha_dumy
_otf,vbeta_dumy,vbeta_dumy_off,thetacos, thetacosl,sintheta,costheta,sinthetal,costheta
1.

Jong int
ang?edtemp,period,temp,VdRef,VqRef,vdRefAbs,tO,tl,tZ,tlnew,thew,ModIndex,samp]ecount,
counter,vd_inv,vqg_inv;

extern int sine(); /*calling up a look up table sine function*/
extern int atan(); /*calling up a look up table arctan function*/

__________________________________________________ */

}nterrupt void Testl(void)

}

/* ____________________________________________________________________________________
subroutine to calculate the inverse tan of an angle.

Input to subroutine are valpha and vbeta.
T
int arctan(int Re, int Im)

int yl1;

if (Re==0) Re = 1;

if (Im==0) Im = 1;

}f ((Re>0) & (Im>0)) /* sektor 1 */

if (Re>=Im) {yl = atan((127*Im/Re));}
else {yl = 255 - atan((127*Re/Im));}
return(yl);

}
}f ((Im>0) & (Re<0)) /* sektor 2 */

511 - atan(127*Im/(-Re));}

if (-Re>=Im) {yl
255 + atan((-127*Re)/Im);}

else {yl
return(yl);

if ((Im<0) & (Re<0)) /* Sektor 3 */

511 + atan(127*Im/Re);}
767 - atan(127*Re/Im);}

if (-Re>=-Im) {yl
else iyl
return(yl);

if ((Im<0) & (Re>0)) /* Sektor 4 */

if (-Im>=Re) {yl = 767 + atan(127*Re/(-Im));}
else {yl = 1023 - atan((-127*Im)/Re);}
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return(yl);

__________________________________________________ */
interrupt void GPT1l_underflow(void)
*PFDATDIR &= OXFFFB;
*
bit 15 1, Reserved
bits 14-8 111-1111; FnDIR
configure

corresponding pin as an input

1 Configure
corresponding pin as an output
bit 7 1; Reserved
bits 6-0 111-1011; IOPFn

If FnDIR = 0, then:
Corresponding I/0 pin

is read as a low

1 Corresponding I/0 pin
is read as a high

If FnDIR = 1, then:

0 Set corresponding 1/0
pin low

1 Set corresponding 1/0
pin high
*/

*CHSELSEQL =
0x98A4: /*adc_channel2:RESULT3,4:RESULT2,adc_channell:RESULT1,adc_channelQ:RESULTO*/
*CHSELSEQ2 = 0x0005;
*ADCTRL2 |= 0x2000;
while(ADCTRL2 && 0x0200 == 0x0000) {};
*ADCTRL2 |= 0x0200;

= *RESULT2;
Va = Va>>6;
va &= OxO03FF;

*RESULT3;
Vb = vb>>6;
Vb &= Ox03FF;

potl *RESULT4;
potl otl>>6;
potl &= OxO03FF;

<
o
|t

%O-tl; 1l

*RESULTO;
pot2>>6;

pot2
pot2
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pot2 &= Ox03FF;

DCBuUs *RESULTL;
DCBus DCBuUsS>>6;
DCBus &= OxO03FF;

power_angle = pot2-500;/*angle between d-q and alpha-beta plane*/

ma = potl;

/* ____________________________________________________________________________________
scaling down to zero reference to remove offset
LI I Iy, T
va = va-512;
vb = vb-512;
/* ____________________________________________________________________________________
converting back to real (analogue) values
™

DCBusRealV = ((long int)DCBus*3904)/32768; /*Rin=12.2kohm;Ro=1320hms; Q15%*/
DCBusSum = DCBusSum + DCBusRealv;
}f(samp1ecount == 256) /* to average the DC voltage*/

DCBuUsAvg
DCBusSum H
samplecount = 0;

DCBuUsSum/256;

vaRealv = ((long int)va*5600)/32768; /* 5600/32768, Ql15:conversion factor from

LEM measurements */
vbrRealv = ((long int)vb*5600)/32768;/*Rin=54kohms ; Ro= 317ohms */

/*********C] ar-ke Transform*************/
/* vac and vbc are integer data tgpe,to be used in the clarke transform equations
they need to be of type long, because first of all valpha and vbeta are of type

long
secondly they limitations of the value(-32767 to 32768) is overflow due to

the multiplication . ]
with the fractions number. therefore a technique call typecasting must be

done to
temporaly change the integer to long for calculation purpose otherwise

valuable information
is lost*/

valpha= (vaRealv*13377)/16384-(vbRealv*6688)/16384; /*(13377/16384)=sqrt(2/3),
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(6688/16384)=1/sqrt(6)*/
vbeta=(vbRealVv*11585)/16384;/*%14189/16384=sqrt(3)/2;9459/16384=sqrt(3)/3;
11585/16384=sqrt(2)/2*/

/*****%phase angle for parke transform*#**#*&xs%xk/
valpha_dumy=(int)valpha/4;
vbeta_dumy= (int)vbeta/4;

theta = arctan(valpha_dumy,vbeta_dumy);

if(theta>1023) theta=theta-1023;
if(theta<0) theta=theta+1023;

/********Par‘ke Tr-ansform***************/

sinthetal=sine(theta);/* define sine(theta) once in the code at this point*/
thetacosl=theta+256;/*phase shift the angle theta by 90 degree */
if(thetacos1>1023) thetacosl=thetacosl-1023;/*prevent angle to go more than
1024, which is equivalent to 360 deﬁree*/
if(thetacosl<0) thetacosl=thetacosl+1023;/*prevent angle to go negative
because the sine look up table function only acceﬁt values from 0 to 1024*/
int*/ costhetal=sine(thetacosl);/* define cos(theta) once in the code at this
point

vd_grid= (valpha*(long int)costhetal)/1024+(vbeta*(long
int)sinthetal)/1024;/*vd and vq of the grid*/
vg_grid=-(valpha*(long int)sinthetal)/1024+(vbeta*(long int)costhetal)/1024;

theta_PLL_diff=Y_PLL-theta;

if(theta_pPLL_diff>1023) theta_PLL_diff=theta_pPLL_diff-1023;
if(theta_PLL_diff<0) theta_pPLL_diff=theta_prLL_diff+1023;

Fdbck_PLL= sine(theta_PLL_diff);

err_k_PLL=Step_point_PLL-Fdbck_PLL;/* error calculation*/

. U_PLL=(int) ((23580*(long int)err_k_PLL)/256+(524003*(lon
int)err_k1_pPLL)/32768-(23580*(long int)err_k1_pLL)/256+(long intgu_kl_PLL);/*
proportional and intergral in discrite*/

/*U_PLL=(int) ((30720*(long int)err_k_PLL)/1024); /*proportional only*/

if(U_PLL>32766) U_PLL=32766; /*U_PLL_MAX*/
else if(U_PLL<-32767) U_PLL=-32767; /*U_PLL_MIN*/
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Y_PLL=(int) ((66*(Tong int)U_PLL)/32768+(long int)Y_k1_PLL); /*The function
repqeiﬁnt the intregal part i1n discrite form. Y_PLL represents the inverter phase
angle

if(Y_PLL>1023) Y_PLL=Y_PLL-1023;
if(Y_PLL<0) Y_PLL=Y_PLL+1023;

