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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 kV A 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. 

v 
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Synopsis 

100kVA lead-acid battery system with 12-year lifetime was sized using UCTMS load 

profile. The initial capital cost to installlOOkVA PLS system was Rl,353,OOO.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 

ofR142.36 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 Africa, 

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. 

1 



Univ
ers

ity
 of

Cap
e T

ow
n

Chapter I 

The UCTMS is such a consumer. They are charged by Cape Town municipality on the 

MD in kV A, 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 CDSM) [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 

/\ ____________________ ~jI.!<..Q.e_I1lIlJ'l~ __ _ 

; :. Peak Usage 

!, to fit under 
! .... lower threshold 

/ '.... Shaved Peak 

: ~" rescheduled 

____ .' ________ :.. .. __ _ _______ P~!!1i'E~L __ 

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 

LDlJd LDlJd LDlJd to fit under 
J 2 3 lower threshold 

1---- -- ---- --- -- - - - -
Load Load Load LDItd LDItd LDItd 4Md LOiId LOiId .. 5 6 J 2 3 .. 5 6 

I 

time time 

Figure 1.2.1-1: Peak shaving using the load schedule technique [51 

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 fmancial 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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Figure 1.2.3-1 : non-critical load being disconnected when maximum demand is reached [S1 

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 llkV 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: 

• Wolfsen Pavilion Substation, it has a total capacity of IMV A. 
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In this substation, there is a plan to install a new transformer with a total capacity 

of lMV A. This will add to a total capacity of 2MV A. 

• Werner & Beit (North) Substation, it has a total capacity of O. 8MV A. 

• Anatomy building Substation, it has a total capacity of lMV A. 

• The individual transformers, one is located at Barnard Fuller building, with total 

capacity of 0.5MV A and the other is situated at Chris Barnard building, with total 

capacity of lMV A. 

The combined capacity of all the substations and the individual transformers as well as 

the proposed future transformer at Wolfsen Pavilion Substation adds to 5.3MV A. 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 2.5MVA. Moreover, he added 

that all loads supplied by the electrical department substation for UCTMS at Falmouth 

road are critical. Table 1.2.4-1 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 
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Figure 1.2.4-1: 2000 and 2005 load prof"de for UCTMS 

Chapter 1 

--+-2000 
-----2005 

Table 1.2.4-1 MD values were recorded using the monthly bill received by the VCT 

maintenance office. Analyzing table 1.2.4-1 it was understood that the MD in the five 

years illustrated occurred on the following months: 

• January 2000, MD was 1. 75MV A 

• February 2001, MD was 1.77MVA 

• February 2002, MD was 1.96MV A 
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• February 2003, MD was 1.94MV A, 

• November 2004, MD was 1.9SMV A, 

• March 200S, MD was 2.13MV A. 

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.SMV A. 

Comparing the total power capacity ofUCTMS 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 S.3MV A. If this happens, it will 

mean that the UCTMS MD charge will increase by S3% 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 96SMV A 

[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: 

• Load shedding 

• Decreasing the percentage of MD by running a program of changing the customer 

ordinary lamps of 4S, 60 andlOOW (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. 

• 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 (RlSOOOO for the IMV A, which is RlSO/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: 

• Onsite diesel generator or, 

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

• 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 [5]. 

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: 

• Collect and analyze UCTMS load profile data to identify possible PLS 

installation. 

• Review and implement the most appropriate control design using a three-phase 

inverter in conjunction with battery storage synchronized with a three-phase 

source. 

• 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 fmancial analysis of the project, and check its viability being implemented 

atUCTMS 

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. 

• 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. 

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

practice. 
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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 1\ in the high voltage side and as Y in the 

low voltage side. According to Sen, [7] 1\-Y transfonners 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. 
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ELECTRICAL DEPARTMENT 
SUBSTATION FOR MEDICAL 

SCHOOL AT FALMOUTH 
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11kV 

WOLFSEN PAVILION 
SUBSTATION 

~ ( 

'r Future 
11k\, 1MVA 11kyl1MVA 

: Tfx (3 Tfx 

380V nns 380V nns 

TRANSFORMER 11kV O.5MVA 
AT Tfx 

BARNARD FULLER 380V nns 

BUILDING 

ANATOMY BUILDING 
SUBSTATION 

~ ~ 

'I 
~ 

11kV 1MVA 
Tfx 

380V nns 

WENER & BElT 
(NORTH) SUBSTATION 

~ -::?>~ 

11k\, .8MVA 
Tfx 

380V nns 

11kV 1MVA 
Tfx 

380V nns 

TRANSFORMER 
AT 

Chapter 2 

CHRIS BARNARD 
BUILDING 

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

The Wolfsen Pavilion feeder feeds the following substations: 

• Wolfsen Pavilion Substation 

There is one active transformer with the following rated values: IMV A 

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

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

now is active. 

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

Pavilion Substation) 

There is one transfonner with following rate: O.5MV A 11kV/380V nns LL. 
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• Werner & Beit (North) Substation 

There is one transformer with following rate: O.8MV A l1kV/380V rms LL. 

The Anatomy Block feeder feeds the followings transformers: 

• Anatomy building Substation 

There is one transformer with following rate: IMVA l1kV/380V nus LL 

• Transformer at Chris Barnard Building (it is fed through Werner & Beit 

(North) Substation) 

This transformer has the following rate: IMVA l1kV/380 nns 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: 

• The Wolfsen pavilion substation supplies energy to animal houses, 

• Wener & Beit (North) substation supplies energy to deep fridges, 

• 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. 
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With this proposed solution, there would not be a need to disconnect none of the UCIMS 

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 fmancial 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: 

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

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

14 
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• 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 

• Current average demand +Ri, in kVar. This value is the three-phase lagging 

reactive power drawn by UCTMS, 

• 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 profle since Nov 2004 to June 2005 

2500 
MDlkVA] 2000 

1500 

1000 
500 

0 
• • • ...,. I,C) I,C) I,C) I,C) I,C) I,C) I,C) I,C) I,C) I,C) I,C) I,C) I,C) I,C) I,C) 

8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 
C"! C"! N C"! C"! C"! C"! C"! C"! N N C"! C"! C"! N C"! C"! N C"! 

N N .... .... 0 N N M M M ...,. ...,. Iri I,C) I,C) u;) (C 

...-: .... .... .... C! 0 C! C! 0 0 0 0 C! 0 C! 0 C! 0 
N .. ,..; 0) .... M ~ ,.... 0) g ,..; ~ 0 M :£ CD ~ .... • N 0 0 0 N .... N 

time (hour) 

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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WI] 

, -c 
Fi~ur. Uo4· [: !1llH) and 200~ I".d prom o ror lJCTMS 

T~h l e 1.1.4- 1 MD values were rccord~J lIsing l h~ monthly bill r~c~ivoo by the VlT 

maintenance: O!TLCC. Am, l YLlI1~ l~bk 1.2.4-1 it w~~ ull<krstood thm l h~ ~ 'I) in the f,, ~ 

year, ill u~t,,,t ~d (lccurr~d Oll t h~ f(}lic.\wing months: 

• Jallllary2()()(j_ \1D "'<IS 1.75\lVA 

• Fdmmry200 1. r>,1 I) was].77MVA 

• h :hrual)' ZOO2, :"10 was 1.96:v1VA 
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Ch~pl,r 2 

• ('un-eni "vemg~ demand ' A, in kW _ This nlLK: i, lh . lhr.c-pha" powcr oj' 

UCTMS, In ~ddilion illS lhc SlitHn",lion of line 1 and line 2 

• Current ave rage <1emand Ri, in kVar, This ""] lLC i:< the lhree-phasc lagg ing 

• ('un .. nl ,,,erag" demand -VA, in kVA. I'h is \'a lu e is the lhr~c-phase "ppm\:ni 

p<:n>cr dra"n hy LTT\IS 

Figl\CC 2.3 -1 shows tl-.c clghl-tllonth period load pro/ile for LCTMS. 

U(TMS "i~ ll1 III""lh pelin,1 of lu n,II" "f~" , i .. " . Hov 200~ In Jot"" 20Q5 

,me 
M[l [k VAl ,ooe 

,me 
,ooe 
me , 

• • • • ~ ~ ~ '0 ~ '0 ~ ~ ~ ~ ~ ~ ~ • ~ 

8 8 8 8 8 8 8 0 0 8 8 8 8 8 8 8 8 8 8 
0 0 N 0 0 0 , , ,-- , ,-, 0 N N 0 0 0 0 0 0 

N 0 8 0 N N N N • • ~ ~ N N 0 
0 N 0 • 0 0 0 0 0 0 0 0 0 0 

0 • N m 8 ,N , 0 • N ~ 0 M ~ 0 R • 0 0 0 0 0 0 

Illne Ih O} otl I 

1,'lg"rl' 2_3 _1 ; LTT;\IS .i~hl mc>nth I"'ri"d nf loon prom, 

For Ill<: pUl'p'-'se or lhe lh~Sj' lhc load pm['Ll~ analysis was oone only tn one nlonlh. Ihe 

~hosen month was j) e~embel' 2()()4, rigur~ 2.3-2 ,h",," [)e~e mrn,r 10a<1 proljl~ . 
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December 2004 load profile 

= 
~Wr·VAr ,~ 

'"" ,." 
U)) 
,~ 

iJ)J 

"" .co 
21:') 

" 

I 
, , 

! ! i , , ! i I ! ! ! i ! ! ! i ~ i i , • ~ i , , , , , , , , , , , , , , , , , , , , , , , , , , 
0 , , , , , ~ , 0 " , , • , , , c " , , , , , , 

""o[ho',,] 

[adl P<'ak power r~pres~nt ~d io figur~ 2.}-2 illustrmes da il y P<'aks. from tll ~ interview 

hdtl "itn Ed,d Ford. It was I()'.IIld Ollt th"t lTTMS lI ,es t h~ El,t~ r K~nt md~". H~ 

:I(kkd also that those m~t~l"'< ha .. ~ a wi ndow perio(1 of a h:11I' hour to g:nh ~r th ~ p<'\'~r 

then Ll send,,, pulse_ "hid , represent, the avemge I .. ,wer ~a ktllaletl. Allhe ~ nd oj""""n 

month. it r",d S th" pllb" Ii" hill i n ~ p"'pos", 

Th~ PF was caklliatoo using th~ data gathered at I.CTMS (s"" Ih" a~wrnpani~tl CD): 

~qumion (2.3 - 1) was U'"-,d to accomplish Ihi s. 

p-S·(-",(B) (2.3 -1 ) 

Where ("os(e) e'lml to 1'1' Il ~un h<e s~etllhut the ~ustomer dn,, " the peak p<"'~r at a](", 

load PF. Th~ ,,,,,rag~ PF for l h~ monlh of D~",mhc;r wa, calc lilakd 10 b~ D.S}. rigur~ 

2,}-2 sho\\s lhal In..: MD occurr"d on l h~ third dav, Tn~ :>'10 ohtalll ~d for (flo., month or 

()e~eml",r "as 1 _~4 :>.lV A_ 

The ("1'.\1 ~h".rges UCT~IS 011 the P<'"k appar~ nt po,,~ r or total ~"-pa~ it y I .. mer_ .-\s 

n l r~atlJ rTl<:nlion~tl l; en IS IS consi,krccl a, a vny larg" po.)\v ~r lIs<:r r·n Th" lari Il's lI",,1 

ar~ sloown in labk 2.3- 1 [4 ]. 

16 



Univ
ers

ity
 of

 C
ap

e T
ow

n

____________________________ ____ Cbapkr 2 

Tahle ! . .I_I' fl"clrid,y ,"!iff> f,,,- <"",,,,orei,1 ron,,, n,." 141 

VERY LARGE rOWER l:SERS 
S~rvkcChar'~ · (monthl ,) R 
S~r.' i~cCh" 'c - Ida;l - R 
Ener" ' <:I1ar ~ - dailv 
!)~mand dl.l~C 

'Jote: 

All Jlg.ur~s ~xdudc VAT 

r mo nth 

' r cia\{ 

c 'kWll 
R/kVA 

200.1. 0 .. 
R45, 'XXI.OO 
RI, SO'J.04 
12.72 
R lg.S3 

2004 '05 Incr<:;as~ ~"o 

s.:~ 'Jok 
R L 561.S6 3.50'}-Q 
13 . 17 
R19, IS 

3.5--1'1" 
3.5 j'li, 

Mu" ,hl)' S",,,ic(' 0 ..-1"" ,,,ku laocd ., ["" Iy SCF>OO n"lT~c , -," It, pli,,[ by nllLntx~ of do}" In " ,11 ," _, IlCf iod 

Fmm I"bk 2.3- 1 II Can b~ scen lhal savings Can be achie\'ed In d~m~nd char~c by 

limi ting the CI'~l peak po"er 10 the S<'l th reshold_ Th is mcnns that the r~ak shaving 

tc<:hlllquc lhal th is lh~SlS is propoSLL1~ 10 im plement "ill haw 10 supply the fh'~k \lD 

power in kVA. To cnsur~ tb aTlhc CTM pcJk powcr in kYA \\'ollid den~"s~d opllm"lIy. 

Tb~rd()J\; assullllng a IO()k\',\ and 200kV..\ thr~~-phase Ln\'en~ r fo r onalysis. rhen Ihe 

towl cop,lcily in '(VA Ihm tbe CD.t wou ld supply 10 CCT\1S wo uld drop Ii-om 1. 84J1VA 

lo L 74)1V.~ ami [MAWA r~.'P"cti\·dy_ 

in Jddilion. tb~ pcrc~nwg;e shawd would hc 5.4%, and I O . 9')·~ ["r the lOOkV,\ "nd 

~()(j.;VA thre~-phase invener respectiyei y. I!ow~\'~r, to (k"real-(; t hc p<.:ak power in '(VA 

is not as simpk a, il se~ms ixc"u,e I h~ IX'"k (Xlwcr IS co m(X)sni of lhe real and r~acli\'(: 

p()w~ r as shown i n th~ equal ion (2.3 _2). 

S = 1' + /Q 12.3-2) 

Where 5 IS Ihe appa rent powe,- in [ kVAJ. /' is the rea l power in [k\\'1 and Q" I h~ r~a~ I ,,'e 

pow~r in [kVar]. 

Graphically ~'luatio n 2.3-2 is r~pr~s~ nt~d as sbow in figure 2.3-J . 
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Therefore to decre~se S from I.H4\IVA 1(\ I 74\IVA or 1,1!4\IVA. Ihere is a n~ed to 

Jecrease /' ~nd Q such Ihal S w(\u ld be J.,creaseJ opTi mal ly_ 

2.3.1 Optimum Peak Load Shaving for UCTMS 

As was IwimeJ (\ut from the r revious section the apparent p(\wer. S. is the p~ralllder th~t 

shou ld be d~cn:a,~tI at th" eTM, III this way th~ p~ak shaving would h~ tlon~ l)ptilll<llly. 

Itlcall.,. 5 shoul tl oc drawn by th~ load at unity Pl', lIow~'.-~ r. lllJny of the loads are made 

of indue lion lllotOr,;. \\hi~h Jr~w p(\wer ~l PF less !h'Kl lLllLty or l uggin~ PF ri i. This i, lh~ 

"as~ for (b~ loaJs at UCT'vIS, 

The e"d~ in Ii~un: 2,3. 1- 1 n:pn;s~n l s lbe id~,~ sc~nario lbaT the CTY! wou ld want to 

ha" ~ for the wwl ~apiIC i ty dl'~wn by tb~ load, n~~aus~ in th~ sc~n~rio the PF is lInily, i.e .. 

Il is 7~ro. which would ll...,~n Ii-olll L"'-luuli(\n ~ .. '-I lhaT th" CTM \\"uld on ly Jeh\'~r (be 

r~al p()w~ r (km"nd~tI by lh~ ""llSUln~r. 
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8-0 , ' 

H()w~ver, lh~ p""~L" lL"mngk that UC-nvfS ha, is shO\\n in figure 2.-'-.; ""u 2..1.1 -2 

R~cal l ing th"t the aver~ge f'F or ~ust()mc:r lilr lh~ Lllonth or D"c~mb~r WJS (),~ ,' and 

ussun,ing it to b" ~()n'ta"t l"r simplkily, th~rcforc \he r~al and rcactivc power (low was 

~nlcu("t~d to b~ ( - I .i.IA/1V "nd () - I,Inj.j'(!f'· 

19 



Univ
ers

ity
 of

 C
ap

e T
ow

n

('harkr 1 

Three "'~nanos "" ill l>e disCliSsed 10 ill ustr~t e thc optimum PLS that mlLst b~ 

implemcnl\X1 at UCTMS, Sc~nari(ll 1'.' 111 look mto the case of on ly sllrrl ying real powcr 

fro m the inv~rter. Scena rio 1 in anoth~r hand will " nalyz~ the' d l,-,<:t 01' on ly doing 1' 1, 

correCllOlI , L. e" dcli~C'{illg re'activ~ power only. a[1<1 fi nal ly seen,Hio 3 will ~nalyz~ the 

e!tl:c! of , upp lying the app~"'lIt p<'I'.'~r Ii-om the inve1ter ~t t he s~me I'F as lh~ CTM, 

which mean Ihat the th ree-pha<;(; i n"~rkr ",ould supply hoth rc~1 anJ readiw p<"H'r. 

a) S('cnerai 0 I : ()nl" real PO\\ ~r rid i\'~r~J frum the inH'rlcr. 

A"umi llg Ihe usc of th~ thr~e-pha,~ imukrs at unL ty I'F, the m\'erter in ~onJllllc tion 

with the b~tte ry sy,tenl wOli ld , uppl) onl y the r e~l power, The lOOkVA ~ml 200kV,\ 

ill verter wou 1<1 supply I ( ~)k \\' ami 200k W n;spedivei y d' the respective b~\le ry system 

were sized to ,upply IIlOk\\' ~nd 2{H lkW li,r the reqlLired time', This Lrl tllm would 

dLwea", CTM rea l power i'rom ! 53,\flVto 1.43JjJL anJ I .H ,ltW respect ively 

Th~ rc'C"'tiv~ p<l\"n supplled ii-om CTM to ('C LvI wou ld remain the same. Thus, the 10la l 

syst~m c~p ~city S would lx' L1WF,J ami 1.~ 8'\n~1 j(,r Ih~ IOOkVA ami 200kV,\ 

i[werter re'pectiveiy. '!'he new S i, cak:ul ~l~d usi ng the cqu~lion (2.3 ,1 "1 ) and 11 is 

ilillstrate'li graphic"lly in iig lLre 2.3.1 --' for th~ 1()()kVA th re~-phase inven er in t h ~ Idt 

~nd 2{HikVA thrce"phase inverter Ln the righ\. 

(2.3, 1-1) 
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LJt. ", 
co"";" , Q-.~. 

( 

,/ 

• I Q-..,;. 
, 
, -----

From ligure 2.-'. 1<;, one can see that hy suppl:-ing only rc~1 I"){)w~r the PF gets \\'or.;c. 

T his can be CO" firrn~d mathemali c~1 1 y usi ng equation (2 .3. I _~) , 

(2,3,1-2i 

Table 1,3. 1 I Iilustrat~s the ocw PF th~ CTld would ha\'~ if IOOkW a",12{)JkW \\'er~ 

suppl ied by the I OOkV A .md lOOk VA thr""-pha", i!l\"rt~r r~spcdi, cl y, 

('TM PI' 

PF (I K3 

CTM 1'1' after the 
IOOkV.-\ lhr~~-phasc 

ll1\'erler suppli~"S 
lOOkW 

CTM 1'1 ' ~ner th~ 
lOOk V A thn:c-pha"· 1 
inv~]1er supp l i~" ' 

200kW 
n,79 

to ) Sccnernio2: 001\ n·acli,c puwer dcJiHred frum the inwrter. 

A %um ing t hm th~ \hrcc-pha,~ i,,\'~rt~rs s l1ppl ]~" only rexti, ~ l')(""~r 10 CTM S. then I his 

mCa" that it was p"rii)rming PI' ~orrCCliOI\ ooly. The new rcactiv~ JX,wcr that CTM 

" 
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Cippler 2 

would supply 10 UCT\IS "nLT tl>c lOOI;.V,\ t[,l\;C-phlls<: inVL,kr supply Ih~ lOOI;.V"" 10 

ClT\IS would he ()- ~3(JkVur ~tld due 10 the 21~)kVA Ihre~-r h "se im'elter_ il would be 

(J - ,1'.iI!l: J 'ur_ 

Th~1-dorc. th~ ncw S that Ill<' ('"I'M would supply 10 lhe ~ustomerwould be /, 7\1,IlVA and 

l ?-IMVA "hik usin~ Ih~ 100kV,\ ~nd 21;oI;.V,\ lhrcc-p lkl'~ mw't~' r~s p~c'i\"dy, This 

s<: cnal'io is il lustrated gr"phKJ lly in lig,urcs 2,,', I -4 

'. 
/, 

C 
~ 
~ ----

• 
I Q_»i , "'-.... "'''' 
I C'I'OCi", 

• • 

/, 
h 

,.; 
~ --

I 

w ere ..... 
c,_'o, 

--
'. 

Fi~lLro U _ I _~: i\"w ') <tom <"pad,) for 1 rT\IS "r",' 'lLppl)'in~ I,,,,,,.r f'''nl 1I~'\" \ ,\ and 2UUk \' A 

tlll'o<"ph", im'ol1<1'" ,."." rF ,.,p«·tiHl) 

Thc ncw SystClll 1'1, after using the lOOkVA a"d 200kV .. \ thr~~-p l-.as~ invcrkr as Pf 

~orre~lion would be '" sl.own in labk 2._'.1-~, 

----------,,, .. "'c-------~",·""'c,,,,"'_,cc'"cc_,-cnl l'F (' I_viI' I< ~nL'-lhL' CTM Pf alkr til<: 
1(~lkVA three-phase ~()()kV ,\ lhr~~-phas.c 

i"n,kr slLpphL'S in\'crter surjl l ,~, 
j()()kVar ~OOkV"" 

0,8 5 ~'"':"'==t'['"ill"~:""~'"__J ! I'F I 0.83 
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( 'har wr ~ 

c) Sc~n~r"ioJ: Combin'Uion of r~"l and r~actiw llUWH rlPliyvcd from th~ 

itlYcrtcr. 

Th~ third scen~ri() was th~ possib ility of t-LudL ng thc b~st puint whcrc CTM ~~k powcr iu 

kVA could be decrcased to a rllr nimum value hy using the three_phase im-e rter_ 

Analyzing figu re 2 .. ' 1-,' and figure 2 .. ,_ 1-4 there LS ~ pO Lnt on the three-ph~"" i",-erter 

clrelc lhat would giv~ lh~ minLJllULl! CT\l peak pow~r. 

rhis point was ",here t l", three-phas~ im-etWr ~r rel" and th~ (TM new cirele me~ in a 

tang~nt. Practical! y, llllS ,",ould be unl y pussib Ic if thc threc-phase invertcr wuuld supply 

S at the sanle PI' a_< the Cnd, Th us. the !'Ie'" CT\1 c~p~cities. S, ",h~n using the !turd 

scen ~rio for the II)()kV"\ and 20()kV.\ three-phase i'l\'erter wou ld he 1,74A1VA and 

I 64.\fVA respectively, Figur~ 23, 1-5 shows !hc S<;Cnam' 

, , , 

• 
I Q-"~ , 

, , 

• I Q-,,, , 
- -,­, , 

-----
-~ 

.-t~I"< L\.l_~: N.,,· 'l-""'" <np.d'~' fO F t '('T~lS fOF tho ll~" I",ak ,~",itl g duo to JIlOk\'·\ "tid Wilk 

VAt hr<o_'J~'" in, OF'O' <<<p.oli, ol~ 

ra hle 2.3. 1-3 ill ustrates the re_"poll se of e.1Ch of the sc~nmiu in rdation with CTM 

supplying !JCTMS without the three_pha_<e inverter. 

, . •• 
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Chaptcr 2 

'h" ' · iLl~ [0" rCT\I~ 

!'------T--",.,"''''''''','''''---ROC,',,''.p.,,''''''.'.---ROC,',,',.',,',',-,"",,',,','.,'---·C"'Fc - -
! PIlWer [I\IVA[ ['IW[ [i\lVur[ 

! CapeTown 

muni~ip~ l ity , 

" ith"lLt thc 

thre~-rhase 

In\,crtcr 

WOkW 

Scen~.,-al() I 

lOOkW I 

Sccncraio2 

l(){lkVar 

Sccn~raio2 

2(){lkVar 

100kVA 

SccnerJio) 

200kV/\ 

1 R4 

1.79 

1.74 

1,74 

IS) I .0-' OXI 

I 43 - -;;,---1---.-----1 ;.03 I 

1,3.' : .11] 

1.53 0.1)3 " 
1.53 0.83 " 
1.44 (I,n 11,83 

1,36 0.91 

I 

Thcrdorc, Irom tll<; rcsul ts it eun llC sC~n lhat th~ hes( PLS \\ould oc lound hy applying 

the third sccnario, As discuss<:d thc three-phase in\'erter in thi s scenario wOl.lld supply thc 

apparent power ~I (]'" samc PF ~s C']'\1 is sl.lpp lying LC'nIS. In this ~\Vuy tl", lmnlnlUm 

\1D that CTM wuuld supply LCTMS wooklllC achie\'ed, 
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2.3.2 University of Cape Town Medical Schoof monthly saving by 

using 100kVA or 200kVA three-phase inverter 

rrom tables 2.3- 1 it could f>c seen tnJt CT\1 cnJr~es CCTMS in Ihrce ways: s.:nlC~ 

~harge, energy ~hurge and demand ch~rge, The lmonthly bill that UC'TMS has to PJy 

C'TM is compos.:d of the summation of thos.: dl3rge,. How~yer. the on ly ~harge that 

would Ix: aff~-'dcd wh~n J thre~- phJs..: inwrt~ r in wnjunction with bultery , torage is used 

would rn, the dem~nd ~h"rge_ 

'nlC en~rgy charge that C'TM imp<ls..:d OIl CCTMS wou ld not be alkdetl ocnlUs.: the 

ener[!:y t h~l the three-I'has.e inverter in ~()nj undion with batt~\')' storJge WOllld ddiwr to 

UCTMS at p~ak time, would oc the SlllnC <:n~rgy that L'C'T\'iS ,,,,u ld buy Ii-om CUd at 

oft:!"'uk tiLTIe lJr helow the thrcshold po int. to store or charg~ the bun~ry. Thu, th~ cn~rgy 

that CTr>.l slIpply CCT\IS at peak t!Lne wO!Lld merely be transferred to the o tl ·peak time. 

On~e again. analy;ing table : .3-1 it was not ked that the d~mand char!;e in ~(}(4 was 

RI9,IR,.'\;\/A. ('onLin!Lmg wi th the roonLh of Decemher J nal ysis, the demJlld ~harge 

,ontrihut ion in the D~celnlx:[' monthly bill " as RJ5.~n,02. It was calcu lalLtl uSIng 

eq!Lution (2 __ 1.2- 1 ), 

.\[onlh/y MD eh arge = ;lIomhiy __ MDx /Jemm"i _ eh arge 

\vher~, JJomhfy_Jl/J is tl", m~ximul11 dai ly peak, wh i,h would o<."ur ""ithin J month. toc 

,\[UJ1Ih/,'_MD_ Chm"g(' i, tlw dJar~c t h~t UCT\-IS mllst pa)' to CT\1 due to the dady \-10 

in J month, '1'1", De~embcr .\funlh/y_MD was 1839kVA Or I.R4MVA as illu , trated m 

tabks 1.2.4-1 l1nd 2,J.l-J ""p<-'Clhd)', 

M()",oy~r, usmg '~~mui() _1 ill table 2..1_1-3 Jild equation (2,3,2- 1). t h~ new 

.\Ionlhiy MD Charge Ih~t LTT\IS would pay to C'I r- l ,,"uld be 1'133.354,(12 and 

R 31 ... 36, 02 1(" I he 100kVA and 200k VA t hr~,<:-pnase in, ~rte r respeLl i ,d y_ 
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('ons<-~uell1 l y, the month ly s~vi ngs t hat UCT\.1S would make would he RI, 'J IS.O() and 

R.'\.H 3~. I)(J resp~ct i\'Cly. Thu, thc y~arly saving ,"ould b~ R23,(J161IiJ and R46,1I32.1)() by 

using the I OOk V A and 200k V ,\ three-ph~se in velteI' resp(.'<;tL vely Ln :W04. 

It is ev id~L1 t that with 200kV/\ threc-phasc inverter the savings wou ld b<: gre~ter. in f~et 

the bigger the th ree·ph~se i nv~ner capacity. !lw gee'ater the' saving'. ThliS. the 200kVA 

thr~~-pha'~ imwkr cou ld be consid~rl-d a., tlw 1x;.'i.I d",i "~ I( ,r t h~ dc,,~n. 

Howcver. before cons i(kri ng In.: 2(10kV A thr~~-p h~s~ inwlt~r as t he b~st c hoic~, ,imply 

b~callse it wo uld resu lu in gr~m~r ,av i n~s.. somc pOLnts were ~on' id ered. , uch as: 

• I,CT\.,jS Imrl profik c",w should be analyzed to check 101' llL)w long the shaving 

P<'riod "ould ,>.;cur for the , peei tic inverter in use. 

• Then thJt wou ld help 10 .<ee the total ~nergy that lh~ balte'ry stomg ~ would nc~d to 

.<upply the re'qutr~d cn~ rgy demanded at pcak tilnc . 

• RL'Call til at en~rgy ,s equal to the product oj' fhe power ~nd t he timc. 

o The lotal energy at peak time or "how th ~ thrcshold point would hdp to sizc the 

b~tkry c~pac i ty. 

• In udd,\<on. th(' biggcr the battery' e~p aci t y. I he more expensi w it wo uld hc. 

l'hus from llw aoove points, it wa, tlnderst(~,d that, the choLcc of the right sile of the 

three-pha", "w~rl~r I,,, UCTMS. depend, (~l the shape or the U(TM S l o~d prolile cunT 

as well thc ener~y rC,!u,nxl m pe~ k time i. e. the b~tlery c~p~c ity. Th~rerow. tlw l OOk VA 

~nd 200k VA will oc us~d in thc analysis to siLc the bJUl'ry 'I,>rage. The ch~~p".<t b~ttery 

st(lrag~ wli l bc used in the jin~tK,~1 analysis to ch<xk ror tlnancial viabil ity. 
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2.3.3 Energy required to supply the VCT Medical School at peak 

time using the 100kVA and 200kVA Inverter. 

In se~t ic\l1 2_,,, the data !,!:ath"rnl hy the m~teling system wus dis~ussed, ['hos" d"ta points 

were Ih~ im pmtaL1l 10"'] rneasurem~nl' done hy l h~ L1lel~ rlL1 g s yslem al hal f h()ur lL1kr\'al, 

lor PLS Jlwlysis. Ea~h signal gmhered was ~vL"-aged during Ihis half Iwu l' period, 

The me"suremenl d()ne hy the mel~rmg system was wld~r1"k~n al vo llage kvd ()f I I OV 

and maximllm .;urrenl flow of SA, h<":Q lISe lhe mdel'in g system uses ,'oltag~ Iransl()rmer 

(VT) 0 f the f()ilowi ng r~l io I I (K)OV/ I IOV "",I current t r~nsf()nn lT (CT) of I iOA /SA. A II 

lh~ rne"'lL[~rneL11s hat] to b~ tmn,timTI(x] lu lhe act",,1 val u~ , al IlkV and 150A lor 

'll".l lysis "-5 seen on the bus bar feeder. Thi, w~s occOInpli shed by using the ratio of the 

VI' and (;1, wh i ~h is 100 for VT and 30 li)r CT f-ly mll itip lying them, il yidds J(~~): this 

value is multiplied by each meJsul'~d \nlue to lranslollll back tu m: tu al \'"Iu~s oil the h'gh 

,ide of VI ,md CT. 

figure 2,3,3-1 illu'lmles th~ maximum daily load pl'Olil~ uf LTT'vIS. whidl l"'rp~n til 

th~ lhLnI day_ ~:~ch slrip rcrrcs~nts ha lf an hour "~lI1Tent ~verage demand" , 

, e , e 0 0 0 0 0 0 8 0 8 :; , 0 , 0 
0 c c 0 0 0 0 0 

0 0 0 ~ 0 , ~ ~ , , 0 
, 0 0 0 C C , C 0 c e 0 0 

0 0 , 0 :;; '3 , , , C , , 0 0 " " , '" , 0 , , , " " "" " " 
t Lm '~_J 

FiI:HC' 2,J .3- t: Muimum daHl'lnad profile for ,h . mon,h of lI<comher 1'<pc«.,,'«I", holf ~Jl honr 

'" - , 
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The ~nergy in one strip is the prodl.d oi" th~ peak or th~ slrip and ils I"ieith. the width 

reriod was a set to hal f nil hour. Th~refor~ th~ total energy would be Ihe summation 01" 

t h~ encrg;y ill ea~h stnp. 

In addition. having the alx)\'~ argument in mind. the energy at peak time "." ~alc"l~k~1 

by ' uillming Ih~ portion ol'lhe energy m e""h 'tnp at peak tilll~ l.e. ahove the lIu~'Sho ld 

I i n ~. Ide~1 monthl y PI .S th roughout one 1I10nth was assu.ncd for si mpl icily 

Ideal monthly PLS would happ~n when the thr~shold pomt would be ,c( at begm oi" ea..:h 

.nolllh in such way that the maximum peak within a month. wo uld he the only peak 

power thaI the three-phase im·~rt~r l"Ul. ld supply ils i"ull capacity m ~O .n inutes. The rest 

o t- ti me. the I hr~...,-ph ase ; n\'ett~r \\ ollid SIlppl y the r~gLl in:d [X'wer in the rang~ of 7~m and 

Ie" its full capacity. 

From the abo"e di",,,,,;on, the thre,ho ld lil r ~a~h ~k\'anl month throllghout the ei~ht 

month, penod "as cakulated u,ing valu~, i"rom t"ble 1. 2..-1- 1. Table A- I ill appendix A 

,hows the "olues ofl,lbl~ 1.2.4- 1 for the rek\'ant eight ",,)nths on co lumn 2 os well ns Ihe 

octual dat a g"lheroo horn the metenng sy,lem. Wh lCh i, repr~,enkd in labk A-I in 

COIULIlIl-'. Compnrin); co lumn 2 ond .;olumn 3 of t~ble A· I. ilcan be s~en thm some \ .1]) 

throughout th ~ eight-month pC'fiod did not m~tch ex""tly. ·rhus. lhe a~tunl \1D dal" III 

column 3 w~re u,ed lix the en~rgy an"lysi, o!' PLS to size (h ~ baj(~ry system. 

Csing th~ actual dala '" wbk A-I and suhtrocling IOOkVA and 200kVA in ~a"h momh. 

the ide31 thresliold, lor ea~h month w~re cukulat(xi. Th~ calculated thresholds ar~ 

il l ",trot ~d in tahle A-2 in ~oluL11ns J ond 4 fo r the ImkVA ~nd ~()()kVA imerter 

re'r~divdy. 

UCT'v1S loo<! profile rc1'r""em~tion throughout th~ "'port "dl be r~pr~'Sentcd a, 

~onlmUOl" line ~s illu,lraled mliglll\: 2.3.3-2 for , unp lieity. Figure 2.3.3-2 Lliu,trates the 

maxiL11 L1]1l dnily 10[1(1 proll k for the month of De<:~.nber. 
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Fig""" ",3.3-1 ' .\ht\;"Hl '" d~il)' lo,d profil . ro,' lb . ",onth or Decemb er ror ITT.\IS "'IJn',,,n,,,!! '" 

continuo", line. 

Now lL si [l~ (he threshold valu~ c alculal~d for the m(~llh oj ' ))""~mbcr 1,)[ (h~ I (j()l< VA and 

2()O kVA thr~~-l'ha-,~ inv~rkr rcspetlivciy as dlustraled in labk A-2. il was appli~d to 

ligurc 2.3.3-2, ThlLs. ligures 2.L'-3 and 23,3-4 w~re ohtain~d for (h~ IOOl<VA ami 

200k VA thre~- phas" i n\'~rtcr lTS[>"" ti, dy_ 

In 1i ~lL1TS 2,J,3 -3 and 2.J ,3 -4. th~ thr" ,hold l in~ repr~,ent' the n ~" ll1a~imlLm I>o wn lhal 

Ih~ CT~T wou ld supply UTMS, (n addillOn. (hi , action of l h~ CT'vI "olLid he possibk 

whi le lLSln ~ the lOOk VA and 200kVA l hrc~---phase invert"r resp~cti 1.-dy, 
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r~bl~s 1\-3 and 1\-..j shows lh~ p"riod wile,"" lh~ loc;J is abo,." (he lhre,hold line as well 

as (h" (hr,,~-p ha,c IIl\"r(~r "apa~ity ne~tkd (0 supply (il..; power "OO"C the (ilrc,hold Ime 

j'J r Ihe IO(lkVA Jnd 200kVA n:spectively, Tables A-J and A-..j also shows (he ill\'erter 

~apa~il] In kVi\. ho"",,,er (0 Sl/.~ lh" ball"r), (ile real pow~r LIl rkWl is Ileed Lil stead . 
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I'herelore, tahl~" /\-5 alld A-6 iliustrall:S tile r~~ l ami reactil'e p<:lwer that tile tllre~-ph~~ 

illve'ters would supply al dillhcnl PF aoo\c tile thresoold line ~s well as tile periOtI that 

lo~d would be aoo\'C the thres l)(lld lille , 

[n keepmg with the half an hourly me~suremelll period, the ener~y in kWh supplied bJ 

the thrce-ph~sc inverter t"r th~t period in e""h strips aoove the thres hold line were added 

together. I'hus. the total ~nergy abo\'~ the Ihr~stx)ld hnc IS pre,cnkdlll tabk, A_7 and A­

S I,)r the Ihml d~ y for the I OOk VA ami ~()OkVA thr0C-ph~se i nl'~rtcr respecti I'ely, 

Ana lyzing table A-5 to A-8, it ~an he seen th~t lill lh~ third day oj' Dc~~mbcr the batt~ry 

,lOrage ,ystem would ha\' ~ to supply 20~.l\1 kWh for Silour ~ml 733.55 k\'ill I,' r 7,5 h<.lur. 

for the IOOkVA artd 200kVA tllree-phase "we'ter respectively The ,ame ~nalysi, a, 

above wa, done lor lhe olher days throughout lhe eight months, 

Table A·'l and A-iO shows tl", maximwll daily energy that the baUery 'lorag~ would 

,upply m ~a~h month and ils duration for thc lOOkVA am12()OkVA lilree-pilase in,crtcr 

r~spccti'e ly. As mCnlioncd ~bo'e the battcry storage would h.we 10 be siLed t"r the 

worst-case scenario. The,ei')fe_ fn'm lable, A-9 and A-IO lhe maximum energy ,n kWh 

and the maXllTIUm lime duralion wa, choscn to sw.: th~ bauery storage. 

Tables A- I I and /\-12 ,tXlW' the max,,"um dmly e~lgy in lh~ wor,l monlh. ",hid, 

happen 10 bL in February, and pre,enl the maXlllluln duralion liln~ "hen using l(j(lkVA 

anct ~()Ok V A three-phase inverter respective! y. 

The purpose oflhis research "as to uSc the lilree-phase inl'erter to supply tile kVA power 

at the some Pt, as the three-ph~se SClurce. Thus, ensming th~t the hes t l"'ak load sl,aving 

~ould be adtie, ~d as di,~uss~d pre,i(""l y in ,e~ti()n 2.3. I 

I towever. to size the baUer)', a unity ['1' discharging was assumed 10 make sure that II", 

baUery wou Id be ,ized 10 ddl\"" lh~ rull inverter ~apa~L Iy in k W. Ttns <leclsion was laken 

Jl 
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b~~allse it was n(lti~~d from th~ ,btJ gathered that thc PI' throllghou t th~ ~i~ht month 

period chang~d from O,~() to 0.94, 

Continlling "ith tile an~ ly sis in tk worst Cas~ sc~nano as dis~lIsscd in tabl~s A-I I and 

A· 12. tablc A-1J illus!mt~s th~ ~n~rgy llwl thc IOO\;VA lhr~~-pbasc invcrl~r would 

sllpply Lf rl had to ddi\'~r \h~ power at ~ame I'F ~8 til~ supplier. 