B_test=sine(Y_PLL);
A_test=sine(theta);

err_kl_pLL=err_k_PLL;/*previous error*/
U_k1_PLL=U_PLL;
Y_k1 _PLL=Y_PLL;

/*this pieace of code its function is to control the inverter power angle by
controlling a potentiometer*/

if(power_angle > 200) power_angle = 200;
if(power_angle < -200) power_angle = -200;

Tkt hhhhhhdhdddhhhhhhhdhhhhhhhhhhhhhhhhdhhhhhdhhhdhhhdhhhhhhhdhhhhhhhhhhhhdekidhhhhhhihh®
*******************/

/*Theta=Y_PLL+power_angle;*/
Theta=Y_PLL;

if(Theta>1023) Theta=Theta-1023;
if(Theta<0) Theta=Theta+1023;
sintheta=sine(Theta);

thetacos=Theta+256;
if(thetacos>1023) thetacos=thetacos-1023;
if(thetacos<0) thetacos=thetacos+1023;

costheta=sine(thetacos);

vd_conv_transf= (valpha*(long int)costheta)/1024+(vbeta*(long

int)sintheta)/1024;
vg_conv_Transf=-(valpha*(long int)sintheta)/1024+(vbeta*(long

int)costheta)/1024;

*****************************Inverse Parke
Transform**********************************************************************

vd_inv=(vd_conv_Transf*(long int)costhetal)/1024-(vg_Conv_Transf*(long

int)sinthetal)/1024; . ]
va_inv=(vd_conv_Transf*(long int)sinthetal)/1024+(vq_Conv_Transf*(long

int)costhetal)/1024;
AR AR BT R A AR REERE TR REERRN LR TR SRR hhhhhdhhhhkhhhdhhhhhhhhhhhhhihtshhhhhhhhhkhhhhdhhddd®
*************************************/
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/**** this piece of code its function is to control the magnitude of inverter
voltage by controlling a potentiometer *¥*¥*%/
/*if (ma>804) ma=804;
vdref = (ma*vd_ 1nv)/512;
vgref = (ma*vg_inv)/512;

Ehfhbhhhhhhdhhhhdhdhhhhdhhdhdhdhhhhhhdhhhhhhhhkhhhhhhhhdhhhhhhhhhhhhdhhddhhhhhhhdhithihdhi®
*************************************/

*/

vdref = vd_inv;

vqref = vg_inv;
/* ____________________________________________________________________________________
""""" searching for the sectors
52

if(vdRef >= 0) A = 1;

else A = 0;

if(vqRef >= 0) B = 1;

else B = 0;

vdrRefAbs = vdRef;

if(vdrRef < 0) vdrefAbs = -vdRef;

1{(VqRef 3= ((14189*vdrefAbs)/8192)) ¢ = 1; /* vg=vd*tan(60)*/

else C = O;

if(vgref <= (-(14189*vdrefAbs)/8192)) D = 1;

else D = O;

if((B == 1) && (C == 0) && (A == 1)) sector = 1;

if((B == 1) && (C == 1)) sector = 2;

if((B == 1) && (C == 0) && (A == 0)) sector = 3;

if((B == 0) & (D == 0) && (A == 0)) sector = 4;

if((B == 0) && (D == 1)) sector = 5;

if((B == 0) && (D == 0) && (A == 1)) sector = 6;
T ——

if(sector == 1)

tl ((vdref - (591*vqref)/1024)*swfr)/DCBusAvg;
t2 = (((591*vqref)/512) *swfr)/DCBuUSAvg;
}f((tl + t2) > swfr)

tlnew (tl*swfr)/(tl + t2);
t2new (2*swfr)/(tl + t2);
overmod = 1;
t1l = tlnew;
t2 = t2new;

}

else overmod = O;

t0 = swfr - (tl1 + t2);
Aref = t0/2 + t1 + t2;
Bref = t0/2 + t2;
Cref = t0/2;

}
}f(sector == 2)



}

PLL_C_code.c
tl = ((vdref + (591*vqref)/1024)*swfr)/DCBusAvg;
t2 ((-vdref + (591*vqref)/1024)*swfr) /DCBusAvg;
}f((tl + t2) > swfr)

tlnew (tl*swfr)/(tl + t2);
t2new (t2*swfr)/(tl + t2);
overmod = 1;
tl tlnew;
t2 t2new;

}
else overmod = 0;
t0 = swfr - (tl1 + t2);

Bref = t0/2 + t1 + t2;
Aref = t0/2 + t1;
Cref = t0/2;

if(sector == 3)

}

tl = (((591*vqref)/512)*swfr)/DCBusAvg;
t2 = ((-vdref - (591*vqref) /1024) *swfr) /DCBuUsAvg;
}f((tl + t2) > swfr)

tlnew (t1l*swfr)/(tl + t2
t2new (t2*swfr)/(tl + t2
overmod = 1;

tl = tlnew;

t2 = t2new;

)
)

}

else overmod = 0;

t0 = swfr - (t1 + t2);
Bref t0/2 + t1 + t2;
Cref = t0/2 + t2;
Aref = t0/2;

}f(sector == 4)

}

tl = ((-vdref + (591*vqref) /1024) *swfr) /DCBUsSAvg;
t2 = ((-(591*vqref)/512)*swfr)/DCBUSAvg;
}f((tl + t2) > swfr)

tlnew (tl*swfr)/(tl1 + t2);
t2new (t2*swfr)/(tl + t2);
overmod = 1;
t1l = tlnew;
t2 = t2new;

}

else overmod = 0;
t0 = swfr - (t1 + t2);

cref = t0/2 + tl + t2;
Bref = t0/2 + t1;
Aref = t0/2;

if(sector == 5)

tl ((-vdref - (591*vqref)/1024)*swfr) /DCBusAvg;
t2 = ((vdref - (591*vqref)/1024)*swfr)/DCBusAvg;
}f((tl + t2) > swfr)

tlnew (tl*swfr)/(tl + t2);
t2new (t2*swfr)/(tl + t2);
overmod = 1;
tl = tlnew;
t2 = t2new;

Cref = t0/2 + tl1 + t2;
Aref = t0/2 + t2;
= t0/2;
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if(sector == 6)

tl ((-(591*vgref) /512) *swfr) /DCBUSAvQ;
((vdref + (591*vgref)/1024)*swfr)/DCBusAvg;
Ef((tl + t2) > swfr)

tlnew (tl*swfr)/(t1l + t2);
t2new (t2*swfr)/(t1 + t2);
overmod = 1;
tl = tlnew;
t2 = t2new;

= t0/2 + t1l + t2;
cref = t0/2 + tl;
= t0/2;

*CMPR1 =
*CMPR2 = Bref;
*CMPR3 = ;

DAC1 (va/2+512)/4;

DACl = DACl<<4; /*shift for bits to the left*/

DACl &= OxOFFF; /*clear DACl1l*/

DACL1 |= 0x0000;