T ah le A_I .. howe" cr ,how~ th~ maximllill cnergy thc I OOk V A th[(,,-phas~ in"erlcr wOllld 

SLLl'Plyto the grid at LLnity ['F. SllllLlarly, tabl~ A-15 aoo A-Ifl Pl"Sents the result for !h~ 

2()()kV..\ tilree-phas~ invcrt .. " lI,ing til .. ,amC anal.,'L~ uscd to calclllalL tlw ,,,llI .. ·s Ln ta bk 

A- 13 and tahlc A-14_ 

Comporing the ~nergy dcli'-~Rxl by !h~ thr~c- phasc in'-crt"ni in ta hk /\- I 3 to t~ble /\- I 6 

Lt is clear thaI it was wis .. to SlL.e tb~ baltery to ddiver th~ full jXnvcr "t unity I'F, which is 

th~ "orsl-C~sc sc~nario, Th .. focllsofth" armly,i, is no" shilloo to tablcs A-14 mId /\-16 

1\0" to Illak~ the ann lysis mor .. rcalistic lh" lilr,,~-ph~sc invcrt .. r is assumed to dcliv ~r th~ 

p(mer to the t hr~c-ph~8e grid ~t elflcicncy of <>O'}O_ I'rom tabl~s A-I .. and A-lil the 

awrag~ IXlwn that would I-x; ddL\Tnod by lh~ 10OkV/\ and 200\;V..\ lhrec-pbasc Im'~rlLr 

ar~ 75,5(,kW lor 5.5ho\lr and 142.nkW lor 75hour r~specl iwly. 

Thus at ~rti~iency "I' 90% 01' th~ lhr~c-phas~ lllv~rlcr, it ""u ld mCan lhat lh~ battery 

slorag~s must supply avemg~ powcr of 83.96\;\\,' for 5,5hour and 158,59kV/ for 7 __ '1 hour 

to \h~ I ()O kV A and 200\; V A thno~-phasc IIl\Trler ""iX-<:tivdy, 

2.4 Batteries Sizing 

2.4.1 Different energy storage 

The t1atter;,' Fl1~rgy Sf(lr;]g~ Syst~I'" (llESS) ;]r~ a typ" or m~rgy ,torage device that 

stor" ~n~rgy dcctrod tellllcall y_ Tb~ oth"r typ'-'S or cn~rg., slOra~e availnble arc: 
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• Sup~rconduding Magnetic Energy 5t orag~ (5\lESI ilas the aim 10 store en~rgy 

Lll"~die~lly. I'ilen J dc current nows through a SUI>erconduc(ing coi l l K J 

• Ad\'~n~ed ('up~citors urc a Iype of d~vic~ thut store dL'Ctri~al ~nngy wh~n 

IXlsili"e or negutive churg~s. ur~ ,toroo on l h~ir plaks rRl-

• f-Iywh~d ~nngy ,torug~ (FES) is a type of stom~c dcvke that store d~drkal 

~nergy kindical l.,. when couple 10 an elect rical 111Jcili ne [~ J. 

In tenus of fa,t re'pon'~ and lugh d'jki~n~y. l h~ S\If'S " leading the cn~rgy storage 

d~vic~s with a ~harge-di s~harge ellicicncy of l)5%" Howe'er. it is th~ most cosll.\ Irom 

them ~l l l~ ]. The HFSS compared to th~ other:.; energy storage. Jre lh~ most ~ost dledi,'e 

en~r~y stomge around and very ~"sily aC'l'essibk r8], 

Looking d~~p~r Lll th~ HESS k>t:hno logy, 'p~~iti~al l y the different ball~ri~s technology 

around. lil[ ~.~"mpl~: th~ kKl acid batteries, ni~kd-Llldal hydride hutl~ri~s. ni~k<;I­

Cadill iunl bmleries. and lithium_ion bJtteries. which Jccording 10 til~ uuthors of reference 

rgl. lhey were being Lllv~stigat~d for larg~-",a l ~ ~nergy 'tor~gc ,,!,pl i ~ation. 

Important t;,ctors to consider when choosing" Il t,:SS lilr a storage applicatiotl 0.1\: the 

foll()wing high ~n" rgy density, high energy cupab ili ly. I'OlIl1(1 Inp efficien~y. cycling 

capability. lik span and mit ialc'ost [8]. 

Lead-a~ ld baltni~s has tl", low~r ~n~ rgy density cJpability and limilcd lif~ cyde 

compared with tile rest di,cussed batteries. hOI'~'er irs 10l' er C'ost and lh~ easincss of 

\l..;in g accessed for rcplacement ,IS wel l as h<:ing already a stable technology. mak~ tocm 

the tirst ~hoi~e orlllany slOrag~ apr lt~ation rn 

f-lased in the ~bov~ discussion the leJt1-acid hJttery \\'JS l il~ choice lor th is tllesi s. Th~ 

lead-acid battery tl'oo to do llkJ jinan~ial I'easihtlity ~ltldy Jnalysis was a hJtlery 

III JIlIl foctl!r~d by t hc First ~ation~1 13aHny (Fl\ 13 j, ",hid, is 11 South A l'n~" ~omp'm y. r9 J, 

.,-' 
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2.4.2 First National Battery Lead-Acid Batteries 

Due to the nature of the project . wnic h WJS PLS. it Illcam (hat (he b"ttcry bank lhat must 

bc uscd. has to be always rcady or at standby mode whenever it i, needed and also mu,;t 

be able to handle high cycling" 

FNB I"" dil'l<-Tent range ,,(balleTIes cd l such as: 

• F1\ ll h" ve banerics cells that cnn do high cycling. for i nstan~e the Ra;-,.Iit e :\1· 

Solar or Tubu l ~r RSO ["1-

• [3allerk, cdb that Can operale In a n"at mode or slandhy operation. 1'01 i nst~nce 

the Ch l,,,'kle I'aurc-, enc losed cells [9) , 

• r .... lorcmw. batte ri es cells t hnt can do both Ili ~h cydin~ nnd openoti n~ on "wndby 

mode. tor inst~nce the Rayl Llc tubular cells ReT [9] 

The FNil baUery that waS considered to be used t"r l his pmjt.'\: t n'r the Ii n.1llda l ,mal ysis. 

which W011 1d be able to do o"th hi gh cycl ing nntl op(;tatin~ In a standby 1Il0<lc. waS Inc 

Raylite tuhular ReT. 

2.4.2.1 Raylite Tubular Cells 

I( was discussed tlmt '"I"" IUhlllar cell oflcr., Ollt.I'ullu/ing reliah ility over an expected 

" '''rking lif' of II! If) 12 years in .fIoar charge applications. T"ese ce/ls (liT {"apahie of 

IIig" cycling. II o{ler.I' a greater ""riilee "rea for" "peeijic plille dimension , I(tfim/ing 

hig"er ("nergy densi,y. '[9 J, 

From lOC mtervLew \\Ltlo t h~ technical ,crvic~'S mallager or Fir,t \laliona l Battery. Clrlf 

Hardman. II was found (lut that the ra!lolc tuhu lar ~db high eyd ing capnbility goe, a, 

low ~s HIl'\'o of depth of dis<;h~rge (DO[)). It was Jdcted lhat Ihis is due to the ~l1lount 01' 

~~i d residing In the tubular ~db. ",hid, it'" quantity arc high mouglo to allow lor those 

high cycling, 

The rayl ite luhular cell, applt~a(iolls, ck'Sign leatures, product nnd ser\'ice bcneflt s can be 

foulI..tln Rl1yli(~ lubu l~r Cdb dawshc~t app..:ndix B 
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"ext ","Ction ,,111 di""uss til<: charging scheme. w,hich would enable the lead-acid batlet)' 

to oc ~t standby mo(k, 

2.4.3 Multi-stage charging of a lead-acid battery 

Lead ac id battery doe, not like to he leli in di,;charge mode 'or long.l=allse it ,nmld 

cau,,-' sulfation "n the nL'gati,e plat~. howeva LJ' It '" ("uch~rge:d. it wO(lld ca(l"" grid 

~om",oll Oil tl", positi,e plate , as well ,1s the lemperat ur~ would ri",. and gassiIl~ ''''(lId 

happen. The gass ing would resu lt in wnting. which mean thm the electro l>1e in th<e 

h~llery would e,-uporalL .( 'on""'1 (ll'ml y. the ~apaeity ~s wd I as tlw Ii li:ti me: or thl' batlLry 

"o(lld decrease [IOJ. Th(ls. it is important to hilly charge the lead-n~iJ battery and at 

same time a\'oidmg overcharging. 

1'0 charge 0 lead·acid haUery ror t hi s type of rroj ~CI, the" ors! ·casc scenario of chargi n:; 

the banery mlJst be con,idered, rhe worst-case scenario would happen "hen th~ lead -

ocid b~ttay h~s 10 Ix disdarge:d d~ily and lully di"'harge:d IX. 80%, Then Ihis ",ould 

mean that the battery hank wnu ld hoW 10 be charged belween the d~i l y dutie, or daily 

I he total available time to charge the battet)' when using the Ill0kVA arll.l2ll0kVA three · 

phase mvntn r<:sp.xtivdy as di,;cu,,,,,d III scction 2.3.3 w,mld be IH.5 hmlr and 16.5 

hour rcspcrtivdy. Howewr. hum literat(lre. it v.as di s<: us",d Ih~ l I"r I~rga balkries 

cap~city. such as the seal ~d lead-acid Imteries the clurgin:; "'ould last up to J(, hours 

when ch~rgmg the ballL.ry al c"nslant voltage limited only [101 Fmm reterence [101, ,t 

was discussoo that hy (Ising hi:;her charge C1Jrrem and Lll1l 1li -stage ehlll'ge methods the 

charge lime can I", de~reased dr.llnatically do" n t(\ I 0 h(\ur, ()r less, 

rhe ITI1Jlti -swg,e charge for the lead-acid bauery di"'llSscd in [101 has thr<:~ stages, The: 

lirsl slage is known oS cOlntant cun'ent slage and LIst for 5 hours. in thi' stage the Cllrrent 

is held at milwl ~ol1sl~nt value. whik 11", ,-oltag~ rise, to a preset v~ l"e, IhlS presel ,-al(le 
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is known as l><)(lsl vo llage and it ~nn be 1Il rang;e o r 2,-'- 2,,,SV per celL The corrcct 

,et tings of the buust voltagc <1ep"nu grcatly '" 1 he temperature, When the vult~gc rcad",s 

its p reset vo ltage, it " 'as di scu,,.-:d Ihat the b"llery is 7If!/, ful ly charged llOj, At Ihi , 

POlnt, thc ,.-:cund stagc is re~d1C<l and is known ~s con, lanl voltage. 

h1r thc battcry to be 100'>" full y charged the prcset voltagc limn h ~s to be held at that 

v~luc "hi lc 11-.., ~urrent is mducmg unt il it read ies 3% or ils ratcd \~lue. It W,ts di ,ws>ed 

that rh i. stngc wOI11<1 1aSl for 5 holtrs. 111 addition Lt was ment ioned that once the baltc ry 

mac hcs tl-.., presct \"olr~ge it wOlII<1 be , aturming; f I 01-

I lowevcr, it WolS afti t111 ed Ihat it is \'cry itllpurt3l\l for the well-hcin !<\ ofllw battery for the 

Hlll ~g.c 10 be held ~I Ihal constant prescl ,'oltage wh i l~ tfle current is being d ecrea,~d 

lO\'ar<:1 3% or its mkd va lltc, IhlS ~dlOn "ould "l low all battcry cel l, to be juliO' charged 

[ I tJ 1. 

Atth i$ point the last stage is reachcd.l\ow 10 prevcl\l sel!~<1Ls~ harg;l!lg; lhe cunenl is hdd 

~I 3% oJ' it, rdled current " 'hilc the ,'o ltaQe ,,·ou ld drop so that o\erchargc Can be 

pre\·enled. thc j]u~t voltagc wultld he ,et lu 2,25V at t~~TIpcraturc of~,'i" [101 I'his bst 

stag~ is kno wn as tloa t charg:e stage.;t w~s di'<ClIS 5<'d i h ~ 1 the b~llery can s\~y al Ihis st ~g;c 

fore\er wi lhoui being damag:<:d [101, flOW~'\'eL Just I ; k ~ hum~n beings. the hattery ~ges. 

nn d tim! wou lu limi t its liJi.":tirne. 
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Tlwrdi1re_ th" multi-stag" ~h~rg~ disCliSSClI ,,"'- ,,~ IS ideal ii)r this proi ~d. because 

r..twe;.;n heavy dai ly dutl es the battcry woulJ b~ able to be full ) eha r!;c and , tn}' in 

'tandby modc or noat charg~. 

2.4.4 Raylite battery Capacity Calculation 

Recallmg Ii-om sedion 2_3.3 thal lhe I()()kV .. \ lhree-phase imerter haUery sy<;lem wo uld 

,upply an a\"~rag.~ p<:"'cr of S3.96kW for 5.5hour and 1he 200kVA 1 111"ee-ph"s~ ill\·~rter 

h~ll~ry system wou ld sllpply an ~\'wag" p'mw of t 5S .5')k W for 7.5 hOll[ [0 1he IOOkVA 

and 200kVA lhrce-phas~ In verter rC5r cc1i, ely . 

A<sulllmg a DC hus nominul vo llag" or 400\'. (hus wI1h a llomina l n 'h"g~ per ~d l of 2 V 

(hen lhe llumbe r 0 ]" ~elb would Ix: 200 cell, . A"u!l\ i n~ a g(x >J venlilated room. the 

max imum boost \ 'o ltage per ccll can oc ""'t tll 2ASV LIOj. which would give a tot ~1 

\"o](age of 490\' ii)r 20() cells . 

37 
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Using th" discussed 110il1 vo lwgc, the IOtal v()llag~ fur 2()(j cells is 45()V I'lle 1l1",ill1U1Tl 

\'olt~gc thJl the ba ttery "~Jl drop was a:;stll11ed I_~V per cel l, thu, the tolal llLiJlL!nlLLll 

\ ·()ltag~ for 201l ~d l , is lGIl\' . 

Th~ avna);~ power 1"'[ ~dl lor the lOOkVA and 200kV,l. three-phase in\'nln battLry 

'y,!em would he 41<J_gW and 7<)2,<)5W rcspcdl\Tly. Thus US1l1 )'; th e mmillllLl1l Hl ltag" 

pn ~dj of I.BV. \0 ensure that battery SyStCll1 ddiv~-'!'s the 1\lli pow~r al 111,S mmumLln 

\'olt~gc, thus the J\'cmgc ClIrrLnt wuu ld oc Ltl ,2A :mrl .. 40,'jA for IOOkV A ~nd 2110kVA 

lhr~~ -phasL invnkr respecti vely_ 

ll,,,,'cvcr. reca lling t)wt at ~()'%, [)()D of lIs ral~d ~up:l<;ily the baUery wOlLld be empty_ 

Th~ll lor the haHny Lo b~ "bk \0 d"ilv~r n", "I:>m'" di"'us~d currents it mu st he ruled 10 

dchlw the Ill 'L~illll1m "v~r:lg~ ~urn:n( of 2~1 .. 'i;-\ alld .'i.'iO.6;-\ f"r The ]IlOkV A Jild 

200k V A (hr~c-phase inverter system respec!ivd y. 

'1 krefore (I", ] IH)kV;-\ and 2()OkVA th r~-..;- p)wsc iovcr!cr batlery s ySlem car~city in All 

w(luld b~ I ()()J . ~5Ah 5.5 hand .. 12') r,<) Ah 7.5h. 

2.5 Chapter Summary 

from (h~ above discussion. the followiog pomts ar~ slHnmanLcd: 

• I .I C I ~IS has al l its load as criticJI 

• Thcrdorl' lh~ (ln ly I' I.S k~hmque Ih,,( must he illl[>l"m"ll too a( lX'TMS W:l$ Ihe 

generation technique or cli stribul~d g~nnalion. which for lhis pWJccI waS th~ 

Ihree-phase invet,.,r in ~olljll nct ion with a karl -acid boltery. 

• By c()mp~ring two specific t hree-pl1Qse in,·crter battery syslem, IlIlJkVA alld 

2ookV1\. Ll waS wlk;l"d~d th aI (h~ bi ~gn lh~ lh"'~-pha,c invakr lh~ rn","c 

""wings Can be obwimxl. 

• It wus noticed Ihat because U .:TMS load proftl" ",as to naL a hi gher inverter 

",,,,,Id in~rcas~ lk dis<:hargmg p"'riocl. I"'n~~ lh~ ballny ~n~rgy w"uld lJlCr~~sc ~ 

lot. 
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• Using UCTMS load rrolik l h~ hall~ry sl{)mg~ devic~, kad-acid hall~'y, w ... , 

SiLtd lor lhe ]ookV A and 20l)kVA lhrce-phase in'cl1a. 

The nexl chapIn \\']1] di >Cuss lh~ ~boice oj' l]", lhrcc-ph,,"c LIlv~rt~r lop"]o!;y for [JeT'vIS, 

~'I'd l a~ ils control dt ~ign 10 anal yzc its technical feasihi lilY . 

.19 
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3 Choice of the Three-Phase Inverter Topology 

In ~ haptcr 2, I-,CTMS I ,,~ds wCl'ed iscus"",d: it "'QS foun d out thm t h~ 10Qds ar" all (I'iti ca l. 

Thus, from the ",~era l ['LS Icdmiyues dis~u-,sed previous ly in ~hapter I, the g~n~r~tion 

I('(;hni'llle w~s Ihe ~h"s~1l "n~, whi~h lor th~ purp·osc oj' Ihi , thcs" is SeCn a, ~ three­

phase il1vcn~ r in conjun~t i on wi th ~ fWSS. 

Th~ qu~l itj of POw~ 1' transfer is ,erj important wh~n c"nn~'(;tlllg a thr~"-pha",, invenel' 

sy-'t~m w ith a th",e-ph,-,-,~ grid, ~_'pecial l y when supplying lo,lds such as thos~ I'~'-lu ir"d Q\ 

I CTMS. Thc in,t~Jled 'yslem Illll >! mCrCaSC lhe qualIty 0 I' thc <l\'~rall SystCIll. i n,tcad 01' 

hrillging ~ddiliollal probl ems, 

' I hus. the ~hoke or(he typ~ of t hr~e-phQ'~ ill"~n~1' to b" used is very imponant LI IJ. Th~ 

fi rst sedi"n_, "f this ~hapler wi ll diS(;uss thc lwo dilTcrenl lype, ,,1' in"cners. lhc H, llage 

sourec ill""ner (VSI). and (he current source L nven~r (CSI). its QdvantQg~ and 

dis()(h~ntQgc. r h~ reQller, th~ one most _,ui tahle for lhis app li,ali on wtl l r.~ ~hoscn_ 

F unhenno",. a wnlrol OCSlgLl to ~cconlf'll"h lhe PLS ,~ hcnlC will be discussed. 

3.1 Introduction 

The thre~·p has~ in'-eltcr can r.e u_,eJ ~ith"r as VSI or '-'-, CSI. In VSI Lonncdion. lhe 

thre~-p has~ i n ~erte r input sigllal is a di rect elm-ent (DC) ,ollage, while in til" CSI t ll~ 

mput 'ignal IS a DC current saurc" [12 J. 

rhe ou tput signal ill lhe VSI L' all altern~te ~ un-e nt (AC) vollage signa l I'it h a 

~ontwl lahlc arnplinak ami phas" [12J, rJlUS, thc Qcti,-~ ~nd reactive pm"cr ~an be 

cOlHrolkd hi-din.:ctiol1.1l Iy hy contro I I ing t h~ thl'~"-rhase i nv~ne r r hase an~k alld ,ollage 

magnitude rcsp;;div Li y p. 13] . Moreover, In lhis se(up ~ pl'oper design of J link inductor 

is ,cry important ror " good rca! ~nd r"acti v~ POI' er control. FquQt ions 1-'- 1 - I ) and (3. 1-

2) ilillstl'~te (hi~_ 
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v ·v p= COIll ' Ctid -SinS 
X !.itlk 

- V( ',m,'vI;,.id CO,\ tY) 

X L,"' 

· ._._(hapt~L 1 

(3, 1- 1) 

0.1-2) 

Where. P Jnct Q rcp r~", nl til<: r,,~ 1 and r"~cti\',, phase power oj the Ih"~"-r hase in\,¢lwr 

respective ly_ f' ~nd Q can 11 0w !",linedi(lL1"l by "o"troiling r,,,,, , und (i r~sp"di\dy. V,,,,,,. 

is th~ ll,rcc-pha,,-, m\~n~r magnitll(k 'ollJgc anll (j is th~ power angk or tfle thl\;c-phJS~ 

illvertel", DIe angle ,) is t il<: an gle hetwL~n V""" alld V(;n,} . V, ;,.,." is Ih" \"() I tag~ "flbe grid. 

X, ",' is til<' ",,,,;lance "flbe link [",judo]". 

I!o\\'''\'~r, In CSI the olllplLl contro ll ab le signal is tile tillel' mductor curren! Lll l- In this 

,Clllp. ll.e adi\e arl<l r~al' liq: power wntrol is ,,~hi~\cd by wlllro ll iIlg the l\;al and 

ill1aginJI'Y compoocnt or the d-compon~nl and q-componcnt of the OlllPlit i,,<:Iuctor I"!ltel' 

3.2 Voltage Source and Current Source Inverter for Power 

Quality 

Thi, sediun w, 11 luok mto tk dilkr~ncc ur using the l hrn:-phas~ im'-Tter as VSI ln 

relation ul u,ing it as CSI 101' pcm ~r qUJlity. 

Pro ri ancl\'ic and Gr~~ll, [I I I, dis<:u,sc-d that " hm using the lhre~-phuse invcrtn as VSL 

"th e Olllplll Cllrrent and pv\t 'er '1'lIIlill' depend" on Ihe grid !'Ollog" '1""lil"" l I II, ThlIS, 

any grid v()ltage distorti()n w()uld automaticully dec ",a", the ou tpu t power and cur","t 

qlIa lity, In add ition, it was also discuss~d by Proda"O\' l~ and Grcen that In thi s 

al rcJdy p",,,,nt gnd vo ltage distortion, ConS<!'-juenlly, Ihe po\\'~ r '-juJI i ty would he poor. 
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How~ver, by operming (]w th ,e~-phas~ ,,,,'l',ter a, CSt. it was argued and shown 

experinl~ n taliJ' that the power qua lity would he a lOT bettcl' llij. l><.'Caus~ uutput l'urrcnt 

quail ty " not ,ubstanl lUli y affec'kd hy the grid \'o ltage qua l ity. 

It " 'as Jlso stated thoi. --fll" !nlil" ad"limage vfusi"g (I CSt i"s/ead vfli VSt i~ ill(I! "hl,ill 

rile comrot /i-e'l"enq' rat'R", lIigher output impedance i.l' oh"ermd/;-om 1/, <' !Joim of l'i~'l" 

of the grid "u/wg,," ll l j, This action hud Ihc n::sult of ,.kcrcasin~ th" inj[ucn~c or voltagc 

hannoni~s on the output curr~nL SO power quality wou ld Ix high, 

1'01' thi, thes is the Ihree-phasc in,cr\cl' was usctl as ('51 to cusul'e high oUlpul ~urrenl 

quulily and subS-C'-l uenlly po"~r quality rill- In ,Kldition. the three-p has.c inverl~r mput 

source sigual us~'(1 tile this thesis w~s J DC voltJge signa l (fro ln J bJ(tery bJnk) ~cross ~ 

~Jpacilor in't~ad ofa DC curr~nt signal as dlS~u,,~tI by \·lo han . r12l-

Ncvcrthelcss. hy cc",n"cting the battel'Y hJnk on The inp ut of the t hree-phJ'i<' il\\,er\er 

acrn" a capacito" Ihis conllguratioo or the three-phase invcrter is knuwn as a VSI as 

discuss"d prcviously, Howe\'~r. by Lou1l'o l lin~ thc Lu rr~nt T hr"u~h th~ outpU! tiller 

i,!duLlor, the VSI was matl~ to bd~\'~ a, CSI r I I 1 

3.3 Three-phase inverter Topology 

From tho:.: abo,~ discussion. the rcal and reacti\'c pow~r c~n al s.:) h" comrolkd hi­

direct ional ly by contro lling the filte, i ,!du~IO ' ~UlTent, real anti L111aglllJry part 

r~'P<'di ,dy, 

I berefOIT, I,,, this llo<o'i s. in "lllub lion, the lhr~~-rhasc inverlc'r was operalcd as ("S I Th~ 

topology Ln jigun:: 3,3- 1 "as dc"ign~tI wit b .. 'ut the liul.. in<ludor: it w~s implementc(1 in 

si 111ul~tiun desig.rL ~ n d iIL prxtice, 
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Th'<!e~ biola'1<:ed , 

Th~ llat ,.d1<>1\ "ill look inlo (l iff~I\: IH ~omrol lk,ign< It)( the ~ho!.Cn three-pho"" 

tOjlol o~y_ 

Th.: thlL'C_ph .. ... • I fI\'~r1"r h3d to he L..,"n~"C lcll "ilh Ihe lltn.-e-ph:lSo.: gild in ~uch :I "":ay thai 

11 would not C~U.<e 3nr dislurh:m..-e on t h~ momern of conneo;li(>l1 . T hus. I . ... il 10 be 

po",ihl~ a ph;lSC-I"d,'" 10C>p USIll~ a pmportiona l plus inIL",.,.,,1 (1" 1) c.>nlrolkr w~~ Il~ In 

,ynchroni z~ th ~ thre~- ph;J "e i"\ er~ r Ir~q ~"'n~ >' \' Ith tho: lhw.;-rh~,«; ~riJ fr""lucn"J r l-ll, 

\-Iorex>,,;r a" "as (h-,('", .... x1 above dl ~t Ih,' t llre.:-ph ~'<: \"ohag~ "'>1J~C in " ~rk1' wus uS<'<1 

,IS <'S I by conr" 'll i n~ Ih" indudor liher CUrn..1It w u con llnl des't.\" u.<in;t a 1'1 ~'tlfl' rollcr 

~lso_ was i"'~lllPl~-d n ilh the gmd:lIlcc of til" hto:r.llme [II, 1:;11\) L~ UllroJ the CUJT\:"1'l1 

n,,,,,ng th mll!;b 1110.' Ul,IIlCIe>rs fi lk •. 

4-3 
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3.4 Control Design 

Once th e three-phase inv~I1~1' lo)X,logy. ligur~ 3.3-1 , was modeled in simpl0rel', ngllr~ 

->, 7- 1 111 sc"lion ..j.7 - L lh~ rocus of the pmj ~"-'I was sh i fkd 10 th~ " ,lh",w deSl b'Il . 

In the soi'lware, the fi rsl aim was to deSIgn a swit~h >chem~ 10 swikh the InsuL' le Gate 

B'IXJbr T ",nsislor ()(il IT) gates in sllch way thm it "<Juld dc"wa", lhe swikhing losses; 

incr"'lse the 0utpul tl1<Jdll laIK'n '" dose 10 I IHI% [ I ()] 

Th~ Sra~e V~~tor Pulse Wid lh Modulation (Sy- I'WM) is such a sch~m~, It ~"n i n~wase 

the Olltput voltage of the three-pl1ase inverter to 'l{l.6% <Jr lls ~apnbi l ily r I n and it was 

Llnrkmenled in til,S proje<:t, ill simulation as well in pl'aclice, h0,,~ver LI wl1s bridly 

discussed =1;0n4,9,], as it was dl scuss.ed hy Ihe alllhor lI1 his ulldergraduale thes is [18] . 

Th~ 8<-'<:011<1 aim "as 10 d~Slgn a phase lo.eked loop (I'LL) PI-based c0111 rol ler to 

synchronize the three-p l"'sc inv~J1~1' phas.c " Ltil Ihre~-phas~ grid pha-"" This was 

a~c01llpli shed in ,imulation and in rractic~ using a I'LL I' I-hasL-d controller, Soc(10n )A.l 

wil l discuss the PLL PI-hnsed c0ntwlier, The r~sull or t h~ PLL PI-hased ~()nlroller, t h~ 

t hree-pl"~,,, il1\~rlcr phase all gle. was \ery important , be~'lUse it help<..'Cl 10 caku latc the 

thr,,~-phl1se in\ ' ~J1~1' sig.nals ,uch as, the vollage and lhe cU1Tcnl, in the rolalLl1g reference 

plane lls ing Ihe Pal'ke l' l'anst(mnlltion, 

Th~ lhird aim was to design and llIlplctnmt a minor loop current ~ol1lro ller using a PI 

controller to conl rol the inductor !l ltel' ~lln'e nt s, ' I'hi , was pos.,ihk by using th~ r~spocti\'e 

signals in rotating rekr~n"L plane as di scussed ah"" e. rurthermore I h ~ signals in the 

ml"ling I'eference plan ~ ochnv~ as DC signals, "hkh made the j[npklll~ntation or a PI 

Lon(mller easy l19l- I' he lll inOl' loop ~urrent controller was 0n ly ~~cOLnp l i.'lwd III 

sinmlmion and nOl in pradice due to lime conslmin, The minor loop ~urr~nl comwlkr 

'ksign is discuss<;d in sedion 3.4,2, 
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rhe f(\urlh and las.t ~ Lln \Vas lo llse tile minor loop current contl'O lk r w ac~olnp l i-"b 

bid irect ional real and I'~~cti" e JXlwer 11ow. Thus, ~ jXJ,,~r ~akulat()r [ II . 201 wus u",d lo 

produce current ret"rence for the minor loop curr~nt cOll1roli~r, 

3.4.1 Phase Locked Loop Controller 

Phuse lo"k~d loop {I'LL) i, ~ vel)' impor1~" 1 concept. ~s the nam~ ullr l i~s ,t h"pp ~ns 

when an arbitrary dn,c~ Or ,ystem "ublc to mli ust il, pbase or frequ~ncy to the ,'am ~ 

ph"se or frequ~ncy or t h~ llluin S)S1~l1l. ami t h~n locking to it [2 I 1 

Kaura and l3lasko. ll4 j. t!iscussru thal the PLL PI -ba",d ~onlroller c~n i'h! des igned in t h ~ 

rNat i ng rd~rence pla lle. Fig ul'e J,4, I-I il i!l,lrates the loh.;k d, a~r.lJn pf()pos~d hy Kaura 

and Blasko, 

V 
"-"" , 1:1 "T,., j ,~ , 7 

J • K", sT", 
0 , , • " w , 

- -
-

V 
" 7 

~. V 
j~/ • 

, ;;,'(1 ... • ,-- , ( rJ,> 

\~, VII , , 
IX I , 

I 
, , 

In this k~hnique th" lhree-ph"se grid \'oilages, I'", V, ant! V, ar~ condi tioned and 

lr"nst(lt'tn~d to t h~ stationary rcr~rcnc~ I'lan~ by using Clork ' r r~nskttm~t ion , Tk Clark 

Transionn,,!ion is m~de of" 2 hy J "'''trix. which recdvcs th" thre~-phu s~ grit! voltages 
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as i n~ut ~n o outputs two signal> orthogon~1 to c'L><:I, "lh~r. see equation Co I -13 or C I - 14 

in thc urrmdix C. 

Th~ ohlail1"d sigl1a ls ar~ kl1 0wn as voltage "Ir ll<~ (V"' and voltag" bda (VIll' wher~ V;' is 

Ih~ r~" 1 part al1d IS in ph~s~ with grid ph"s~ 10 neutral , 'o ll a!!" V" and V, is Ihe il1lagin~ry 

p"11 and is:Jt 90" out ~has~ to V", The volta ~~ V" can L.ilhcr I"g or kcul V" by 90", 

Thc laggillg (JL' Luling dl;-'~ l, <.kpc'mls on lhc' lollowHl!-;: ii' thc' t hr~~-ph as~ grid 

~onnecl io n is. done in ro,irivc ~'qu~ncc "s illustrarcd in tigur~ C2-1 in ( h ~ apr~ll(li x C 

~nd lh~ po" ti,,~ "''lu"nce lill,qni CI"rk Ir"nsform"lion, ~'luari Oil C , I - 1.1 is llS"d, r h~11 V~ 

lags V". rckr to fi gurc C'.2-2, On th~ ot h~r hand If nq;ati vc S~'1ucll~e lorv'iurd Clark 

I' r~nslim11ation_ c'quation C I - 14, is ~I'pli~d il1st~:Jd, r~, I ~ads V" rd ",;r to fi g ur~ C.2 -J, 

~ow th" next stc'p "'as to transrorm rh e ohrai ned , 'olta!!" signals Ii-om til<' slat i ol1~ry 

rdL"r~nc ~ pbnc' to ll-k: ro ,ating rd ",;rmcc' Ii-amc' using P~rkc T r~nsl(mnal ioll, ThL \,{l ltag~s 

s ign"ls ohtained us ing P"l'k~ Tr<ln,jonll"tion is kl1owl1 as I'J, which is the rc"1 pa,t and 

V"' wh ich is the llnagmary I'~n_ I ~I ~nd V. ar" orl hogon~1 to on~ ~not hL"r too, 

Wh~n th~sc sigl1 als. ar" rot"ting at S-lH11C tt'cql!"n~y as. t h~ thl'c~-ph"s~ gr id . th~y h""e the 

eff"ct 01' !:xing slaliollary whe n ll-k:y ~r~ heing ohs~r\'~d Ii-om tlw rol"lin!? rdc' r~n~~ 

('ram,:, [22]. ap!x:n<h.'. C s<:dion C2 di","ssc:> lh", 

111~ Park~ T rans l;m11mion IS lim11Ld of 2 Ily 2 mmri~c's : th is matn.' IS composc·<.l of sinc 

and cosin~ li.mdion, sc~ ~qllation Co2-20. The ill~ut signals of the Parke l r~n,formalion 

arc th" two stati ".,ar" sigll"l" I~" Vi" "nd " phase ""gle. 

Thi, phas" angle, 1, is th" th r~e-p h "s.c in"~rt~ r ph",~ "ngk whkh was olltainc"<llly using 

~ 1'1 controlkr and an L nlc"gra ll'llllctil~l, S~C' fi!!ur~ 3.4.1-1. The inpllt or thc PI cOll1rolkr 

lS an error signal. ll1ad~ "r lh,: tli ncr~ncc of th~ SCtp"illl uno til<; ,i~n" 1 1'.1, 
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rhe ~t point wos set to zero, which "ould forc e Vd to z~ro. Vihen V" tr~cks tile S~1 poim 

to !:lTO, it was ar~u~d thaI lh~ thnT-phase in\'~rt"r phas~ al\ ~le would Ix: th" sal1l~ as lh~ 

th"'~-phaS\: grid phas~ angle, IJ. i.e" th" 1"0 systems wou ld be attk same liT'lU~l\~y r141. 

['he 1' [ ~ontroll ~r output signol was a frequen~y signal: thi s freqU~IICY in tllm was 

,ntegrated intOlh~ requir~"i ang le hy the integrator pbnt, s~e figurd.-l. 1 -I. 

Therefore. the $ame pl'ln~ip le "as used for thi . resea rdl. In additioll. the PLL PI-based 

controller discussed in rl41 was ~rgu~d to Ix: simple to be imp l emenk~i il1 a digiTal . ignal 

processor (DSP I. b st and robust for lk thn:,,-pllase lLt il L ty app i ications even if 1 h ~ III i Ii 1 Y 

vo ltag~ is distort~d. 

3.4.1 .1 Design of Pll PI-based using Clarke and Park Transformation 

followillg the work oj' Kaura and Blasko [I·+]. a PLL PI-hased controller ",as dm",," 

fro m hasic prindpk d~ri\"o' ion j"l' thi s resea rch. Some \'a ri~bles " ,HIx ddin~d i"r lhe 

analysis. The symbol (! known as thela wa., ddin ~d as the lhre~-phase Wid phas~ angle. 

"hich rotates at 50Hz and th ~ symlxll ;,' kllOwn as gamma" as ddin~d as ltle thr"~-phase 

mvel1er phas~ angle. 

Tile tiltldamental aim or the PLL PI-bas"d controller is to "quate ;) to () and lh~ll lo,;k it 

then:. Now using equation (('- I) and all tho$e equaTions discu<sed 11 1 section C.2 in 

appendix C', C~IUillioll (3.4.1 . I-I ) was "btalLled [14]. 

(3.--1.1.1-1) 

Tk full d~livation ()I'~quat i o" (3.4. I I- I) can he JOllnd III app~ndix D 

I'hus from ~'luation (3.-1.1 I-I), it ",as clear thaI WkLl )' wa.~ eqUil l to 0, VrO. whi~h 

vu l idat~s the discu-<sion in the previous s<xlion. KalLt1l alld mask". [141 also l1lmlioLl~d 
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that by regu lat ing VJ 10 zero the pos,ibi lity or rapidl ) loekin~ the llwerter vo llage to 

utili ty voilage was high. 

lJsin~ e<juation (3A.I.I-I ) ami foeusi11 g tfle attention to V,I, the simplified ,011tI'01 model 

of the PLL PI-based syskm 111 Ii f\ure -' A .1- 1 i, presented in Ii gure 3,4, I . I - [ r [41-

Kit, 

.-i~u .. J,~.l.J . t: Simptifi<d M"d.: di"~n'm j",. PLI. PI·h."d C "n,""no,[ I~I 

I'he W,d phase ,mf\le "If' was calculmcd using equalion n.4. 1, 1-21 

There l(Jr\;, ligure 3,4. 1,1-1 was used \0 [Illpicment the I'LL PI-bosed ~ontroll ~r for thi, 

projec t. The fecdfonvard signal, nJ". a, it i, illll.<troted in ligure 3.4 ,1 I-I is used to help 

regu l alin:; the trae kin g error due to illl) system fn:quency ~bnge [141- However, I()r thi, 

thes," [II pradice, wifwa, nOl. u,ed, bc~all,e the un lity ~rict frequency was qu ite ,tiD'. 

C akul Jling the Ope11 loop transt'er fundi 011 s from Ii gure -' ,4, I - I, eq uatwns (3.4, [ , I-J ) to 

(3,4, I , 1 -5) Were obtained, 
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-------_. 

• 
(.J..+. l . l-.l) 

k(s)=K" f-J,.t.l.I-41 

r I • g(s)_ K,. I 
, S / 

(H.LI -5) 

Expandin!: ~quJli on (3.4. 1.1 -4), cquJtion (3.4. 1, lou) w~s Ohl ~ i tl~d, 

-K .. ,: r' 

Wh~,,, 4(S) is lh~ OJ>l'I1 loop tr:lnsfcr lundion. k(s) is l h~ PI control: it is ~ typ~ I ~otltro l . 

wluch m~"nS lhu(l( is made oi" only un~ lnl~graloc [191. The lransJ(;r l'undlOn g(.I') is Ihe 

mtegrator plant. Th~ variabk K , pil IS the prupo t1ional ~ain. it> function is lu selthc high 

fr~'l u~""y gai n. I"p.',' is the intcgr~tor tilTI~ C(\nst~nt . I'he ltlt~g"1l0r gJin , K'-""i is ~qual to 

lh~ raliu orlh~ prnp"rlionai ~alTI o\'er the inlegr~l llinc ~()n'lanL 

In addi tion. th~ imcgd gai n sds th~ low fr.:'l lLCrt<.:y gain of 11-.: "pen loop sys l ~l11. ,/(' 1_ 

Mart in [3raa~ [ 19J, nwnlion~'<.llhal tlli, action "'ould ~nabk III<: close In" p sysl~m lu track 

lh~ sdpoint with good pr~'Cision 

It was menliun~'<.lthat because lh~ PLL PI-based m ntrol k r had two lInegrato,.,. mnneded 

in ~cri ~, ~ce fig l"': 3.4. 1.1- 1_ wh~re thc ftr~t onc is t h~ inkgrmor part of tlw PI COnTrol 

and lh~ uthe r On~ tS lhe PLL I'I-based c(lnlrnller plant g(\) r14]. Con,c'l"ently. the I' LL 

Pl - b~s~--d controller could he used as a tl lter tou, >0 this wou ld hdp to block nny 

l1t1",an t~d rtoi>"! in t h~ output of the I'l.L I'I -h~sed contmlle r, ,\ hi~h would enter ,\ ith the 

sampled ,ullage, r14]. 
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3.4.1 .2 PLL PI-based controller gain parameters calculation 

Figure 3.4.1.1-1 ,all be tr~med a~ ~ linear control ~)"lcm doc to lh~ ract that S;nV -0) 

l.",ha,"c" m a I Lfl"ar m"nLl~r for ~mall ql ues of (;,./i!. th us Siil( r - 0) ca" be appro .~imated 

to (;,-8) [14] . 

.\1clh()tis socii as root-Ic"u~ or Llyquist design can I.", used to "akulat~ th~ PI ",ntroller 

gains r 19 j. however the method used m rde"'nc~ r 14] "as the m~thl"X1 of symmet rical 

optimum. Th~ ~<tuatioI15 (3.4.1 2- 1) to O.4.I.~-~) were delweti ti-()Ill thi, method l t4 j. 

amI ,,~rl' used to calculate the gai l1 t()r this the,,". 

w (JA.1.2-I) 

0,-1·1,2-2J 

(3.4. 1,2-') 

\\'11~re." known ,h ~ Ip ha was defined as th~ LlonnaltziLlg factor. 1; the ~y~tem samplmg 

time. and V th e ~nd ~mp l itud~ \'()ltag~ [14j, 

for thi s thesis th" swilch rl'l'l]UCl1cy wa, ChOS~Il to b~ 10 ktlz. whic h meaLlt T,- IOOus. 

111" grid \'oha~~ "as ,ampled Jl the "mer sid" 01' lk thr,,~-piulS~ translormer, at rms 

llL1e-to-lin~ , 'oltagc of 55_* V, thu,,; V ,~ , I .'.' hut V= ! ~~"-"'L" for ~<tu"tion 

0.4.1.2-3 J-

Th" l1onnaiiLil1g fador u~ed in reference [ 14] was cho,en to h~ ~.4 or ,0_ h was 

tils<:ussruthal with ,,=2 .4. it would enahle th" I'LL PI-baseti controller 10 '-Juickly h",k lo 

a distorted Uillity \'olt"g~, h<.l\,~v~r it~ output signal would h~ full ()I·hann"ni~s. On other 
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Iwnd wi th ,,-30 t h~ locking is I10t as quick but gi"es a dean output signal on the PLL PI­

b~sed ~"ntro l l~L 

Thus the 'arne value, 01" (( were uo;cd ror this p!\lj~cL wble 3.4. I .2-1 ill umme t h~ PI 

conlrol l~r gains and it, bandwidth freque ncy 

ToblO 3.~.I.Z-l' fablo of the 1'1 oOI\'''' " or ~oi n. and oon.tOn! 

u m, (raJ /,' j m, (Il) K , , ·/ ~. ("JS~C) K , c" 

2.4 41 66,67 663. 14 92.11 0.576 159913.2 

31l 333.33 53.05 7.:17 90 8 1.9 
. 

From table 3.4.1.2-1. it ~~n b" secn thul ",ith ,, - 2.4 the proportlO nul and ll1teb'fal guin , 

W~'Te much bi~!;cr compan:d with « - JO. sp<:cially l h~ lnlq;ra l gum. which hdpul 10 

und~ r,tJll d why " =].4 had a 1;1't TrJeki ng compared" it h ,, ~JO. 

Kauru and [IIn5ko. [14]. a .. kbJ lhal in pruClic~ hoth ,ulu~s collid b~ lIs~d ." ~~u allo 2.4 

wou ld ~ used 10 qUIck ly lock to th~ ut il ity gml vollag~ h"cuu,"" of ils hi[!h h,mdwidlh 

amllh~n , chan[!mg 10" e'l u~ls t() 31l to giv~ u clean I'Ll. outp ut si[!nak 

Figur~ 3.4. 1. 1-1. repres~nt the control loop ill continuous time domain. II was 

impl~ln~nkd LIl lhis way 111 Ih~ slnlUlation. Howe\'~r. in p r~ctl ~e, du~ to natun: of the 

IlSP ch ip. which is in digiwi form. where th~ signals are snmpled or discn:lc. thus t1g11 r~ 

3.4.1.1 - 1 was ~hun[!ed to di ",rete tim~ dommn. I he n ~xt ",dinn wi ll discll" this. 

3.4.1 .3 PLl PI-based Controller in digital form 

In the USI' chIp. the sign"ls us~d were samplC(i Jnd q\wntized from its cont inuous 

c(lun l<-'Il'art signals [23]. r'his was possibl~ hy usi I1g unalog to digital conWI1~r ( A I lC) ill 

conj unction wilh a 'aJllp l ~-and -hold (S/H) (k\'i"~. Th~ S/H had the aim 10 ul low lh~ 

signul to keep en tering th~ ADC while it was being COtl\'~rtC<J l23] 
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Ho"'ev~r to ~ onv~rt b~ck to analog signals. ~ di~ital to "n~log ~onv~rt~r (DACj Ln 

conjunction with a L~ro oruer hold (ZOH) was used. Th~ ZOH ",a, the <Iigllal C<.jUlvalent 

of the S/H. Tile ZOH Iwd the aim of holdin~ lhe l~sl sampled :<lgnab lITltil the next 

sample happens [23. 24 J f"igur~ 34. I ..1.1 show~ thi s. 

__ S, 
.~ ..... ~, 

Sit) 

1 • 
k k+1 

In ligLLrc 3.'1.1 .3·1, v~l'iabk .. ~ .. r~pn::sen(s the pn:st'nt valu~ lxing sampkd. "k fo r is th~ 

n~~t sampled , 'aim; at saL1lpk time: 1; and S(I) is lh~ signal hcing sampk<l r24] 

Th" PLL Pl· b~st'd ~ ontrolkr transfer fundion kfo) ~nd g(s) "'"re transfornted to diSl:ret~ 

I'onn hy usin~ L-tmllsj'ormation, thi , pnx;cs> "n"hle the I'LL Pl-hascd ~ontroller to he 

impkm~nt<'d digitJlIy in a v~ry simpk ~way. 

HO\lcver, lor thos.c tr~n sfcr fuoctions to be operated sw;ee:<stillly digita lly. the /OH 

Junction should he ilnplem~nt~-d Ilith th~m. As discus,~d abo\'~ it holds th~ sampkd 

s; gl1al' el1lcrmg each tran,fer functioll for a tnne T, and updmes to the ne"t ""mpled value 

Ln the neXl period. 

The transfer i"LLll~tioll orthe ZOH ",a, ddin~d a, ,hOWll ill equali"n (3.'1. I .3-1! r 1 ~ I. 

1- e " 
h(s) -=­

; 

',2 

(3.4.1.3· 1) 
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Applying the z-trnnsform to the trJnsfer funcliLln U\) <100 7/\') Ll1 ""njunction with 

equation (J.4. I ,J . 1), equatio[]s (3.4, I ,J ·2) and (3.4, I,J-3) "ere ()blalned. 

- , 
g(::)=:_g (sj.h( ,\-) ; 

(H,I ,J-2) 

(3.4.I .J-3) 

Subslitut ing e~lL~tions O_-tl .2-5I, (3.4.1.2-6) ,,1111 (3.4.1.3-1) into (J.4_LJ-2) and 

(3,.t, I.3-3) ~nd ~ft~r ~ hit or simpiltK-ati{\n. equations (3 ..1.1.3-4) and (3.4.1.2-5) "ere 

Llbtained [ 191. 

.....,0'),,-., 
0.4, l.J-4} 

(3,4. t __ '-5) 

111 ~ddll"'n_ using rc~llr'l[]s l'ltion prindplc, cqlLJti Llns 0.-+.1.3-6) and (3.-t l .3-7) "er.. 

l*,tnin~d [191. 

(H,I .J-o) 

(J.4.I.J-7) 
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U,ing th~ z·tmn,form tn bk.llll]. ~quations 0.4.1.3·6) and (3.4.13· 7) were t mnsform~d 

lo equations (.,...1 I.-,·g) ami (.,.4.1 ,-'·9). 

KT 
R(Z) = -'-' 

1,-1) 

13...1.1.3.8) 

(3.4.1,3 ·9) 

'v1oreov~r rerres~nli n g k(~) ~nd g(~) in terms of its Input and oUlput, and negle..:ling lh~ 

fccdfor".-ard input. OJ,ls) due to the I'~ason ~xp lJ incd ubc)\"e. equations CU"1.3. 10) Jnd 

(3.*. I }· I 1 ) were obt~in~"<l. 

lI(:: ) 

e( z) 

K I eJ: +KI' p".,.( ~ - I ) 

I, i) 

)"(~) -~ ---
u(::) (::-1) 

(3.4.1",· 10) 

(3.4.1.3·1 1) 

App lymg ~ro" mullipli~ation '" the e~lLali()n, (3...1, 1.3· 10) and (3...1. 1.3"11), equation~ 

(34.1.3·12) and 13"',1,3·13) w~r~ obtained, 

1.'1-+1 .3· 12) 

(J.4. 1.3. 13) 

Dividing equJtion~ (3"'. 1..1· 12) and (3.'1, 1.-'·1.1) h:-. 7 ~nd "pplyirlg lh~ "l"~rs~ z· 

tran~fo]mation it yields tlw ditTewn~e e~uali{)ns. ~s illuslrated '" c~lLali()ns (3,4,1,3·14) 

and (3...1, 1 ,3·15) r I 91, 
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0_4_1.3-14) 

(3.4,1.3-15) 

\Vhere u~ . <'i . ~rKl Yk represent th~ prescnt valuc_,. 'Illd U~_ I. "._1. ~rKl -"._1 represcnls the 

pr~violLs vallLes. 

I-he \'ari~hle ' ''_ is Ihc 1'1 conlrol ler oulpul equalion in digit~1 form and Vi is thc integral 

Jimction output e~lLation in digital fonn. Tk f'LL f'1-hased ~ontrol had ini tial condi tions 

and il \Va_' ; ll\pol1ant to in i tiJl ilc thcm fnr J good opcrmion of the system. 

A gOO<! lIlitial \'a lu~ 10 be ilTlplcll1cnt ~d was Lew, however_ il was noted thaI the dig:il~1 

integral representation. egumion 0 .4.1.3- 15). was only composed hy pf(;VWlLS VallL~" 

vunahles us di"'lls,ed h<:i(lre, Thus the iniliul condilion neated a responw delay in Ihe 

eguJ1 ion 0.4, t .3· 15) of r ". peri (KI ll4 J, 

3.4.1 .4 PLL PI-based algorithm implementation 

This s;;dioll will Lllu'lmle, Ihe hlod di~f;t"am of 'implifLed ({)n troller of 1' [ [_ PI -hased 

control ler. figure 3.4. 1,1 · 1 in codc form. al-"o it will di scu,s its Lmpkmmtatiolllll DSP 

chip_ lL_,i llg ~ hi gh-level bng:u~ge C. 

Figure 3.4.1.1-1 h,,-, three compClralors. which w~re: thc crror comparator <,(s), i.~, th~ 

difference l>etween the setpoint ~tld the f~'ed hJck signal. 111e nex t ~ompamtor wa, the 

phase difr..."rcnc~ h<:twe~n th" lhr~~-ph,"", invnta pI""", ungk ,'[H\ tl", thR'e-phuse grid 

ph il-'c Jng le. 

finally. rile last comparator was the fc~<II"OfWard (w!I(')) cOITlpumtor. The I"eedi()[\\unl 

comparator WiI-' negkcted due to the rCClSOn_' cxpl:iillc-d ~ho\-~, TIl~ aim ora comparator 

was to add or sublract sigllab_ 
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One impmtant th ing to ull(i~"t~nd w~s that wh~n the s()ftw~re is impl~mented, the 

compikr reads th~ code linc by line from top down. tb~ref()", it wa' Important to write 

Ihe code In such way that th~ compI ler ~"e\:ute eu~ tlywhat it was su r posed to do. 

On lhatnote. b~,,~use 0(.1) wus th~ only cn lcu lated s~]1lr led signal commg int o the control 

loop nll(i ,t w.Hjo ined by re'lu i r~d signal /('1 111 the ~omparator ~s discussed aoo\'c. thu, 

the I'LL PI-ba • .xj algorithm cod~ was started [ 0 t h~ lC.xlbad.loop. and c,<] uat inn (3,..\, 1.4· 

I) il l u stmt ~s thi s. 

(~",\, I .4·li 

The next ~l]uati()n (.1.4,1.4-2) was defined '" "FdhckPLL", " hi~h "'a" compos('{j of a 

si"usoida l func1ion. wbich t~k~s as argum~tl1 the ang l ~ difkrence illuo;trated ill the 

equation n AI.4- I ) 

Fdhd PLL ~ sm(rflclii ?U~ dilf): (U_1.4-1) 

Thc voltage ~mplitudc. V, in r~~dbock path as i lluSlrat~d in figure 3.4, 1.1 - 1 Wa' tleg l ~cted 

atl<l len as uni ty lor 'I 'llpli, ily in "'lua1ion (3AI.4-11_ r hi s was becau.e. it w~s 

mentioned that if variahle V IS us~d, th~n any grid vo ltagc distortIOn such as a \'oll agc dip 

Or \'ollage unbaiatlCe, "ould resu lt ill the loss or V in the control loop [14 J-

E<jualion (3.4.1,4-2) waS th~ kcdbad:. signal Vi as discusS"d in section 3.4.t_l. re<:allll1g 

thc argument IllmJ~ in the pI\:\'ious sect ion, Ih~t by lore ing j/. to zero th ~ t hree-phas~ 

; nv~rta ph.He angle wou ld tra~b th~ thr~e-pha.~e ~rid phase a,,~k. thus the setpoLn1 as 

discussed pr~\'wusly ,,,Is 5<.:t to z~ro . 

E'luatioll (3.4.1 . .t-3) pr~,cnt s th~ ~lTor signal. t'hls (nOr ",~na l ,,'as the input 'ignut lor 

the Pl lA,nlrolkr, 

err k PU = Selpo inl PfI - Fdbck PLL (3.4. 1.4-3) 
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The digital PI controlkr derived in section .1...1,1.3, equat ioll (3.4.1.3-14) "a, 

impkmcn!cd Ln practice. Where 11,_ LIl the cock 'las ddinctl as lj PLL. II,.! was tlclincd as 

U_kl J'LL e, W'IS ddined as erl' J _I'LL and iirolly c, I was defined ~s erl"_ k I _PI.I .. 

The prodllCt of integral gain K,' with 1;. Jnd the proportiona l guin, ,:~ "<:r~ r~rr<;scnt<:d as 

fraction witb the denominator IM\'ing J 1llJXimUiTI VJ lu~ of 2" ' , rhi s number 

r"rrcs~nt ati()n, 2'(·', is ~n int~gcr represen tat ion. "hidl is very im pOltJnt in a di g ital 

signal proc~ssor lixOO-poLlll ~hir, 'n,c thoory oi"lhoo-poilll lllLLIlb.cr r~rr<:s~n l~tL()n wl11 be 

d~J lt in !ll~ !;oftware ch~ pler. sec tion 5,2.].6. 

Fi n nl lr. next step was to us~ the illt~gr~tor digital L"quation. as okri vcd in scdion 3...1.1.-'. 

~qll~ ti on (3.4, I 3- 15). Wh~l"C y, in th~ code "<IS detine-d JS Y _PU llllJ Y'.i was ddineJ as 

Y kl PLL. With this ~quation_ the I->Io,:k diagram or ligur" 3.4.1 I-I was ~omp lde in the 

cod~, 

A11hi, p<li[lt Ln the cotlc. th~ previous vallL~s wcr~ set to the rr~SL'T1' va lues, 'iO ,h", Ln ,he 

next ~lltr'lnce in 1h~ code th~y can r,~ U!icd OCClirntdy. Th~y ill~ ill lLs,rakJ in equations 

(.1.4. 1.4-5). (.14 I .4-1l) and (l4. L 4-7). 

04.1.4-5) 

(3.4.1.4-6) 

(3.4.1.4_7) 

Howevcr. wh~n \h~ code ",as rlln lor the lirs t ,ime, the ahove C<jl1"tions were illlti~li7ed 

to 7"111 in the m~in code mutill~. to ~nsur~ proper opemlion orth~ PLL control "Igonlhm 

as dis<:ussL"(1 previously_ rder to appe n ,l i ~ J to". 

In practice eqllJ1i,m (3.4. j ,3 - 15) was changed to ~'l"al ion (3 .4. j .4-8) 
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Figur~ :J .... 2 - I , llusl rJlcs a singlc-phJse in\'crtcr conne<;l~d 10 a si nglc-phas~ grid Ihrough 

a LC lill~r. Figllr~ 3.4.2-1 was us~d lo deriv~ lhe illner cu,wnl wnlroller rrom hasi~ 

pri n,.;ipk tleri \' alion I,,, lhi, (hc,is as discll,,~d in r 15]. 

Single-Phass 
Inverter 

Fi ltsr 

Single-phase 
Grid 

Assuming the positi,'c dircction ofthc curl\:nt to be lium \h~ con,'crter to thc grid. lhus 

the inductor vollage drop is rep",,,,nted as equali"n (3.4 ,2 - I ) 

v - V , =V 
CO/lV (jnd I. 

(3.4.2- 1) 

Where, VL is the \'ol\ag~ drop across the induclor Elter. In atlditum. ~'lualioll (3.4.2-1) 

was mod ifkd to ~qumion (3,4,2-2) 10 I'~pl'cs~m the thre.:-phasc LllVert ~r ,ystcm, 

v -V =V 
Com' abc Grid ahc I. "be 

Th~ inductor ,ollag~ drop was "'p",,,,nled also as shown ill ~qualion (3.4.2-3). 

V = L diL 
, d, 

0.4.2-2) 

0.4.2-3) 

F lInhermore, ,ubsli lUli ng ~'lual i on (3.4.2-3) into equat ion (3.4.2-2) and JrPlyillg positive 

se'luenc~ Clarke Transhmll~(ion, ('-luation 1('. 1-13) as wdl ~s Park Translonn~\ion, 
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Cll:!ph:r ;, 

~'lu~Il<1n (C.2-20) 10 ~ 'luati()ns (3.4.2-2), "Yuat;(m (3.4,2-4) .... as oht:lin~(L rer~r to 

""Iullti"n «( _71 ar p"11(lix E. 

" 
L ' Ld , - -(:! I + _. / 

(,"",:' I~ "I l , 

, 
{:""",- - ("UI." , 

S;"7 ]',-"-1"'1 
(. ()~r d/ \ ' I." .i 

0 .4.2 -5) 

iJA.2-b) 

Transl'orlll :1110n. c .~rrc.,"lUn (C.2-22). th~ 1' w.-rc IIs\."d as inplil to Ih..: "!l"":": "--.:Ior pulse 

width ",u<!ut(!l ion ISV PW:\-I) to t-.ro ~i\lcC tlh: swiknHlg: Sif:l1ll!5 j(' r If\.: I h ree-rh~s,-, 

Im~rkT, 

Th.,. ru.1" i! o j d,C"n\'3r io ll o f equ.~ljoll~ O .... 2 -~) lind (3.4.2 ·6) from (:tju~lI"n (.lA.2 --4) call 

be found in ,~pp,.-n,t i~ E. Usin~ '''IUaliOI)~ (3.4.2-;) :md r'.-I 2-b). tl-..: Colli ..,! block 

diagram or r.);~r~ 3.-1..2-2 was ohtained. 
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(,h~pter , 

- ~ V . 
( ""\, 

For thi s thesis the current controlkr as presented ill tl~ure 3"',2-2 was only ~pplicd in 

simul~tion design. chupter 4. du~ to lilll<: constrain. Thlls. ~ disnele "nulySls lil[ the 

cum:n t ~ontrolkr to b~ impkmcnt<:c! in the DSP chip is not prcscnt~d hcre. bllt cml be 

fllUlld [n referen~~ [ I t I 

The components -WLIL.,' amI (!JLII • us Illllstrat~d ill ligllre .1.4.2-2. ure knowll as Cmss-, 

coupling [15. 25]. whidl means that u sudden big change in thei/_ .. _,.ry . the reference 

s~troillL 'n relution to j , would not on l .. caus~ a chunge in V" , .but also in V,. . 
", • C""'" ""', 

Ihe s~mc nrgum~nt appli~s for i I., ' 

For thi s thesis. ~ step test was not done for thc ~urrent loop PI control occause of type of 

load rro l lt~ l ;Ct'\·tS hus. which docs nol d1un~e suddenly hltt inae~ses grmluul!y 

throllghout th~ day until it ",aches its MD and Ihcn COIlle'S buck (0 its miniLlllL1 n valuc as 

,l lustruted in ligure 2,]· 1, A normal operation without blackout was assumcd too for 

s"npli~,(y, 
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________________________ -'('"'hanl~r ,} 

3.4.3 Real and reactive power flow representation In stationary 

and rotating reference plane 

As discussed Ln appendix C the three-phase l'urr~nl ami \ ' ()ltag~ ~all be represented In 

stationary and rotatmg. r~krcn~e pll1n~ by using cqumions «('- I) and (('-2), The ullimatc 

~im Clf til e I"x,ject w~s to conl,,)1 hi ·di"-,ctionally the reni and l-e"ctiv~ power !low of the 

th rcc-ph:.se inYcrtcr. thus II \\"lLld make p"rfec"t sense to represent the lhree-phase nonl 

and rem;lil'e power in statiollary ~nd rotating re(""'nce plane. 

Akagi [20, 26] proposni a detinition of the instantaneous Ihro:e-phase rc"i power as 

ro ll"" 

0.4.3- 1) 

Ma]i rlOwski. [20 J claims that this ddin irion or Tile in,tantaneous power is the same ns the 

standard ddinLlion 01" Lnslanlul1l"0US three-phasc powcr. "hid, is illustrat~d In th.~ 

~quation 3.4.3·2. 

p(t)=v, (tj.i,(t)+v.,(tH,(t) I v,( t) .i,( t) (304.3-2) 

Fo" tlw inst,,"'alWlIS rcactilT pow~r, q, Akagi r20. 261 proposoo th.at. 

3.4.3-3) 

No" repr"scntll1g ~q uot ions C'. 4. ,- I ) and n.4. 3<;) in mntr;" form. ~quJtion (."1.4.,.4) was 

obtained r201. 

(304.3---1) 
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(')wpter 3 

Whn~, p represenls Ill<: IOwl t h1""~- phase re,,1 rower, ~"d y th~ lowl thre"-ph11.'«' readive 

pow~r. 

rhe Clarke Iransl(mnalion 10 ~ak ulatc; lh" \o llag~ antl Ih~ ~u r",nl. 10 r~p"'5.l:nl Ihe 

][IslanlJn"OUS r"al ~Jlll reacli\"~ poI\~r. as deftned in the equ"tion (3.4.3-4) difr~rs from 

t h~ one d~ftned in "'11L"li(>l1 (e-I) appendix C. rh is diIT"",nce h11.'> 10 do "ilh Ih" 

mlLlIipilcalion oflh" codIi ci~nl, which in lhis case must be llluiliplic'<:i by ,Ii inSlead of 

~ L20J. E'lu"lion (3-".3-5) shows lhis. 

, 
I ~ '] l '01 /2 

2 
XI', = f'l . , 

" 
,:'3 2i 11,x, 
2 2 

0.4.3-5) 

I his ~"liol1 had lhe "IT"d or muking loc ][Is!anlan~o"s r~al and im~glllary pow~r of 

~l("~li (1n (3.4..3-4) lo Ix "'Iu~l to th" con\"~ntion,,1 inSlall1n<lCOuS re~l and illlagi,,"!y thn:e_ 

phase pOI"er. L20J 

1\0'1' JPplying P~rke Tmnslormmioll ill the \ 'o ll~ge "fId CUIl-ent signals a l ph~ ~nd belJ of 

e'lu,n iol1 0 .... 3· .. ) ~nd using 'lS Ihe in plL I angle the Ihree-p h,,",e in,'erter ph"se angk r, 

und al "Ull" lim" soh ing for lh~ c urr~nl s i ~nal ,. lhus "qualion (3.4.3-5) was oblained. 

0 ,...3-6) 

On" thing 10 noli~e is Ihal lh~ r~al ami r~""li ,,~ pmwr "ulcu l~l~d using loc ,ol l ~g" and 

curr~nl signals "llh~r in stutlOnary or rOl~tin~ rdl:r~nc" pLm" would oc the sam~. 

Eq ualion (3.-Ll-5) waS r~pn.;s"nl"d]]1 block tliugram as p",sml~d 111 lig"'" 3.4.3-1 
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Ci1'lpkr 3 

1 yV, 
I ~ 0 , " i v' ~:-;-

~. v,. .. ' . , 
j y;:-

o 
~ 

, • tt , 

• 0 

kd ,', • .'" ,/ ,1' • I 
I • 

-', j / 
0 

For lhl' proj~~L p ~lld 'f w~r~ t h~ , clpoim ))O"ers l.~. lhe pt,\\ers lhal lh~ l hr~L'-ph;)se 

im·cner IlllL,1 ddiwL Th~ \'~n~h l es VJ ;)nd V" wer~ the omplLt I'ol ill ge signals oj' lhe 

lhr~~-phas~ invena alter (he low-pass [jli~r ~tl{i id and iq "cr~ th~ PWdll c~d output 

_"-'lp<>lnl ~urr~llts_ ;)Iso afkr the LC low P"SS liikr r I i 1. 

From the ahov~ di'ells,ion. iigure 3.4.3-1 was LOmbinL,j wilh tigllre 3.4.2<;, "hkh 

rrodu~cd ji ~urc 3.4.3-2. 
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Chapler 3 

Hgllre 3.4.3-2 : i\ljllor 10(1) ,'urn'nl <outroUor j" <vn i"",'li"1\ ",tl, pO'Hr cal." la,or 

Fi8lL'" J.4.3 -2 is ,cry Lmporlanl ",sullS fx:~aus~ il helps 10 ",al iL~ the bi-di reCl iona l tlow 

of ",al and rl'n~li \'C p<,,"er by using. the tl1 inor loop Clll'retll ~ontrol kr in rotH i ng. reference 

pi nne. 

[,sing rererence [II]. l h~ rerer .. nce eunTnlS, i L" ,,1 and i L, _rif ' "~~ Ji g:ure J.4.2-2 

above. were able to be e~ l eulated from lhe jXlWer cakuialor hy adding the mdlLdor li ll ~r 

re'p<'t:livdy, from lh~ p<"'~r ~alclLlalm n;ferm~~ output currents, 
. . 
l"riJ" _,,,r 1""<1,_,,,/ 

resp<->ctiv~ly 

3.4.4 Peak Load shaving Algorithm 

Th~ Peak LOJd ShJ,ing. ulgorithm was developed fron' the theory di>eu""",1 m ",clion 

2.3. L wner"hy lhe I;>cu, was 1(1 oce",as~ lh~ ",al ~ntl r~~cli\'e p()w~r of the lhree-phase 

im erln, In su~h way lhal lhe appnren( power i, decrea>ed optimally, As discussed. thaI 

wou ld be IXls,ibl e by dd i,,"rin l( Ihe app~r~nl power from the lhre"-pl,,\S~ In\'(;rl~r ~l lhe 

Sam" PF a, l h~ lhr,,~-ph~se gnd. 
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t; l{)r~{)'~r, lhis action wOllld Lll~all Ihllt Ih~ thr~~-ph as~ yid currellts wou ld he in pha.s~ 

"ilh l h~ thr~,'-pha >e ilwertel' ClII'rell1s. III ~ddjt i on . it w~s argued rre,'iousl y: lhat 

" ,hme,n l h~ ~lIsluma load h"PP<:llS lu b.: ahuv~ a sd Ihr~ sho l d. the fX'w~r avai lable in 

Ih~ bat!~ry mu, t b~ dd lv"rcd to l h~ lhr<:~-phJs~ grid IhlDugh ~ IX'-AC Ihre~-phosc' 

in"~rkr, Converse ly, iflhe cuslom~ r l o~d I",PI"'"S 10 be fx,low ~ ",t lil r"",old lh~ hall~ry 

111U St be ch~rged . 

from lhe ~bove discussioil il CO\l I ~ h-<: understood Ihol Ih~ hoTtery ~cli\ili~ ~ khargmg and 

di>ehargmg mo • .k) wnC go"~med by lh" thr~sho l d "'lllngs, Thus. lh~ n~xt """ tion wi ll 

di:;cuss th~ Ihr~sho l d Jlgo"lilm design ~nd it._ im plel1w nralion in simpl{)r~L 

3.4.4.1 Threshold algorithm 

In ""clioll 2.3 ,3, th~ ""tting of ,111 Id e~ 1 Llloll1hly thrcshold v~ llI~ was "~SI"n~d in suc h 

way. which only lh~ ma~ lmum monlhly p~ak wOllld he shaved, Thi, ass umption hdped 

to simplify th~ ba11~L'Y sizing ~na l ysis. 

How~\"r. ill wahl., th~ mOlllh ly fJ'.'al< load "'olllel not h~ kno"' ll belor~ hJl1d, so it wou ld 

b.: hnrd to cll<JOS~ lllhrcshold valuc Ih~1 would on ly d ec re~s<: Ihe ma~imum monl hly p<:ak 

~! fu II capocil y of Ih~ lhr~~-ph os~ invener Thlls. eli ffer~nI mc'lhod Clm bc lI s~d 10 p<'cdid 

mOllt hi y p<:ak lond. for instaoc~ h,d fo,,,'casting l27 J, 

cor lh is proJ~ct. h()w~wr, a ,,~w mdhud wa, tlc'dopcd, This method u""s the prn'io lls 

hislury ul'll", ml1XllIlulIl monthly p<:ak power: S<:~ nbk 1,2.4- 1. to choose a re,~<o n<lhk 

in il ial Ih r~, I", l d s~tting Lor" sp,;colic mOl1lh. 

nICr~ aticr, it h<ls Ihe ~iLll of P"~Wlll ing Ihe di fference betw~~n Ihe lna~ l mUIl1 cu,lomn 

dai ly pe~k load al1d the sd lln~s l",l d v~ l u" 10 ewt:t:d tllC i"'Trter ~"pacily. I hus, the 

lhr~sJ,,} ld \'"l u~ wo uld 1(111(' 1'1 the ~hal1 l?"s oj' lh" ma~lmum cu.,lom,," da ll y p",,1< luad in 

\" 
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slL~h way 10 k~cp the dllrerenc~ the sam", as Ih" inv"rwr CJp,1o:,;ity or a tksirtXj perc"nta~e 

shaving. 

On,~ th~ maXlmtLLH daily ~uslorn~r pc;ak IOJd for that month i, surpass~-xI ~ t)d n:a~h a n~w 

ma"illlLLm vallL~ ror thaI month. the n"w th reshold va lu~ ",ould he cakul~ted arl(j hdd 

constant oS long tn", diff"'r"'[lC~ b<:t\\~~n Ih" n~w \lD and Ih" (hr"s[",ld valli" IS k ." or 

"quai l" (h~ thr"~-pha,~ iI1\T't~r "'p&:lty. 

Tni.> [Ie'" threshp ld va lu ~ wOllld h" (h" maximum \'alue thal lh" th"'~-ph'b~ grid ''''lIld 

r~a~h in that monlh and ~on"'t[lIenlly il would loc the new MD l()r hilli ng purpose. figure 

3.4 . .t. I-I prcsenb Ihe discm,ion. 

Dai ly 
MO 

[kVA] 

0""" Ihe l'ollowing; month would be reached, Ih" threshold vaili<' i, reset to In Jcceptahle 

value for that spc<:iftc month using the CCT\lS history MI). us pres~nted in .,e~tion 1.2.4 

in tahk 1.2.4-1. Note that th" analysis rr~."'nted III ligure .'A..t .l- I do", nol lake III 

nll"idcration lne ballery capacity. The focus wm Ihe Ihrc,hold ,alue ,dting, only. 
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Using the JnJlysis discussed in the previous p~ragraphs, lh~ lhr~sh(lltl scllings algorithm 

was llTIplemcntctl m simplorcr for 5~'h shaving rd"r to JPP<'ndi~ (i.O to sec lhe wd~. 

Figll'" 3.4.4. 1-2 shows the thresho ld setting algor ithm flow chan. 

• 

Thfe,h_ne,,· = 71lS{)o] 
T "e,,_.jL-<ny • Th"",,,_,,"w . 

• • 

• 

• 

• 

'-----,-

~igur~ 3.4.4.1-1: n,c., hn ld .Igonth nl 11o" <h,,·, 
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-P!,i! ~S"tld·:KlJ til ~yl >j).IM\,,) J~IJ·' , \111 ""u1jd-~~J\!l 
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Th~ algoriliun , ~s llllLslrated m l'q; ure 3A.4.2-1 had Q.' input (he lhrcc-rha,c 5O \lrC ~ 

app"nonl power . . ~ __ S"wTe, The lrc~-r h ~se lo~d '1I'rar~1l1 I",we r. 5 Load ""d Ih~ thresho ld 

\' alu~, Thresh Jl(W. The (hree-p]"lS~ grid appan: nt f'O,wr ~nd the tree-phase l o~d ~rp~rcllt 

po wer w~re Cak LJ lal~d ,<, uC>e rib" in arrcmlix G_ 2 and (U resp octi\ ·~l y. 
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Its OlltPlit variallies were the real and r~a<:tin; power p nnd ". Th~,e oulpul .ariabk, wn~ 

llscd as inpUllo r;gur~ 3.4, 3-2. In lhi, way the l'Cal and r~a<:li1.-e pow~r wer~ controlkd hi ­

d lr~<:ti onally by opnaling. the lhr~e-phasc in1,-Clicr ~.< CSI. Figure 3.4.-+.2-2 Illustrate> the 
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3.5 Chapter Summary 

f rom th~ abo ve discussioLl . th~ I() !lowing POll1tS are 'Ul11lnari/.ed 

• thing the thr" e·phase in\'~rt~r as CSt illlProV~S the t hr~~-pha&; 111\Trl~r CUTTel1l 

qua lit y and I",m:e the power qual it y b.:ing deli" ered by the th re e-pha,e Jtl\'~rte r as 

d ise llss~d ill rekreLlC, [1 11. 

• PU . PI-ha,cd mntmller a, di sc llSS,d IJl rd<:r~Jlc, [ 1--11 "as SlLCC~SSj'"lIy d~sign In 

digitall;lnll 

• Th, Clark, and Pm-k Tnll1sl;,nnat"'l1 wer" , 'cry crucia l te<:hnigues to illlpletn~Llt 

the Pt contro lle r in PLL and lniLoorcurr~Llt loop. 

• A l hr~,ho ld algorithm wa, d es i gll~d in section 3.--1 .4. I. aL ... l it hil<llh~ l1im to k~~p 

the rlilTerenc, b<.'!w'<:<:n lh<: ~tD and lh, lilres l)"ld ,'alue at lh~ l1laX lL11llL11 ll1wrtcr 

capaci ly or less 

• Th, cOlJlbination oj' the I'I.S algonthm with a power "alculator ill conju tKt ion 

with a minor loop ClLTTel1t controlla ga,'e the pos,ih, l,ty of the lh'<:e_ phase 

m,'erter to control th~ real Jllrl reJd ive JS rliscus&;d in "clioLl 2.3. 1 

rhc next chapter will di'cllssed the modding of th~ thre,-phas, lL"'~rt,r lopo l ogy m 

sLinplorer ~s d~scrilx;d in ligure 3.3-1 . The propo,ed I'I S lechnigu~ for UCTMS WJS 

simulakrl. 
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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 

Th~ pnxcdur~ to simlllUk th ~ ~hn'~n (hr~~-p ha,e (opology fot' PLS fol l o"'~" the 

follo\\ings step' 

• \I()(khng orlhe lilrc~-plmse supp ly JS w ill Ix; d i '~llS,ul in ,~dion4.1, 

• Modeling or (il~ three-phase' load as wil l he disCllSS~d in ,c~lion 4,2 

• t-loodi ng of t h~ thr~~-pha.,e lll'W!er as "ill Ix; di,<:ussed in se.;tion ·Ll. 

• t-10(kl i ng of llw th r~~ -ph<lS,c lran,form~rs as will Ix d iSCl1 ssed i n s~d.i()n 4.4 

• Modding of llw ballcry as will Ix; dis<:uss <x1 in se.;lion 45 

• !-'inally, modding or tile low pass fi ll~r U' wi ll "" di""lI,s~d in s~d iOl14.6. 

\Vh~n the ~ntir~ l11nik l, were r~ady and ass~lllbled, th ~ ne~t skp "'liS lo slLlllllak the 

«)llowing: PLL rl-bas~d ~omrolkr as \\a' diS(;u,suj Lrl s""lion 3,4. 1,2 in ~()!lIimlOU<; 

ll!(xk, S"lHllut ioll ol' tlw 'm1l'rcu rr~nl ~unlrolkr i .~ , 11-,;;; low pass ti l t~r inductors ~urrel11 S 

as wus di s~llSS~d in , eellOl1 3.4,2, Simulation of th~ r~al lind r~ "-'ti~T power as "as 

di"' lL 'SOO Ll1 s~l'liun 3.4,3, 

Ther~a (kr, simlLialion or1he S\.'p\\,'r ... 1 to swi tch lh~ ( ,Il l gal~'; ('mally. simlliat ion of 

lhe PLS by ~harging the hUlkr)' oclm\ a '~l lhr~,ho ld and dlsdl<lrg~ the buttery Wil ~ll the 

loud d~malld goes abo\'~ n", sa lhreshuld a, di s<:u»ed in section 3.4.4 

4.1 Modeling of the three-phase supply 

r h~ th r~e- ph ase ,o",cc W<lS modeled w it h a thr~~ si ngl c---pha.,~ sourccs, phas~ shitl~d by 

120 dcgrc~ from ~ao:.;h ot h~r ('OSili\'~ '~'Iumce connCd ,,,n was chosen to relled lh~ 

oc tuul l ilr~~-pha,~ sour<:e conncl'lioo, r~kr phCllo 5,1.1- 1. In po,i li v~ s~qlL~llce 

wnne~lion, V A kads V_fiby 120" and in llln1, V lJ kat\> V C by 120" (" il ~r~ VJl, V lJ 
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and V _C arc iln~ to ncutr~1 vollage). rigul'e 4_1-1 hdow_ shows th~ connection of th~ 

Ihr~~-ph"s" SOlLr~L' In Ih~ SltnplorL'r. 

PHASE' 120 "'" 

Th~ rcd dots r"rre s~nt Ih~ flow orth~ curren! in Ihis cus" from tell to ri ght l2Hp--igure 

4.1-2 shows Ihe \oltage sour~e inplLt pur~m~ter pan~L 

". , ~:::;--. 

r-----r-cJ c 

.. y~,~:---------­
I", il 

c 

. "'" ,.,. ~;, ",~ ~ ~r_. fY';;--::;] 

,- ""' ,," r--- F"--== -.... 
,--, ;1)-- ;0; - -'1 
, -..,~ r--- :~-- -'1 

". ~ ~ 

""'" -'''''''' 

~ ~ 

r-r-:J 
r--- r---.::J 
r-r-:J 

"'.'" ,_. " "'''-''' <" ' '' ''-'_ '1 

Cy ) '-" I_,,:<,_J _ "'"'--I 

The Ih]'e~-rl",se source as il i, shown on Ihe fLgUI'~ 4.1 _1 w~, sd to VIlV I'ms line 10 

nelLtral wIth fre<-llLency of 5011z ill the \"I ta~e S<)lLrce P'UlL,1 in li g llfL' 4,1-2, ThL thr~~­

pha_", \'{)I tag~ sig lluls al\; i IllIstralLd On ligllr~ 4. 1-3, 
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"'.H , 

/ 
'''''''J 
,," .~ o " . ,- , 

10 " '"' 

\ "_'V[',! 