*SPITXBUF = DAC1 /*store the next character to be transmitted*/
for (i=0; i<4; 1++) {}

*PCDATDIR &= OxOFFDF;

*PCDATDIR |= 0x0020;

DAC2 (vb/2+512)/4;

DAC2 DAC2<<4;

DAC2 &= OXOFFF;

DAC2 |= 0x2000;

*SPITXBUF = DAC2 /*store the next character to be transmitted*/
for (i=0; 1i<4; 1++) {}

*PCDATDIR &= OXOFFDF;

*PCDATDIR |= 0x0020;

DAC3 =valpha/2+62;

DAC3 = DAC3<<4;

DAC3 &= OXOFFF;

DAC3 |= 0x4000;

*SPITXBUF = DAC3 /*store the next character to be transmitted*/
for (1=0; i<4; 1++) {}

*PCDATDIR &= OxOFFDF;

*PCDATDIR |= 0x0020;

DAC4 =Vbeta/2+62;
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DAC4 = DAC4<<4;
DAC4 &= OxOFFF;
DAC4 |= 0x6000;
*SPITXBUF = DAC4;
for (i=0; i<4; i++) {}
*PCDATDIR &= OxOFFDF;
*PCDATDIR |= 0x0020;

DAC5 = vaRealv/2+87;

DACS5 = DACS5<<4;

DACS5 &= OxOFFF;

DACS |= 0x8000;
*SPITXBUF = DACS;

for (i=0; i<4; i++) {}
*PCDATDIR &= OxXOFFDF;
*PCDATDIR |= 0x0020;

DAC6 =VbRealVv/2+87;
DAC6 = DAC6<<4;

DAC6 &= OxOFFF;

DAC6 |= OxA000;
*SPITXBUF = DACG6;

for (i=0; i<4; i++) {}
*PCDATDIR &= OXOFFDF;
*PCDATDIR |= 0x0020;

DAC7 = DCBuUsRealV;
DAC7 = DAC7<<4;

DAC7 &= OxOFFF;

DAC7 |= 0xCO000;
*SPITXBUF = DAC7;

for (i=0; 1i<4; i++) {}
*PCDATDIR &= OxXOFFDF;
*PCDATDIR |= 0x0020;

DAC8 DCBUSAvg;

DAC8 = DAC8<<4;/*multiply by 2A4*/
DAC8 &= OXOFFF;

DAC8 |= OxEQ00;

*SPITXBUF = DACS;

for (i=0; 1i<4; i++) {}

*PCDATDIR &= OxOFFDF;

*PCDATDIR |[= 0x0020;

if(samplecount < 30000)samplecount++;
*EVAIFRA |= 0x0200;
*PFDATDIR |= 0x0004;

}

interrupt void Test3(void)

}

interrupt void Test4(void)

}

}nterrupt void Test5(void)

}

ingerrgpt void XINT2(void) /* ADCInterrupt, external interrupt pin in high-priority
mode *

}
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int Display_Letter(int Col, int Row)
{

*PADATDIR |= 0x0028;
*PBDATDIR = OXFFOF + 16%*Col;
*PADATDIR &= OXFFDF;
*PADATDIR |= 0x0020;
*PBDATDIR = OxFFO5 + 16*Row;
*PADATDIR &= OXFFDF;

}
/¥int Set_LCD_Position(int line, int pos)
/* Set DDRAM */
/*
*PADATDIR &= OXFFC7;
*PADATDIR |= 0x0020;
if (line==2) *PBDATDIR = OXFFCF;
else *PBDATDIR = OXFF8F;
*PADATDIR &= OXFFDF;
*pADATDIR |= 0x0020;
*pPBDATDIR = OXFFOF + 16*pos;
*PADATDIR &= OXFFDF;
} */
/* ____________________________________________________________________________________

__________________________________________________ %/
void main(void)
/* ____________________________________________________________________________________
interrupt setup

2
y *MCRA |= OxXOFCO; /*I/0O Mux Control Register A (MCRA), set the six PWM output
*

bit 15 0: 0=10PB7, 1=TCLKINA

bit 14 0: 0=10PB6, 1=TDIRA

bit 13 0: 0=I0PB5, 1=T2PWM/T2CMP

bit 12 0: 0=I0PB4, 1=T1PwM/T1CMP

bit 11 1: 0=I0PB3, 1=PwM6

bit 10 1: 0=10PB2, 1=pPwM5

bit 9 1: 0=I0PB1, 1=PwM4

bit 8 1: 0=10PB0, 1=pwM3

bit 7 1: 0=1I0PA7, 1=pwM2

bit 6 1: 0=IO0PAG, 1=PwM1

bit 5 0: 0=I0PAS, 1=caP3

bit 4 0: 0=10PA4, 1=CAP2/QEP2

bit 3 0: 0=I0PA3, 1=CAP1/QEP1

bit 2 0: 0=I0PA2, 1=XINT1

bit 1 0: 0=1I0PAl, 1=SCIRXD

*?it 0 0: 0=I0PAOQ, 1=SCITXD

;ECSRl = Ox00AC; /*configure the System Control and Status Registers 1*/

bit 15 0: reserved

bit 14 0: CLKOUT = CPUCLK

bit 13-12 00: IDLE1 selected for Tow-power mode

bit 11-9 000: PLL x4 mode
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bit 8 0: reserved

bit 7 1: 1 = enable ADC module clock

bit 6 0: 1 = enable SCI module clock

bit 5 1: 1 = enable SPI module clock

bit 4 0: 1 = enable CAN module clock

bit 3 1: 1 = enable EVB module clock

bit 2 1: 1 = enable EVA module clock

bit 1 0: reserved

Bit 0 0: clear the ILLADR bit

*
p *IMR = 0x0022; /* enable desired core interrupts */

bit 15-6 0 Reserved. These bits are always read as zeros.

bit 5 1 INT6. Interrupt 6 mask. This bit masks or unmasks interrupt
level INT6.

bit 4 0 INTS. Interrupt 5 mask. This bit masks or unmasks interrupt
Tevel INTS.

bit 3 0: INT4. Interrupt 4 mask. This bit masks or unmasks interrupt
Tevel INT4.

bit 2 0 INT3. Interrupt 3 mask. This bit masks or unmasks <interrupt
Tevel INT3.

bit 1 1 INT2. Interrupt 2 mask. This bit masks or unmasks interrupt
Tevel INT2.

bit 0 0 INT1l. Interrupt 1 mask. This bit masks or unmasks interrupt
level INTI1.

*/

*£FR = 0Ox003F; /* clear any pending core interrupts by writing 1%/

bit 15-6 0: Reserved. These bits are always read as zeros.

bit 5 1: INT6. Interrupt 6 flag. This bit is the flag for interrupts
connected to interrupt level INT6.

bit 4 1: INTS5. Interrupt 5 flag. This bit is the flag for interrupts
connected to interrupt level INTS.

bit 3 1: INT4. Interrupt 4 flag. This bit is the flag for interrupts
connected to interrupt level INT4.

bit 2 1: INT3. Interrupt 3 flag. This bit is the flag for interrupts
connected to interrupt level INT3.

bit 1 1: INT2. Interrupt 2 flag. This bit is the flag for interrupts
connected to interrupt level INT2.

bit 0 1: INT1. Interrupt 1 flag. This bit is the flag for {interrupts

connected to interrupt level INT1.
*
*EVAIMRA = 0x0200; /*Interrupt mask register A*/

/*

bits 15-11 0; Reserved. Reads return zero; writes have no effect.

bit 10 0; T1OFINT ENABLE; O Disable; 1 Enable

bit 9 1; T1UFINT ENABLE; O Disable; 1 Enable

bit 8 0; T1CINT ENABLE; O Disable; 1 Enable

bit 7 0; T1PINT ENABLE; 0 Disable; 1 Enable

bits 6-4 0; Reserved. Reads return zero; writes have no effect.

bit 3 0; CMP3INT ENABLE; O Disable; 1 Enable

bit 2 0; CMP2INT ENABLE; O Disable; 1 Enable

bit 1 0, CMP1INT ENABLE; O Disable; 1 Enable

bit 0 ], PDPINTA ENABLE. This is enabled (set to 1) following
e

reset. 0 Disable; 1 Enab
*

/*** Enable 91oba1 interrupts ***/

asm( clrc INTM"); /* enable global interrupts */
/= e o e
SPI port setup for DAC coms
2
*SPICCR & 0x00C7; /*Serial Peripheral Interface Configuration Control
§sgister(SPICCR)*/
bit 7 1; SPI SW RESET. SPI Software Reset.

Initializes the SPI operating flags to
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the reset condition. ] _ ]
1 SPI is ready to transmit or receive

the next character.

bit 6 1; CLOCK POLARITY. shift Clock polarity.
0 Data is output on rising edge and

input on falling edge.

. 1 pata is output on falling edge and
input on rising edge.
bits 5-4 00; Reserved. Reads return zero; writes have no effect.
bits 3-0 0111; SPI CHAR3-SPI CHARO. Character Length Control Bits 3-0. These

four bits ) . . )
determine the number of bits to be shifted in

or out as a single character during )
one shift sequence.
Table 9-3 lists the character length selected

by the bit values.
*/

*MCRB |= OXFEIC;
t:3

bit 15 1: O=reserved, 1=TMS2 (always write as 1)
bit 14 1: O=reserved, 1=TMS (always write as 1)
bit 13 1: O=reserved, 1=TD0 (always write as 1)
bit 12 1: O=reserved, 1=TDI (always write as 1)
bit 11 1: O=reserved, 1=TCK (always write as 1)
bit 10 1: O=reserved, 1=eMUl (always write as 1)
bit 9 1: O=reserved, 1=EMUQ0 (always write as 1)
bit 8 0: 0=10PDO, 1=XINT2/ADCSOC

bit 7 0: 0=10PC7, 1=CANRX

bit 6 0: 0=10PC6, 1=CANTX

bit 5 0: 0=I0PC5, 1=SPISTE

bit 4 1: 0=10PC4, 1=SPICLK

bit 3 1: 0=I0PC3, 1=SPISOMI

bit 2 1: 0=10PC2, 1=SPISIMO

bit 1 0: 0=10PC1, 1=BIO*

?1t 0 0: 0=10PCO0, 1=w/R*
*

*SPICCR |= Ox000B; /*serial Peripheral Interface Configuration control

Register(SPICCR)*/

%*
bit 7 0; SPI SW RESET. SPI Software Reset.

o Initializes the SPI operating flags to
the reset condition.

1 SPI is ready to transmit or receive

the next character.
bit 6 0; CLOCK POLARITY. shift Clock Polarity.
) . 0 Data is output on rising edge and
input on falling edge.

) o 1 Data is output on falling edge
and input on rising edge.
bits 5-4 00; Reserved. Reads return zero; writes have no effect.
bits 3-0 1011; SPI CHAR3-SPI CHARO. Character Length Control Bits 3-0. These

four bits
determine the number of bits to be shifted in
or out as a single character during
one shift sequence.
. Table 9-3 lists the character length selected
27 the bit values.
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*SPICTL = 0x0006; /*Serial Peripheral Interface Operation Control
<egister(SPICTL)*/
*
bits 7-5 0; Reserved. Reads return zero; writes have no
effect.
bit 4 0; OVERRUN INT ENA. Overrun Interrupt Enable.

Setting this bit causes an interrupt . ]
0 Disable RECEIVER OVERRUN Flag bit

(SPISTS.7) interrupts
1 Enable RECEIVER OVERRUN Flag bit

(SPISTS.7) interrupts

bit 3 0; CLOCK PHASE.

0 Normal SPI clocking scheme,

depending on the CLOCK POLARITY
bit (SPICCR.6)

1 SPICLK signal delayed by one

half-cycle; polarity determined by
the CLOCK POLARITY bit

bit 2 1; MASTER/SLAVE. .
0 SPI configured as a slave.
1 SPI configured as a master.

bit 1 1; TALK. . o
0 pisables transmission:
1 Enables transmission

bit 0 0; SPI INT ENA, )
0 Disables interrupt

y 1 Enables interrupt

*

*SPIBRR |= 0x0003; /*Serial pPeripheral Interface Baud Rate Register?*/

-3

bit 7 0; Reserved. Reads return zero; writes have no

effect.

bits 6-0 000/0011 SPI BIT RATE 6-SPI BIT RATE 0. SPI Bit Rate (Baud)

control. These bits determine ) ) i
the bit transfer rate if the SPI is

the network master. There are 125 )
data-transfer rates (each a function

of the CPU clock, CLKOUT) that can be L
selected. one data bit is shifted per

SPICLK cycle. (SPICLK is the baud rate .
clock output on the SPICLK pin.)

If the SPI is a network slave, the

module receives a clock on the SPICLK pin
from the network master; therefore,

these bits have no effect on the SPICLK .
signal. The frequency of the input

clock from the master should not exceed the . .
slave SPI’s SPICLK signal divided by

4,
generated by the SPI and is output on the

In master mode, the SPI clock is

SPICLK pin. The SPI baud rates are
determined by the following formula:(see datasheet page 9-23)
*

*SPICCR |= 0x0080; /*Serial Peripheral Interface Configuration Control
Register(SPICCR)*/
*
bit 7 1; SPI SW RESET. SPI $oftwqre Reset. .
0 Initializes the SPI operating flags to
the reset condition. ) . .
1 SPI is ready to transmit or receive
the next character.
bit 6 0; CLOCK POLARITY. shift Clock Polarity.

Data is output on rising edge and
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input on falling edge.