~ --c\\~/=/~' C:=-' 'o'' 'c'c/~~i ,. '<,' 

,ta_ '0._ •• ,'~ ~ ,'~ "m~ IO'_ 

, "1 

hnm figure 4,\-3. LI call be Se<:ll lilal Ih" [hre,-ph~s, supply "a, i()lIo"LIlg po,il i", 

"'t[ucn~, cormeCllun as tlescrib~d abo"", The signals 1, \[ calclllalion WeI', L!Cquir~d using 

til<' meters provided hI' simplorer su,h as the \'o ltmeler. ~mmek"-. Table 4.1-1 wa, I~killg 

<h recl ly ih'll1 rcl'erence r~Rl-

Tobie 4, 1·1 , IIOWS Ihe meler, ~"d dectri~~1 >elm,es. it hdps In set' Ihe direcli"" 11,,,, or 

the ~un"'l1l ami tk \' ullage dirIX ti()1l in ,ach ~kmcnt s.implorer ""-'S, Th, r",U lis ()j' table 

·t I-I Were, ery i mpOI'an1 on~ for the ~onl ro I de, i gn. 

... . 
Pm' ~o 0""'.00,""_= " "",0 ;0"'0' Ono" "'''''0' -

• . 
" / " 

. __ _ ~ v , - - - -
j ~ -~ i.~· 
" '-!i" '''' ~'I' \_ .W 

•• "moto' Am_t" W"'",ot'" 

__ ~ V , v·v 

~ - / 

-C~,~o ·~~w i ,~~ ~. 
'" N~ oW' W 

I'he t hree-ph~se sour~" \\'~, modd~,,1 as ideal \'ollag~ ,,'ur~e for sllnp ll~ i ly , In the nexl 

"xlioll. we ",II di,~uss th" thr""-ph"", load ll1oddmg, 
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('hapter --1 

K ----

'~"-( --" \ .. "oj 

t K ____ ---l __ ---' 
'" '" 

Figure ~.1.1-1: Thro. ph ... lldt~ oonn •• tod l.o~tl mo dol.,t in <implfll'''-

The switches to innease the loud in ligun: 4.2.1- 1 W~"1"C controlkd by a look-up labl~. 

I'h" good thlllg uboul I"ok-up tabks was lh~l it cou ld produce Jny shape of signul" Ii-om 

u sinuso idal wavcfonn. polYrlOlnial, elc_ to random sh~re dq:>.:ndin g: On lhe user choic~. 

Thus. lhe ""a,~f,,nn uSed Was a simple pu lse. which ga\'~ zel'O (nft) and one (on) to the 

s,," 't clles_ Fi gure --1.2, 1-2 shows the look-up lable PJncl. 

'~-'-~ I "'"', '_I .... ~"", ~'''' I 

,- --
,,'---"- , 

,W"'"' , 
' .. • ~ 

~. 

~ -
F~R._. ~-; 

• , .. , .. 
• .. . - "'J , ._,' • 

- • 
" • 
'" " .. • 

" " o ••• ~ .... 

""-

,-, 

." ..... 

'~"- I - I 

" c_ 
r- r.., il 

- - 3 

"" 

Fi~lIr. ~.1.1 2: 1.(IO k LIp 'nlllo prop.r!i", P"Ilet in Simploil-or 
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CiWPlel' 4 

In Ji ~lL[e' 4.2. 1-2, Ihe' illlnpoiatiull \""S ,d 10 without to allow the tran,oction of the 

,witch trom "oil" to "on" to be instant~neo\ls. rhe llx>k-u p tahle ~har~~tcriSlic i. 

i 11 u'lr~tcd in ligure 4.2.1-., 

• 

r 
I 

\ 

The three-ph,,",e .OllI'CC and lo~d were rc~dy to l>e ~()nn~ctcd: Jif!"r~ 4.2.1-4 , I .. "ws their 

C()lln~dL{)[L 

'~ I .io.' "-" ., .. , . y 

h 
/ 

~ . ~ 
J " . , 
L· 

Figur. ~.l.l _4: ~imntati"n uf the lI"'ee_ph"," ,,,un'" "ltd lIu·«-pil.,,' t""d 

I'igurc 4.2. 1 A was , i m ubted ~nd the tOfal three-phase pow~r ,"i,,, sho\"n in li~ure' 4.2. 1 -

5. figltl''' 4.2.1-6 soows tile lookup table chamcteri.<tic ~. lundion of time. \V~n it w~, 

~omp"l'ed with ligure 4.2. 1-4 it could .een that the .witches w~re working line. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

". -
'" 

-; '" 
:,1 ;: 

•• , •• 
" 

'" , 
• 

• w 
....... ,. 

, 
i ." '-
1"-

, 

.. ' 

... 
< ......... . 

~ .. 

-- '" " . 

-- .. - ... ". •• '. 

' ow .. '''''' 

•• 



Univ
ers

ity
 of

 C
ap

e T
ow

n

_____________________________ iClhapler..::\ 

fig.ur~ 4.2. 1-8 shows til"! the mlS current drow il by lh~ Ncil pil~,c mductor wa, bdow 

'i 7 
lh~ ",led ~urr~nt or lh~ pr~"li"al in"u~lors i,~. th~ ons ~um:nl was:' Fe = 4..1. 

n 

" ' .f-

~ 2.10-

1 0 i 
'" -1 0_\ 

4.0 ' 

·u , , 

TI>r..,-p/1 . .. ,,,,rent ,"";OW" by _I> pha,. 
~, 

, i 

, 
" ,,~ 

, 
'''~ 

v '"'u,. ,.,_ "., 
, .,,'"' 

I 

Figur, ·1.1.1 -8: Th«_p h" .. load <un .. ' dra" n hy "", h ph",. 

Th~ 10lai poWL'- and l h~ p<m~r l'l~!Or \\'~rL ~"kula1Ld by using tl-..: ,-quatioo block. whi~h 

is LlIu sl r~loo in ligurc 4.2.I-li. 

Eq_","'n_ElIoc ' 

I EQ" 

P2vh",~: - P_" . P +P_ O. P +P_L.P 
XL:- 2' PI 'o(n- L 

Fi~ur. ~.2, ] ·9: Simplor .. · _quatio" block 

Th~ changi ng load using a ,witch was succe."ful ly implement",] in S implorer: howe,'e r, 

lh~r<.; was a neLd to 1Il00Id :lnd simubk thL adual UCTMS load pro!il~ in simplon.,-. to 

t,., uhl~ to "lmlliale the proposed peak load shaving in the ocluol !"od profile . rhus.lhe 

lallowing sec lion ",til diSi.:uSS lhe acluall:CTMS load proJik lTIoddmg III ddail. 

80 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapkr 4 

4.2.2 MDdeling Df the actual changing IDad prDfile Df UCTMS in 

SimplDrer 

1 ~'siH :; II..., actual dala und spccilicall y Ih~ DL"crnbcr load pro Ct lc dala. Ihe resistor and Ihe 

LntluLlor ,alu~s wCre cakulalcd (rdi;:r to the occomp~nkd CD), These changing r~slstor' 

and i nduc lors vu lu"s r~pres~nl tn~ lotal chan:;i ng 01' lh~ ~><.jui , alenl load lm p<:d",Hce I() r all 

l JCTMS suhstJl ions, ",en as OJ..., load. Th" pnJ<:edure tak~H ",i1lk described helow. 

rrom sec! ioll 2,3 ,3. it was discussed Ihat tloe melering '}" tem gather~d th~ three-pln<" 

av~rag" appmu.l, real and r~adi\l' pmwr lo r CCT\\S for a period of eighl month. 

rUJ'l h ~rmore. it was discuss~d !h~l t h~ PI' was eaicu lilkd using equation (2.3· 1), rot' this 

sect ion. tn" three-phas" r"al and r"acti,'" [l<)WL'f and lhe I'F I()r Ih~ DCTLmbcr monlh wcr~ 

used to cakubtllh~ chill.ging in rCSl slo rs und indudors. 

rh" pow~ r ~nkl'.ng lh~ bus bal' in d"ctri~ a l departnwHl substJ tion for mcdi~a l schoo l. :l<.: c 

ji~ure 2, I-I scclion 2. 1. c'ome, Irom thl cn.\. I' ig urc --1.2 .2- 1 ill usl rilles lhe CTM and ~ll 

UC"TMS substat ions as illustrated in li gU le 2, 1- I in ,,'etion 2-1 
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: Eboiic,,' :>ep""moni" - " , 
,SO",""", r", .. .... , .. >cr, ·, ~ , 
, ____ '!! f;o~~_R.!'M ____ : 

I-- ---1 "1"-"'----

S,P Q 

Chapkr4 

Fi~ur. ~.2.2_ 1 : Simplified l 'CT m.dic~ 1 «h,,,, " . ub <t" ion "I'",,,"tod a< hlook (Ji"~r~m 

As "as di scusscJ pr~\'ious ly' in chaplcr 2. th~ m~asUILm~nt s "~r~ done at the bus bar 

po inl us shown in IigurL' 4.2.2-1 1 he hus bar can h~ ~~en~' llw new ~l1PP[Y point Illr lhe 

lTT'vlS load , . Thus, tl g,ure 4.~.2 I con be ILpr~semcJ us figure 4 , 2 .2-~ , 

j' c ~"' • 
• " 

" 

-~'" 

In thi s con tl gu ,-ation. the CT M and th~ bus b~[' were shown as a balanced"Y IhILe-phase 

solllL~. All I;CrMS suhstat ions wer~ Lllu8tmted a, u three-phase hulunced- \ load. nnd 
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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 

llkV rms. In figure 4.2.2-2 EAB=llkV rms. 

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

(4.2.2-1) 

The inductor values was calculated using equation (4.2.2-2) at frequency of 50Hz 

(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). 

(4.2.2-3) 

Where SAB=SBC=SCA for balanced three-phase delta load. The apparent power in phase 

AB was defined as shown in equation (4.2.2-4) [29]. 

(4.2.2-4) 

Where, PAB and QAB 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]. 

(4.2.2-5) 
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(4.2.2-6) 

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). 

(4.2.2-7) 

Where for a balanced three-phase delta load, VAB=VBC=VCA. The voltage VAB and 
R 

VAB represents the voltage across the resistor and the inductor respectively. 
XL 

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. 

v 

() 

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). 

(4.2.2-8) 
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VAB = VAB • sin f} 
XL 

Chapter 4 

(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) RAB and 

LAB 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 
658.00m:r ......... " 

! 

:::~~! 
g 5oo.00mj 
~ l 

450.00mj 

4oo.0~ 
I 

350.00m-j 

310.00m~._ . __ . ___ -----"'T--.- --.---"-"---,- ····----------"·-·,.---" .. ,,,,·--·---·-··r---·· 
o 2oo.00m 4OO.0Om 6OO.0Om 8oo.00m 

I[S) 

Figure 4.2.2-4: UCTMS load inductor values 

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

2110.00-1 

~ 260·00i 

N~ I 240.~ I 
I "' 220·00i 

I 

200.00-1 

17I.oot ... 
~ T- ---r--~ ·--T---- -- - - - -··"··T"---

0 2oo.00m 4OO.00m 6OO.00m 8oo.00m 
I [s) 

Figure 4.2.2-5: UCTMS load resistor values 

i 
-i 

1.00 

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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Chapter 4 

Figure 4.2.2-6: Simulation of VeT medical school load prof'de 

11k 
The voltage line to neutral V_A, V B and V C was changed to r:; V nns. The three-

- - v3 

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 

~ ::~::~--~--~--r#------~----~---~-~--~-----.---~--~-------------- -~-'--~--~----------------1 

~ L20Me1 \ . rvvl 
~ 1.00MelI1 i 
ce ' ~ I 800.00 ! 
~ , 
, 600.00 ... 
~ 

-- '--'--- -. ... --- . __ .- ---_._-- --_ .. _,------- ----·------r----------------------------i---------·-- ---- ----------.,--------------.. _------ -_. - --~ 
o 200.00rr 400.0Orr 600.0Orr 800.00rr 1.00 

t[s] 

Figure 4.2.2-7: Simulated three-phase real power drawn by VeT 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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ReJI thr .. -phJse power delivere d by the public utility 

MO[W] 

" . , 
, -~-:J -------
~ 

• , 
~ 

• • i ~ ~ 
, • • I 

, 
i ! > ! ~ - ! ! • , • , c' , • '. " 

, , • " , , , , , , , 
0 

, , , g , " 
, , , • , , ~ 0 • , , 

time ]!>" ,,,] 

From the aboI'~ dis<:uss ion. UCTMS load protile was su~~es>Jil l l y simllbted Ln simplol'e l'. 

til tile Il ~~t sec li()n, the m()ddin!; 0 r the three-pha,~ i llve't~r wi II be di'Cussed. 

4.3 Modeling of the three-phase Inverter 

Th~ lhn;~-pha,~ inverlcr u,ed in pra<.:licc ' ''IS malk of In, ulateJ Gak Bipolar Tran,i,lors 

(lG[lT) semiconductors m~nufactured by SU,tlKRO"" . Simplol'er ofkrs SI:.\11KROl'\ 

111()dd and surpri ' ingly t I", " '111e type u,al ill pmdice. lh~ S K M 2IH)(iB 1 n D Fi!;ur~ 4.3-

1 dluslralcs this. 

SKM200CB nDt 

~" 

Fi~ur. 4.3_1: Si ",pl"m' IGBT SEM I "RO:X mod,1 SK\] 11)OGB] 13D 

Several attempts "~re taken to incorporate l~ IGln SU,tIKRO"" nm.ld l() lhe 

s illlul~lion but with no succ~ss. B~cause of ti111, ,'onstmw, simple IGBTs and diode, 

"7 



Univ
ers

ity
 of

 C
ap

e T
ow

n

(,hapler 4 

~umpon~nts wer~ u,ed to ~onstru~t th~ t hn;;c-pha,~ jn\' ~rt~r. C,ing rerer~nc~ [12] th~ 

three-phase invert"r was c()n,truct~d f-'igure 4 . .1-2 liluslr~l"s lhis, 

~* q J~ $ 0 -

Je'T ~J (~ "1~ 
~ 

o~· 

ri~ur. 4 . .1_1 ' ,hr".pl" .. innr .. r ",od , l, in Simplnror 

Th" IGBT, and diod~, compun~nls u:;..;d ""r~ uf ,ysl"m, le"eI typ~ and frum simplur~'r 

on line help l3llJ it w~, stat~d tlwt th~y w~n;; used to simulate st~tic \ 'olwgc·current 

rdaliun, In ~dditi{m. ,t \\i1" abo mmti()nct~ "each wlla)!.e ~'Wises a correspondi,,)!. 

,"ur)'ent dependiil)!. Oil liIe u/ec/",I ciwrac/eri",,;c" [30] , 

\lor~o\'~r II was dmm,'d that the "prcdefi"eJ dwrac!erisl;("S Jefined " -ilili,, Ihe 

c(}mpOliell/ "fat(}g glw,wllee" high c"lcul(({i(}11 "pee,(" l3llJ, rherefi)re, figure 4 __ '-2 was 

us~d in lh~ Slm,,\ation, The characlcristi~ ",,,d lur both IGBT s and tliod~, ~{)[npun"nt, 

w~r~ ~n cx ponenti~1 pr~d~fin<.ld clwmct~ristic . 

Th~ SPWM was u,~d in ~mjlLndlun \\iith a IOkHL triangle w~"cronn to ,wikh th" !GElT 

gate" It wil l b~ di,eussw lnt~r, 

4.4 Modeling of the three.phase Transformer 

Th" thr"c-ph~sc tmn,form,," lL,cd ,n praClll'~ had th~ followmg rating: 4,5kVA 4()()/55,4 

Y-,\ line-to-1m" nTIS_ It wa, ~()mpo,ed hy three ,ingle-pha,,, thre~ '''nding transfonn"r 

"ilh followings ralin !,:" 1_5k V A 230/5'1.4. 

~()-I"oad teot ~nd short cin;;uitcd t~,1 w~r~ dOlle in eaeh one of the , inglc·phase three 

winding tmn,tllnn~r. r~fcL' to appmdix F s"clion F,3 , Furth~nnorc, modelmg Ih~ 
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l",nsj(lHTln'lf] SlITlplorer. tile "o-Lo~d and SIlOIlCd ciKuit test results wcr~ u-,~d. I' h~ 

no -lo~d and shor1~d circlli I resul I ar~ pr~s~lll~d in apI",nd i" F s~Cli on F.3. 

4.4.1 Single.Phase Transformer in Simplorer 

III lk hardw~r~ s~dion. lh~ pr~l'licu l slJlgk-phas~ lhr~~ '\If]din~s lransfOlmn. ~\'c'n 

thollgh it h~d three windings. only lWO " 'indlngs were us~--d: refer to photo 5,1.6-1. For 

this r~aS0n, ill SilTIpIc,,~r ~ l in~~r I" 0 wi nding-' lr~llsform~r was us~d in ,imu lalion. 

Figure 4.·t. j -I i lIuslratcs the II neur IWO windi ng tran,tl,l'mcr s~hcmatic i n Simplol'~r. 

"i~ur. ~.-I.l_l; tin.,r ''''0 \\ indill~ 'rnmformor 

Figur~ --1.4, 1- j m rae( repr~"'nls u proclica l singk-phusc tv. 0 "mding lransl'onllcc, 1.5 sing 

rcreren~c [31]. the l in~ur lWo v.inliing transt(lCiTlCr of tigure -4AI-I Was explnin~--d 111 

dd~i l. Figure 4.4.1-2 '[Iu.'lr~t~s ligllr~ -4.4.1- 1 cont~nl ~s discuss~d in n;t<;n;nLL r31]. 

,"-"" . ., ",."" ow,_',,,. 
40" _' •. J" 
". " 

, . 

"'-' 
• " .n,'." ~- '-G 

oc" " 
' (j) 

',,- , .. "","' " . , ,- m 

"'-' 

rimary side [Secordafy ..,1 

Figur. 4.4. I_!: linear '''0 "ioding tramforrner <00'<0".13 II 

-
'," 

Figure 4,--1, 1-3 show, Ih~ ,nput pammctn-, pand ol' ligur~ 4...1, 1-1 ami ligurc 4.4, 1-2, 
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Ch~))l ~r 4 

.. ..-, 
'" 

«_, ~x, 

",",,",'''0, 
~ --- ..., 

,--c; ".-"",~ 
" ~,,,, 

~-. ,'. .. " 
'" [-""'''-''Ow" ,.., 

~ 
'"'~l,,'" 

" ~--.. ,,",---
'" ~ ~-,.----- r "",_ 

, ... "",.., 
.- .!~.,. ,~., ,,,, M" c_,,_, " ..... r , _ ~"""""'M ~ c-• ...-,""'.., 

-
Fi~n r< ~A.I_J, Linenr Two_" i nrJing ,,~.,lfiI'nl." input p ,nol lor 'r~",for"," .-\ 

In li gur~ 4.4.1- ." 1-:11/ is th~ turn ratio. ",hi.;h was ddined as 

KTR _ W2 = 55.4V 
Wl nov (4.4.1-27) 

Each r~sp~ctjve cakuiateJ "Ju-Ioad anJ shurl~d-~""lL 'l pamm~l~r:s valu~s lor the pradi~ai 

,ingle-phase lransf(lnner A, f-l 'lnd C. se~ table< 1'.3.2· 1 to tabl ~ F.3.2-3, I'·e re us~d to 

cakuialC t lw pnmary and secondary rc<istanc~s J nd ' ndud'lnces for ~ach single phase 

transforme r. rekr to tahk f A-i. In add, lion. t h~ ,alues oJ' lablc FA-I ,,~rc loaded ,n ca~h 

re<pt.'Cti\'c I, near sing l e-phase two_w; ,\(ling transformer in simp lure!'. 

f-' i gur~ 4.4.1-4 <hows the conncct ions of I h C I hree i ndi \' idu~1 singk-»Ilase transformers in 

simpiora. 
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I I'.., "c 

'-"""-'-' 

I """ " 

Figur. 4.4. 1-4: Si ngl. -ph",. tI-" " , [()m,. ,,, A. B " nd C 

(,h ~pl er 4 

Th~ ,inllwid,,1 AC >CH.II\;~ in ~ach tran,tonn"r wa, ,ci to 230V nn, and \Va, eonn~c l"d to 

the prim"r" sid~ of ~och tran,lormel'. The measurement sensors. the \ 'oltmeler. ammeter 

~nd pa"" " compon~nt, resis tors ",er~ conn~c tC{1 in the way shown in t'gure 4,4, 1-4 to 

obey the rlll ~ of the c urrent now and vo ll ag~ di rection as lll u,trakd in ta ble 4.1- 1, 

'vl",eovn. the eun-ent en lenng th~ r~d dot or the pnmary si d~ of I h~ smgk-phase 

transformer" In phase with " urr~lll k a'·ing. tile red dOl on the ,econd ary , ide of the 

sing le-phase transfonner [71 Simi larly, Ihe \'ol lag~ Oll the pri mary ~ id~ is ill phase wllh 

tlw voltage in 'lX:ondary , ide ",h~n mea,ured from the rOO dot re,pcctl l'ely as shown in 

figure 4.4.1 -4. 

Two sc~nario, w~re tested in , imulation to ch~"k If the r~,pon,es C<J i n~id~ with real 

single-phJse lrJnsformer lxilJvior in lcrms of primary and s<xondary "oltages reiJlion JS 

",elias primary and s<:colltlary curren! rdation, 
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_____________________ _ ~£bg))j~u 

The single-phase transformers rating ,,,lllC> "ere 2JO,' 55 . .tV llT1S l .5kVA a, m~nli[)n~'il 

prnioll>iy. Ther..:!'"rc lhis wililllean thallh~ 1, ,,, ,, = 6.51A rtllS Jnct l""" ~ 27.1J7..\ nu,. 

w herc/,= f" KIN 

S('n!(!.'"",1 

In the lirsl 'iC~l1ario th~ r~sisl[)rs va lues 11_ ,4. Rjl and FCC in tigure 4.4. 1-4 werc seT to a 

\'ery big number ,m:h a, Inn to mimic zero current flow or a no. load so that the 

secondary "olt:lgc ~an be compared \\ ;lh the \() itag<: in primary , ide. F i ~ure ·+.4 .1 -5 

,I lll,lrat", the \'OklgC' and ~uncnl ",a, 'd,m" of each lr'lnsformer of jigurc 4,4, 1_.J . 

... ~._ .. ". "_'.'M"_'_~'''' ....... " , .. , .. 
"",. 

;' ~: 'x." 
'" .. " " "' '.: " -~" 
~. 

_m.<>-, ,- " .". '" 00. '" .»w "00. ",0,.., 

. _ ... ~O -,~,_.~ _. ~" ,~ .... " ",-,,., , ' .. ,,'" 

~. 

". , 
~ g, )-,' 

l l, .' ;C.>-
/ 

,.". 

_"',0< 
'0 ",. ""., ,,:x.. '" ,. ".". X'.j), 

, ............. T'~,,,,, •• , C ' d u ', ~ . "".~,~, ' ''''' ' ' 
_ c 

, " " '''''' "'.tt·. "-",,, ".00. ".OC>O ' '''''~ 

,~ 

, .-

" , ~ 

, .1 

II 

_ ........ ,,~,,~ ",_. " .. ~,,"' .. ........ , ,-"., 
>J.' 

. ., .j 

" '"" ».,. ., i"").it~ 2! oc... >100. 

_ • .• -.,~. "~" '~~"_" " " "." ..... . . . , C' ''"' . , 
,",'.0-
.,., 
• 

m 

". 
"",,j 

" ,.,.., ro. ""'"" ,,:.:.. ." .• ,." •. _ ' "'-_ 

load 

hgllrc 4.4. 1·6 show, the "oltug~ and current rill> va lue and many more. However. Ihe 

["OC lI ' in figu re 4,.. .1-6 is the rillS vahles orthe "ollagc, "nd currents. 

92 



Univ
ers

ity
 of

 C
ap

e T
ow

n

'_··'.PM ...:Jij __ O" !!I , .... ' ,'m I '~~ 'm 
,..'61'.' ..... ' .. ,. ,,.,,,,,,.,,.,, =,24",,,,,7,. ".,.W .. ,.,."., '"'-"''''''''''' 

.~. "'" """"'" ,..",,,,,,,,,,,. .".",.,-"" -»0.1>'0 """"'" 10- .......... "". ".,."",,,-.'" ,,,,.,,.., .. ,'" '_,><mJ1 '0;.,""_' "",m;."",,..., ,'" ""'1"""". ",,",'"'''''''''' 

In f'g ur~ 4.4,1 ·6. it "as notic~d thm the primar) rm, voltages In each transIonn~r we re 

lh~ SamC but the sc~"mlm}' nnS vo[tall~ ' "ere not and lhi, \\'a< because ortll~ difrer~n~e 

in t h~ paramcl~r values lhal "ere set III coch lransfonner. \.i~H'ft hel~ss, th~ primary and 

,~cOlld ary \'oltag~ rdatiol1 WJS accomp lished. 

In scenario 2. a fe<i<tor qlue """ dl<lsel1 to gi\'e the ';lted maximulll current of the 

single-phase lransfonncrs. The ,,,,j,tur val ue cho.<ell \\,11., l.lJ55\!. Fillure 4.4.1-7 

il lustrJl es ~ach trallslormer r~sult al full load, 

....,., "'~ , " ~"'~"-' " .. ~) -' ",~,,-., ""''' ' 
.,..c' 

.,.-

i: i: 
'; ' -, .., 
~, ~, 
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! ,-"',,:.. C,lIo) I ...... .c cow rij, .. .H-' ' [AI I '-'"'.c-' 1101 I , fr!VV,[('J I , SOU " \'\ - , ,,.,, .. , ..... ,'" "~, , lOt...,.",.,.", .. ,,.,,,"""""', ' .mu<>D<-.z ,. "',"'0.,"""'" - ·'0_"",,.-. ·"OJ,,....,, ... ., ,.,""""'",.., ,. "'~, -" "."",.""" . ", ,,..,,.,, ... ,,,, .... .. .... EO,"_"''' "'.""_:-u.. .... "."""'''''''' ,.,.11"...." .. "."""·W.'" ,. ,,,,,",,,",0., 
-.~ "', .. ,.,.",....,.- ., ,.,.,.,.",,,, ... .e""",,,,,,,,,,,,, ".,,,,,,, '-"""~ 1 ".,,,. L ,..,."",., ."--, .... ' ... 

,,", ",,,,.,,,,.,"',, , ",., .. , ,."', .' , 

r ,gll r~ 4.4. 1-3 ,Ilows lhat th~ ,ingle-phase lran,form~r 1"; "' '1 ') ' and se<;ombry rm.' 

cu rrenl rel at ion wu, ac~omp lished 

Th ~ Ihrcc s in gl e-ph~s" transformer., wer" ready to he conn""ted as Y-:'I. lhn:~-phas" 

lransl(llln ~r, Th~ I {)llow i n~ "" tinn wi ll bndl y J i ,~ u ss its conn~cti{)ll , 
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4.4.2 Three-Phase Y- c. Transformer in Simp/orer 

Th~ lhr~~-phas~ Y -.l lwnsfonner was conne~led as explained in l i J and LlIuslml~d LIl 

appendix r S~Cl Lon F.5. FiguI\: 4.4.2- 1 illL.lslrales lhc cOl1l1e~tion in simplorer_ 

, 
o 

Fig"" ~A.! l: Tbro.-ph"," \ -..\ lmmforrner in ~i Hlplon·r. il "a' "',,",nhied u_'ing 1111'<'< ,in~ I <_ph" .. 

Ii.,·or lron;[o,"IIlT>. 

From rd"er~nce [71 \"iaS dis<;uss<;tllh~l in l l\~ lhr~~-phase Y_<'I transformer lhe Y line lo 

l in~ \"ollag~. Vab• leads lhe <'I line to linc ,-oltagc V" hy .10", how~\"cr il Was abo slated 

lhat lhe Y l in~ to neulral vollage, J{IlJ, is LIl phns~ with <'I phas<: \'oltng~ V,s_ [t is g'omlto 

nolice lhal lh~ tllm~-to- ILll~ vollag~ is the s~me ~s the ,\ phase yoltage [71. Figul\: -t4_2-2 

shows til~ Y linc-to-linc \ ·o [ wg~. V_'Ib. l h ~ Y lme 10 n~utrul or ph~~~ \oltage. V Wi and 

the ,\ [i n~ 10 I in ~ or rhas~ ,ollug~, V AB. 
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rr~dice. I'he baUery in rracl i ~~ had a ~ara~il y 0 1' IOlAh for 20h, lill" the mean value of 

the di-"chJrgi ng CUI' r~nt was S,IA p<:r hour, 

In Simp lorer the kad-Jc id battery model. il8 CJpaci ty was rat ~d for I Oh, whic h would 

give IO_2A p~r hoUl'_ The mean va ll>e of di ,charge current wa, set 10.lA. T he initi al 

, 'aI LLe of dlarg~ rJte was sd !C> 3m'o of Ihe rated cap~cit y oflhe battery. which came to be 

_lOA"'h. 

4.6 Modeling of the low pass filter 

I he rum ol'low pass Ili le r wa., to block high frequency to g(l lhwLLgh and allo w on ly lhe 

l'r~~LLCn;;) Ix low the cut-otT Ii-~quenq to go Ihrough. which i d~al ly had to b~ cm ll' rh ~ 

fundam~'TItal freq LL~n~y, I'he low pass Il Ikr used ",as maJ~ "I' md octors and capacitors, 

Figure 4.6-1 below 1I1 USlmles a ,; ng le-pha~e LC low -p"s> Ii Ilct_ 

~ 

,="''''--{~ . T 
• ! -. 

Fig"" 4.6-1: ~ingl<-pha," r 'p , ,,.n'a'iun uf LC lu" pa" llil"r 

In tigure 4,6 ·1. Ihe input _,ignal cam~ from th~ thre~-pln'~ i nv~'1 er. Jnd it is CC1IllIXl",d of 

th~ fUJ1(bment~1 i"requ~""l' plus th~ 'Wi l~h frequetlCY signal and its haJmot1L~s. The 

cho ice of lh~ inductor and capacitor "alues had to be ,uch tlUlt only lh~ i'LLndJlllenlal gc'<:s 

throu gh wi th Q I itt Ie distortion p"ssibk. 

Th~ itlductor and the capac, lor can also be represented as j mp>.:danc~s, E'lualions 14,6-1 ) 

and (4_6-2) i Il ustra t ~s thi_,_ 

XL =wL=2:rjL (..jJ)- I) 
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Chapter 4 

(4,fl-2) 

I Ill' ~~p"" ll(1r of 50uF w,,, "hosC'Tl due ]0 its avai lahllity Ln pradlce. The Ji.mdammtal 

frequency of thc signal was 50Hz: the switch freqUCllCY was chosen to be 10 kll z as 

rne ntiorted bcfo r~. 

The cut-off frcqucncy has to be big enough to allow thc timdarnc ntal frcqllCllcy signal 

throug h ~nd small enough to prc\'entlhe unw~nk"<i h~nnonic at switch frequ~n~y to pass 

through. A ~ut-olT Ih:qlL~n~y of I kHz was dlo",n, whi"h by u,ing ~'luati{)n (4 .fl-3) 

below. yielded L-506.6x IO'" H 

Whcnthe I'alue ulL "nd C ~s ~"lc lLlatcd aoo"" an; us<:d llllh~ ~q uallons (4.fl-l ) and (4.fl-

2) respect ively. ~t fundmllenta l frequcncy. it cou ld be seCII that th~ c~pacit\l r had a big 

val u~ ur tlw r~""tanc~ ~(1mpared with the indll<:toL I'h i, rr",ant that t h ~ big ~~p"" itor 

r~aClance ,,'ould prevent the flLndamcntal CUrr"l1t sign al tu llow through th~ "apacitor, 

thus tlw fundni11~ntal Cli rrent signal would be tl'JnSfCfrcu to output through thc imilLdor, 

Conversely. at switch fr"'qllcncy the c~pilCitor would bchave as a shu rt ~in:uit with a v ~ry 

smal l reactance value. while the inductor rc~c(ance v"lw wuuld Ix; much bigger ill 

rei alion wilh lh~ ~~pa~ilor rcaclan"~, thus the opp()sit~ would happen 

Figun: 4.fl -2 show, th" low pass fiUn r~ 'lXlllse as discussed in LJJ J 
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l,==:::::~ "'" ---- ' " £QUENC" • 

18) 

Fi~u .. ~.6_2: Low_pa" filt.r '"''POl''' [.I.I [ 

4.6.1 Three-phase Low-pass filter 

Th~ lhre~-rhast [ow-rass li lkr in a lhr~~-ph,cw sysl~m "an I><; ass~llIbkJ in lWO \lays: 

lirstly. lhe lilln "aracilOr ~an be conn~clcJ to lh~ neulral point. whkil wOllld mean lilat 

th~ \'oltag~, across the capacitors wou ld I", th~ l in~ to n~llt ral ,-ollagcs, or stconJly. ~ach 

cara,' ,lnr ~o<lIJ I><; connecloo a,'ross lwo phases Ln lht llH\~e-phast system nOI requiring a 

n~utf;l1 point. 111 th is \\a~' the capacitors conn~ct i ons w.mld form ~ ddta ~ol1nect ioll. 

which would go \\'dl wilh lhe th",e-phase l,",nslimner Jdla cOllneclwn. The lopology is 

,lluslral(..J 111 Ii gure --1 .6. 1- 1 . 

'" 
--~'~-+-

_ "-" ___ _ n'" r - C_(" 

• 

-
-

Fig"r< ~.6. 1 _ 1 : l'hree_pil"'. L{' lo,, -p"" filte .. 

One lh111~ 10 nOlic~ was tl"'llhe inductors ~nd capacitl>r, in figure --1.6.1- 1 w~r~ ilk,,1 

compon~nts. In the simulmion Ii"-lh~ low pass ti l t~r to haw a good J~mping r~'ron'e. a 

small resisto r was connected III '~ri~s with the inductl>r tl> rcll~ct lhe praclLcallllciuclor. 

lOll 
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Morcov~r, the "~tllal indlLdor n,l u~ u,~d in sllllUlmiofl was not the same Ol1e cakubted 

in previous scction bul in,tead the design~d in practice. which had the dveragc val u~ 0] 

44(1u ] I. 

It WdS discussed LIl rekrenc~ [J·n thaI in th~ RLC low P"" ]ilter ~ i rc ui t, the outpl1l 

nlHag;e, bg' the input \'ollag~_ I'his w~s hec~u,e oflhe \'Oh"g~ drop <lCro~ , th~ resi,tor. 

Thus. it is importalll that the r~,i,tor be :<malk r cnough just to introduce the ne<;e",,~ry 

d ~mping. Figure ... 0.1-2 i Ilu>traks the disc lISsion, 

, 
'" 
--

• 

i 1'; - r; 
I' 

V ! .. , 

• 
Fi~uro 4.6 , l _!: Throe_pb.,o r.c low_pa .. filtel' 

In lhe nC:l.l "'~lion, the entir~ Il",dels wil l he conne<;led together. to form the eomplcle 

topology. 

4.7 Full simulation Models connected 

All lh~ mood, wne sUL~~"ru lly Llnplem~nt~d as discussed in previous '<CctLo n, In l hi , 

seClion. the ~Ill i re model, were "sscmbkd lOgdh~r. They arc p rc'~lllcd m figur~ 4,7-1 Ll1 

~onJ u l1dion with all ~ont rol mode l ",-.d equ~l ioll blocks. which will be di '~lIs",d in laIn 

s~clion" 

1 0 1 
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.- .. ' 
~ - • - .- -- .. .- --_ .. 

- .. 

.-

~.. ~." . . ~ . , - . ","",,----- ., .. . .. 

Th"thr~~. ph ~<~ I (!~d ,'f jjgur~ ->. 2 ~. 6 .... ~ L> u',;.,;mhkJ ins.i,k bl ()(; k a~ . hown in jjgur" 4.7. 

I h" l1 ex! $<'I:\;<1n wil l Ji'iCu" t h~ . i"wlal;"" scq!l~ncc tl ow \0 ;tC", 'mpii,h lh~ rUfJ,,,,,,,J 

PL"J . 
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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 Out 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 t as coefficient; it used.Jt . 

The coefficient .Jt 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 Va and Vp is shown in 

equation (4.8-1). 

(4.8-1) 

For the current, it is shown in equation (4.8-2) 
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~ U:l (4.8-2) 

Equation (4.8-2) was only valid for balanced system whereby (Ia+lb+lc=O) [35]. 

Now using Park transform expression C2.20 section C.2, the stationary reference frame 

was changed to rotating reference frame, appendix 0.2 to 0.4 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 PI-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 dq­

plane. 

4.9.1 Phase Locked Loop PI-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 PI-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. 
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w 

Setpoint error 

It------\+)f----------' 

I i~-j"~ 
GAIN 

Figure 4.9.1-1: Block diagram ofPLL 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 PI-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 PI-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 PI-based 

controller such as two sinusoidal function blocks, which was set to produce voltage line­

to-line Vae and V be. An equation block to calculate the voltage Va and Vp 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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Equations 

I E'QIJ I 

KI:= KLPLL 

V_alpha_S1:= sqrt(2/3)*(V_AC.VAL -(1I2)*V_BC.VAL) 

V_beta_S1 :=sqrt(2/3)*(sqrt(3/4 )*V_BC.VAL ) 

theta_Source:= atan2(V_alpha_S1.V_beta_S1 ) 

CONST:=O 

Initial_Condition 

I ICA; I 
KLPLL:=1736.111111 

KP _PLL:=92.11 

KLPLL1 := 11 .11111111 

KP _PLL1 :=7.37 

Chapter 4 

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

Some change was made in the PLL PI-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 

K.I 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 PI-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 PI-based control was to 

improve the practical design of the PLL PI-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]. 

y(k) • y(k-1)+I(I· TS .x(k) or 0(.) • ICI 
s 

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

Chapter 4 

From table 3.4.1.2-1, a=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, Kl_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 5Oms. 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 

2. 

-2. 

-3.-+ ______ -T ______ ~------~--------~------r_------~----~ 
o 10.00m 20.00m 30.00m 40.00m 50.00m 60.00m 69.98m 

t[5] 

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 a=30 

was presented in figure 4.9.1-5. 

109 



Univ
ers

ity
 of

 C
ap

e T
ow

n
3. 
4.~---

~ ~ ~: 
~'i' I ! _-1. 

4.0T 
3.01 

2.~ 
I 

~ ~ 1.~ 
~I~I ~ 
! ~-1. - -2. 