1 Data is output on falling edge
and input on rising edge.
bits 5-4 00; Reserved. Reads return zero; writes have no effect.
bits 3-0 0000; SPI CHAR3-SPI CHAROQO. Character Length Control Bits 3-0. These

four bits . )
determine the number of bits to be shifted in

or out as a single character during .
one_shift sequence.
Table 9-3 Tists the character length selected

by the bit values.
*/

p *PCDATDIR |= 0x2020; /*Port C Data and Direction control Register (PCDATDIR)*/
bits 15-8 0010-0000; CnDIR

0 configure corresponding pin as an
input

1 configure corresponding pin as an
output

bits 7-0 0010-0000; IOPCn
If CnDIR = 0, then:
0 Corresponding I/0 pin is
read as a low
1 Corresponding I/0 pin is
read as a high
If CcnDIR = 1, then:
0 Sset corresponding I/0 pin

Tow .
1 set corresponding I/0 pin

high

*
/* ____________________________________________________________________________________
o regist;rs_for I0PF2 code-t;me; ) )
LTIy T T
o *MCRC &= 0x0000; /*I/0 Mux Control Register C (MCRC)*/

bit 15 0: reserved

bit 14 0: 0=IOPF6, 1=I0PF6

bit 13 0: 0=IOPFS5S, 1=TCLKINB

bit 12 0: 0=I0PF4, 1=TDIRB

bit 11 0: 0=I0PF3, 1=T4PWM/TA4CMP

bit 10 0; 0=IOPF2, 1=T3PwWM/T3CMP

bit 9 0: 0=IOPF1, 1=CAP6

bit 8 0: 0=I10PFO0, 1=CAP5/QEP4

bit 7 0: 0=IOPE7, 1=CcaP4/QEP3

bit 6 0: 0=I0PES6, 1=PwWM12

bit 5 0: 0=IOPES, 1=PwM11

bit 4 0: 0=I0PE4, 1=PwM10

bit 3 0: 0=I0PE3, 1=PwWM9

bit 2 0: 0=IOPE2, 1=PWM8

bit 1 0: 0=IOPE1l, 1=Pwm7

*7it 0 0: 0=I0PEO, 1=CLKOUT

*PFDATDIR |= 0x0404; /*Port F Data and Direction Control Register

(PFDATDIR) */

*

bit 15 0; Reserved

bits 14-8 000-0100; FnDIR

0 configure corresponding pin



SEQ2 operate as two
operate as a single

bit 3 0;
input channel

calibration reference

to the ADC core

then be started

(STRT CAL) to 1.

first before the

bit should not be

bit 2 0;
aTlows a reference
mode.

for reference

calibration.0 Full reference

A reference midpoint

bit 1 0;
enabled (STEST ENA = 1),
connected. In

reference source

operating mode,

value at ADC input
value at ADC input
bit 0 0;

*/
*ADCTRL2 = 0x0000;
*

bit 15 0;
cascaded sequencer

in cascaded mode.)

allows the cascaded

started by an Event Manager B signal.

be programmed to start a conversion

PLL_C_code.c
0

CAL ENA.

BRG ENA.

HI/LO.

pual-sequencer mode. SEQl and

8-state sequencers.
1 cascaded mode. SEQlL and SEQ2

16-state sequencer (SEQ).

offset calibration enab]e
when set to 1, CAL ENA d1sab1es the

multiplexer, and connects the

selected by the bits HI/LO and BRG ENA
inputs. The calibration conversion can
by setting bit 14 of ADCTRL2 register
Note that CAL ENA should be set to 1
STRT CAL bit can be used. Note: This

set to 1 if STEST ENA = 1

0 calibration mode disabled
1 calibration mode enabled
Bridge enable

Together with the HI/LO b1t BRG ENA
voltage to be converted in calibration
see the description of the HI/LO bit
voltage selections during

voltage is applied to the ADC input 1
voltage is applied to the ADC input

VREFHI/VREFLO selection
when the fail self-test mode is

HI/LO defines the test voltage to be
calibration mode, HI/LO defines the
polarity; see Table 7-5. In normal

HI/LO has no effect.
0 VREFLO is used as precharge

1 VREFHI is used as precharge

STEST ENA. Self-test function enable

self-test mode disabled
1 self-test mode enabled

/*ADC control register 2*/

EVB SOC SEQ. EVB SOC enable for
(Note: This bit is active only

0 No action
1 Setting this bit

sequencer to be
The Event Manager can

on various events. See
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as an input ] . .
1 configure corresponding pin

as an output
bit 7 0; Reserved

Bits 6-0 000-0100; IOPFn
If FnDIR = 0, then:
0 Corresponding 1I/0
pin is read as a low
1 Corresponding 1/0
pin is read as a high
If FnDIR = 1, then:
0 set corresponding
I/0 pin low
1 Set corresponding

I/0 pin high
*/

/* ____________________________________________________________________________________
registers for ADC
L LIy T
*ADCTRL1 = OxOFDO; /*ADC control register 1*/
*
bit 15 0; Reserved
bit 14 0; RESET.
0 No effect

) 1 Resets entire ADC module (bit 1is
then set back to 0 by ADC logic)

bits 13, 12 00; SOFT and FREE. Soft and Free bits

soft Free
0
1 0

1 Free

Immediate stop on suspend
Complete current conversion before stopping
run, continue operation regardless of suspend

bits 11-8 1111; ACQ PS3 - ACQ PSO. Acquisition time window - prescale

bits 3-0.These bits define the ADC
clock prescale factor

) applied to the acquisition portion of
the conversion.
7-3 and Table 7-4.

bit 7 1;

The prescale values are defined in Table

CPS. Conversion clock prescale
This bit defines the ADC conversion

0 Fclk = CLK/1
1 Fclk = CLK/2
CLK = CPU clock frequency

Togic clock prescale

CONT RUN. Continuous run
0 start-stop mode.
1 continuous conversion mode.

bit 6 1;

INT PRI. ADC interrupt request priority
0 High priority
1 Low priority

bit S 0;

bit 4 1; SEQ CASC. Cascaded sequencer operation
This bit determines whether SEQl and
SEQ2 operate
) as two 8-state sequencers or as a
single 16-state
sequencer (SEQ).



chapter 6, Event Manager (EV),
bit 14 0;
sequencerl/Start calibration
(Bit 3 of ADCTRL1) =

reset the sequencer
"pretriggered"

trigger at CONVO0O.

sequence will be aborted.

sequencer to state CONV0O
3 of ADCTRL1) =

begin the converter

calibration process

bit 13 0;
trigger for

can be set by the following
this bit

in cascaded mode)

ADCSOC pin)

bit 12 0;
(i.e., waiting for trigger)

is in progress

bits 11-10 00;
control for SEQ1l

bit 9 0;
for SEQ1

interrupt event

must be cleared by the

has occurred.

bit 8 0;
bit for SEQl

started by EVA trigger.

started by Event Manager A trigger.

programmed to start a conversion on various

Manager (EV), for details.
bit 7

0;
start-of-conversion bit for SEQl

PLL_C_code.c
for details.
RST SEQl / STRT CAL. Reset
Case: cCalibration Disabled
writing a 1 to this bit will
immediately to an initial
state, i.e., waiting for a
A currently active conversion

0 No action
1 Immediately reset

Case: Calibration Enabled (Bit
writing a 1 to this bit will
calibration process.
No action
1 Immediately start
SOC SEQl. start-of-conversion (SOC)
Sequencer 1 (SEQl). This bit

tr1ggers
S/W" software writing a 1 to

" EVA" Event Manager A
" EVB" Event Manager B (only

External pin (i.e., the
SEQl BSY. SEQl Busy .
0 Sequencer is Idle

1 Conversion sequence
INT ENA SEQl. Interrupt-mode-enable

INT FLAG SEQL. ADC interrupt flag bit
This bit indicates whether an
has occurred or not. This bit
user writing a 1 to it.