-3.01 

250.00m 

---------------------- -
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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 

Chapter 4 

2.00 2.17 

The Space Vector Pulse Width Modulation algorithm was written in an equation block in 

simplorer, see appendix 0.5. The SVPWM algorithm had as inputs the voltage signals 

alpha and beta and as output three voltage reference at 50Hz and 1200 out phase. These 

three voltages reference were compared with a triangle waveform signal with a frequency 

110 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 4 

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, Are!> Brejand Crejofthe SVPWM, see appendix 

G.S. Those voltages are phase shifted by 1200 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]. 

a e . • - : t ree-pJ ase SWltc es states T bl 4921 h h VSI . h 

States Swl 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 
V6 1 0 1 
V2 1 1 0 
V, 1 1 1 

Where, 0 represent "off' and 1 "on". There were two zero vectors, which are Vo and V, 

and six non-zero vectors, which are VI to V6• 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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V1(1 00) 

v 

V5(0 01) 

Figure 4.9.2-1: Representation ofthe 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 fonn 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. 

k;r 
-cos-

3 
(k-l);r 

cos 3 
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(4.9.2-2) 

Where Tk and Tk+l represent the time of the non-zero states in each sector, the sector 

selection is governed by the variable k, which goes from 1 to 6. When k=6, k+ 1 is set to 1 

[17]. To is the time that the non-zero states takes, Ts is the period and VDC 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 To~ 

To/2 Vo 0 0 0 
Tl Vl 1 0 0 
T2 V2 1 1 0 

1 To V7 1 1 1 
T2 V2 1 1 0 
Tl Vl 1 0 0 

ToI2 Vo 0 0 0 
ToI2 Vo 0 0 0 
T3 V3 0 1 0 
T2 V2 1 1 0 

2 To V7 1 1 1 
T2 V2 1 1 0 
T3 V3 0 1 0 

To/2 Vo 0 0 0 
ToI2 Vo 0 0 0 
T3 V3 0 1 0 
T4 V4 0 1 1 

3 To V7 1 1 1 
T4 V4 0 1 1 
T3 V3 0 1 0 

ToI2 Vo 0 0 0 
ToI2 Vo 0 0 0 
Ts Vs 0 0 1 
T4 V4 0 1 1 

4 To V7 1 1 1 
T4 V4 0 1 1 
Ts Vs 0 0 1 

ToI2 Vo 0 0 0 
ToI2 Vo 0 0 0 
Ts Vs 0 0 1 
T6 V6 1 0 1 

5 To V7 1 1 1 
T6 V6 1 0 1 
Ts Vs 0 0 1 

ToI2 Vo 0 0 0 
To/2 Vo 0 0 0 
Tl Vl 1 0 0 
T6 V6 1 0 1 

6 To V7 1 1 1 
T6 V6 1 0 1 
Tl Vl 1 0 0 

ToI2 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]. Furthennore, at this modulation index, the reference vector, Vrefi has 

locus that would follow a circle inscribed within the hexagon [17]. Figure 4.9.2-2 shows 

this. 

;. Beta 
I 

alpha 
~~----~~------~--~~~~------~.--~ 

V1(1 00) 

V5(0 01) 

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 n and Tk+I in equation (4.9.2-2), would results in a value 

bigger than ~ , which would result To 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 Tk and Tk+I were rescaled to new values, 

n_newand Tk+I_new, such that their summation is always equal to ~ 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 'I .- s k+l. 
k+l_new·-2·(T +T )' 

k k+l 

T 
'T' +T .- s. 
J.k new k+l new·--' - - 2 

Chapter 4 

(4.9.2-3) 

(4.9.2-4) 

(4.9.2-5) 

With this rescaling method, To would always be zero whenever the SVPWM would be 

over modulating, and so, Vref locus 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, dq-plane. Moreover, after 

inverted to the stationary reference plane, ap-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 Va and Vp as input, which were calculated from Clark transformation, and which 

had as input the three-phase source line to line voltage signals V _AC and V _BC. Figure 

4.9.2-3 illustrates the voltages signals. 
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Graph of V _AC and V_Be vs. Valpha and Vbeta 

5.00m 10.00m 15.00m 20.00m 25.00m 30.00m 35.00m 40.00m 
t [s) 

Figure 4.9.2-3: line-to-Iine voltage signals and voltage signals in the stationary reference 

Figure 4.9.2-4 illustrates the results ofSVPWM sector selection. 

7.0 

6.0 

S.O 

o 4.0 

i 3.0 

2.0 

1.0 

0 

0 
I 

S.OOm 
I 

10.00m 

SVPWM Sectors Changing 

I 
15.00m 

,--
20.00m 

t[s) 

--~I-------'I------'-----~ 
2S.00m 30.00m 3S.00m 40.00m 

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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T 92 S able 4. • -3: ipace Vector reference voltages for each phase. 
Sector Reference Signal Time 

Aref 1'0/2+1; +~ 
1 Bref 1'0/2+1; 

eref 1'0/2 
Aref 1'0/2 + 1; 

2 Bref 1'0/2+7; +7; 
ere! 1'0/2 
Aref 1'0/2 

3 Bref 1'0/2+~ +7; 
eref 1'0/2+~ 
Aref 1'0/2 

4 Bref 1'0/2+~ 
eref 1'0/2+~ +7; 
Aref 1'0/2 + 1'r, 

5 Bref 1'0/2 
ere! 1'0/2 + 1'r, + r; 
Aref 1'0/2 + 1;, + ~ 

6 Bref 1'0/2 
eref 1'0/2 + 1'r, 

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

SVPWM Reference Signal 

~~'t~~~\ (A'll 
m:~ I \\ \ I I \ \ ~ 

:: J \ \ / I \ VI '~~r ,--,-~w ---o~'J o S.OOm 10.00m lS.00m 2O.00m 2S.00m 3O.00m 35.00m 4O.00m 
tIs) 

Figure 4.9.2-5: SVPWM reference signals 
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Bret COMPZ SUM2 

I L. '"=F I + --/+' 
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Chapkr4 

S'I PWM vs. Sector1 

~ , , t" T , 
72,,,,n";,,, 7.>7" ,"B'n ,"9m 7:\0," 7.-11m U2m 7.J3" 7.3401'.J5," , "I 

.·i~ur< 4.~.! - 7: ~VPWM pub," in til(' 1.,>1 '('OIor 

Wilh lhis r~su l l the lhr~e-ph~se lllverkr cOlLld b<c sWlleh~d on "nd on In , 'ay dll~i~L1l 

way. 

~~xt ,""elion " it1 l'resent the r~sult of the 1''''\W ~~ku l alor III ~onju""tion wilh ITIlnor 

loop currenl conlro l l~L In addition ~s was mentioned P"" 'i OlLSI y lh~ resu lts of the minor 

loop ~"ntrollcr w~s the "oh~ge lL1th~ rolaling reference plane. \,hi eh alk r im·~rterl to th~ 

stationary rderencc plane. was s~nt as input to the SV I'WM alg,onlhm. 

4.9.3 Current Loop Control and power calculator Simulation 

Fig:lLr~ 4.9,.1 - I shows the "",,11 of the lhr~--c-ph~ ,e in, ~rtcr lxi n g, ,ynchronin-d wi th t hrc~­

phase grid. This result was gath~rcd r'rc"n the simulalion orlh~ lill l ",odd. figure 4.7_1. 

hdim: lh~ l i~ens~ was ~xpi",d, 
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_2; "" \, / , \ 
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" , ,. UU~ " "l><, j(,.c~ " 

ri~nr< ~.9.J-1 : Thlw"l'h,,< innrt .. ' mltogo pha« lo,ked "jth tho thre._ph« grid 

Simultallwusly !hc powcr cak~lalOr in wnj~nction wilh the mmor loop wa_' 

Lrnpkm~nl~d " ,ilh Pm and q~1 inili~ll y;;;1 to ze ro 10 lor~c the fi lter illd~';lOr c~rrcnl to 

~ef(). Fig ur~ 4,9.3-2 lilustrul~s llk' I"""n c"kulalor Lrt conjlLnclioIl with mmor loop as 

discussed in seclton J,.\ J_ r he PI contml g~i ns were set hy Irial ~nd error melhr.:i. t~hle 

4_9.3 -1 ,how" the tlllnor loop cun-~t11 1'1 I?aln '_ 

KP .' , '-'- - TO." 

, ""' 
II - _"." 

,",-- ., 

',_,_r',"", 

riguFo ~.9.3_2: I'm\<r <a!mlatM in conjunction" ith minor loop '" rront CflRtl'Oi!<F implom<nted in 
, jn'pl",,,r, 
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T.hlo J.Q,.1 · I, _\Ii"",-Ioo 1 <u,nn' ","troil., PI con"-,,I ".in, 

1'1 '1·r~n 

Kp 5 

K' 301l ICC 

At this point the fu ll conlrol desll9' \Va~ imrkm~nt~d. Mor~",,~r, th~ rLS algorithm "S 

disc lLSs..;d Lil scctioll 3,4.4 was al so illlpl(1n~nkd . Thus. t1gures ".<J_:J.:J and -1_ \1 __ , -4 

illu,tratc the tilt"" inducto r C\lJTCnt in the ,,~~ting reference pbt1~. I " Conl" 1"""(;1Ot" 

and I q COlil" Indlte/oy. tracking t h~ ch"nging sctpoim or rek,.ence CllJTenL 

f\ ~ , 
I \ 
I \ 

\J / l ' .. ----~,-J , ~ 
" '00.",," WJ "'" WJ oc~ 1.00 , 

Fi~nro ~. q,.1 . .1 : R ... ~I part fif 'ho ,ma'ing ,<loron« p"mo ,'nrrellt th.-oLl~h tho in""ctUl' IiII<r h-", I..i "~ 

"roforoo<. ,'II"ont 
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Fi~LI n' ~.'U-4; Ir"a~ill .. r}· pari "f Ih< rOI"ljn~ rd,-,,'nco ph,,,. ,U "<III IhroLl~h Ill<' ;nd"elo r lill ,'r 

(r"c~i"~ a ref.,<-",,- nnwn ' 

rhes~ r"r~rell~" C lllT~nl ' Ch"" f\~>d a, illuslruleu ah"v~ b~>calLs" "ftile re~ k load sha\'ing 

~ l goril nm. so !h~t the chJrging and di schJrg ing of th" hn llery coul d be ~cco lllrl is h ed. 

Figure 4.9.3. -5 ,hows the minor lour SL Y'"l , r~sul t ". whkh w~rc the lollowing: lh~ 

vo l !~ge sign,li s in the rotati ng refe rence plane. J'dJlwm, J'AL ~nd V'1Jmm. VAL, ~ nd (he 

\'(l ilage sib'll"is in the stationar), r" r~renc~ I'bn~ a rt~r inve,1eu, V"/I""'-.1'I"11I "nd 

U,/.'Io pw",. 

1 
,00 

1. 1.1 
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" """' ~':,~ " ,,,," ,. "'w'" ' ' '',U(, 1~:',({Ic ,O'O,1lVT ,eN """ 2'0 r»< 

' I~ 

",.p/1 of Vd---""m M" ~Q_P"'"' ••. ~,IpI"_pWm ",,,I ~bet"_I)Wm 

'" " 

, 
,." r»< 

4.10Peak Load Shaving Simulation 

Tni> '<;ction wi ll pn:.<~nl tlw PI .S simlLia lion of UCTMS lo~d proflk. Figure ... 10· 1 

shows two dmly peaks 01' UCTMS lo~d profile ml<llne ><:1 threshold. whi<;h as discusscd 

Ln >cction 3.4.4 .1 nad tile "i ll1 to (iecre~s~ tlw p~ak pow~ r by 5%. Thc powcr \'alues were 

sc~kd from nwga waUs to ki low~lls, bc"alis~ th~ \nr~~-phase S('Iu rc~ was set to 4()() V LL 

ins\~ad 01' II kV LL 
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Peak Sha~ily Resulls 

T 
400.00T 

Ch;.mKr 4 

, 
800_0i)T] 

R~~alllng lium Ihe pre\'lous diS<:lIssion. Ihat ",hene'-er UCTMS load is below the 

111I'~sbold point the PI.S ~Igonthlll I'as sct up in such way that it \\ould cnable th~ thrce-

phase In,'..:ncr to dmrge the b~ttery. This would l\I":~n that the three-phase grid or soUn:..: 

~pparcnt pow..:r "ould Ix higher than the LCD.IS 1000. so that it cou ld be ahk to supply 

lxlth UCI \is load and the baU~ry storage system. 

Allhis point. the Ihre~-plmse in\'crter syslem beh~'-es ~s load. buying ckctric ilY irom the 

grid and contriblLting on the \ill peak P"'\W_ However the thre~-phas~ source appa'-~nt 

power IS lloonitor..:d 111 the jX'ak load sh~"ing algorithm. as des<:rioc m scdion 3.4.4,2 m 

such \\ay that \\'h~lle'-er it would rc~ch <)~%. of the threshold point. the thre~- phasc 

m"ener "olLld d~crease the 110w Orp{)w~r tow~rd the b~1l~ry storage to zero 

Howe,-er. as soon as UCT\·tS load profilc wou ld he ah;,,-e t\w Thl'eshold point. the p"ak 

loml shavmg algonthm as dlS<:ussed pre"""ls ly, was writkn 111 such way to enable the 

t lll'~~-phasc in,'<:rtcr 10 supply Ihe app~rent ,>owcr aI thc same PF ~s the thre~-phQsc grid. 

C'onS~'luently de~reasing the thn.::e-phasc so u,-<:e ~ppar..:nt pow~r optimally ant] holding it 

atlhc Ihreshold point. Th~ three-phasc im~rt~r Qt this point was kha,ing as distribut~d 

gcneration (lX,) syst~m. which wou ld m~an that it would be positively contnbuting: 
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lowards thc lhr~~-phasc ,our<:c supply rd ,abi lily and suslmnabih ly and as wel l as 

decreasing UCTtl- IS monthl y bills, 

Figure 4.1 0-2 shows lh~s~ r~sull' 

l hr~sh"ld 1'00ni 

, [," 

As wus mentio n~d 1'f<'\'iou.,ly in section , .4.4 ,2 t h~ haUery ~h arl\~r algo rithm wus nol 

impicmcnlcd m lilts lh~sis. lhcn the I,,,,us m this , cdion . h()wcH,r "as to sho\\' th~ threc-

phase SO\lfce MD. S_So/lr('<,. been sha,'~d. \\'hich WJS accompli<ned .,ucc~"full y. hom 

figure 4.10-2, it could b" <e~n I hat t h~ consum~r 1000, S_'-"ad. wa, r.,inl; ,uPl'licd b j th~ 

ball~ry st oml;~. 

III figure 4. 1 ()-2, S _ com'_ill/my is the peak load shaving algorithm ~onlm[ apparcnt P<'" n 

\'~riJh l e . . ,~~ af'l'"! n<J ix G,G, III addi tion. as was L1l~ntion~d pr~\' iously. po,itive now of 

power wus ChO'~l1 ti-om t n~ lhr~e-ph~se ill\'erte r toward, the lhr~e-pha,~ grid 

Thus. the .') ___ collv_dHmv was allowed to be p"'iti\ '~ or ne:,;utiv~. se~ fL gur~ 4.10-2, in thi s 

wuy whenever S_LYim·'_dlllll,l' wus negalive Ih~ th r~e-pha,~ in\'~rt~r would lx; charl;ing thc 
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bauery. COfl\""dy. it "olLld be di"'hargmg the baltery, While char~ing. S-"om' <II/my 

WiL' not 31 10wed to go more th"n the three-phasc tmnsloIm"," ma~ L mUI11 capacity_ \\, hi~h 

WilS --I.SkVA, Figure --I, lO-.' ~llOw_, the result orthe batt~ry ~ha r~~ and di",har~ing m{)d~ 

.'''' '1' V_ .. _ "".on' 
1 1>.0 
100.0-

--",,-
/ 

;00-'. " ' 0-

> -

d '"~ 

" , -
,,0-

, " 

rhe \ 'arinblc SJ'omjIS_"kluol LJ\ ligure -tI0-2 is lhe thre~-p ila,,, lfl\~rkr apparent 

power c<lkui3ted from lhe l11e,,"urement tilken from the hi ~h ,ide o j' lhe thr~e-phase 

lran,l')ml~r. S Con\' LS in otil"," hand is the t hree-p h ~se imerter appill"ell1 power 

calcu lated ti"l'm tile tocasuremel11 tal..cn from th~ low sid~ oj' 11,,; three-phase tran,j"nner, 

F inal ly' ",,--ColI, 'jiS_CalndilleJ is the th ree-phasc inwrter apparent power cnkulated 

from th ~ voltage and current s ignals lhat were noi measur".(\ bui mstead ~al~ ubt"d {mm 

the low~r side signals of the t hL"e~"phaSl: trans!<ml\er vollage and ClInult si~n"l." Se~ 

appcnu Lx G.2 and G.3 lin mor" ddml 

From ~hapter }, it was di_'<C tls~cd thJl when the lhR~-phasc VSl is made to behav~ as CSI 

by lLsmg a miLlor current loop, it would produce good qthl lit)" three-phase illverter 

currents, Fi~lLre, 4, 10-4. -tlO-5 and -tlO-6 conlinn the di",u"ion: it shows ilw th rcc­

phase ill\'erter ~un-ent.' through iln inductor ti lt er, It can be s~en that thc curreni was well 

controll" d and balancoo_ 
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t-loreover, TO check if Tile PI,S as i Ilus lra led in figure 4, 10-2 was accomplish cd optimJl 1 y 

as \V~s dis~ ussru in sedion 23.1, "phJse 1\'" ~ lI n'~llts 01" Ihe t h re~-rhase "oUr<:e, Ihr~e­

phase load alld t il~ thre~-phasc inverter were plotted in fig ure 4, I 0-7 for d , ar~ing mode 

and ligure 4.1 O-X for diS(;hargin!; n~>de. 

In !hose ligures ..\,j()- 7 alld4,lO-8 the Tilree currents oJ' ''phase /\"'. me! at Ihe ",xle ]Xlint 

ill the grid side. R~cal l ' ng from liTerature [2')]. tlwt the Jngle of !he Pf is the ang le 

hetween a voltage und ~urrmt. then by ~hL ... __ king if the currents or CJch respective "ph"-'>C 

X' were in phase Or out phas<: with each olher. !lL a! hdpoo to dde,mille the ,!u!e of the ir 

Pf in relation wjtil source Voltage, 

s~ 
- < < , 

" 

~J 
- - ' 

, 
" .""" 

, 
'''''.'''''' 
'" 

" 

1\ , I 

I 
I 

'J 

I 

\, , 

t ,! 

\I , 
, 

': I 
\ , , 

, , 
~"l_ 

Fi~ur< 4. 10·7: Three_ ph ... """CO, 'hr"")lh ,,~ im e l1 0r . ,,~ 'hr'<-)lh~« t" art pha,~ ,\ " ,, ;en IS 0' 
l'I\" ,'~i!l~ !llIlll. 
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" .. I, I 

I \ 

\ 
IV 

F'i~un ~. I 6-lI :T.r ... ·ph><' ..... n:, .. ' ...... pl"" .. i"'~",·< ~.d ......... 1 ... " .. . ~ pI .. ..,.\ <" .......... ~, 
<I;,.h .. ltin; "",d~. 

f rom tigure " H)·S. ;1 COl" he ","-",,, lk 'llh,, lhrc.;: ~ urr"nl" were In flh~~ " hie h m~unllhul 

Ii",y wer~ oul ph~-,~ wllh Ihc' ··pha, c .'" ,. >"ure" \""Ilal!~ by Ihe "'In ~ ul1 gk Thus. thelr PF 

was the "~ ln e. 

4.11 Chapter Sum mary 

r rom Ihe al'(l\ e di'iC IL'~u ~, . Ille ro,li, ,,, '"l: P. Hlll> :m.: ~wn",an Z\.-d: 

• - l h~ moo.idlll); "r lh" lhrCl:_I,ha!tl.: O-UPflly. Ihrrt-pt-.ao;e 1 .. ,,,1. Ihr~..,-pl"\';,, i"'c·rtCf. 

threc· flh~~ lr;ln ~ form~ r. lhr~",· ph:l.<C LC low-pass Jilter :l.I1d til<: ballery w~, 

.. ",compli shcrl suc",,~srull y_ 

• t: ,inl: tl!" Ih"',,-ph;l>e 1",,<1 as I'C->;"M and ind ..a:l" r " nut.lnl II!" II llpk" o:.:nl,,\ iun <>1 

Ihe OCltml t.:tTMS load in simulau •• n. 

• T t-.e J'U I ' I - b~$ed c"mrol k r ",b sU,"'l.-,s"ful1y implelll<:l'It"(/ in ~"nu laTion in lib: 

'·""lin ..... ,u, mo<.l~. It wa. , holl'n lhat by using Ihe ril! ~ l l!"" " " f 1 1l~ PI conlrollLT 

the Ihr~~· (lh ~s.; (lha,e angl~ was lrac k ~ "" C~"" rully ami (["[elly 

• rh~ e a l ~ \l I ~I I"n or Ihe l l!rc~-)lh""" 11\\\ .. 1"\" 1" phase ang le. :'. I»), using lh~ I'LL PI _ 

ba,,---d cQII {r ... lkr was <'<:I'Y cruci.,I: II 1l<:1~11" calculal~ II", thn:...:-pha.<;c inverter 

,ignal ~ In Ihe rota li ng refel"t'llcc r bno.:. 

• (" " n>CqU¢lll ly, Ihe minor current h ~ .... C< ~'lmI1LT w:b su,·cc""fu lly m'pie",enl.ed_ 
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• Using t h~ power c~lcu l aim ~nd I'I .S algorithm m conjlllh:tlOn with the m mor loop 

~urr~nt ,ontroller gave th~ ]Joss ih lli ty of il1lp l ell1 ~ nti ng tile purposed pea k lo~d 

shaving at Lend S load, 

• rll~refore, with this r~sult th~ pmpoS<Xl JX'ak load shm'lllg was uCLompl ish~~J 

suc~essfully in simulation, which meant that t h~ project i, t ~chnically \'iable, 

lJ I 
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5 Hardware and Software Design 

The full Peak I .oad Sh~\' i ng te~hni'lll<' proposed in lhis lhesis i n ~haplcr 2 was ~omplctdy 

implemenl"d in sLLlllLlalion uS dis<;uss~d In ~hapl~r". Dlie 10 time conslrain how~\ '~ r, th~ 

focus In praclice wa, to impkment lhe dlgital!,l.! PI-hused control only as dis<:u,,~d in 

ch~pter 3. section 3 ... . 1 

rhus, this ch~pler will de~1 with the hurdwar" and software design of the propos"d 

topo]ogy. r'gur" ].3-1. with a goal in mind oj' impl~mellting Ihe digital PLL Pl-b",ed 

cunlroller, 

Opcon loop ~onlronl-TS w~r~ dl>ne simply by cO!llrolling m~nual]y two pOlentioll1cters, 

whereby one controls the I><,w~r ~ngk hi-~irectiomlly, which cOnlrollh" ",al power, and 

Ih~ OIhcr cOIltrols lllC ll\l'~~-phas~ amplitud~ \oltag~, wh ich control, the re~ctiv~ po\O, er as 

discussed in chapter 3 se~t ion J I, which ill th~ ",nse wa, '-h" same as uSing Ihc Ihr~~­

phas~ inwrter as VSI 

Phl){O 5·1 shows t h~ hardware connectIon 111 Ihe lal><1Culory_ 
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5.1 Hardware design 

I'holo 5-1: Lobo,," o,., I>rOlO"I'" 

5.1.1 Three-phase supply 

(,hapl~r 5 

Th~ lhn:c:-ph",e \"() I\ag~' used In pradi~e came from a three-phase maills supply localed 

at iTI~c h inc laboratory at UCT in the dectrica l cngin~cnng tl ~parlIl1C1l t. Tl", \"()ltag~ raling 

WilS 400 \--ILne-to-ILne rms. I' hoto 5. 1.1- 1 shows the thr~~- phase iTIilins Sllpp ly. 

V" \ 
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l ·hr~~-pha,e 

nr~u L l hreaker 

CT 1-I'hus<" 
\bins I'!lase Il 

.~ 

('hapler ., 

l\~ulral poinl 

The I h r~~-phas~ vollage ~ i gnals pt\lduced ~! I .I(T machi ne bb wa, not :111 Ldeul slnusoidul 

SLsn~1 Power _A flUl yser _ l{esull :;. I I-I sl"l\\ StillS. 

CSJ ! I l? gjI 

C!J 397.0 Y @ 398.3 Y 1) 398.7 Y 

RMS 
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CilJptcr 5 

Po\V~r_An:J.ly~er_R~~u ll 5. 1. 1-2 shows Ihe hannon ic~ which UCT mJchin~ lab line to 

line \'olta~c has. 

Uh 01 (i) 100.0 " 
397.4v 

@ 100.0 " 
399.1 V 

Q 100.0 " 
399.1 V 

,'~oc,~---------------, ~ 

" u 
u 
!:; 

5 ! 9 11 IJ 11 . , ,., ." " " 

u 
POW~I'_, \nal)'>er _ R",ult 5.1.1 -2 : ILmllunj" l'un '~nt at ITT m"l'hjll~ lab" r.tor~' lhn'~-ph",~ '"ppl \ 

",it.ge 

Tho,c harmonics "erC tlw One responsible Jor th~ peak shape In the thrce-phasc ,olta~" 

of the Po\\'cr_Ana l yscr_R~sul t 5.1.1 -1 rhose harmonics w~re originated from t h~ 

following sourc~: 

• The po"er dCdromcs dc\'ices. s lL~h as: AC and DC machines dn",,,'s. rectiiiers. 

i]l\' crters 

• Fluor~scent lights. computer 

5.1.2 Three-Phase Load Design 

The three-phase loa<l waS wnl'l ~ured in <letta connedion; each phase wa, made oj' 

r~sistors .m<l mducto rs conn~ctcd in s~ri~' as was discllssed in section 4.2 . To incr~ase 

the l o~d however the <:a m~ configurat ion of res is lor and inductor in se ri es were conn~cted 

in pantlld with ~'K"h phase and in series with a switch. The total c"paci ly was oj" SkVA at 

PI' ofO.<)6. 
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Th~ lIl<ludo,-,; and r~sislors h~d tlw following \ ' Qlu~s : ]()Qmll al 5,'1. and a\"~'-Q g~ resiw)r 

of ~4n rcsp~~livd y, Pho!o 5. I ,2 -I lilll'lru!~'S th~ !hrc~-phas~ load connection dune ill !il~ 

luh. 

, , 

I'h"'n 5_1_1_1 , Thro. _ph,,," l.nMI m.,t<- "I' ,""~,,,,", "u,1 i",lurln" 

Wh~r~ R, and L, illustru l~ the firS! combination oflh~ (ilre e-rhas~ load ddla conneclion, 

the ""ltlu~ 1 ci",un hr~~kcr, Sw], was lJ.,">U to connocl th~ lh,-e~-ph"sc lo~tl to lh~ thr~~­

phus~ gmt. Th" r~"'lors amilllduclors R, and L, \\'h"", connLX;t~'{] in sam~ configuratiun 

asl{ , ~Ild L Sw, i, an e kclric~1 swilch, whi~h 11$ rc.,cl ion was (0 m~r~~s~ (helo~J in 

~~ch rh,,-<~_ Powe,- l\1l~IY'e,- Re,ult 5 1_2-1 show, !h~ lh,-eL~phus~ lo~tl po"",,- c~puci!J 

and (he PI'. hefore and Qn~rclosing S" 2 

• 
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.. +4.183 " +0.965 ;0 .. +8587 " +0.96:3 
~ -- wo ....... 

"] n .127 ". +0.966 " " 2.405 . , +0.963 'v •• C> ••• 
VA •• ........ 

" 
V~H. 

... _ . ....... ,. ••• .,(1.266 v ' .. n" .. h • +0.277 v . " 4.332 •• 8918 
" . .... - ... -_ . 

- , 
1'o,,", An"I,,<,r 11. .. ,, 1, S.I.! . : Thre. -ph,,,. load <ap"d,; bef,,,'. and "Ito ,' d", jng S", - -

5,1.3 Battery storage 

' rh~ batteri es used in the lob were J combin'l tion olleocl-ncid bntl erie, of 12 "olrs l rom 

t",o dd'l"renl manlL !'acllLr~s_ Firsr Nalional SaUcry and Ddknr. S~~ pholo 5.1 .3-1 

• • o ''''- """ 
~ ~ ••. fr -- .-~ ... ,.. .. ...,-'-. , ... 

I'ho'" ~.13_ 1 : I." d_add 1",110<) mod in 'h" I. h (,,' Ihi, Ih", i, 

r he r~Json was that lhere wcre oot cllClugh batteri cs olThe ,"me type ""aLl"blc In the lull . 

however lhey had lh~ S" ll1~ rUling ~ar"" ili~s th~rl"for~ lhey were compatib le 10 be used 

logethe r. 

• 
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nThe halteri ~s had th~ 1(1llowillg mting: 12V I02Ah 20 hour. In towl. they were X lmttcries 

connected in <.cric,_ wh id 1 in~rC(l8ed the t('ltJI vo ltage to ')(,V 

5.1.4 Three-Phase Inverter 

The thre~-phuse inlclier Jvuil<lb le hoo J towl CJ p"dty of 121lkVA It is made of KiBT', 

1111 ><.lules, the S K M 201K"i B I 2.' D. s<-", ligur~ 5. 1.4- 1. I h(1s~ rnoduk, \\"~re LllJn1lfacl\J r~ by 

Semikrnll. 

Fi\:ure 5. J .4-t: ~.mihu" tGlJT rnod"l<-,. lh. ~ "-..'J2UUCII 1 Ht ) 

It hJ' <1 t('lta l ma~im"m vo ltage range or 120nV, at temperature or 25"(:. it, maximum 

ClIrrent ~apabi lit y at lcl\lJXmtur~ of 25"C is 200 ,-\ "nd :l1t~mp~rJt"re ('If H5''c' is limA. 

Con '"llthc d~tJ>l1ed i n ~ccompan jed CD 

Photo 5. I ... -1 ,holl-s tile proctiCl l til rcc-ph<1se i n I 'ert~r. 
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HIgh \ ' ollag~ 

CapacilOr, Thr~~-pha,~ 

im"",,,C' s id~ Fan 'l'''m 

l'IWo ~.1.4-1: 1 hrOO_l'h" .. i ,,"crltr """I ju nl<' lab 

rhc t hrcc-pl1~,c i n"Crl~r is composcd of 10110'>' ing: 

Chapkr S 

• Si~ high nlhug~ c~JXlc i tors \\' ltl1 3.3mf each, Ih~y arC bla~k in co lor, 11, rlLn~lion 

i, 10 hold lh~ jX' hus \'o llag~ 

• Heat sink a"~mhloo wilh a lim ,yslem. 10 woj down Ihe SK~.J2()()Ofl J nl) 

modulcs, wl1ich \\wcJs,(;InbJed on the h~at sink. 

• Anoss the DC hllS Ih~re is J small ~Jpacitor of O,-I7uF. ydlow in co l<l r, it, 

flLnction IS 10 d~cr~a,e Ih~ H'itage rippk ol'the DC hllS vo l tag~ . 

• I :J~h high "oitage c"pacitors hns ~onnect ed aaos, it a di",harg~ res Lslor, wllh 

• A S~mlk,,'n dri \' ~r_ whidl has th~ flln~tion of tire up th~ IG13T g~tc with I h~ 

SVPWM , ignn l, coming !i·omt!\,.; DSP chip, The S~mikron driver inplll \'oltag:~ 

w~S 15V. 

l lowc\w. the sign"l coming !i'om the DSP hud ,0itagL k\'d of SV, Thereror~. 10 jix 

II", prohlc'm J n) l tag~ k vd sh iner was bui lt hy the "uthor to , hitl th~ DSP voltagc 

signal from 5V 10 IS\', PholO 5, 1.4-~ ililLstrale' Ihis 

13') 

Disch3rging 
re,I'Hors 

S"mikmn 
Dmer 
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Input si~l1a l from 
the DSP to level 
shifter at 5 volts 

Output signJ I 
to the Driwr a 
1';\o ll, peJk 

peak 

5.1.5 Three-phase low pass filter 

The practica l inductors had \alu<: of ..\..\lJuH and a smalll\:sist(.r \'al u~ due to tl", inductor 

windings, the c~pa<.;;tor h~d value of 50uF. F;gur~ 5.1 .5-1 ,lIlL,trates t h~ LC low pass 

lilt~r us<:cI III pruLliL~. 

Induc tor 

Hi gh \olt,,~e 
non-polmiz~d 

cJl'a.;i to r 

Using (Xluation ..\_6-3 the ~ul-oIT Ir~~lLcnq was ~akulat~d to be I()TlHz. As di scussed 

Ihe switch trC<luency was s.:! 10 10 kHz. Thll s. the CllI·o tr I'requenc y wus 10 limes sm~ller 

tbn th" switch frequency_ Therefore with thi s cut-off frequency the harmonics jwqu~nLy 

w~n; jj ll~n.xl OlLt s lLb Ol:antially. 
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5.1.6 Three-Phase Transformer 

Th~ t hr~e·p ha,~ trallsjl"m~r ill the lah a, dis-oussed p r~\'iousl y w~s in~de of th r~-..; si rlgk· 

pha,e (hree wmdi ng (omidal (ranslimner.< ",i th the l(l l1nwing ratings: nO/54V. L5kVA 

In append ix F. the ,ing!c·phase three windin~s translimncr waS disellss Jtl del" iL In 

ad dL(ion. it was concluded thm it ,,'uld b~ u'ed ~s a si llgk·phJse two wi ndings 

t ransform~r, just by leayi ng the thml windi ng open, 

~(>- I oad Ie,t and ,ho., circu it kst W"S dpne in eaeh of th~ single·phase lhroc wi nd ing' 

t L"alls fonner using oll ly two wltlding'. JPpendiOl: F section F.3 di 'Cuss.:<lthi s, The no·load 

~1l( 1 shorl·ur~llil lcst rC'ult wcr~ us~--.:l(o inlXklthe singk·phase lralls jilrm~r in , imul<ttlOn 

~s di"uss~'(1 in prc, iou, chapter. The thr~e 'ingle·phusc lhr~~ I' ind ings lransformcr wer~ 

as:<~mbled tog;dhcr 10 li'rm (h~ l h"'~ · ph"se Y-illran,lilllner. as di-,cus:<ed Ln appendi ~ F 

s~~lioll f5. Phow 5. 1 .6· 1 shows lhis. 

Conn~cliLlll i\C 

I'mnary ,ide 
fhigh \'oltage) S""ondarv side 

(low silk) 

Ph"to 5.1.6· (: pm,·ti,"] 'ingle'ph"" three" inding tnm,f",'m<r cOLl Ile<"d "' Y_..1 thr« -pha Ie 
tr,n,former 

141 



Univ
ers

ity
 of

 C
ap

e T
ow

n

( ' h~pkr 5 

A. ficr thc connection, ~ three ph~<c '-oltag~ Ii-om a three-phasc glid or 400V line-line, ,,~, 

~pphed to th~ thr~~-p has<: tran>]"nu<:r Y-~onne"lion (p rimary sid~), ,.hi lc Ihe \ ­

~onneCllon ",as Idi unconneckd to thc threc·pha<e in vCl1er AC side 10 check if the 

rel~tion of \'ollages of the pnmary and secondar)' , ,,Ie corresponds wilh Ih~ the.:>r] of 

reference [71 and r291, Tl", result, ~re shown In O,~illos<:op~ Results 5.(,,5-1 and 5,(',5·2. 

...... , , .. ~.- , ' '''''''' " "'-, • ;;;··"-<'_L~ " II~~ -"'-00 <9"""''' "" .. ,ro '''.~ "",,- n •• ".",,_ ,_. "" ... ~ -O,dllo, mp' _ R.,uh ~.I I,· j : Thro •. pho," tran,form.r p.-in,ar; ph"," , -"h"I:' in chan".l 1 and Ih. 

"""O<p'",d.d ,.,unda,-)- ph"," ,-uh"g< in l'h"nn<l! 

............ 
~ .. 

0" rllu,cupe He,,,11 " .1 6-! [he« ph.," (ran,rurml' P"I1I,Il' '011 "fl. I" ,. h' tr n. t. <llonl1 ol ( ,\]1{1 

l'orl-"pond.d "l'undary- "" Itag< lin. '" lin< ill ,·k"J",. 1 2 
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From the ()scil loscOp"_Resul t 5.1.6-1 and 5.1.6-2 it can [,., s~en thm th~ thl""e-pha'" 

transforllllT was suc~es" fully cmllK<:ted fmlll the Ihn:e si ngle-phase three winding 

tr~ nsformers, Rccnlling tl'om the tocory of thc Y _'-' l hree-phus~ lr~nsformer [71, the ddla 

I in,-'"to- I in c vo l lag~ (V,d is ill pha", w ith the Y line to neutral voha~e (V",) mHl oul phusc 

by 30 {kgr~~ wilh Y lin~-l(l-ltll~ V(1ltu~~ (V ... ). 

5.2 Software design 

Th~ hrain of lh~ prOJ",t was th~ [)SI' ~h i p. thus all the SiglW ls wcre l(1ad~--d Hl1(1 it to be 

proccssed, The DSP us<:d "as , 'cry s<;nsiti,~ 10 ,o l ta~~ leveL The r~nge ofvoltag~ level it 

accepted was hL1we~n 0 Jnd l,JV, Therefore. a Voltage level out of this range ",oll id 

damage the DSI'. 

Th~ref(1re I. E"-j transducer" were used to st~p down the high signals to low signals either 

to a pcak-lO-p~~,k signul of 3.3V il' illS un AC signal or to maximum voltage of .L'V if it 

is ~ DC signals. 

'1 hc PC'tk-lo-pcak signal beI,)re it "as scnt mto the DSP ~nip it had 10 "" shifL<'(i up to li~ 

hetween zero Jl)(\ a maximum \'o lt ~g~ of 3.3V. To accomplish tnlS, ~n i nL~rbce board 

wus used. ",hid, will Ix; dis,;ussed on n",,,h detai l ia l~L 

R~<:aliing th~t in the prac tice. th~ aim was o"lyto impkmcnt the PLL PI-bused ~ont roll er 

~s discllssed in R<:tion -'.--I. i, due to lime ~onstrains; th ~ refore, Ihe on l y 1.1;\1 tran sduc ~r 

used was the Vo lt age trmlsdu~er. 

To accon] piish tk I'LL PI-hased ~onlrolkr slLc~~ssrlLl l y, diff~rent Sill'S h~d to "" lak~n 

such as: 

• lmpicmmtat ion of SV i'WM algorithm as di '<Cussed [,.,fore. which had thc ~im of 

swit~hi ll g on alld off th~ three-phase ill ve,1er, in suc h way t hat the magn ilude alld 

phase of the thrw-phase ]ll\~'11er voltag~ ",oulu "" controlled. Th~ SVI'WM 

algorithm u,;ed in proctice was all adaptation of code wri tten ill 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, 

Va and Vp. 

• Clark transformation algorithm was an essential piece of code. It helped to obtain 

the signals Va and Vp. The Clark transformation used in this thesis was written by 

the author. It used as input two line to line three-phase grid voltages Vac and Vbc 

and they were 60° out phase from each other. 

• 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 Va and V(3 from the stationary reference plane to the rotating 

reference plane, Vd and Vq• 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 -~ 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 (~-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. 

+HT 

-HT 

+HT 

-HT 

LV 
25-P 

+ 0----<> +15V 

Mo---"""""'-l 

OV 

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 defmed 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 VAB• 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 OV, refer appendix H, however 

the measurement resistor, RM, would have different operating range of resistors values. 
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Variable 1M and V M are the measurement current and voltage of the secondary side of the 

LV 25-P respectively. VM is the input voltage level of the secondary device, which in this 

case is the DSP chip, which has maximum voltage of3.3V 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 RMmust be chosen such 

that the current flowing through it produces the required input voltage of the secondary 

device. 

(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. 

(5.2.1.1-2) 

In addition, the secondary equation was defmed as illustrated in equation 5.2.1.1-3. 

(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. 

(5.2.1.1-4) 

Moreover solving for h 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 VI, equation (5.2.1.1-5) 

was obtained. 
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(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 RJ 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, RJ was calculated to be 5.5 kn. 

From previous section, it was seen that the DSP only accept voltage between 0 and 3.3V, 

which mean that the VM 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 

RM is 25mA. 

To calculate the accurate value of RMthe 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 RM calculated was 47n. 

However, from the electric data on the data sheet, appendix H, the mInImum 

measurement resistor RM when using a supply voltage of + 15 and -15 V must be loon. 

Therefore using the minimum advisable measurement resistor value of loon 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 5mA 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 RJ for the primary voltage of 55.4 V and current of 4.67mA was 

calculated to be 11.86 ill. 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[V]r.m.s VM\:V] Current h[rnA]r.m.s IM\:rnA]r.m.s RM\:Q] RJ[kQ] 

pk-pk Ratio 

55.4 3.3 2.5 4.67 11.67 100 11.86 

Table 5.2.1.1-2: AC voltage transducer actual parameters 

Given Calculated 

VBdV]r.m.s VM\:V] Current IJ[rnA]r.m.s 1M\: rnA ]r.m.s RM\:Q] RJ[kQ] 

pk-pk Ratio 

55.4 3.3 2.5 4.54 11.29 103.3 12.2 

However, using the actual resistor in practice the peak-to-peak voltage, V M, due to the 

noise was higher than 3.3V pk-pk. So RJ was calculated to ensure that the VM was below 

3.3V. Thus, Rr was calculated to be 13.71&. Two voltages LEM were designed, which 

had as input voltage two line-to-line voltages VAC, VBC• 

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. 
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In se~lio n ~A.J, II waS ui sc ,, >s~d thot Wh~ ll the bmtery I> bemg ~h arg.:d, it re~ell.:s til;.: 

c,,,,S lant ''' llage r~gi"ll "ith ~ \'ahl~ nll1gLng from 2.3- 2.45V r><:r cd!' or 13.8- 14,7 I(>r 

Ihe 12 >"c.lts hm tcry. rhe ~f>oi~.: or th;.: 'r>Ccitic ,ohugc dq><:nu , on th~ baUer.,. 

t~rnperat "re as dis.cus;;..'d prvvi, •. JSly. r hu s 1(,. 8 h"tTer1~S COI1]1et;led in series. it s b,"-.)SI 

\' olt"gcs wou ld r~llgc ii-om 11 0A- I I7,6V 

f-·unhen!lor~. If ~4U"lw,tion LS ncc(kd tlw v('lto g~ Coil he ra i""d to "\"ilille of 15 \-' (fo r ~ 

batkr)" "i" 12 v,'lt og~J po!r batte r)"' l lOj. thus for S batT ~ri ~s wnn~ckd ttl ,"[les, the \ '"lt~~~ 

w,,,,ld be 1211 V. Inlighl oflh.: ~bm;.:" 1211 V was Ll",d as lh~ llIUXimUllllllpL!t prilllory 

,,,ll,,~e fi,r lh~ DC" v()lla~~ lmn"luc~r. 

t , ,ing <'qual\( '" 5.2, 1. 1-2 uno lh~ nOlllinal prim~ry curr~nt ,,1' I OmA. II .. was calcul.l1 ed to 

" \al ,,~ or 12 kit Th<: scl'Olldary C""("(;llt r" was ,et to 2 :iIllA hy us ing the current 

conversion ralio c)f 2.', . Ktl(m lng the ma~ln1L1m nommal in pul ,·oltag.: lhul DSI' call 

hamil ;.:, lh~ lIk.'",u r;.:m;.:nl ,,,,,slo ,. w," ,'akulal~d 10 a valloc of 1.l2 n, Th~ l~k"lakd 

r~sis(,) r ""IL!~ IS wnhlll th<: f.1 nge c.r 11." ." " Hn d N".~" see append rx II. Ih~ ~akLlla l ed 

\""Iu~s and Ihe adual \' ul u~s a,.~ li lustmku inlable 5 ,2, 1,2 -1 and table 5 .~, 1 .2-2 . 

. . _-- . _-- --
( ;i"cn ( "akulakd 

V",-l V j V"lV j Current 1,[mA jr.m.s , ,lmA jr.m.s Hv[nj /I,rnj 

m~x Rat io , 
j 20 3.3 2,' IOmA 251llA 132 12k 

- - ------_. 

Given C~lc uj~ led 

V .. [Vl V,.{Vl CUrrent R,,[llj 

ma~ Ralio 

.'U ~,5 IOm/\ ~5mA 132 12.2k 
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5.2.2 Interface board design 

Once th~ ,,,,Itage tran.,dm'~rs w~ re designed ,1I1d impkm~nt~cI ,lS di s"uss~cI pr~\'iOLJSly. 

(he lhr~e -phm;;: grid vo llage hJl~ 10 li",,- r,e m><.l VH( as wdl R.' lh~ f,Rll~')" ",Ilage. Vf)". 

w~r~ step d"wn tOlh" DSl' input volt~l~" rang,c. 

H(", ~ ver. lho~ .,igmis ~,,"Id 11(>1 ],,,: senl directl y mto lh~ DSP. b~call'~ of lh~ l10lSC level 

containcrl in the sig,llais. In Rrltli(;oll. fe>r the AC' ,igl1als. it was "bo occ"use llw iX'uk-lo­

l' ~ak \()It"g~' wer,' attami ng nq;miw , altles 

Thcrer"rt". ~n Inlerface l><J"rd "'" a ,ery ess~nllJ ll'art t,,, the S0ftwar~ de,< ign, because it 

helped tllr the cUlldnioning or the \'olta~e "gn",", Such that the nois~ k"d ~ould he 

dccr~a,~d and till' \"('It~g" level ,11lr\~d 10 fil Inl" the D~P inplll v"ll age rnnge . I'hoto 

5,2.2-1 shov.-, 11..: i nk)'l'h'~ boar"l LL.,~d tllr lh" rroi,,,L 

TL(l64 

Ph"", ~,l ,l_ l , ill'orfa« hoard 

This inte,face board "as made of four ch ips, lh ~ Tl.064 (a 1,,\\ I)(>\\W .I -F1'T quud 

"I'eraliomti amp l ifi~r), as well as pokntiomekrs, reslS("r." capacIlors. lmn.,i.,loL<. rdays 

and d;od~s. Each TLOM hm bui lt ill,id~ IoU!' Op-.-'ul1P'. I'hich w~re a'scrnh l ~d in pair 1" 

ronn 1"'0 i n;-e,ti n ~ Up-Amp' in .,en ~s Figure 5.2.2- I i Illlstmks tlli s 
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Oct 

[' h~ two inve,ti ng Op-Amps Wc:n; conne'de:u logelher as shown 1[' ligur~ 5.2 .2-1. 10 

elimill~le the el1ht of s-.:: nding into the DSP th~ ill ,-erteu original signa l "hile the: 

i llt ~rt:1C~ ixlard was conuitioning the: \o ltage signa ls_ 

The no i s~ in the volt ag~ signals were .<ubstan tiJlly reduced by us ing the capa.;itot' Cc_ 

Resistor R, '\:1_, us~d to le\'d shift the pc:o k-to-p<:ak AC signal \'olt~g~ to I->e ahm-e zero 

a,tJ b<:l"" J.JV, !J,.\We:vc:r IOf lh~ DC ~'~nal !< , w,,_, remove:d. !<e:sislor R", a 

po tcnll OO1dcr. wa~ lls"d to a( ~ uslthc OIltput (->tJ -Amp (U I III yo lwge gai n. silch Thm the 

output \ ol!age ""'S adj usted to be wi thinth-.· DSr ace:cptabk H'lt~ge range 

()r.;;~ th~ Yoit,'gc' signnl s w~r~ cOI)d i tjon ~d. th ~y were re,'ldy to be sent ln\o The DS P chi p. 

w hich was uono_ Howe'e r. ocsi,k lhc:se calculate:d signals, two other signals w~re serrl 

11110 the DSP, whie:h were thc lwo sig,~,ls corning; [rolll lwo poknliomele:rs tl"'l arC 

kxated on the i nt~rt":.lc e bmrd: ph"to :1.2_2_2 illust rates the potenti oJn~ters. 

Potentiometer I()r 
power angle 

control 

l:i I 

Potc:ntiomeler I(>r 
\oltage magnitud~ 

"ont.-ol 
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Where the potentiometer for the voltage magnitude is defined as R90 on the interface 

board and for the power angle is defined as Rss. 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 PI-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: 

• "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: 

• "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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• "Upgrades are difficult because the design is hardwired."[38] 

The microcontrollers in other hand have the following advantages: 

• "Drift is eliminated since mostfunctions are performed digitally."[38] 

• "Upgrades are easily made in software."[38] 

• "Part count is reduced because the microcontroller can handle several jUnction 

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 nSP-based controllers are a fusion 

of the advantages of the microcontrollers and the analog systems, which consequently 

enabled the nSP-based controller to be able to implement math-intensive algorithms; as a 

result, the system cost was lowered. 

Some benefits of the nSP-based controller as stated by Chung, Wu and Hidajat are 

shown below, the rest can be found in reference [38]. 

• "Control power switching inverters and generate high-resolution PWM outputs." 

[38] 

• "System cost reduction by an efficient control in all speed ranges, implying right 

dimensioning of power device circuits."[38] 

• "Reduced harmonics using enhanced algorithms to meet easier requirements and 

reduce filter cost."[38] 

• "Single chip control system."[38] 

Photo 5.2.3-1 shows the Texas Instrument nSP-based controller used for this project, the 

TMS320LF2407 A. 
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___ ________________ -"_""'0'<""2 

DSP ClLip. til<.' 
T'vIS320Lr~~07,\ 

~ ______ ,I)SI' output 
. SVf'\V~1 

Ph"", ;.~ .. ' ·I: Tn", 1"",-,"",,,, IJS P, TJ\1~)lOI.~· !4e7A 

The Tr. 1 S~2IlLF24()7A dllp was aSS<: lnhled ill the board a, slHlwn Ln the plHllO 5-12 hy a 

MLT Uri\·~s. MLT Dri,."" i, a rt>newab l ~ sou rc e of energy S<luth Afri c"n ,·ompany. 

ha>Cll Ln C~pc Towl\ 13 'lr. 

5.2.3.1 The TMS320LF2407A 

rh,;, TMSJ2()Lr24()7 ,\ hdong., to th" Tr.-1S230 bnuly 01 chip_ spcc di~ally toc Ib-b il 

fi.~~d-po int one, Toc Tr.1S2JO family ~o n sist~ of the following fam ily members: rixed­

point. floa ti ng-point Multiprocc'sso r DSPs and Fixed-polnl US]' ~ontmllers [311 

The T'vIS230 i'aml1y ar~h il""ture "esign is used lilr real t i m~ signal p",,,essing_ 

r.lo rL"'Ov~ r, th~ comhination of toc rc~ 1 till\~ signal pro,;"S'lIl~ ",ilh th~ contwlkr 

pcriplK-ra ls ga,'" ri,,, lor the 240~/1. series oi' USP cOnlmller They Jre ideal "hips to be 

us.:d lor application >ol utlOn of contro l sysll'm: ils ~har""teristi~" are describ"d b,,]ow 

[371: 

• "I 'elY flexible inSlrllclivll sel. "[3 7 J 

• "',,/wren r opcr"lio"a'f/e.d hi lily. 'l~ 7 J 

• ·"High-.\fk!~d perliJJ'mana. "[3 7 J 

• " Innovativ" {,(lwlld arehi /(,C/Urt :Till 
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Figure 5.2.3.1-1 shows the 240xA devices architecture as discussed in [37]. 

C2xx CPU + JTAG 
+ 544 x 16 OARAM 

logic AashlROM 
SARAM tn= (~ to 32K x 16) 

(up to 2K x 16) 

MemllF 

I J 

-- Syn1hesiZed ASIC gates 
I Pbus VF 

Pilus 

I I I ~ J ~ J J 
Event ADC Interrupts 110 Managers SPI SCI CAN WD control reset, etc. registers (EVA and EVB) 

1 
ACe 

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, 

• va registers, which used the *MCRA register to set the PWMI-6 output pins. 

• Event Managers EVA, which used the register *EV AIMRA (interrupt mask 

register A) to enable the timer! underflow interrupt. 

• Serial peripheral interrupter (SPI) had the function to set up the 8-bit digital-to­

analog converter (DAC), for debugging the code. 

The TMS320LF2407 A 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 = zI°. The 

equation (5.2.3.2-1) relates the output voltage of the ADC and its input voltage. 

(5.2.3.2-1) 

Where VDlO is the ADC output voltage and VM 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: VAC, VBC, VDC, the 

power angle potentiometer (potl) and the voltage magnitude potentiometer (pot2)' 

Substituting equation (5.2.3.2-1) into (5.2.l.1-5), equation (5.2.3.3-1) was obtained. 

(5.2.3.3-1) 

156 

.. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 5 

The real voltage signal VAc, VBC and VDc were represented inside the DSP as shown in 

equation (5.2.3.3-2) and (5.2.3.3-3). Notice though that VBC has the same value as VAc 

because the resistances RJ and RM for VAc and VBC had identical values. 

(5.2.3.3-2) 

(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 2N
, where N is 

the number of bit. Thus, the maximum value for this processor is 65,536 (216
) [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 ). 

_216-1 <i<216-1_1 ~ -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 fonnat. Equation 

(5.2.3.4-3) represents this. 

Ql5 (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_kl_PLL); (5.2.3.4-4) 

In equation (5.2.3.4-4) as mentioned above, Y_PLL, U_PLL, and Y_kl_PLL were defined 

as integer. The variable U_PLL and Y_kl_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: 

• 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 4.3kV A at PF of 0.96 to 8.9kV A at PF of 0.96. 

• However, due to time constrain only PLL PI-based controller would be 

implemented in the lab. Therefore, the only LEM transducers that were built were 

the voltage transducers. 

• The signals for PLL PI-based controller, VAG VBC and VDC were successfully 

conditioned by the interface board and sent to the DSP at the right voltage range. 

• Fixed-point arithmetic Q-fonnat 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 PI-based controller integral equation (3.4.1.4-8) 

(5.2.3.4-2) 

Thus for the 16 bit system the maximum Q-format is represented as Q15 or i 5
• Now to 

represent the product K[·r. 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, 1's= 1 OOus, the integral gain from the simulation was set to 

KF 20. In the code Yk, Uk and Yk-l were defined as integer, see appendix J. The sample 

time was a float number, O.OOOOOls, in this way it cannot be used in fixed-point DSP 
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Chal'kT ~ 

~hip , To lH'crcome thi' <iru;nion sample tllne WJS r~ddjnoo using Q lonnaL Eqw,l ion 

(5 .~ .. '-~- ,; ) repr~<ellts th i <. 

K,·1; = O,(~)2 , ~I< = 1'>(> 0 15 

E'IlLalion (5.2,3 .4-~) prescnts how cX1U altOn (5.2 .. 1,-4--2) v. '" wrillen ill tloe code 

(5.2,3.4-4) 

In cquution (5 .2.3 .4·4) as mentioned above. Y PLL. U PLL. and Y kf PLL wCre ddlnL'{1 - ' --

a, IIllq;:cr, The variable U_PI.!. and Y _kf _PI.!. we.-" Wll\"elted to long integcr temporully 

for calculallOn purposc. A, Illu,lrale LL] equatiofl (5,2,3.4-4) , oflCe lhc calcLLlalion is don" 

lhe re,ull< is convert"d bJck to int,,!!er roy typcrJstin~ it. 

5.3 Chapter Summary 

From llw abo, e discus< i Oil . th~ /(11Iowing point<; ar<;: SUtllLllJrized: 

• Thc prololy pe 10 illlp ll1T1l111 lh.· pe"k load shaving: was succ"8 <;fully de<;iglled and 

implemented in the IJb with a ~ h anged lhrce-phase ""islive and tl1dLlcli,e load. 

Tlw load c<'Llld be ch,mged from ~ ,~kVA ot rr of O.~(> 10 8.~kVA ~I PF or 0.96. 

• HOWC"~T. dLL~ 10 lin,," conslrain only I'LL Pl-ba.,~d wntmller wO li lct be 

implemented in the lab, Therdor.,- lh~ only LE'vIlransdu~L" lhal w"r" buill w~'" 

th" vo ltoge trun<;ctocer<;. 

• Thc ,igIlai< [or PLL Pj -bas~~i controlkT, V"e, V~e and Vpc wcre successfully 

wncti tioned b\' the int.'dace board and senl to lhc DSP al Hoe righ l ,ollag~ rang:~ 

• Fix.,.-j -p(lint arithmetic Q. tc.rma! was u,ed succl'"lull y ,n DSf' Cll l p. "Iudl hdp 10 

rcpr~s~nl noalIlumr..,r us inleger llumb~I". 

",,~t ,hJplCr will show the laboralory rl'>ull I<,cusing mainly oil lhe PLL p l-I",""d 

conlmller. 

I S~ 
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6 Result and discussion 

[[1\ S 'L'C\lPll wil[ ili","", lirslly the lahoratory result, of lhc' Ihrc'~-pl1~s" In\'~rkr m 

.;onJ1Jn .;tioo "ilh lea.l ac i rl haU~ry. fo.;USl ng 1l1~Jnl ,. io the 1I11pl elJlcol~llOllofd ig ita l PLL 

I 'I-ha,~d LOlllr<>lI er. s~"ll<'n !'l .1 I'hus. its tc-c hn i c~1 Ylah<l ity can he , IHi'''' practica lly . 

Sen>nd I y. sect i{Hl fi.2: wi II di scuss ,,' hetl1er the pmj eL'\ <It I J(TM:', wi II he Ii natocial \ iahle 

01 "h~l hcr it will ~" I OC , 

6 .1 Laboratory Result 

6.1.1 Three-Phase tratlsformer litle to line voltage f/'Om lower 

side 

()scillosc<>pe_Result 6.1 1- [ lllu-;lraies the "",u lt of the lIH~~-pha", Iqnsl{"-'llcc 

,~condary 0<>" cr sl(k) linc-to·1 inc vo l t~gc. V:" and V",-, 

Th" \'o lt age V,c and VEC w"r" th"n -;~n l mto the voltage lr"n>;([ ucer 10 b<; 'l~ppnl down as 

d i sc uss~il prniou~ly , OIlC" alllhc' r~k\'imt ,ig,nals, l 'At', Vile and v[lC wn" condition"d 

and sent in10 lhe DSP " hi p, th~ discus,~d algon\luflS su<: h as Cbrh Tr~l1 ,rormati(ln, Park 

I'ransformatiQll . SVI'WM and ?U. PI-hased control "' ~rc impkm~m~J , Th~ follow i<l~ 

s~"lions wil l prc~~'I1t lheir <nu ll , 

,., 
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6.1.2 Clarke transformation reslIlt 

The Cl~rk~ tr~nstormalion was atn::ad} lLlLpkJll~nted by t lw aul hor in his u)){kr ~r~dGd 

(h~si,. using eqLlalion (4,8-1) "ilhoul lh" ~"dliciGnl,,I; Thi, wa~ hcc~u~~ Ib~r~ was a 

dimelill llnplGmenting "'Illation (4 . ~-I) Lll (. cll(iing. l lo",~,,~ ... for (hi s \1Jstcl' tilt,i,. 

~quatil'n (4.~ " li was impklllcntcd s'JC~,'ss !'lIl1 y logctlK'r ",th Ih~ G()drL~i~nl. ~'lu" t lOns 

(u. I .1- 1) and (6 . I .2-2) ill uo.l"ates 110W th~y wen: illl~tclJ\ented in C G",li ng. "prx:milx J. 

Va/plw- ( I '(1 Reali,'" I J 3 7 7)/ 1 63 84-( P"\~al J '*MgS)i I 63k4; 

Vlwu- { Vhll('f/I\' ~ I 15 ~ 5j.' 1 () ., ~4; 

, -

h , l JJ77 ,'2 W ere t w ratio --- ~ -
. 16.'lS4 ~,; 

'

11585 
",1l ---

16.184 

(6.Ll- l i 

(6. I ,2-2) 

Th~ vJnJh le I'I/Iplw. Vhc{«. I'-alle«! m\d I blleul "'tIe dd-lIwd as long Lrlleg~r, to enSllr~ 

(ha( the 1Il 1i1 Iir l l~all (ln ,,,Ill a hlg num"'-..- "'ll\,ld )){,t ()vnIl"", iflC l11a~imum a"a, l ~hl" h,t 

sr¥~ in th", v~riahles_ In <Iddilion. VaRm! and IN?eal represenl VAL and VEC 

'-~'l"'cti,,~ly, Oscll iuscope R~s.tJIl 6. 1.2-1 SllOW' Ih" r~sllil "f L"lu~li ()n' (6_1 2-1) and 

(6_1_~-2). 

,~ 011611°"' T,<"".'.'''' 

'6' 
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Cnmpurmg thl' w""donn resLLlt~ or Osl',llos~vpe Result (J.I.~-l with thc result vI' li ~ure 

7 In the literature [ If ]. rag .. ' 22- it " 'as uooerstood that th~ SVI'\'iM was (>pemtin)' at ful l 

'JlOdutal i(>n L",ie X, Ill- I. At lh" modulalion Lndex it wa< adlkd us di scuss~d prn'l<'usly 

IIMI the ou lpul i-lIll<larJIcll1ai \'ollagc w(>uld be redllCed CO"'I'~rerl wilh ri c< ired WJllage 

\'~ I u e, Lalc,' sectinn wi ll show Ihi<_ 

6.1.3 Three-phase grid phase angle result 

Rc~ulling eljuat ion (3 ,4. 1,1 -2) III sc~ l i on 3,4,1. 1, 11 was used Iv ~akulate Ihe three·phase 

grid angte in <illl ulation a< well as in I'I'~ctice_ .'I.s it wa< illuslrated. it receives a< Illpul 

Ihe Iwv signals calcLLlulcd prevwllsly, r~ and V~, 

In the cvde an arcl ~ ll fUllcli0!l, " inl <lyc/w llmi fie. ;11/ f!/Jr, was lk~cd. refer to ~ppendix l_ 

As it can he secn from aoo\c scntence, thi, function inpLLt and oulpul \ulu~s were delined 

as i nt~g~ r_ The vanahl~s "R~" ~nd "fm" represent I ~~ and V~ respecti\'ely. However as 

d,scussed in the previoLLs seclion V. ,llld V,. wcre dctillCri as I(>llg imeger, which meant 

Ihal if ll>cy were i nst;r1~d In Ih,' ~ILt ~n l'unCl ion a.~ 1nn~ integer Ll "oLLIJn 'l "vri<, 

Thl(s . the \'a l u ~" of ~;, anri 1/1 cakul"t~d f"'1ll tf!<: prev,ous s,.-c lion W~'T di"l(kJ by 4, sn 

that ll.e resliit "'-)1,1 d lit Insak; the arct ~n runcti on integer variah le (tor Ih is project di\' id ing 

by 4 was sul1kicm, howe\'er \t could he a numher higher !ban 4). In add i!lol1, l h~ y wne 

Cf1nvelted inlo " im" v" r",hk, hy u s i,,~ Ihe t)-1X: casling lunclwn. EquallOns (6.1.3·1 I. 

(6_1. 3-~) and (6, I ,3 -3 ) shows tbe discussion 

""lpJ",_dllilH'- lint) V"/j,/",.'4. 

"heta dllnt\' - (;n/) 1'&':1,, '4.-

thew - "relan (va/pha d"my, "be/a dum,). 

(() . U-1) 

(6_1--'-21 

(6_1.3--') 

Osci Ilosc(>pe _I{~<u lt (L I .3- 1 i Ilu,trates tbe r~<ull oj' lh~ th"'~ · phase ~rid angle, cquulioo 

(6.1.3 -.1) . 
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__________________________________ Sh-Lplcr 6 

__ L 

1 -" . 

Il ~~n be seen from Os<;; lloscore_ Resuil6 . j.3-i ~lxlV~_ lha! the " 'a\'ef0Il11 had pe riod of 

20rns. wh ich m~"nt lha(' the ang.le waS rOlalin~ al SOHL Th~rd(lre, lh~ ""kedal;oll oj' 

~n l\le theta w~s accompl isiled successi'lIll,'_ 

6.1.4 Parke Transformation result 

To Impkm~n! lh~ Purk~ lrans i(lTTTIalioll as rr~sen!",1 m cXjumipn (C.2-20) in C code 

I ~nguagc. some tri~b had 10 be dOf\~. This ',as b,.;cl1us~. nol all ~km~n! 01" ~"ua!i()n (e .2-

20) "ere avaibhle to calculate V" and V,,_ There w~s "0 math J\lllcti oll in the DSP lihrar,' 

to calculate the cosin" or th" angle 10.- !ius pmicd. However. there "as a Ie'ok up tahk 

for the sinus(lid~ 1 iunct ion, The look up t~hle 110(1 lh~ follo"jrIg ['ang:~: the .\"\'alucs 

ran ged 1'r0\11 /~r<>!O I O~4 and the y-values from -I ()24 to 1024 [I clJ-

r..lorco'cr, In ill1plemenl the cosine of th~ ~Ilgk. th~ allgl~ thew wa, &hi ned by 90". U si Il~ 

C<111~lion (6.1"'-1), "hich r~pITse!1kd lh~ relalion hetween the angles in d~gree to the 

Ilumb-crs inside the c<>rnplll~r. lhllS 9<t' WUs "qui, akn! \0 256 COlln\s. 

a/JglerCowul a/JKle[ dec ref' I ----- - - , 
1024 36(J"' 

(6.1.4-1) 
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... _-------- Chapl~r 6 

Therd"ol'~ ~qu"llon (6. I .'1 ·2 ) "'"' obtain.:.d, ,. hieh shl"'" I"Iow t h~ angle Ilrelu ,. as ,hilkd 

by 90" d~~r,,~ III tlK- COtk 

Iheltlc(), /-tiwla- ! 56; (6 .1.4-2) 

Th~ theta \'aju~s were ranging IrC>lll Q to 1023 in ~I'Clan function JS prc>entcd opt'<'ntlix J. 

Thus. hy addinf( 256 into ~ngle tildo_ the nC\v tilda was ill tile ran ge of 156 and In'), 

\Ion,o"<.:r. (h~ ma.\lHlUIll valuc' of th ~ n<.:w theta an~k was highe,- Ihan lh" maXIlTIUlll 

v" l u~ of the x_valu~ of the s i nuS() id ~1 look up mbk function, which pmdically \Hluld 

proUU"" a disturt,d CU>lm, waveform. I hlts. it was i !Ilport~nll() ,~"k (h~ new the/a ang le 

tu b<.: in the mnge oro to 102]. 

Tlw pi<.:cc uf cod" bduw did th" lock: 

'{( lhe/l1m, f :> IIJ! 3) Ih~I"c(J.\' j - Ihc/ams /- / II!]-, 

From Ihe above r"e~" of c()d~. It ~~n h" ,,,c-n lhat whcm,,,<.:r (h" 11,\\1 an.-:k was abov~ 

1023. 1023 ""ls s"blrackd Ii-u m 11. wluch resulkd lhe n~W angle lhew hei <l!: In the range 

of 0 10 1023. 

r hus th~ 'I nc ofth~ta and the ,ineortlle ne'.V lhd ~. thdacr»l. " 'hich is ~qlJa l to em,ine of 

lhc1a. wer~ ~aJcuJaled in the C' c'kle a, ,hO\\ill III ~qu ali(1 "" (6. t .4-3) amI (6. 1.4-4) 

"i Ii'/I<'W / =,<ine(lilelu) : 

C05l/!CIU/-,I' ine(th"IUCO.l' /); 

(6.1.4-3) 

( 6.1.4-~) 

rhe sifJ( iI"lIi/ alld C()W/Wlui are the , ille and the ",,,ille of lhe ihR"'-~[lha"e grid an~ le. 

Th~'fe were ddin~d onc~ al lhi, poini Lll lOC "od~ to pr~\,~111 U'lllg th~ sinu~o Llla l IlkJK lip 

labk s~\' ~ral tim~s in lh~ code. \Ihich cu<l,equenTl y wo uld (kteriornt ~ the .' pecri 

performallce of nm ni ng: the "'kle. 
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Equation s (" I .4-5 Jnd 6. I A-Ii, jX~sen!s how Park tr~n,l(lrIna!io n w~s llnplemellk'ii ill C 

c(Klc. 

r-,,---grid - (Valpho ~(I"ng illl)Cr),<lheUl /)! / ()24 +(VheUl *(lrmg illl).,.inlhct" I)i / ON:( 6, 1.4-5) 

r q~r;,.id=-(V alph" *(/vng illl)silllheia / Ii i (lJ 4 -(Vhera *(Iong inl)L'ostheUl! j i 1014,(6. I .4-(,) 

Osci llu,copc Rcsults (" 1.4- 1 and (" I ,4_2, present> the Park l'rallsfonnalion results. rhe 

rOlm IIlg referencc pi ane signals, V", and V'f' are ,hown III reialion w ilh ,laliolltlry rd(;r~IlC ~ 

plane sign~L Vo. 
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_ ----. ------------"',.,,"",',"'"',' 
From Osullo",op~ Rl'lL lt- 6 t -t- I and 6.IA-2. il was \'isihle that th~ I'ar k ~ 

Tram,fo rmat ioo w,,,, irnplctnentcd s.l'l-c~ss lull~. As diS<.:lIss<:d ill <lrrx:mh'- C ,t 

tran~form"d th" \ '<lltag<' signals. I" .1'111 I '~ from stMionary rcfe rence phnc 10 rot>lting 

rd<:renceplan~, wli.-r~by /'d an;] r ~ 1001" hk~ a DC 'ig;nak 

Ho,,~'~r Vi in Ji~lLr~ (i.1 .-t-I d()c" tlot tt.>Ok us p~rfect IlC ~Ignal beCUl,",,; I'~ and 1/1 did 

"ot have the same ampl,w<k, rd<:r 10 O"-',llo,core Re,ull h.I .2-1. Th~ ,mnsC Park 

T ransfonnation was al "" i tnplc~ l (;(ltoo ", the uxk J ll,t by ch" ngLf\~ thc s'gll ' or cq uation 

(I). t .-4-5) and (6 . I A-(,) us d i ~cu,~d in ;lpl'<'ndi x C ~~'Ction (',2, eq lIal ion (('.2.22). 

6.1.5 Phase Locked Loop controller result 

In thi~ se;;tion. the digita l I'U . I'I·ba.«'(1 ;;ontroller a., discussed in ",;;lions 1 .... 1 , and 

\. -to 1 .-4 were implemented. Alpha "qlLal, to 2.4 Ut,,] 30 "ere Icsl<~] 'n I'H) ",,,nario,. 

Thc ti rst s.:cnario was toc imp\ctnenTat ion of the digit,,1 I'LL PI ·bJ,ed contr •• lI er with 

pr~"iou, "UlllC of the outpul PI <.A>otroller. [J /,:1 PIL. beiog used Ifl !l1C intc~r,d plant. 

see equ~li()n (.' A. I.·' - 15) . The ~~ond ~cenario l1 owe\,er th" pre",nl ,allLe, U-" '-1. w,,, 

lIsed inslead, sec C,-! llallOn 0.4.1.4-8). Equation (3.4 .1.3-15) or (3.4.1.4-8) was 

implemented in C w<iing as ~h()wn in equation> (I). I 5-1) and (6.1 .5-2) respedi,·ely. 

y I"-L-(i"I)((66~(long i1ll)U AI .PLLf 3!768+(I"tJK ;nl)YJ I_PU,J: 

Y _"U,=(iJl/)( (66 .,( long intjU-"I.I.) 3 2 76/1 . (I",,!!. iJl/) YJ f -,'1.1.): 

(6.1.5- 1) 

(6 .1.5-2) 

F urthermorc. tbe di~iwl PI controller. equ"tioo (3.4.1. J- 14) I' a, impl ementcd inC ;;0(\; ng 

'" ,how, n ~"-1lLulion (h. I .5-3). 

C,'J'U=(iJl/)((2358()~(t,,,,!!. jnl)err _ k_I'U)/25~ I (J24()(I3Y/"n!5 ;tJI)~rr JI -"'-I) 3276/1-

(23 JNfi *(/t III!!. hl/)er, J ! _,'U//256 I (Iu"!!. inl)UJ '_I' 0.) : (6. 1.5-3) 
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Charter 6 

\Vher~ tile r<ltw 2J580i2SU lS cqualTo 92. 11. this is the proportional g;ain. K .• . ~I ' nOle 

that th~ denom;nJtor IS 2'. w hich lTIC"" that the K,. ~ .... W3S Il1 I!1t'piicd by Q· lurmat ofQS. 

The rm lO 524(103 /32768 IS cqu nl to 15.99. th is ,""loc is the pnxh",t of the i nt~grul gam. 

KI . . ~'" and th,' sample time T, - IOOn' . Th~ gam ,, ~ I ocs of ~qllillion (6, 1.5· 3) "'ere 

implenwnt~d for « -2. ./. refer (0 table 3'-<.1 ,2· 1 1Il *"t;on 3.-<- 1_ 2. 

I,! .'in'I"'!";o I.. I'n''';",j,,' ""III,' t,f ,,,(' 011"11'; (II' ,III' 1'1 (t ", ' mller U.\'('I} 

Thu, for a~2./, ~'I uaho lls (6 ,1,)·3) was u,~d . O]]C~ lk OS!' ~h l p power ' upply ' ''''--' 

SW L t~hcrl Oil. }" ,r;", ~ ed (I with a dda)" U><oill<Y.;wpc Res ult 6. 1.5· 1 conJinns the 

lh'>Cu'Sion. 

D,,, pe,,.,,,,,,," 'on' 

O"i(Jn'cop~ }'1 O<l1 I, 6. 15-1' t'l ",, (o of 'h~ 1 , ) .. tl< h "" tl i ' in~ " i' ~ II. " , ing o- l.4 ~"'I til,' prr , '''''' , . Iut 

nfth" nurpn' 01 th" 1'1 <onlroli<'r 

U,ing now «= J{}_ the gaill8 of equ"li (l!1 (6_ 1.5·}) were ch.lnge to IIIC right g~ i nS or a~ 3(1. 

r~fer to table 3.4, 1.2· 1 Oscillmcope_ R~su lt 6, 1.5· 2 sll()wS the resu lL 
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Clnrt~r (, 

I 9rjd ang lf . _. 

1M WfiHI#~)~#/iWv;11: , 
inverler angle 

,. . 1.- , ,~,. _ .. 
• _ . s-. ., )( Y XI 

0 " ,110>001" 11,-, ,,1( 6.15-"; II,-,ull of ,hI' I "ndln)lli,.i,,~ ,,!th U. ,, > i,,~ u =J I) "",J ,hI' 1"'"' io" , ,"I"e 

of 'he 0"(1"" "f ,I ... 1'1 o,.""oll<-r 

I> ! Si:el/ (lr jo .;'. P"\"W'1i1 )"(I/I/\' 0(11)1' OIilI'III un he PI ,"mlmi b:r IN'd 

In th i.< ""~nari()_ ~'-lu a(i()n ((,. I .5·2) w a" L.I",d in II", cCl(k wh ,eh r~rn;""nts t h~ integ ral 

f undion of the rL!. f' [-h as~d "onlm lk r USLng til<: pr~'ml va l uc uf lh~ outpu t "j-lhe J'I 

~ontroller. eqL.lati on 6.1.5 -3. Th L.l' L sing (1 =2. 4, Oscilloscope _ R~sL.l I I 6. I .5-3 shows th~ 

n;sull. 

, a ll91e 

o r III< "n' IJUt or 'h' 1'1 rfi ",'oll< r 
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(,hapl~r (, 

L-s ing a -3IJ, Os.cillo\.Cop" _ R"StLil 6. I .5-4 show, lh ~ result 

( h<illo>oopo _It""'k 6,1.5-4; It,-,,,II uf' I ... 1 '_md,r)J"i,iD~ "Hh 9. ,,'in~ u-J O ,,,,d the pr",",l1 ".1", or 

(he ,-",,[,u( uf <he /'/ c"K<n,ller. 

Analyzing lh" lWO s.c~nano s. ",hc'n Lhc' pr"vlOus valu~ is used_ s.cenario L it can h" "'~n 

that it in tr<~luc~ol a <ida)' on th~ integral rc'rons~ as disclls<eol prc\'iou<ly. but alSt) lhat 

ddllY \\ ""n ,, --JIJ "as usell_ it Ji slOnelilhe y on the stan up, refe r to O<cilloscope _R esult 

6.1.5·2. Cons~qucnlly, lilC dislo("kd :' Wh"Il us~d produ~~cl a d,sLort~J fundamenlal 

imen~ r ,oltag:e inilialiy w\th frequency higher than tile fun dJIll~ntal ti"cqu~ncy, 5011z. 

Os<;i lIos<;op~ R~sull 6. j .5 -5 sl""" lhis. 

16<) 
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O><iI IO"O.,.. _ [{e,"I, 6.15-<>' [{<,"11 or ,I ... , ill' <rlOr ",I'age ,)'ochromiLiol: "ilh grid ,,,It"go. n';0l: 

u - JO all,i 'I ... · pro'",," ,,,lnouI the outpul or th, PI cootroll,.-. 

O",i llo ",or~ _ R~",-,ll 6. 1.5-7 shows lh ~ (hree-rh~'e i,werter fundam ellwl \T,!tage j"r 

scenario 2 for" - 1, -I, It , bows 001'.' ~ ui d d ) (he invnl~r \' o ltag~ (racks lh~ grid \ ()ll"g:~. 

17 1 
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p;",sn~s!p S,i '''~TIlio'' ;rpn)!u<1uw P!i.l :)SDt[ ti-:>:)ll[l "IIIUl1ln J.)[I"WS SI'" ~pnllufl"lU ~j\~ll()'\ 

J~)J"'\U[ ~'~1I ti-.,gj41 ~lll Ill 'll ,,~'" ;>q U~" 1! -J)C!, ·~ I'>C~I' I" '~'! ';)jBl' IU~I~UP.JI ~111 .I;JUV 

'''~Ul[O\ pili! ~41 "U!;!~"l "'." g~" lI ()A I UlU~ tUTIpUllJ ~''''lld 

-~~_1l11 ~lll l ~l[ l u~;" ~q lJ(!~ 1! 'L-,'['\) qnsJ}I- ::>do;)s011l"'O UIO.U ·S~~Pl11"~ " ~r-.: '~JoJ~q 

P~"'D' !P s~ "fl~IIO .. \ mti,,! ~l l l PUE ;JiJrI[O,' )t\dmo J~jl U :)1 ~lp lP.V!lP,! ~1;!UU ,,~u4d 

J:mpOJ IUI 11' M j1 'lUIII S1 J()l,["~J 1I'''11~ J<lpnpm J~lI U ~\11 ~U ! SU~DU! jO ~iielUr.,\p~"! P JIj.L 

'P ld" 4 ~ 1I00]" ]llllIlS ill ,( [, no! '~Jd 

1).~~Sl1~S1p ~u "';!/ p_m ,,,,,,) lU~J.1ll~ lOP"P"! ~ 4 1 [OJj"no 01 " 'IIOl IUW IU ~-'jLl~ .lOO[ ,IOU ,w 

c llu!sn -'0 J01'!'~-' JOpn pUi ~!Il ilWW;;.I ~Ul .1::1I[ )!" ,\'1 ~uop '''l Ul1~ ~1l11 -'OP"J )luldu",p 

;Jtil "lI"U~,I~Ul .~ q p~Ao)tiIIJ1 "'-l up.~ ","uod""J lU"" lreJl "'-Ll -dn 1-'''1" lU lOl!~p. dc~ ~lll 

~pJl-""Ol J~ll ,1 ,)1 ~lll JO mpnl'm ~1I 1 11"nOJ1il jll.~.lIllJ 1I ,nlll! J l 'le ll(l l juo~lln Jill .10 ~snu~:xJ 

'",,-'1\ ~jjU) l o, l"jU;J llmpUnj ];JI-';J·,Ui JSrtjd-J;JJ\I\ ;)111.10 jnJ\n n ::>Illlil ~>'Uod,,"~) l ll':'lSlIIlJ \ ~lll 

-~ IHI' .~ pr~l' lX"pU;JJ I' I,\un ",H)f ,( lllilnrH ~ (l ill ~llIGS ~lI\./OJ P"I~Hl IU.'l<"~Jl ~'ll ';unj,) 

1,'"n,,,,1' \F" '~ 10J 1"' jl p~jOlI "','1\ l! 'l~M"lOVl: -O !-'Ull.''''' 4~l'.;J l OJ ;l'; ll(KhJ-' IU;J" UC,lj J"J" 

~JJlll dn j.WI' jU W' II U;X>, "'l ,, 0;) I! 'L - , 'j"~ (II ~S ], 9 sll n~~l:l :xio:»OIl':>"O jU'7.'I',mv 

-"IIU,,"'" 'd '~1l1U "",,,,0 .\UlU "", •. ' ,,,",",,, ,.,." Pol" t'Z r O) 
~uT'n "'~"'l" ·' r'''~ 'II!." ;;uT'Tu,",HP"'" .~r.",)., .'OJ''. "'! '~l !" II'''. }) 'L -,'l") "n>'~ . clu""II!"U 

~J~ld~C"TI,"----------------------------------------------
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p,niously thaI Wll' ~auwd Ily Ih ~ nl(l<lub li(M1 index heen sl1 to lull n."dulmion of hy 

U , i ng ""Iuo ti ons (4. () .2-3) to (4 .!) . Z-5). s.u ch that 0\· er lllmilLlmion could be ~vo i tkel. 