No interrupt event
1 An interrupt event

EVA SOC SEQl. Event Manager A SOC mask
0 SEQLl cannot be
1 Allows SEQLl/SEQ to be
The Event Manager can be

events. See chapter 6, Event

EXT SOC SEQl. External signal
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0 No action
1 Setting this bit
enables an ADC autoconversion
sequence to be
started by a signal from the ADCSOC
device pin.

bit 6 0; RST SEQZ2. Reset SEQ2
0 No action
1 Immediately resets

SEQ2 to an initial "pretriggered"

state, i.e., waiting
for a trigger at CONVO0S8.

A currently active
conversion sequence will be aborted.

bit 5 0; SOC SEQ2. start-of-conversion trigger
for Sequencer 2 (SEQ2)

(Only applicable in
dual-sequencer mode; <ignored in cascaded mode.)

This bit can be set by the
following triggers:

" s/wWw " Software writing of 1

to this bit
" EVB " Event Manager B

bit 4 0; SEQ2 BSY. SEQ2 Busy
This bit is set to a 1 while

the ADC autoconversion )
sequence is in progress.It is

cleared when the conversion sequence is complete.

0 Sequencer is idle
(i.e., waiting for trigger).

1 conversion sequence
is in progress.
bits 3-2 0; INT ENA SEQ2. Interrupt-mode-enable
control for SEQ2
bit 1 0; INT FLAG SEQ2. ADC interrupt flag bit
for SEQ2

0 NO interrupt event.

1 An interrupt event
has occurred.
bit 0 0; EVB SOC SEQZ2. Event Manager B SOC mask
bit for SEQ2

0 SEQ2 cannot be started
by EVB trigger.

1 Allows SEQ2 to be

started by Event Manager B trigger.
The Event Manager can

be programmed to start a conversion ]
on various events. See

c?apter 6, Event Manager (EV), for details.
*

*MAXCONV = 0x0008; /*Maximum Conversion Channels Register
(MAXCONV) */
*
bits 15-7 0000-0000-00; Reserved
bits 6-0 00-1000; MAX CONVn. MAX CONVn bit field defines the

maximum .
number of conversions executed

in an autoconversion . . .
session. The bit fields and

their operation vary
according to the sequencer

modes (dual/cascaded). . )
For SEQl operation, bits MAX

CONV1_2 - O are used.
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CONV2_2 - 0O are used.
CONV1_3 - O are used.
always starts with the
sequentially until the
result buffer is filled in
of conversions between

programmed for a session.
*/

/* *CHSELSEQL = 0x0001; */

__________________________________________________ */
*MCRA |=0x0FCO;

/*

bit 15 0: 0=IOPB7, 1=TCLKINA

bit 14 0: 0=I0PB6, 1=TDIRA

bit 13 0: 0=IOPBS, 1=T2PWM/T2CMP

bit 12 0: 0=I0PB4, 1=T1PwWM/T1CMP

bit 11 1: 0=I0PB3, 1=PWM6

bit 10 1: 0=I0PB2, 1=PwWM5

bit 9 1: 0=I0PB1, 1=PwWM4

bit 8 1: 0=I0PBO, 1=PwM3

bit 7 1: 0=IO0PA7, 1=PwM2

bit 6 1: 0=I0PAG6, 1=PwWM1

bit 5 0: 0=IO0PAS, 1=CAP3

bit 4 0: 0=IO0OPA4, 1=CAP2/QEP2

bit 3 0: 0=I0PA3, 1=CAP1/QEP1

bit 2 0: 0=I0PA2, 1=XINT1

bit 1 0: 0=IO0PAl, 1=SCIRXD

E}t 0 0: 0=IO0PAO, 1=SCITXD
. *ACTRA = 0x0666;/*Compare Action Control Reg

bit 15 0; SVRD

direction. Used only in
gpac

1

bits 14-12 000; D2-D0. Basic

space vector
PWM

bits 11-10 01; CMPGACT1-0.
CMP6.
00

0l
10
11

bits 9-8 10; CMP5ACT1-0.
CMP5.

. For SEQ2 operation, bits MAX
. For SEQ operation, bits MAX
An autoconversion session
initial state and continues
end state if allowed. The

a sequentialorder. Any number

1 and (MAX CONvn +1) can be

ister A (ACTRA)*/
IR. Space vector PWM rotation
e vector PWM output generation.
Positive (CCW)
Negative (Cw)
space vector bits. Used only 1in
output generation.
Action on compare output pin 6,
Forced low
Active low
Active high
Forced high
Action on compare output pin 5,
Forced Tow
Active low

Active high
Forced high
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biti 7-6 01; CMP4ACT1-0. Action on compare output pin 4,
CMP4.

00 Forced low

01 Active low

10 Active high

11 Forced high
bitg 5-4 10; CMP3ACT1-0. Action on compare output pin 3,
CMP3.

00 Forced low

01 Active Tow

10 Active high

11 Forced high
bit; 3-2 01; CMP2ACT1-0. Action on compare output pin 2,
CMP2.

00 Forced Tow

01 Active Tow

10 Active high

11 Forced high
bits 1-0 10; CMP1ACT1-0. Action on compare output pin 1,
CMPL.

00 Forced low

01 Active Tow

10 Active high

11 Forced high
*/
/* *DBTCON = OxQAEOQ; */

*DBTCONA = 0; /*pead-Band Timer Control Registers A(DBTCONA) no need - set
on driver board */

*

bits 15-12 0000; Reserved. Reads return zero; writes have no effect.
gjts 11-8 0000; DBT3 (MSB)-DBTO (LSB). Dead-band timer period. These
1ts

define the period value of the three
4-bit dead-band

timers.
bit 7 0; EDBT3. Dead-band timer 3 enable (for pins PwM5
and PwWMG

of Compare unit 3).

0 Disable

1 Enable
bit 6 0; EDBT2. Dead-band timer 2 enable (for pins Pwm3
and pwm4

of Compareunit 2).

0 Disable

1 Enable
bit 5 0; EDBT1. Dead-band timer 1 enable (for pins PwM1l
and PwM2

of Compare Unit 1).

0 Disable

1 Enable
bits 4-2 000; DBTPS2 to DBTPSO. Dead—bayg timer prescaler.

X

001 x/2

010 x/4

011 x/8

100 x/16

101 x/32

110 x/32

111 x/32

x = Device (CPU) clock
frequency




bits 1-0 00;
effect.
*/

*CMPR1 = O;

*CMPR2 = 0;

*CMPR3 = 0;

PLL_C_code.c
Reserved. Reads

return zero; writes have no

*COMCONA = 0x0300; /*Compare Control Register A (COMCONA)*/

*

/%
bit 15 0;
A1l shadowed registers

transparent

bits 14-13 00;
underflow)

T1PR (that is, on

unpredictable
bit 12 0;

mode

bits 11-10
reload condition.

00;

T1PR (on underflow or

bit 9 1;
clears

high-impedance state;
high-impedance state;

bit 8 1;
status of

applicable to 240xA devices

and returns a zero

bits 7-0 0000-0000;

*/
*COMCONA = 0x8300;

*

bit 15 1;
A1l shadowed registers

transparent

CENABLE. Compare
0

1

CLD1, CLDO.Compare regis
00
01

10
11

SVENABLE. Space
0

1
ACTRLD1, ACTRLDO

00

01

10

11
FCOMPOE. Compare
this bit
0
that is,
1

that is,

enable. )
Disables compare operation.

(CMPRX,ACTRA) become
Enables compare operation

ter CMPRx reload condition.
when T1CNT = 0 (that is, on

when TICNT = 0 or TICNT =
underflow or period match)

Immediately )
Reserved; result is

vector PwM mode enable.
Disables space vector PwM
Enables space vector PWM mode

. Action control register

when T1CNT = 0 (on underflow)
when T1CNT = 0 or TICNT =
period match)

Immediately

Reserved

output enable. Active PDPINTA

to zero. ) ]
PWM output pins are 1in

they are disabled )
PWM output pins are not in

they are enabled

PDPINTA STATUS. This bit reflects the current

the PDPI

only - i

NTA pin.(This bit is

t is reserved on 240x devices

when read.)

Reserved. Read returns z

/*Compare control Regist

CENABLE. Compare
0

ero; writes have no effect.

er A (COMCONA)*/

enable. .
Disables compare operation.
(CMPRX,ACTRA) become

Enables compare operation



bits 14-13 00;
underflow)

T1PR (that is, on

unpredictable
bit 12 0;

mode

bits 11-10
reload condition.

00;

T1PR (on underflow or

bit 9 1;
clears

high-impedance state;
high-impedance state;

bit 8 1;
status of

applicable to 240xA devices
and returns a zero

bits 7-0 0000-0000;
*/

swfr = 2048;
*T1PR = swfr;

*TL1CNT = 0xO0;
incrementing
counting*/
. *T1CON = Ox8802;
bits 15-14 10;

suspend

complete on emulation suspend
emulation suspend

emulation suspend

bit 13 0;
effect.

PLL_C_code.c

CLD1, CLDO.Compare register CMPRx reload condition.
0

01

10
11

when T1CNT = 0 (that is, on

when T1CNT 0 or TICNT =
underflow_or
Immediately )
Reserved; result is

period match)

SVENABLE. Space vector PwWM mode enable.
0

1

Disables space vector PwM

Enables space vector PWM mode

ACTRLD1, ACTRLDO. Action control register

00
01

10
11
FCOMPOE. Compare

this bit
0
that s,
1

that is,

PDPINTA

when T1CNT = 0 (on underflow)
when T1CNT = O or TICNT =
period match)

Immediately

Reserved

output enable. Active PDPINTA

to zero. ) )
PWM output pins are in

they are disabled .
PWM output pins are not in

they are enabled

STATUS. This bit reflects the current

the PDPINTA pin.(This bit is

only - it is reserved on 240x devices

when read.)

Reserved. Read returns zero; writes have no effect.

freq 10kHz */

or decrementing

/* timer period register, Period = 2048*25nsec*2 = 102usec;

/* timerl Counter registers:This register stores
the current value o

the counter and keeps

depending on the direction of

/* Timer 1 control register, up/down continuous mode */

Free, soft. Emulation control bits.
00 Stop immediately on emulation

01 stop after current timer period is

10 operation is not affected by

11 Operation is not affected by

Reserved. Reads return zero, writes have no
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C

bits 12-11 01; TMODE1-TMODEQ. Count Mode Selection.

00 stop/Hold

01 Continuous-Up/-Down Count Mode
10 Continuous-Up Count Mode

11 Directional-Up/-Down Count Mode

bits 10-8 000; TPS2-TPSO. 3 t,.
000 x/1 100 x/16
001 x/2 101 x/32
010 x/4 110 x/64
011 x/8 111 x/128
x = device (CPU) clock
frequency
bit 7 0; T2SWT1l. In the case of EVA, this bit is

T2SWT1.
Start GP timer 2 with

bit is reserved in

is T4SwWT3.
start GP timer 4 with

bit is reserved in

case of EVA) or T3CON

and disable operation ignoring

bit 6 0; TENABLE.

timer is put in hold

(GP timer 2 start with GP timer 1.)
GP timer 1’s timer enable bit. This

T1CON. o
T4swT3. In the case of EVB, this bit

(GP timer 4 start with GP timer 3.)

GP timer 3’s timer enable bit. This

T3CON. _

0 Use own TENABLE bit )

1 Use TENABLE bit of T1CON (in
(in case of EVB) to enable
own TENABLE bit

Timer enable. . .
Disable timer operation (the

and the prescaler counter is

reset)

1 Enable timer operations
bits 5-4 00; TCLKS1, TCLKSO. clock Source Select.

5-4 Source

00 Internal

0 1 External

1 0 Reserved

11 QEP Circuitt (in case of Timer
2/Timer 4)

Reserved (in case of Timer

1/Timer 3)

+ This option is valid only if SELT1PR
=0
bits 3-2 00; TCLD1, TCLDO. Timer Compare Register Reload
Condition.

00 when counter 1is 0

01 when counter value is 0 or
equals period register value

10 Immediately

11 Reserved
bit 1 1; TECMPR. Timer compare enable.

0 Disable timer compare
operation

1 Enable timer compare operation
bit O 0; SELT1PR. In the case of EVA, this bit is

SELT1PR (Period
T2CON, the period register

ignoring the period

register select).when set tol in

of Timer 1 is chosen for Timer 2 also,



reserved bit in TL1CON.
is SELT3PR (Period
T4CON, the period
Timer 4 also, ignoring
bit is a reserved

1 Use T1PR

EVB) as period

*/
period = 6250;
*T2PR = period ;
*T2CNT = 0x0;
*T2CON = 0x9702;

*
bits 15-14
suspend

complete on emulation suspend

emulation suspend
emulation suspend

bit 13
effect.

bits 12-11

bits 10-8

frequency

bit 7
T2SWT1.

Start GP timer 2 with

bit is reserved in

is T4SWT3.
Start GP timer 4 with

bit is reserved in

case of EVA) or T3CON

and disable operation ignoring

bit 6

PLL_C_code.c

register of Timer 2. This bit is a
SELT3PR. In the case of EVB, this bit
register select).when set tol in
register of Timer 3 is chosen for

the period register of Timer 4. This
bit in T3CON.O Use own period register
(in case of EVA) or T3PR (in case of

register ignoring own period register

/* Period = 6250*%25nsec*128 = 20msec or 50Hz */

/* set in cont up, and set clock prescaler to 128 */

10;

10;

111;

0;

Free, soft. Emulation control bits.

00 stop immediately on emulation
01 stop after current timer period is
10 oOperation is not affected by

11 operation 1is not affected by

Reserved. Reads return zero, writes have no

TMODE1-TMODEQ. Count Mode Selection.