Th~rdor" the DC hus <l10uld h<: Lnn~~sL,,1 to rrev~nt the ove r lTlo(hlbri on to occur Jt)(l 

h "nee pr~\' ~nl L ng II,.. ,kcn.·a"ing or th e fundarn<; nlJ I voltage 

Now 10 he able tn cOIUlect the liltcc plwse rm'er\er with the thrcc-pha'~ grid such Ih"t II" 

e urr~ tll ~i l h~r rea l ('r react; , e ",ou ld Ikw. th<: thrce-pha,~ jfivcrt cr voltage l,a , 10 be cquJI 

i n ph"se ~ntlln~g!\ltU(Jc ,,·<th th~ th r""-l'h~s~ I>nd v"l lag~ H",v~v~" thaI Wil, "0\ Ih~ ca.'~ 

itl Oscilloscn p<'_Rcslllt 6. I .5_7. 

Tlms. ns <!ls.;u sse el. The two p<)\Cmiolllcle",_ ,,· h i~ h w ntwl the r~,,1 IK)w~r {) r lh~ " and 

rc:\Cl i\"c power ('f ma~ni tU(k . We're u~cd 10 "llJ " ,1 the l~ \ ' erler ,,) I l~ge 'mgl~ ami 

lll agnll w.Jc ll' lIl,, \.h as d(' se as I'os" ib le 10 the three-rh~sc gnd , olt~ ge_ 

Oscillosc() pc R e~ ,, 11 6. I.S-R sI'" ws Ih ; s. 

';',.:. A! ,IOn, fachnologlu 

(l«illo«o['< Re,,, It 0.1_5_S, Re,ul! of 11«' jun'''., ""l!"~< '.' .dLro)j(iLin~ "ilh ~ritl yol!ag., "'ing 
u- 1A ""d lb, pr."nl 'atK' of tb. outp"t ofth. PI mn"otlo •. 

To understand rn. ltcr how th ~ ITI:ltlu"1 wtltrol was (~ H)e. recall from s~'C lioll 5.2. Z. ;1 was 

discussed that the polelllioillClers volt age were limTI 0 10 3.3V, \"'h~r~ in el igll,,1 I()[m. 

go" s IinTI 0 10 1024_ 
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ma =pot1; (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)l512; 

VqRef= (ma*vq_inv)/512; 

(6.1.5-6) 

(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 1 OOkV A three-phase inverter 

battery system only as it was the one with less battery capacity as discussed in section 

2.4.4. 
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The cost of the battery for the 1 OOkV 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. 

Furthennore, 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 1 OOkV A 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 1 OOkV A 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 

1 OOkV A three-phase inverter battery system that has the shortest life time. 

6.2.1 Battery Cost 

The rating of the lOOkVA three-phase inverter battery system as calculated in section 

2.4.4 was 1603.25Ah15.5hr/1.8V per cell 1250 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 

100kVA 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. Furthennore, the cost per cell for this battery is R6,000.00 thus for the 

200 cells the total cost was Rl,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 Rl,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 RA YLITE 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 R1.70lkg. 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 1 OOkV A 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) ofMLT Drives. 

The main components of the system are listed below: 

• 1 OOkV A three-phase inverter. 

• 100kVA line to line 380/11kV rms I:::.-Y three-phase transformer 

• Battery system 

From the interview with Burden, the cost of 1 OOkV A 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. 

a e .. - . ome sys em. em cost T bl 6 2 4 1 S t·t 
Items Cost 

I OOkV A three-phase inverter RI00,OOO.OO 

Installation R20,OOO.OO 

Cabling R3,OOO.OO 

Transportation RI5,OOO.OO 

From section 1.2.4 the costs ofUCTMS three-phase transformer were discussed, the rate 

per kVA was given as R150/kV A. Thus using the same ratio, the lOOkVA three-phase 

transformer for this project would cost RI5,OOO.OO. Furthermore, from section 6.2.1, the 

battery system cost was calculated to be Rl,200,OOO.OO. 

Therefore, adding all the above discussed costs, the Initial capital cost or cash outflow of 

the system would be Rl,353.000.00. 

178 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 6 

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 RI9.18, then the future demand charge were also 

calculated using equation (6.2.5-1) 

FV=PV(I+rr (6.2.5-1) 

Where r is the percentage rate of increase of demand charge, n is the number of year, FV 

is future value and PV defmed 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: Pro.jed yearly savine; and demand chare;e for the period of 12 yean 
Year Yearly saving Demand Charge n r 

[R] [R] (Increase) 

[%] 

2004 R23,016.00 R 19.18 1 
2005 R 23,823.86 R 19.85 2 
2006 R24,660.08 R 20.55 3 
2007 R25,525.65 R 21.27 4 
2008 R 26,421.60 R22.02 5 3.51 
2009 R27,349.00 R22.79 6 
2010 R28,308.95 R 23.59 7 
2011 R 29,302.59 R24.42 8 
2012 R 30,331.11 R 25.28 9 
2013 R 31,395.73 R 26.16 10 
2014 R 32,497.72 R27.08 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 RI9.18 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 ouiflows" [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. 

Tabl 626-1 P . e .. : rOJect cas m ow or t e peno 0 . yea h· fl f; h . d f12 rs 

Year Cash inflow (Cn) N 

[R] 

2004 R 19,197.82 1 
2005 R 20,005.68 2 
2006 R20,841.90 3 
2007 R 21,707.47 4 
2008 R22,603.42 5 
2009 R 23,530.82 6 
2010 R24,490.77 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) 

(6.2.6-1) 

Where Ci is defined as "the present value of cash inflows" [45], and Co 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 C=L n 
I n=1 (l+rf (6.2.6-2) 

= R173,286.34 
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Where, Cn is the cash inflow for each respective year and n as discussed before is the 

number of year. 

Co was set to the initial capital cost, RI,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 Co as discussed above, the result of 

NPV is presented below. 

NPV = R173, 286.34 - Rl, 353, 000.00 

=-Rl,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 1 OOkV 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,OOO.00 and R100,000.OO 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 kV A respectively. Therefore, scenario 1 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%. 

a e .. : T bl 626-2 S cenano percenrage ra e mcreas . 2 t t . ed fd 0 d h eman c arge 
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 51.75 
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 ofNPV is shown in (6.2.6-5) 

NPV = R2,553,889.40-Rl,353,000.00 

=Rl, 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 Rl,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>O) in such way that at end of the battery 

life time, it could payoff 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=O) if the demand would have to be started at RI42.36. 

a e . . -: cenano mcrease m eman c ar Tbl6263S ·2· . d d h nl ~e 0 ly 

Year Yearly Cash inflow Demand n r 

savmg [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 scenano is 

presented in (6.2.6-6) 

NPV = R2,565,869.52-Rl,353,000.00 

=Rl,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: 

• The Clarke Transformation algorithm using Jf as coefficient was successfully 

implemented. 

• The three-phase grid phase angle, e was successfully calculated using the arctan2 

function algorithm. The algorithm had as input the results of the Clarke 

Transformation, Va and Vp. 

• 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_kl_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. 
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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: 

• Develop a multi-stage charging of lead-acid battery algorithm as discussed in 

section 2.4.3 to be implemented with PLS algorithm. 

• Use the continuous minor loop current controller to derive the digital version so 

that it can be implemented in the DSP chip. 

• 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-I: 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 IOOkV 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 lOOkV A each Month for 200kV A 
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 IOOkV A three-phase inverter on 3 rd of December 
Day of Time MD Threshold NewMD 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 1,739.60 49.3 
Friday 03.12.2004 13:30:00 1,780.20 1739.60 1,739.60 40.6 
Friday 03.12.200414:00:00 1,770.90 1739.60 1,739.60 31.3 
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 03.12.200416:00:00 1,735.50 1739.60 1,735.50 0.0 
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d Table A-4: Inverter capacity used for the 200kVA three-phase inverter on 3r of December 
Day of Time l\ID Threshold New l\ID Inverter 

the Line Capacity 
week [hourl lkVAl lkVAl lkVAl [kVA] 
Friday 03.12.200409:00:00 1,601.70 1,639.60 1,601.70 0.0 
Friday 03.12.200409:30:00 1,642.80 1,639.60 1,639.60 3.2 
Friday 03.12.200410:00:00 1,682.70 1,639.60 1,639.60 43.1 
Friday 03.12.200410:30:00 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 03.12.200411:30:00 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 03.12.200412:30:00 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 03.12.200413:30:00 1,780.20 1,639.60 1,639.60 140.6 
Friday 03.12.200414:00:00 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 03.12.200416:00:00 1,735.50 1,639.60 1,639.60 95.9 
Friday 03.12.200416:30:00 1,647.90 1,639.60 1,639.60 8.3 
Friday 03.12.200417:00:00 1,587.30 1,639.60 1,587.30 0.0 

a e - : T bl AS lOOkVA Th ree-pl ase lOve er a eren h rt t diffi t PF 
Time Inverter PF Real Reactive Duration 

Capacity Power Power 
[hour] [kVA] [kW] [kVar] Ihourl 

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 
03.12.200412:30:00 60.7 0.87 52.62 30.26 
03.12.2004 13:00:00 49.3 0.86 42.24 25.42 
03.12.200413:30:00 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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a e - : T bl A 6 200kVA Th ree-pl ase mve er a eren h rt t diffi t 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 
03.12.200410:30:00 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 
03.12.200412:00:00 191.6 0.87 166.80 94.27 7.5 
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 
03.12.200416:30:00 8.3 0.85 7.05 4.37 

Table A-7: Energy supplied by the lOOkV A three-phase inverter for the 3,d 
d fD b qo ecem er 

Time Real Power Energy Total 
Energy 

IhourJ fkWl [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 24.42 12.21 
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Appendix A 

Table A-8: Energy supplied by the 200kV A three-phase inverter for the 3rd 

day of December 

Time Real Power Energy Total 
Energy 

rhour] rkW] [kWh] rkWh] 
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 
03.12.200412:30:00 139.30 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 
03.12.200414:30:00 138.67 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 SO.63 
03.12.2004 16:30:00 7.05 4.37 

Table -9: Maximum ener2Y in kWh supplied by lOOk A three-phase inverter A v 
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] 

Tab e -I: aXlDlum ener2Y ID kWh supplie )y k A three-phase IDverter I A 0 M . . db 200 V 

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 
[kWhJ 

Duration 7 7.5 6.5 7.5 5.5 6.5 8 7.5 
[hour] 

Table A-ll: Maximum energy supplied by the IOOkVA three-phase inverter through the eight month 
. d d· . d . peno an Its time uration 

Maximum Energy Supply Maximum duration time 
[kWh] [hour] 
361.16 5.5 
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Ap,pendix A 

Table A-12: Maximum energy supplied by the 200kVA three-phase inverter through the eight month 
. d d· . d . peno an Its time uration 

Maximum Energy Supply Maximum duration time 
[kWh] [hour] 
930.06 8 

T bl A 13 M • a e - : aXlmum dail E Iy ner Ii db h 100kV A . 10' SUppJ e Jyt e lDverter at same PF h as t e 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 
16.02.200512:00:00 77.8 0.87 67.95 33.97 
16.02.200512:30:00 87.1 0.87 75.70 37.85 
16.02.200513:00:00 100.0 0.87 87.03 43.52 

361.16 16.02.2005 13:30:00 92.5 0.87 80.42 40.21 5.5 
16.02.200514:00:00 99.4 0.87 86.18 43.09 
16.02.200514:30:00 91.9 0.87 79.63 39.82 
16.02.200515:00:00 94.9 0.87 82.58 41.29 
16.02.2005 15:30:00 82.0 0.87 71.12 35.56 
16.02.200516:00:00 70.0 0.87 60.67 30.33 

Table A-14: Maximum dailv Ener2Y supplied by the 100kVA 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 
16.02.200512:00:00 77.8 1 77.8 38.90 
16.02.200512:30:00 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 
16.02.200514:00:00 99.4 1 99.4 49.70 
16.02.200514:30:00 91.9 1 91.9 45.95 
16.02.200515:00:00 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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T bl A 15 M . d il E a e - : aXlmum a IY ne~ li d b th 200kV A . rt t iO'SUpPl e )Y e lOve er a same PF th as e source 
Time Inverter PF Inverter Energy Total Duration 

Capacity Capacity Energy 
[hour] [kVA] [kW] [kWh] [kWh] [hour] 

16.02.200510:00:00 49.4 0.87 42.76 21.38 
16.02.200510:30:00 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 
16.02.200512:00:00 177.8 0.87 155.28 77.64 
16.02.200512:30:00 187.1 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 
16.02.200514:00:00 199.4 0.87 172.87 86.44 
16.02.200514:30:00 191.9 0.87 166.28 83.14 
16.02.200515:00:00 194.9 0.87 169.60 84.80 
16.02.200515:30:00 182.0 0.87 157.85 78.93 
16.02.200516:00:00 170.0 0.87 147.33 73.67 
16.02.2005 16:30:00 87.8 0.86 75.74 37.87 

Table A-16: Maximum dallv 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] 

16.02.200510:00:00 49.4 1 49.4 24.70 
16.02.200510:30:00 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 
16.02.200512:00:00 177.8 1 177.8 88.90 
16.02.200512:30:00 187.1 1 187.1 93.55 
16.02.2005 13:00:00 200.0 1 200.0 100.00 1070.45 7.5 
16.02.200513:30:00 192.5 1 192.5 96.25 
16.02.200514:00:00 199.4 1 199.4 99.70 
16.02.200514:30:00 191.9 1 191.9 95.95 
16.02.2005 15:00:00 194.9 1 194.9 97.45 
16.02.200515:30:00 182.0 1 182.0 91.00 
16.02.2005 16:00:00 170.0 1 170.0 85.00 
16.02.200516:30:00 87.8 1 87.8 43.90 
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• Emergency Lighting 
Applications: 

• Telecommunications 
• Rs ilway Sig nalhn g 
• DC Emergency Syslem 

• 

The RAYLITE Tubu lar Ce ll olters ou15tsnding rells ll iity over sn e~pecled wIYking life of 10 te 12 
yesrs in float charge appications, Theso cells are c~pable of high cyclirg 

Tho round tL.t>e has the f ,,"1 ""'Ing advsrFtages over Ihe sqJ~ re tube: 

• it elter>; a men unilorm aclive maI~'f lai dlstribu~oo aroond the 
Suppo<1ing spines, resulting On more efficient ulol,sahon of 
matenals 

• it is less pra1a to distortion under operatOng conditions 

Design Features 

POSITIVE PLATE 
T~e lubular ga....,Uet plate 
GOIlstl\Jctoon consists of special lead 
sUoy spines in compiete contact with 
sUp€rim active matClfial, aftcct lwly 
retal red by WCl'Ven torylene tubes. 
The terylere gmxll1ats, which are 
resin irJl)regnated, comll'roe higt1 
tenSIle stre r>gth with resilif!f>Oe, 
wtai ri ng tho active material whilu 
ensbhr>g the flIectrolyte to po,netrale 
freely, This ensurlJ!l a hll/h po ......... 
ou tput per un~ volume 

NEGATJVE PLATE 
The neg<l~_ plate is 01 a s~ial 
alley grid, pasted with a higNy-p(nll,Js 
pastelOfmJlato n, \t>'ing 8 balanced 
peri;) rmWloo and We, 1100 compe­
mentng t~u positive plale conslruGlo n 

VENT PLUGS 
The specini def;J gn etlectively reilXns 
all acid spray to 'tie eel , yeI pe!mits 
Iree ex,t of a<ygen and hydrogen 

CONTAINER 
Moolded, DIN standad transpaent 
styreoo ocryloMrilD. giving ~ ury h igh 
insu lating properties which a liminatu 
the use of insulators, A\Je or acid 
contact will oot C1!lJW deteriora tion, 

LIDS 
Mwlded tom opaq...., styrene acrylonitr il e, 

END BUFFERS 
PVC end buffers provide a<:ld it ioMl laterai suppon 
..t each end 01 tle efemenL ensuring a CO tl1J~ct 
assembly to prevent the plates from spay ing 

SEPARATORS 
High qualily , micro porous rubber separato rs 
Chemically·inert , wilh a ~ogh degree of porosity 
they offer minirrom, intenal resistance , 
The sleeve separatorn prevent short· 
cirru ting caused by rrossiTlg 

Product and Service Benefits 
Localt,.-t.1anufactl.lfed Range 

• 
ManufactlXed by a South African corrpany, pr""""n ~r Sooth Alrican ccodrtloos, 

Premier Quaiity 
Coriorms to DIN and IEC standards and manclactured b ISO 9001:2000 QI,lality WIfldards 

• Nationwide Alter·Sales SuWort 
Countrywide network 01 bralches and agencres, with access kJ irtormation to 81sure sou nd 
t .. dYlic~1 backup 

• Proven Reliab<l~y 
Used successfully. achie\ling claimed lik! , in mm .. rous applic<otiono; 

• Customer Cae 
Eveo-y Raylite sttndby cell carie& a ccmprehoosi~e l"o<iJd warranty backed by the industry leader 
and supported by a nationsl distributor net..-ak. 
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Tubular Capacities, Weights And Dimensions 
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First National Battery 

Nt CO" "ANY P~OOUCES • .aRE , ...... ,. 2 'lOO <)<)(1 ""TTER,"S AN" UMl Y TO 
P~OVIClE [ l Ee' RIC AL POWER "O~ PASSENGE R CARS. TRUCK S, 1 " ' CTOR S, 'O~ ",," TRUe KS BO~ TS fV,1l wAy 

lOCO~Ol!V [S AN~) co~G'H ES, UN r,.RGSOOlJND lOcu.<OTI V[S,","O "'N [ ~s CAl' lM<P5 
Pow e R s' A""" S, SW", CH Y,""'OS. F"P~ UGH 1 '''G , 

SOLAR SYSTEMS, COMPU TERS, 1 El£COMMl!'<ICA nONS 
EQU IP M[ NT A"'.o A HOST 0" OT~£H USES 

F 'RST NA 1I0~/>.l BATl ERY ACK>IOWLCUGo:S 'I~A T SUPH>OR ,EC~ ""'- OC;Y 
CONSISTENT PRO[)OJ CT ou",rrv AOO OEClTAT[o Gus rovER SERV CE ARE ...... ll"" REocrIR,,' " N r S TO 

[ N""' E N E c ()O.O e ANY TO "' A,,-'I "'N ITS >"OS " >ON As AN 'NOUS' R'/ l EADE R 

,~E C""'PA~Y-S VALUES ARE REPRESE"'fO BY ITS "OTT O l HRWGH CAR IN(; W E " AD 

PROOF 0" If-£ S [ VAUJES IS TO BE <OU '-tJ "" ><E "'ANypRO~UCl ANn ~ER\iICE o~A"TY AWARDS AND C £ RT'" ,C;AlES 
PR ,S[ N', ED TO ",R ST ~ATIONA'_ oATTER Y OVER .. ,.,Ny YEARS OF SE ~V IC E "TO ~"TI ERY USERS 

TR " 'mON BA HER IES AND CELLS A"" MAN Uf-Acn.., ECl ANO LOI.O Pl Y ,,""TH ISO 'la, 1 :""', lEe ~O,,. · 1 A~" , (19')1) 

4 DEDICA n:o M"-"LFACTU'<ING SITI::S 

BlI"'A,O VIEW ROAO. EM"T LO'<~X)~. 00<f00? FAC"TO RY 
ISO " 001 2'-'-" A"" ISO '''''' C £~T I"£D 
IWUS TRI>., BATTER Y ""NUFACTllRNG 

FOR K"TRLCK BATIER IES- STANOOY BATTER",": ." .. NG ""THRIES 

sn lL. ERS WAY. EAST LO NOON" 200,;' ,. ACTOI'<Y 
ISO" S ,~~.~.,,-,", I<rn ISo ,. ,," U..-rlfl[[J 

AU'OMOli VE BA.,., E"- Y ..... NLF ACll .. ,NC; 
'",-,0 BAH ERIES PER DAY 
ALSO "TECHNICAL C£Nrn E 

fORT JACKSON, U{W' 'ACTORY 
,"OfTS ,""".,200' ANO \SO ,.om CE~11f1 ED 

PU\STlC IN'ECT>!]N ..au lOONG 
"" TON-UO TO~ I'lJECl1ON .. 0"'-0","" ""CHONES 

" .. ,WON P 'ECES PER A~"W" 
ALSO TOOlROO .. 

lIVEf<P'OO'" ROAO "E""''' 
ISorrS '",",~:,OOi " NO ISO '<00' C ERT'" EO 

lEMlS .. ElTER 
"00" TONS RECYClE[) lE ... n PER AN"'-' ... 

'"-So W AAEYOliSING t ~lSlRIBV'-':1N 
' O<OMA lION t Fi"S>jING '.I~E 

"AAK£" ~ C; £ FIN"""-' E [WISIONS 

FIRsr­
NATIONAL 
BATTERY 

TrlROU GH CAHllle WE .. t: A O 

FIRST NATIONAL. S;,neAV 
INDUSTRI AL (Pt y } Lid 

FiRST NMIONAl "ATT[ RY WILL R E .. ,."N"T,,", EXCLUSIVE """' J FAC"TU~£R OF B" TTERIES "N(l 
SuPPu ER OF ~ROnUC' S AND SERVICES "TO ' .. ST NA"TION" "AnE~Y l~lJS r~"l ON KEEP INC; 
.'" ~ Tt<E'" C<Ij [CTlY[ TOwJ.roS 'RlJ£ "lAC!< E"POWE~"E"" "THEY PlJIN"TO Fu..-rHm INCREASE 

eE~1 
eoR LIVERPOOl ~ 8~ ISTOl ~QA[JS_ BENONI SOlITH 
p .O ~OX "''" BENO~l SOU"TH '50", SOUl'< "'RIC" 

H L, * 71 11 7< J3Il(lO 
'AA: +>1 " ."_,,,,, , ".,_,.", 

IN I HE ' 'lTERfS"TS O F CO~lINUING AnV ANC..., E..,. WE ""SERVE "THE "'GHnO Oo!O OO FY SPECIF", A"T.aNS w"..om 
P~"" NO"TICE 

~ ·COPYRIC;~T SlJBS'" S IN T ", S WORK. ANY UNAlffHORlSEO "'''''OOUCT'ON. """,P",,,ON AND COPY1NG ~ n ls 
c:<JClJMEN"T ARE ~CT S OF COPYR;G~ I 'N' ",NG .. 'ENTS ANCl EN1111.ES Frf/S"T N"TION,,"" BAn ERY TO TAKE "CTION 

r~mH C IVlLl Y "NO C ", WNAle Y) M .. ,NS T "THE "'~lN(>E~· 
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Standby power - Raylite Tubular RCT 
Constant Current Discharge Data (amps at 25°C) 

Click Cell type to view or print additional detail and discharge ctat;:>; for a specW!c cell. To view dato for entire rao<;lE. CIIC, 

here: Specification: Constant Power 

5 10 15 20 30 45 1 Hr :2 Hr 3 Hr 5 Hr 6 HI" 8 Hr 10 Hr 
10RCTlOOO VpC 

Min Min Min Min Min Min 

1.60 1200 1150 1080 977 820 697 590 370 263 173 155 127 100 

1.65 1100 1040 970 898 780 661 S6C 370 263 173 155 127 100 

1.70 967 920 870 817 730 620 520 360 258 173 155 127 100 

1.75 842 800 760 718 650 566 490 33& 255 173 155 127 lOG 

1.80 733 690 650 620 570 SUO 430 300 240 172 155 127 100 

1.85 527 520 510 502 480 430 380 270 225 167 150 125 luu 

llRCTllOO vpC 5 10 '15 20 30 45 1 Hr 2 Hr 3 Hr 5 Hr 6 Hr 8 Hr 10 Hr 
Min Min Min Min Min Min 

1.60 1320 1265 1188 1074 902 766 &?l9 407 290 190 111 l-~C.' ilL 

1.65 1210 1144 1067 988 858 733 61(· 407 290 190 111 l':)t.l :J._ Ill; 

1.70 1063 1012 957' 898 803 682 572 396 284 190 J.71 139 11[· 

1. 75 926 880 836 790 715 623 539 363 281 190 171 139 11 r, 
• ..t. ........ 

1.80 807 759 715 682 627 550 473 .530 :264 WSI 171 139 11[; 

1.85 579 572 561 552 528 473 418 297 248 183 16:, 138 11( 

llRCT1375 VpC 5 10 15 20 30 45 
1 Hr 1, Hr 3 Hr 5 Hr 6 Hr 8 Hr 10 Hr 

Min Min Min Min Min Min 

1.60 1500 1408 1320 1240 1111 ~,5';: bll3 517 3(;>3 242 214 174 13(:' 

1.65 1400 1287 1188 1127 1023 890 759 495 363 242 214 174 138 

1.70 1120 1111 1078 1007 891 796 715 495 363 242 214 174 138 

1. 75 907 902 886 852 792 724 660 457 345 240 20B 171 Be 

l.BO 772 769 765 740 693 637 583 440 330 231 208 171 138 

1.85 646 643 627 605 561 51£; 473 363 2YD 220 200 168 138 

12RCT1200 VpC 5 10 15 20 30 45 
1 Hr 2 Hr 3 Hr 5 Hr 6 Hr 8 Hr 10 Hr 

Min Min Min Min Min Min 

1.60 1440 1380 1296 1172 984 836 708 444 316 208 186 152 120 

1.65 1320 1248 1164 1078 936 bI{)(J 672 444 316 20e 186 lS2 120 

1.70 1160 1104 1044 980 876 744 b24 432 310 208 186 152 12D 

1.75 1010 960 912 862 780 680 S88 396 306 208 186 152 120 

1.80 880 828 780 744 664 600 516 36(J 268 206 186 152 120 

1.85 632 624 612 602 576 516 456 ;;L'i <;7(J 200 180 150 12G 

12RCT1500 VpC 5 10 15 20 30 45 
Min Min Min Min Min Min '1 Hr 2 Hr 3 Hr 5 Hr 6 Hr 8 Hr 10 Hr 

1.60 1636 1536 1440 1353 1212 1039 876 564 396 264 233 190 151J 

1.65 1527 1404 1296 1229 1116 971 826 540 396 264 233 190 150 

1. 70 1222 1212 1176 1099 972 8GS 780 540 396 264 233 190 150 

1. 75 989 984 966 929 864 79{J 720 498 376 262 227 187 150 

1.80 842 839 834 807 756 695 636 480 360 252 227 187 150 

1.85 705 701 684 660 612 563 516 396 316 240 218 1B3 150 

13RCT1625 VpC 5 10 15 20 30 45 
1 Hr 2 Hr :3 Hr 5 Hr 6 Hr 

Min Min Min Min Min Min 
S Hr 10 Hr 

1.60 1773 1664 1560 1465 1313 1125 949 611 429 286 253 206 163 

1.65 1655 1521 1404 1332 1209 1052 897 5155 429 286 253 20e. 163 

1.70 1324 1313 1274 1190 1053 94:1 845 585 429 286 253 206 163 

http://fnb-ben-rasOl/anewfnb/Standby/SbyDisCC.as>>?fran2ei= 11 OR/1? noo" 
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consmm: C;WlelIl DIscmnge vata 

1.75 1072 1066 1047 1007 936 856 780 540 408 284 246 202 163 

1.80 912 909 904 875 819 753 589 520 390 273 246 202 16:: 

1.85 763 760 741 715 663 610 555 429 343 260 236 199 163 

vpC 5 10 15 20 30 45 
1 Hr 2 Hr 3 Hr 5 Hr 6 Hr 8 Hr 10 Hr 14RCT17S0 Min Min Min Min Min Min 

1.60 1909 1792 1680 1578 1414 1212 1022 658 462 308 272 221 175 

1.65 1782 1638' 1512 1434 1302 1133 966 630 462 308 272 221 175 

-- 1.70 1425 1414 1372 128i 1134 1013 910' 630 462 308, 272 ·i21 175 

1.75 1154 1148 1127 1084- 1008 921 ' 840 581' 439 305 ., 265 .218 175 , 

1.80 ' 983 919 ' 973 942 882 811 742 560 '420 t9{: t 265 218 175 

1.85 822 818 798 770 714 657 602 462 369 280 255 214 175 

15RCT1875 VpC 5 10 15 20 30 45 1 Hr 2 Hr 3 Hr 5 Hr 6 Hr 8 Hr 10 Hr 
Min Min Min Min Min Min 

1.60 2045 1920 1800 1691 1515 1298 1095 705 495 330 292 237 188 

1.65 1909 1755 1620 1537 1395 1214 1035 675 495 330 292 237 188 

1.70 1527 1515 1470 1373 1215 1085 975 675 495 330 292 237 188 

1.75 1237 1230 1208 1162 1080 987 900 623 470 327 284 233 1St: 

1.80 1053 1049 1043 1009 945 869 795 600 450 315 284 233 188 

1.85 881 877 855 825 765 704 645 495 395 300 L73 229 188 

16RCT2000 VpC 5 10 15 20 30 45 1 Hr 2 Hr :3 Ht 5 Hr 6 Hr 8 Hr 10 Hr 
Min Min Min Min Min Min 

1.60 2182 2048 1920 1804 1616 1385 1168 752 528 352 311 253 200 

1.65 2036 1872 1728 1639 1488 1295 1104 720 528 352 311 253 200 

1.70 1629 1616 1568 1465 1296 1158 1040 720 528 352 311 253 20G 

1. 75 1319 1312 1288 1239 1152 1053 96G 664 502 349 303 249 20(; 

1.80 1123 1119 1112 1076 1008 927 848 640 480 336 303 249 200 

1.85 940 935 912 880 816 751 688 528 422 320 291 244 20G 

17RCT2125 VpC 5 10 15 20 30 4S 
1 Hr 2 Hr 3 HT 5 Hr 6 Hr 8 Hr 10 Hr Min Min Min Min Min Min 

1.60 2318 2176 2040 1916 1717 1471 1241 799 561 374 331 269 213 

1.65 2164 1989 1836 1742 1581 1375 1173 765 561 374 331 269 213 

1. 70 1731 1717 1656 1556 1377 1230 1105 765 561 374 331 269 213 

1.75 1402 1394 1369 1317 1224 1119 1020 706 5""'" ~.J 371 321 264 213 

1.80 1193 1188 1182 1144 1071 984 901 680 510 357 321 264 213 

1.85 998 994 969 935 867 797 731 561 448 340 30S- 260 21: 

18RCT2250 VpC 5 10 15 20 30 45 
1 Hr 2 Hr Min Min Min Min Min Min 3 Hr 5 Hr 6 Hr 8 Hr 10 Hr 

1.60 2455 2304 2160 2029 1818 1558 1314 846 594 396 35Ct 285 22: 

1.65 2291 2106 1944 1844 1674 1456 1242 810 594 396 350 285 225 

1.70 1833 1818 1764 1648 1458 1303 1170 810 594 396 350 285 225 

1.75 1484 1476 1449 1394 1296 1185 1080 747 565 393 340 280 225 

1.80 1263 1258 1251 1211 1134 1042 954 720 540 378 340 280 225 

1.85 1057 1052 1026 990 918 844 774 594 475 360 327 275 225 

19RCT2375 vpC 5 10 15 20 30 45 1 Hr 2 HT 3 Hr 5 Hr 6 Hr 8 Hr Min Min Min Min Min Min 10 Hr 

1.60 2591 2432 2280 2142 1919 1644 1387 893 627 418 370 301 238 

1.65 2418 2223 2052 1947 1767 1537 1311 855 627 418 370 301 238 

1.70 1935 1919 1862 1739 1539 1375 1235 855 627 418 370 301 238 

1.75 1567 1558 1530 1472 1368 1251 1140 789 596 415 359 295 238 
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1.80 1333 1328 1321 1278 1197 1100 "1007 76& 57D 399 359 295 238 

1.85 1116 1111 1083 1045 969 891 &17 627 501 380 345 290 238 

5 10 15 20 30 45 
1 Hr 2 HI" 3 Hr 5 Hr 6 Hr 8 HI'" 10 HI'" 20RCT2500 VpC Min Min Min Min Min Min 

1.60 2727 2560 2400 2255 2020 1731 1460 94U 660 440 389 316 250 

1.65 2545 2340 2160 2049 1860 16Hl 1380 900 660 440 389 316 250 

1.70 2036 2020 1960 1831 1620 1447 1300 900 660 440 389 316 250 

1.75 1649 1640 1610 1549 1440 1316 1200 lBO 627 436 378 311 250 

1.80 1404 1398 1390 1345 1260 1158 1060 800 600 420· 378 311 250 

1.85 1175 1169 1140 1100 1020 938 860 660 527 400 364 305 250 

3RCT1S0 VpC 5 10 15 20 30 45 1 Hr 2H ... 3 Hr 5 Hr 6 HI" 8 Hr 10 HI" 
Min Min Min Min Min Min 

1.60 245 207 180 159 129 106 87.0 51.0 39.0 25.2 22.5 18.7 1S.0 

1.65 200 186 168 150 122 100 84.0 50.1 39.0 25.2 22.5 18.7 15.& 

1.70 192 171 150 135 114 96.0 81.0 49.5 39.0 25.2 22.5 18.7 15.0 

1.75 165 150 135 122 105 89.0 75.0 48.3 39.0 25.2 22.5 18.1 15.0 

1.80 132 129 120 111 96.0 8v.G 65.0 45.9 ;'6.u 25.0 22.5 18.7 15.0 

1.85 108 105 99.0 92.0 81.0 70.G 60.0 43.5 33.0 22.0 19.9 17.0 15.0 

4RCT200 VpC 5 10 15 20 30 45 
1 Hr 2 Hr ::I Hr 5 HI'" 6 Hr 8 Hr 10 Hr 

Min Min Min Min Min Min 

1.60 326 276 240 212 172 141 116 65.0 S2~O 33.6 30.0 25.0 2C.(, 

1.65 266 248 224 20C' 162 133' 112 66.8 52.0 33.6 30.0 25.u 2eG 

1. 70 255 228 2(;0 180 152 128 lDE c5.t 52.D 33.6 30.0 25.0 2G.C 

1.75 220 200 lcC 153 14{) 11~ lOu 64.4 52.0 33.6 30.0 25.0 2f.?l 

1.8G 17£ 172 15(- 147 128 107 b·S.L c.' -v ..... ..:. 48.0 33.3 30.Q 25.0 20.0 

1.85 144 14{; 1 ..,-
_~L 123 10e 93.3 80.0 S8.1J 44.0 29.3 26.5 22.6 2G.D 

5RCT250 VpC 5 10 15 20 30 45 1 Hr 2 Ht :3 Ht 5 Hr 6 Hr 8 Hr 10 HI' Min Min ,.,in Min Min Hin 

1.60 408 345 30G :<'55 215 176 145 85.0 65,.0 42.0 37.5 3J.2 :2.5.0 

1.65 333 310 280 250 203 167 14G 83.5 65.0 4:2..0 37.5 31.2 2" " ..,).1..,' 

1.70 320 285 250 225 190 160 135 82.S 65.0 42..0 37.5 31.2 25.0 

1.75 275 250 22= 203 175 148 12.5 80.5 65.0 42,0 37.5 31.2 2<' (' 

1.80 220 215 200 184 160 133 110 76.5 GO.O 41.6 37.5 31.2 25.0 

1.85 180 175 165 153 135 117 100 72.5 55.0 36.6 33.1 28.3 25.[, 

5RCT350 vpC 5 10 15 20 30 45 
1 tir 2 Hr 3 Hr 5 Hr 6 Hr 8 Hr Min Min Min Min Min MIn 10 Hr 

1.60 505 455 40U 367 305 2.58 240 120 90.0 60.6 54.0 4<1.2 35.0 

1.65 450 410 375 340 290 248 210 120 90.0 60.6 54.0 44.2 35.L' 

1. 70 386 360 335 307 265 223 188 120 90.0 60.5 54.0 44.2 3S.£) 

1.75 313 310 298 277 243 210 180 12U ~O.O 60.6 54.0 44.2 35.D 

1.80 273 265 253 236 210 186 165 115 87.5 60.6 54.0 44.2 35.0 

1.85 210 210 205 193 175 158 143 100 77.5 58.0 53.0 44.0 35.0 

6RCT300 VpC 5 10 15 20 30 45 
1 HI" 2 HI" 3 HI'" 5 lir 6 Ht 8 Hr 10 Hr Min MIn Min Min Min Min 

1. 50 490 414 350 318 258 212 174 102 78.0 50.4 45.0 37.5 30.0 

1.55 400 372 336 300 243 200 168 100 78.0 50.4 45.0 37.5 30.(' 

1. 70 384 342 300 270 228 192 16:2 !iSO.O 78.0 SU.4 45.0 37.5 30.{) 

1.75 330 300 270 244 210 178 15t) 96.6 78.0 50.4 45.0 37.5 30.0 

1.80 2£4 2Sl:i 240 2.21 192 160 132 Sl.E. 72.Q 50.0 45.0 37.S 30.0 
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....... vxxu ........... , """' ................. .., .. .., ........... 0 .. -_ •• 

1.85 216 210 198 184 162 140 120 87.0 66.0 44.0 39.8 34.0 30.0 

Vpc 5 10 15 20 30 45 1 Hr 2Hr 3 Hr 5 Hr 6 Hr 8 Hr 10Hr 6RCT420 Min Min Min Min Min Min 

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 64.8 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 

1.80 327 318 303 283 252 223 198 138 105 72.6 64.8 53.1 42.0 

1.85 252 252 246 231 210 190 171 120 93.0 69.6 63.6 52.8 42.0 

5 10 15 20 30 45 
1 Hr 2 Hr 3 HI" 5 Hr 6Hr SHr 10 Hr 6RCT600 VpC Min Min Min Min Min Min 

1.60 720 690 648 5&6 492 418 354 222 158 104 93.0 76.0 60.0 

1.65 660 624 582 539 46& 4DO 336 222 158 104 93.0 76.0 60.0 

1.70 580 552 522 490 438 372 312 216 155 104 93.0 76.0 60.(, 

1.75 505 480 456 431 390 340 294 198 153 104 93.0 76.(; 6tH; 

1.80 440 414 390 372 342 300 258 ]80 144 103 93.0 7&.0 6&.0 

1.85 316 312 306 301 288 258 228 162 135 100 90.0 7" " -,.t.; 6u.iJ 

7RCT490 VpC 5 10 15 20 30 45 1 Hr 2 Hr 3 Ht 5 Hr 6 Hr 8 Hr 10 Hr 
Min Min Min to1in Min Min 

1.60 707 637 572 513 427 362 3:5t; 16& 12E 84.8 75.6 62.0 49.(; 

1.65 630 574 525 476 406 347 :294 168 126 84.S 75.6 62.0 4'O.C 

1. 70 540 504 469 430 371 312 263 lot 126 84.8 7S.€. 62.u 4S(' 

1.75 438 434 417 387 340 294 25,2 165 12t 84.2 75.6 62.[; 4S.t 

l.BO 382 371 354 330 294 260 2..31 161 123 B4.8 75.6 62.0 4S):~ 

1.85 294 294 287 270 245 222 20G ~40 109 81.2 74.2 E;' t:: .1. v 49 [. 