00 stop/Hold

01 continuous-Up/-Down Count Mode
10 Continuous-Up Count Mode

11 pirectional-Up/-Down Count Mode

TPS2-TPSO. Input Clock Prescaler.

T2SWT1.

000 x/1 100 x/16
001 x/2 101 x/32
010 x/4 110 x/64
011 x/8 111 x/128

x = device (cPU) clock

In the case of EVA, this bit is
(GP timer 2 start with GP timer 1.)
GP timer 1's timer enable bit. This

T1CON. o
T4swT3. In the case of EVB, this bit

(GP timer 4 start with GP timer 3.)
GP timer 3’s timer enable bit. This
T3CON. ]
0 Use own TENABLE bit .
1 Use TENABLE bit of T1CON (in
(in case of EVB) to enable

own TENABLE bit

TENABLE. Timer enable.

Disable timer operation (the




timer is put in hold

reset)

bits 5-4 00;

2/Timer 4)

1/Timer 3)

=0

L1

equals period register value

bit 1 1;
operation
bit 0 0;

SELT1PR (Period

T2CON, the period register
ignoring the period
reserved bit in T1CON.

is SELT3PR (Period

T4CON, the period

Timer 4 also, ignoring

bit is a reserved

1 Use TI1PR

EVB) as period

PLL_C_code.

TCLKS1,

C
and the prescaler counter is

1 Enable timer operations

TCLKSO. Clock Source Select.

5-4 source

00 Internal

0 1 External

1 0 Reserved . .

11 QEP Circuitt (in case of Timer
Reserved (in case of Timer

+ This option is valid only if SELT1PR

TCLD1, TCLDO. Timer Compare Register Reload

TECMPR.

SELT1PR.

00 when counter is 0

01 when counter value is 0 or
10 Immediately

11 Reserved

Timer compare_enable.
0 Disable timer compare

1 Enable timer compare operation
In the case of EVA, this bit is
register select).when set tol in
of Timer 1 is chosen for Timer 2 also,
register of Timer 2. This bit is a
SELT3PR. In the case of EVB, this bit
register select).when set to 1 in
register of Timer 3 is chosen for
the period register of Timer 4. This
bit in T3CON.0 Use own period register
(in case of EVA) or T3PR (in case of

register qignoring own period register

*/
y *T1CON = Ox8842; /* start the clock */

*

bit 15-14 10: Operation is not affected by emulation suspend
bit 13 0: reserved

bit 12-11 01: 01 = continous-up/down count mode
bit 10-8 000: 000 = x/1 prescaler

bit 7 0: reserved in T1CON

bit 6 1: TENABLE, 1 = enable timer

bit 5-4 00: 00 = CPUCLK is clock source

bit 3-2 00: 00 = reload compare reg on underflow
bit 1 1: 1 = enable timer compare

Bit 0 0: reserved in T1CON
*

*T2CON = 0x9742;

/*

bit 15-14 10: stop immediately on emulator suspend
bit 13 0: reserved

bit 12-11 10: 10 = continous-up count mode

bit 10-8 111: 111 = x/128 prescaler

bit 7 0: T2SWT1l, 0 = use own TENABLE bit

bit 6 1:

TENABLE, 1 = enable timer
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bit 5-4 00: 00 CPUCLK is clock source

bit 3-2 00: 00 - reload compare reg on underflow
bit 1 1: 1 = enable timer compare
bit O 0: SELT1PR, 0 = use own period register
*x*
/* ____________________________________________________________________________________

/**********************DC bus vo]tage variab1e initia]1zation***************/
DCBusSum = 0;
DCBusAvg = 0;

**********************PLL Variab]es initia1iZation*************************/

err_k_PLL=0;
err_k1_PLL=0;
u_k1_PLL=0;
U_PLL=0;
Y_k1_PLL=0;
Y_PLL=0;
Step_point_PLL=0;
Fdbck_PLL=0;
theta_PLL_diff=0;
U_PLL_MAX=32767;
U_PLL_MIN=-32766;

for (3D
{}
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Scenario 2: b) Demand charge started at R269 at begin of the project.

Year

Initial Investment.
Inverter

Battery

Battery Maintenance
Instalation fees
Transformer
Transportation

Cabling

Battery Recovery Value
100kVA Yearly Saving

Total Cash Flow
Present Value (PV)
Net Present Value

Break-Even

Start 2004
0

-R 100,000.00
R 1,200,000.00
R0.00

R 20,000.00
R 15,000.00
-R 15,000.00
-R 3,000.00
R0.00

R 0.00

-R 1,353,000.00
-R 1,353,000.00
R 1,212,869.52

End 2004
1

R0.00
R0.00
-R3,818.18
R0.00
R0.00
R0.00
R0.00

R 0.00

R 322,800.00

R 318,981.82
R 289,983.47

-R 1,063,016.53

End 2005
2

R0.00

R 0.00

-R 3,818.18
R 0.00

R 0.00
R0.00

R 0.00
R0.00

R 334,130.28

R 330,312.10
R 272,985.21

-R 790,031.32

End 2006
3

R0.00
R0.00

-R 3,818.18
R0.00
R0.00
R0.00
R0.00
R0.00

R 345,858.25

R 342,040.07
R 256,979.77

-R 533,051.55

End 2007
4

R0.00
R0.00

-R 3,818.18
R0.00
R0.00
R0.00
R0.00

R 0.00

R 357,997.88

R 354,179.70
R 241,909.50

-R 291,142.05

End 2008
5

R0.00
R0.00
-R3,818.18
R0.00
R0.00
R0.00
R0.00

R 0.00

R 370,563.60

R 366,745.42
R 227,720.05

R 63,422.00

End 2009
6

R0.00
R0.00
-R3,818.18
R0.00

R 0.00
R0.00
R0.00

R 0.00

R 383,570.39

R 379,752.21
R 214,360.22

R 150,938.22

End 2010
7

R0.00
R0.00

-R 3,818.18
R0.00
R0.00
R0.00
R0.00
R0.00

R 397,033.71

R 393,215.53
R 201,781.74

R 352,719.96

End 2011
8

R0.00

R 0.00

-R 3,818.18
R0.00
R0.00
R0.00
R0.00

R 0.00

R 410,969.59

R 407,151.41
R 189,939.14

R 542,659.10

End'2012
9

R0.00
R0.00
-R3,818.18
R 0.00
R0.00
R0.00
R0.00

R 0.00

R 425,394.62

R 421,576.44
R 178,789.56

R 721,448.66

End 2013
10

R0.00
R0.00

-R 3,818.18
R 0.00
R0.00
R0.00

R 0.00
R0.00

R 440,325.97

R 436,507.79
R 168,292.65

R 889,741.31

End 2014
b

R0.00

R 0.00

-R 3,818.18
R0.00

R 0.00

R 0.00
R0.00

R Q.00

R 455,781.41

R 451,963.23
R 158,410.36

R 1,048,151.67

End 2015
12

R0.00

R 0.00
-R3,818.18
R0.00

R 0.00
R0.00

R 0.00

R 48,994.00
R 471,779.34

R 516,955.16
R 164,717.85

R 1,212,869.52