7RCT700 VpC 5 10 15 20 30 4S 
1 .. r 2H,.. 3 .. ,.. 5 Hr 6H,.. 8 Hr 10 Hr Min Min Min Min Min Min 

1.60 840 805 756 684 574 48t 413 25S 1!!4 121 109 88.7 70.V 

1.65 770 728 679 629 54(. 467 3SoZ 259 184 121 109 81;.7 70.0 

1.70 677 644 609 572 511 4$4 jfA 25:<: 181 121 109 8S.7 70.0 

1.75 S89 560 532 503 455 396 343 231 l7S 121 109 887 7{:.v 

1.80 513 483 455 434 399 35G 3rt:! ZlG 16e 120 109 fiS.7 7&.[ 

1.85 369 364 357 351 336 3v1 :':66 169 1 Sf: 117 105 87.5 70.D 

8 RCT800 VpC 5 10 15 20 30 45 
1 HT 2Hr 3 Hr 5 HI' 6 Hr 8 HT 10 Hr Min Min Min Min Min Min 

1.60 960 920 864 7$1 656 557 47<: 29~ 211. 138 124 101 SU.O 

1.65 8S0 832 776 719 624 533 44B 2% 211 138 124 1G1 8(i.(. 

1.70 773 736 696 653 584 496 416 2Sa 2£}7 138 124 101 60.[ 

1.75 673 640 60e: 575 520 453 392 264 204 138 124 Hn e(,.l.r 

l.SO 587 552 520 496 450 400 344 240 192 137 1:l4 101 SCi. V 

1.SS 421 416 408 401 384 344 304 216< ISD 133 120 100 8G.{j 

9RCT900 v pC:: 5 10 is 20 30 45 1 Ht 2 Hr :3 Ht ! Hr 6 Ht 8Mt 10M,-Min Min Min Min Min Min 

1.60 1080 1035 972 879 738 627 531 333 237 156 140 114 9u.£:. 

l.65 990 936 873 809 702 600 504 333 237 156 140 114 Stu.v 
1.70 870 828 783 735 657 558 468 324 233 156 140 114 9u.u 
1.75 758 720 684 647 585 510 441 Z'i::7 230 156- 140 114 90.f.: 

1.80 660 621 585 558 513 450 387 270 216 155 140 114 9v.v 
1.85 474 468 459 452 432 387 342 243 203 150 135 113 90.& 

http://fnb-ben-rasO 1 /anewfub/Standby/SbyDisCC.asp?frangei= 11 08112/2006 



Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
 of

 C
ap

e T
ow

n

--- - - - _._._- /\pocndlx B 

APPENDIXB 
B Raylite Tubular ReT datasheet 

201 



Univ
ers

ity
 of

 C
ap

e T
ow

n

AppendixC 

APPENDIXC 

211 



Univ
ers

ity
 of

 C
ap

e T
ow

n

AWendixC 

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 

(a) is the real part and beta (p) 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-l). 
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Appendix C 

[~l (C-l) 

The Park transfonnation results in reference plane known as d-q plane. The Park 

Transfonnation equation is represented in equation (C-2). The d-component is the real 

part and q-component the imaginary part. 

(X d J = (COSO SinO l(Xa J 
Xq -SinO CosO x p 

(C-2) 

Therefore, throughout this thesis report, Clarke transfonn will be treated as a-~ and Park 

transfonn as d-q. 

C.1 Derivation of Clarke Transform 

From Glover and Sarma analysis [29], it was noticed that the equation (C-l) 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]: 

• "Zero-sequence components, consisting of three phasors with equal magnitudes 

and with zero phase displacement."[29] 

• "Positive-sequence components, consisting of three phasors with equal 

magnitudes, ±12(f phase displacement and positive sequence."[29] 

213 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Awendix C 

• "Negative-sequence components, consisting of three phasors with equal 

magnitudes, ±12(f phase di$placement and negative sequence."[29] 

Figure C.l-l below shows the sequences, the zero, positive and negative respectively as 

discussed in [29]. 

( a)Zero-sequence 

components 

(b )Positive-sequence 

components 

Vol 

(c)N egative-sequence 

components 

Figure C.I-I: Zero, Positive and Negative sequence phasqr [29). 

The sequences as illustrated in figure C.l-l are defined mathematically as shown in the 

equation (C.l-l) [29]. 

(C.l-l) 
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Where [~J represent the phase voltages, m J iIlustrates the sequence voltages and the 

~ J represent the transformation matrix [29]. 

a2 

Solving for the sequences voltages from equation (C. 1-1 ), equation (C.I-2) was obtained. 

(C.I-2) 

The constant 1. in the 3x3 matrix of equation (C.I-2) was the result of taking the inverse 
3 

of the 3x3 matrix of equation (C.1-1) [29]. 

Now solving for each sequence voltage individually from equation (C.I-2), equations 

(C.1-3), (C.1-4) and (C.1-5) were obtained. 

1 
Vo = 3(Va + Vb + Vc) 

~ =~(Va+aVb+a2Vc) 

V2 = ~(Va +a2Vb +aVc) 

The letter "a" was defmed as illustrated in equation (C.I-6) [29]. 

a =111200 = -1 + jJ3 
2 2 
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It was also mentioned that if a phasor would be multiplied by "a", then it would be 

rotated by 1200 '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. 

(C.1-7) 

(C.1-8) 

Expanding the square part of equations (C. 1-7) and (C.1-8), equations (C.1-9) and (C.l-

10) were obtained for VI and V2 respectively. 

(C.1-9) 

(C.l-lO) 

Continuing with analysis and representing VI and V2 with its real and imaginary 

components Va and Vp respectively, equations (C.l-ll), (C.1-12), (C.l-13) and (C.1-14) 

were obtained. 

(C. 1-1 1) 

216 



Univ
ers

ity
 of

 C
ap

e T
ow

n

1 
2 

J3 
2 

1 
2 
J3 
2 

Appendix C 

(C.1-12) 

(C.l-13) 

(C.1-14) 

Equations (C.l-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.l-13) will be used 

throughout this thesis because the three-phase source connection used was positive 

sequence, whereby the phase voltage Va leads Vb by 1200 and lags Vc by 1200 see figure 

C.2-l. 

C.2 Derivation of Park Transform 

Let the phase voltage Va, Vb and Vc be defmed as represented in the following equations: 

Va =sin(mt) (C.2-l) 

(C.2-2) 

217 

---- ----- ------~-~----------------------------



Univ
ers

ity
 of

 C
ap

e T
ow

n

Aprcnd;x C 

1'0'" u, mg "''llmlion ('-1-13) 'H' fig llr" '-2- 1 Inc Ihree-pho,,,, voltage Va, V, and Vc , 

which are 120" from each olhn m pOSllll'e ""ql1Cnc~ were lra[lsfonned 10 Iwo-phase 

vo lluge Vo Jnd Vft onhogonal to each other, 

0[1(; Ihing that soould b~ nOI~d was that "hm usi ng th~ POSili'~ s<X]u~oc~ forward Clurke 

i'mn,fonnal ;,",. equat ;'H' ({ '_1-13). on a IX'~iti ve three-phase votlJge connection. i'~ leads 

Vft hy ~f. Figure C.2-2 d iuslrales lhi,_ However, if e'-!uallon (Ll- 14). the negat;\'e 

fOr\I'Md Clarke Trans/'onnalion , '''-'IT uscd m, le:xl, Vp """,ld kad r;' hy 9{)". ligllre C,2-_, 

illustrak the scenario 

00' 

270' 

, 
--"" 2 V, 

-" 
I '_ll' .... 'v_Jiv " 
'l' \ " . - - ) 

1;, =JJ, __ .fi V , , 

F;~lI", (:.2_1 , I'o, ;ti" etark. '( rao,formatioll applkd on • 1)(I'ili' e '"4"rll« thrrr- ph" .. <oo,,«tioo 
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Using c<juat ion (C- I - I -'), ~guati ()ns «,_2-5) ami (('. 2-6) were ohtai ""d_ 

(('.2-5) 

(('.2-6) 
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Moreover, in most literature about Clarke Transformation, [34, 17], the coefficient of 

Clarke transformer instead of being 1.. as discussed before, was ~. The reason behind 
3 3 

was to make Va equals to Va in magnitude. 

Looking carefully at figure C.2-2 we can see that Va and Vp are formed by adding their 

respective phase vectors in vector summation. In addition, it can be seen that in the Va 

equation, Va was at zero degrees, -.!~ was at 60°, and -.!~ was at -60°, however Vb 
2 2 

and Vc were phase shifted from Va by -120 and -240 respectively. Moreover in equation 

Assuming, for argument sake, that Va, Vb and Vc 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. 

(C.2-7) 

(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 

(C.2-9) 
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(C.2-tO) 

(C.2-11) 

(C.2-12) 

As was mentioned above, by multiplying the Clarke Transformation equation by a 

coefficient of ~ , it would result in Va and Va being equal. Applying now this argument to 
3 

equations (C.2-1t) and (C.2-12), equations (C.2-l3) and (C.2-14) were obtained. 

v = 2(1)=1 
a 3 2 (C.2-l3) 

(C.2-14) 

From equation (C.2-l3), it was confirmed that Va equal to Va when multiplied by~, 
3 

recall that Va was assumed to be unity in magnitude. Now replacing.! by ~ in the 
3 3 

equation (C.t-12) and using figure C.2-2 on first quadrant only, figure C.2-4 was drawn. 
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j3-axis 
I 

a-axis 

Figure C.2-4: Alpha-Beta reference frame 

In figure C.2-4, the space-phasor Vrejwas rotating at a speed of wt, where w=21tf,f=50Hz 

and 8=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 a~ reference frame by 81 and 

lagging the space-phasor Vref by 8-81> figure C.2-5 was obtained. 

\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

j3-axis 
+ 
I 
I 
I 
I 
I 
I 
I 
I 

Vpl 
I 
I 

\ -

I 

Figure C.2-5: Rotating reference frame (dq) and Stationary reference frame (ap).[22] 
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In addition, it was mentioned that dq reference frame was related with a~ reference frame 

by the instantaneous angle formed between the two reference planes [22]. The rotation of 

the space-phasor Vref and the rotating reference plane (dq) was in counter-clockwise 

direction when observed from the stationary reference frame (a~). 

However, when the observation was done from the (dq) reference plane, V ref appears 

stationary and (a~) reference plane rotates in the clockwise direction [22]. Choosing 

positive direction the counterclockwise direction, thus the dq-plane is related to the a~­

plane by the following equation. 

dq-plane=ap-planexe-j6
\ (C.2-16) 

Using the components projected on each reference plane from the space-phasor, Vref, in 

figure C.2-5, equation (C.2-I7) was obtained. 

(C.2-I7) 

Recalling from Euler definition [49], 

e j8 = Cos(} + jSin(} (C.2-I8) 

Therefore applying equation (C.2-I8) to equation (C.2-I7), 

(C.2-I9) 

Now representing the equation (C.2-I9) in matrix form, equation (C.2-20) was obtained. 

(C.2-20) 

224 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Appendix C 

Now solving for the vector (~}n the equation (C.2-20), equations (C.2-21) and (C.2-

21) were obtained. 

(Va) (COS~ Sin~ )-1 (Vd ) 
Vp - -Sin~ Cos~ ~ 

(C.2-21) 

(C.2-22) 

Equation (C.2.22) is known as inverse Parke Transfonnation [22]. 
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APPENDIXD 
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D PLL Equation Derivation 

v =V-SinO a 

Vb = V-Sin(O- 2;) 

Vc = V-Sin(O- 4;) 

Arrange (D-l) in matrix fonn, equation (D-2) was obtained_ 

V-SinO 

V- Sin( 0 _ 27r ) 
3 

V -Sin(O- 47r) 
3 

Appendix D 

(D-l) 

(D-2) 

Recalling equation (C-l) and substituting equation (D-2) into equation (C-l), equation 

(D-3) was obtained_ 

1 1 

(~)=~ 
va --vb --vc 

2 2 
(0-3) 

J3 vb J3 0 --vc 
2 2 

Solving for Va and Vp individually, equations (D-4) and (D-5) were obtained_ 

v. = 2(va-l Vb- l vcJ 
a 3 2 2 

(D-4) 

V = 2(J3 vb- J3 vcJ 
p 3 2 2 (D-5) 
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Appendix D 

From section C.2, it was discussed that when the coefficient of the Clarke transfonnation 

is ~ , Va would be equal to Va in magnitude. Then equation (D-3) becomes equation (D-

6). 

(D-6) 

Recalling equation (C-2), the Park transfonnation equation and using the phase angle 

defined for the three-phase inverter in section 3.4.1.1, equation (D-7) was defined. 

(Vd) = (Co~y Siny )(Va) 
Vq -Smy Cosy Vp 

Substituting (D-6) into (D-7), equation (D-8) was obtained. 

(Vd)=( Co~y SinY)[(VbW:VC)] 
Vq -Smy Cosy J3 

Expanding equation (D-8), equation (D-9) was obtained. 

(vb-vc) 
Cosy· va + Siny· J3 

(vb-vc) 
-Siny· va + Cosy· -'---J3=3---'-

Now substitute equation (D-1) to equation (D-9), resulted in equation (D-10). 
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(i.)= 
Cosr. VSin(} + ~ Sinr( Sin( () - 2; ) -Sin ( () _ 4;)) 

-Siny. VSin(} + £.-Cosy (Sin( () - 27( ) - Sin ( () _ 47(») 
J3 3 3 

From James Stewart [49], 

Sin ( cp - P) = SincpCos P - CoscpSin P 

AppendixD 

(0-10) 

(0-11) 

Then substituting equation (0-11) to equation (0-10), and simplifying it, equations (0-

12)-(0-14) were obtained. 

(i.)= 
Cosy· VSin(} - ~ SinyCos(}· J3 

-Siny· VSin(} - £.-CosyCos(} . J3 
J3 

(
Vd)= v( COSYSin(}-SinyCOS(}] 
Vq -Siny Sin(} - CosyCos(} 

(
Vd) = _v(SinyCOS(} - Cosy Sin(}] 
Vq CosyCos(}+SinySin(} 

Also from James Stewart [49], 

Cos ( rp - P) = CoscpCos P + SinrpSinp 

Therefore, equation (0-16) was obtained. 
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(VdJ= _V(Sin(Y-B)J 
V Cos(y-B) q 

(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-l). 

v -V =V Conv Grid L (E-l) 

Where VL is the inductor voltage drop, V Cony is the inverter output voltage, which is 

applied to the low pass filter and VGrid is the grid voltage. VL is defined as illustrated in 

equation (E-2) [7, 12]. 

V =L diL 
L dt (E-2) 

Substituting equation (E-2) into (E-l) and representing equation (E-l) for a three-phase 

system, equation (E-3) was obtained. 

di 
V. - V. = L Labc 

Convabc gndabc dt (E-3) 

Recalling from appendix C, for power calculation, Clark Transformation was defined as 

shown in equation (E-4). 

1 

(:;)=Jt: A 
2 

(E-4) 
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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 
V. -V. =L~ ConvaP grtdaP dt (E-5) 

Thereafter applying Parke Transfonnation in the equation (E-5), equation (E-6) was 

obtained. Equation (E-6) represents the signals on the rotating reference plane. 

(
VconVd J _(Vgridd J = (co~r Sinr J L d~7 
VConv Vgrid -Smr Cosr dlL 

q q L--P 
dt 

(E-6) 

Continuing with equation (E-6), equation (E-7) was obtained. 

(VconVdJ_(VgriddJ=(:o~r Sinr JL~(~La J 
VConv Vgrid Smr Cosr dt L 

q q P 

(E-7) 

Where, the symbol y as discussed in section 3.4.1 is the output of the PLL PI-based 

controller angle. 

In equation (E-7), the vector (;: ) can be defined as expression (E-8) 

(E-9) 

Where, equation (E-9) is the inverse Parke Transfonnation. Substituting equation (E-9) to 

equation (E-8), equation (E-I0) was obtained. 
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(E-I0) 

Let: 

d 
(

COSYOi -Sinyoi J 
A=L- Ld Lq 

dt SinyoiLd + Cosy oiLq 

(E-ll) 

Equation (Eo10) was redefined to equation (Eo12) 

(
VconVd J_(Vgridd J =(=o~y Siny )0 A 
VConv Vgrid Smy Cosy 

q q 

(E-12) 

Now applying the derivative in equation (E-11), equation (E-13) was obtainedo 

d~ d~ 
(-OJoSinyoi +Cosyo_li )-(OJoCosyoi +Sinyo-q) 

Ld dt Lq dt 

diL di 
(OJ 0 Cosy oiL +Sinyo -

d
d )+(-OJoSinyoiL + Cosy 0 dLq) 

li t q t 

A=L (E-13) 

Now factorizing ro, equation (E-14) was obtainedo 

A=L (E-14) 

Equation (E-14) was group in matrix fonn as shown in equation (E-15) 
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A =L m(-c~sr -SinrJ[~Lq J+(c~sr -SinrJ 
-Smr Cosr IL Smr Cosr 

d 

diL __ d 

dt 
diL 
--q 

dt 

AppendixE 

(E-15) 

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. 

A=L 

diL 
m(C~sr -SinrJ[~iLq J+(c~sr -SinrJ ~/ 

Smr Cosr IL Smr Cosr diL d ___ q 

dt 

Equation (E-16) can also be rewritten as shown in equation (E-17) 

diL 
A=L m(Co.sr SinrJ-I[~iLqJ+(Co~r SinrJ-

1 ~td 
-Smr Cosr IL -Smr Cosr diL 

d ___ q 

dt 

(E-16) 

(E-17) 

Substituting equation (E-17) to equation (E-I0) and simplifying it, equation (E-18) was 

obtained. 

(E-18) 

Furthermore solving for VConv and VConv equation (E-19) was obtained. 
d q 
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(E-19) 
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F Three-phase transformer analysis 

I he aim of a three-phase trJnstOrm ~r is 10 step up Or st~l' tlown voltag~'S sO that. diJlc ,ent 

power systems wit h different \'ollage, va l u~s ~an b~ connected together [7J. In J(icli \Lon, it 

can be used as dcctrical isolatoc between 11"0 syskms. 

Tile tllrcc-phasc lransiiJnTIer used in prac tice was a combination of thr"~ sing l e-p h ~s~ 

tr,msfom1e"S, more 'PCci fically a single-pl1.1se tllr<.:e "imling transii>rlner oJ'lhe following 

riltings 230/55.4, 1,5kVA. 

In the sectiOt" to tOl lo\\,. Ihe single-phase three-w inding transionner connections w ill b<' 

discussctl, It willlOct[s on no-load. shorted c,rcmltest ami the construction oflhe lhree­

phaw tr:msfOlln<.-.,-, 

F.1 Single-Phase three winding transformer 

As ",as mentiOtled the single-phase lranslonTIer that w'as usetl had three wirnling. One on 

the primary side and t\\O on The '-<'coTldary side, The \\'imling on the primary side ,oitage 

w"" raktl at DOV The two ", intl mg Ofl lh ~ secontlary sid~. th"i, \'oltag"s were rated ut 

54V', Photo F I-I sl)(m This, 
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The singk·p)wsc tr<ln, lormcr w~n; ll\ aJ~ has tOroillil1 core Illmu ;"L Toroidai lransfoll11ers 

af<' mor,' mh'antag<~1us lil ,,,, II"" nth~ r till<' of transformer cc>rcs, lor inst<lncc the EI COre. 

Photo F.I -2 si",,,"s the phc>4 o ufthe singk-phase three windIng lralls l o l'm ~r lISCJ in the 

prol~":L 

Frolll p ll<'[O 1'. 1-2 tl1<.' primal}' s ide is ,'(1 l or~"(i as purp le arid tb e seconda ry- side ns l> ja<,:k 

and red. 

Figure f . j - I below illlLslraks an ukal 'll1gk-pha,~ lhnx wi ,><.ling lJ"allsfonll er. 

~l,. 

c----

• '\ c • • 
-< 

, , S,(2-O) 

) 
>-

-

" • 
;;-.1,_ 

, , , >-- :>-" S,(0-2) , 
(-/ 

PRI(8-8) 

Fi~1I ro F .1_ 1 , «ho "'~tk ",pro<.n'~'ion ohloc ideAl ,in~ I ._ph~'" '~roo II indin ~ ' ramfO 'nlcr 

f'or a transformer to Ix ideal sollle assumptions hatl 10 Ix; maoc. the n'>Sumptions given 

~'" the foil",, ;ng [2 ,)J: 
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• '" The 1\ imliilg.1 h,,"" ~"m r""i"/(lIIce: Illne/lI,-e. In e f R /0,<'<", ill th c ll'illdillgS ,IYC 

z<'I"0,"[29] 

• "Th~ wre perm,.,,""ilv ,II, is infiilite "hien cu/"r<e,spOIuls I" : em co,.,. 

re/uel""Cl,:'[29 J 

• " There is no ImKugej/t,,:, lllIil i.l', Ihe enlir<' .II".Y QJ .. is conlined 10 Ihe o m' an" 

bllk.,' holn willdinXI." [29] 

• '"fhere are 110 COre /o,<ws:'[ 2<JJ 

TIC!0se assumptions are impottilnt b<:cause th~)-' ~nabk tlk: use of Amp"'-" atid Fara<by's 

laws to d~riv~ (il<.- ldeal (ranslimTIer n;)a(ionships, III tnc iocal singlc-pha,c (WO wiooing 

(ransformer. the Ampere"s law is defltl<:d oS shown in expression (F. I-I ) [29 J-

(1',1-1) 

It wa, uscd (() den, e (he rdatlOnship OCI wecn the number or lum, ~nd lhc ~urretll !hl'O!I~h 

it "I'll\;, primary ,i<1e and sewn<I'-'r) , ;<Ie. Eql\al ion (E. 1-2) "as obtained 

(1'.1.-2) 

Faraday's law waS <kli,...,d as shown in ~'lualio n iF.I.-.') r291-

(F. L-3) 

II was us~d to derive tt.: rdmionship Ix:t we~n lhe number oflums Lilld the .. oltag~ .1<:ross 

il oftlk: primary side and s~wnd~ ry side wi ndings, Egwlion (1'.1"4) shows this 

E L , . (F. I-4) 
,\.', lV, 
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ThG S<HUe ,maly-,,-, done ah<lvto Ii" the i"..:al slIlg:le-phasc' two winding: tran-,li1Cme r was 

don~ for the ideal sin!;J e-ph""" t hr~~ winding translormn, wh i~h yielded the follov,.ing 

equatl(1I1S (" 1-') ) ami (I '. I -G) ll ') J. 

(F. I_,)) 

(F, I-G) 

Howev~ r, [Lgllr~ "' I-I cannot b" us~d to analyz~ th~ practical tran.,t(mner II l us t rat~d in 

photo F.I -1. 

In [2')1 it was menti{Mled that tl-.., single-ph as~ th ree winding transformer can operate as 

~lnglc- pha, ~ t"o " i"dlng tran, lom,..:r just by IcU\'lng On~ of th~ winding., Op~IL Lt was 

also added that due to this fact, a standard l\o-Load and short-cLll;uit test ~a ll be 

The practical tmnsjormGI' ditTc1', from i (j.,:~l lransrormer ililhe lollowing points l29J: 

• "The ,'or" pemwohi/ily ,u ).' f inite:·[291 

• '-rile magllet h' (lux is 'WI <'Illi,-"'-" mn!iIl"J to th" ,·or<-'." [29 J 

• ""I h"r" aI'" 1', 'III and r"aCliw l )()"'l!r 111.1',<",< ill III<' ""r"·"l29 J 

F _2 Practical single-phase three winding transformer 

In prevIOus -'~ction lhe idea l singi~-pha,~ thre~ wmding transi(lrlner '".:hcmatic was 

dluslraled in fL~u rc F, I-l. howe"C!" il wa, conc lude lhm il cannot be lised 10 ana lyze the 

practical tr~nsformer From r~fcre nce l7. 291 th~ pradical single-ph~s~ t hre~ winding 

transformer sdwmati ..: wa, uelived. figure ".2- 1 LlI llslral~ thi.'. 
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Ir-- X l2 

'---''''I>, __ -.n 12 
+ + • + 

V2 

VI PR1(8-8) 

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 13 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.l-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. 

1]- -12 

+ + • • + + 
IcJ 1m] 

V] PRI(8-8) RcJ Xml E] E2 S1{2-0) V2 

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 

(HVopen) (LV shorted) (HVopen) (LV shorted) (HVopen) (LV shorted) 

Voltmeter 55.4 V llV 55.5 V 11.22 V 55.4 V 11.4 V 

Ammeter 0.4 A 6.5A 0.233 A 6.5A 0.338 A 6.3 A 

Wattmeter 8.3W 70.99W 8W 72.89W 8.3 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. 

11 RI R' Xu X;2 t 2 2 

Icl ImI 

VI V' 
2 

RcJ X mI 

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) 

Turn ratio = 230 = 4.152 = a 
55.4 

(F.3-1) 

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. 

(F.3-2) 

(F.3-3) 

(F.3-4) 

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-l. 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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,...---'---, 1m2 

Rc2 Xm2 

Figure F.3.1-1: No-load equivalent circuit [7] 

The equations used to caJculate the No-load equivaJent parameters are shown below [7]. 

P, = V2
2 

(F.3.1-1) No-Load R 
c2 

12 =~(l;2 +1;2) (F.3.1-2) 

X - V2 (F.3.1-3) m2-] 
m2 

ReI = a2 ·Rc2 (F.3.1-4) 

X m1 = a2 ,Xm2 (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 equivaJent 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; 

Req1 = Rl + R;2 (F.3.2-1) 

X eq1 = X ll + X;2 (F.3.2-2) 

~c = I12Reql (F.3.2-3) 

Z -~ (F.3.2-4) eql-Y 
1 

Zeql = ~(R;ql + X;q\) (F.3.2-5) 

_ Req1 Req2 - 7 
(F.3.2-6) 

_ X eq\ 
X eq2 --;;z (F.3.2-7) 

X 
L=- (F.3.2-8) 

21(/ 

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 transfonner. 
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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 

RcI_A Lml_A Rc2_A Lm2_A Reql_A Leql_A Req2_A Leq2_A 

[0] [H] [0] [mH] [0] [uH] [mO] [uR] 

6405.1 8.2 371.61 475.09 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 Lml_B Rc2_B ~_B Reql_B Leql_B Req2_B Leq2_B 

[0] [H] [0] [mH] [0] [uH] [mO] [uR] 

6612.5 16.6 385.03 963.97 1.73 177.39 100.1 10.292 

Table F.3.2-3: Practical Singie-PhaseTransformer C 

Result of No-Load Test Result of Shorted-Circuit Test 

High Side Low Side High Side Low Side 

RcI_C LmI_C Rc2_C Lm2_c Reql_C Leql_C Req2_C Leq2_C 

[0] [H] [0] [mH] [0] [uR] [mO] [uR] 

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 404.1-2 in section 4.4.1, as discussed previously repre&ents 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 ~ircuit test parameters values were calculated using the 

approximated equivalent circuit, figure F.3-l. 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 ~ = a2 IS = Rl 

and X;2 = a2 X/ 2 = XII' Therefore assuming that each single-phase transformer was well 

designed, equations (FA-I) and (FA-2) were used. 

(FA-l ) 

2X -X _ X eq1 
a 12 - 11 ---2 

(FA-2) 

Using table F.3.2-1 to F.3.2-3 and using equations (FA-I) and (FA-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 FA-l shows this. 
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Table F.4-I: 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 Rl Ll Ll Ll R2 R2 R2 L2 L2 L2 

[mO] [mO] [mO] [~] [~] [~] [mOl [mn] [mO] [~] [~] [~] 

840 865 905 320.2 88.7 135.9 48.8 50.3 52.6 18.6 5.2 7.9 

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 -~. The ~-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-~ connection using three single­

phase transformers 
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• >-
>- 5 1(2-0) 

>-

r ~('-": 
V No PRI(8-8 

AB 

o-I
p
_
R1...:.,_-'--_--t---r-__ -:'-'Tra"'nsform 

• 
er B 

• 
.h-

Co 

>-
>- 51(2-0) 

>-
VBn PRI(8-8 r SJ~": 

erC .!ru 
Co 

( . 
>-
>- 51(2-0) 

>-

liAB 

:;ed on BA 

Vc 

ty.ec1 onCB 

Figure F.5-1: y-~ three-phase transformer connections 

Appendix F 

VCA 

From [7, 29] it was mentioned that in the Y-I). or I).-y three-phase transfonner, 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. 

252 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Appendix G 

APPENDIXG 

253 



Univ
ers

ity
 of

 C
ap

e T
ow

n

AppendixG 

G Simplorer Block functions 

G.1 Initial conditions block 

INTERNEQU { 

w:=2*pi*50 ; 

p:=o; 

q:=o; 

switch:=O; 

KI_PLL:=1736.111111 ; 

KP_PLL:=92.11 ; 

Thresh _new:=20900 ; 

II active power variable control for the power calculator 

II reactive power variable control for the power calculator 

Iithis variable was set to zero to keep the synchronize 

switch open until the phase are synchronized 

II PLL integral gain 

I IPLL proportional gain 

II initial threshold point 

Thresh_dumy:=Thresh_new; II threshold variable to be manipulated in the code. 

II apparent power variable control to be manipulated in the 

code 

turn Jatio:=4.151624549 ; I I three-phase transformer tum 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 (Angle_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 V_A C _ 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 transfonner leads the corresponded d-part by 30° as discussed previously, thus 30° 

was added to theta _ TjSec to produce the Angle_Source of the Y -part of the three-phase 

Y -~ transfonner. 

Moreover J3 was multiplied to a constant value of 230, which represent the grid nns 

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 Va or Vp when the Clarke 

transfonnation had as coefficient ~ . 

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 Va and Vp were 

calculated. Comparing the calculated wavefonn with the Va and Vp, calculated by using 

equation (4.8-1) and the two input line to line signal discussed above, it was noticed that 

Va was equal to Amp _ S cos(Angle _Source) and Vp 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 pwposed 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_TjSec, V_beta_TjSec, I_alpha_S and 

I beta S. 

The internal equations below illustrate the above description. 

INTERNEQU { 

Amp_S:=55.4*turnJatio*sqrt(3); II Calculating the amplitude voltage of grid Valpha 
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and Vbeta 

Angle_Source:=theta_TfSec +rad(30) ; II Calculation of high side grid phase angle from 

the calculated lower side phase angle of the 

three-phase transformer. 

cos _ source:=cos(Angle _Source) 

II calculating the sine of the grid Angle_Source 

once in the code tovbe used elsewhere in the code. 

Ilcalculating the cosine of the grid Angle_Source 

once in the code to be used elsewhere in the code. 

V alpha_source _ Calculated:= Amp _ S*cos _source; 

Vbeta _source _ Calculated: = Amp _ S *sin _source; 

V _ d _ Source:= V alpha_source _ Calculated*cos _ source+ Vbeta _source_Calculated *sin _sou 

rce; 

V _ <L Source:=-Valpha _source _ Calculated*sin _ source+ Vbeta _source_Calculated * 

cos_source; 

I_alpha_S:=sqrt(3/2)*I_Source_A.I; 

I_beta_S:=sqrt(3/2)*(sqrt(1I3)*I_Source_A.I+sqrt(4/3)*I_Source_B.I); 

I_d_S:= I_alpha_S *cos_source+I_beta_S * sin_source; 

I_<LS:=-I_alpha_S*sin_source+I_beta_S*cos_source; 

P _Source:=V alpha_source*I _alpha _ S+Vbeta_source*I_beta _ S; 

<L Source:=-Vbeta _source * I_alpha _ S+Valpha_source*I_ beta _ S; 

PF:=cos«pi*deg(atan(<L SourcelP _Source »)/180); 

S _ Source:=sqrt(P _ SourceA 2+Q_ SourceA 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 transfonner, met in a node point, see figure 

4.7-1, then the Kirchhoffs 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 transfonner, 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. 

(G.3-1) 

(G.3-2) 

In addition, when it was in the discharge mode, equations (G.3-3) and (G.3-4) were 

obtained. 

ILoad_a = Igrid_a +Ilnv_a 

I Load j3 = I grid j3 + I Inv _P 

(G.3-3) 

(G.3-4) 

Note that the three-phase inverter currents measurements were done only in the lower 

side of the three-phase transfonner, therefore its alpha and beta values could not be used 
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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-Il. 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 0.2, 

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 

J3 [7]. 

Figure 0.3-1 and 0.3-2 illustrates the result of equations (0.3-1) and (0.3-2) 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 Transfonner HS 
55.0 

40. 

-40. 
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t [5] 

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 

5B.0 

-57.5 
---.,----~,-' --~'r-----r'----~,--· --,-----

o 20.00m 40.00m 60.00m BO.OOm 100.00m 120.00m 140.00m 
t[5] 

Figure G.3-2: Calculated three-phase load current alpha and beta 

INTERNEQU { 

dumy_Calpha:=(CAmp/(tumJatio*sqrt(3») *cos(theta_Current_LS_to_HS); II 

Ilcalculated three-phase inverter output current alpha on the 

high side of the three-phase inverter. 

dumy_Cbeta:=(CAmp/(turnJatio*sqrt(3») *sin(theta_Current_LS_to_HS); II 

Ilcalculated three-phase inverter output current beta on the 

high side of the three-phase inverter. 

IF (((I_alpha_Conv_out_HS_Calculated>O) AND (Calpha_S<O» 

OR ((I_beta_Conv_out_HS_Calculated>O) AND (I_beta_S<O» 
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OR «1_alpha_Conv_out_HS_Calculated<O) AND (l_alpha_S>O)) 

OR «(I_beta_Conv_out_HS_Calculated<O) AND (l_beta_S>O))) 

II this if statement condition 

is used to calculated the load 

current alpha and beta from 

the grid and inverter current 

alpha and beta. 

{ II 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{ II in this bracket the dumy alpha and beta current are positive i.e. the three-phase 

inverter is in the discharge mode. 

l_alpha_Load_dumy:=I_alpha_S+dumy_l_alpha; 

l_beta_Load_dumy:=I_beta_S+dumy_l_beta; 

}; 

I_alpha_Load _ Calculated:=I_alpha _Load _ dumy; 

l_beta_Load_Calculated:=I_beta_Load_dumy; 

1_ d _ Load:= I_alpha_Load _ Calculated*cos _ source+1 _beta_Load _ Calculated*sin _source; 

I _ ~ Load:=-I_alpha _Load_Calculated *sin _ source+1 _beta_Load _Calculated *cos _source; 

P _ Load:= V alpha_source _Calculated *1_ alpha_Load _Calculated 

+ Vbeta _source_Calculated *1_ beta_Load _ Calculated; 

<L Load:=-Vbeta _source_Calculated *1_ alpha_Load _Calculated 

+ Valpha _source_Calculated *1_ beta_Load _Calculated; 

S _ Load:=sqrt(P _ Load"2+<L Load"2); 

C Amp:=sqrt(!_ d _ Conv _ out_ LS"2+1 _ ~ Conv _ out_ LS"2); 

P _Load _ dumy:=V alpha_source _ Calculated*l_ alpha_Load _ dumy+ Vbeta _source _ Calcula 

ted*1 _beta_Load _ dumy; 

<L Load _ dumy:=-Vb eta _source _ Calculated*l_ alpha_Load _ dumy+ 
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V alpha_source _ Calculated*C beta_Load _ dumy; 

S _Load _ dumy:=sqrt( P _Load _ dumy"2+~ Load_ dumy"2);} 

G.4 Three-phase inverter equation block 

INTERNEQU { 

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.V AL ; 

sintheta:=sin(theta Conv); 

costheta:=cos(theta Conv); 

V _d_TfSec:= V _alpha_TfSec*costheta+V _beta_TfSec*sintheta; 

V _CLTfSec:= -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 _ CL Conv:= -V _ alpha_ Conv*sintheta+ V_beta _ Conv*costheta ; 

I_alpha _ Cony _ Inductor:=sqrt(3/2)*I _Inductor _ A.I ; 

AppendixG 

I_beta _ Cony _ Inductor:=sqrt(3/2)*(sqrt( 1/3 )*1_ Inductor _ A.I +sqrt( 4/3 )*1_ Inductor _ B.I ) ; 

Cd _ Cony _ Inductor:= 1_ alpha_ Cony _ Inductor*costheta+I_ beta_ Cony _ Inductor*sintheta; 

1_ CL Cony _ Inductor:= -1_ alpha_ Cony _ Inductor*sintheta+ I_beta _ Cony _ Inductor*costheta 

I_alpha_Conv_out_LS:=sqrt(3/2)*I_Conv_Out_A_LS.I ; 

C beta_ Cony _out_ LS:=sqrt(3/2)*(sqrt(1/3)*I_ Cony _ Out_ A_ LS.I 

+sqrt(4/3)*I_Conv_Out_B_LS.I) ; 

Cd_Conv_out_LS:= Calpha_Conv_out_LS*costheta+Cbeta_Conv_out_LS*sintheta; 

1_ CL Cony _ out_ LS:= -I_alpha _ Cony _ out_ LS*sintheta+I _ beta_ Cony _out_ LS*costheta ; 

C alpha _ Cony _ out_ HS _ Actual:=sqrt(3/2) *1_ Cony _ Out_ A_ HS.I ; 
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l_beta_Conv_out_HS_Actual:=sqrt(3/2)*(sqrt(1I3)*I_Conv_Out_A_HS.I+sqrt(4/3)*CC 

onv_Out_B_HS.I) ; 

I_d _ Cony _ out_HS _Actual:=I_alpha_ Cony _ out_ HS _Actual*cos_source+l_ beta _ Cony _ 0 

ut_HS_Actua1*sin_source ; 

1_ ~ Cony _ out_ HS _Actual:= -I_alpha _ Cony _ out_ HS _Actual * sin _source 

+1_beta_Conv_out_HS_Actual*cos_source ; 

P _ Cony _ LS:=V _alpha _ TfSec*C alpha _ Cony _ out_ LS+ V_beta _ TfSec*1 _beta _ Cony _ out_ 

LS; 

<L Cony _LS:=-V_beta _ TfSec*C alpha _ Cony _ out_ LS + V_alpha _ TfSec 

*1_beta_Conv_out_LS; 

P_Conv_HS_Actual:=Valpha_source_Calculated*l_alpha_Conv_out_HS_Actual 

+Vbeta _source_Calculated *I_beta _ Cony _out_HS _Actual ; 

<L Cony _ HS _ Actual:=-Vbeta _source_Calculated *1_ alpha _ Cony _ out_ HS _Actual 

+Valpha _source_Calculated *1_ beta _ Cony _out_ HS _Actual ; 

S _ Cony _ HS _Actual:=sqrt( P _ Cony _ HS _ Actual"2+<L Cony _ HS _ Actual"2 ) 

S_Conv_LS:=sqrt( P_Conv_LS"2+<LConv_LS"2) ; 

theta _ Current_ LS _to _ HS:=theta _ Current_ LS+angle Jad ; 

angleJad:=rad(30) ; 

PLLCos:=55.4*cos(theta_PLL.V AL ); ; 

PLLSin:=55.4*sin(theta_PLL.VAL); ; 

theta _ Current_ LS:= atan2(1_ alpha _ Cony _ out_ LS,I _beta _ Cony _ out_ LS ) 

theta _ Current_ HS _ Actual:=atan2(1_ alpha _ Cony _ out_ HS _Actual, 1 _beta _ Cony _ out_HS_ 

Actual) ; 

Magnitude_I_LS:=sqrt(l_alpha_Conv_out_LS"2+I_beta_Conv_out_LS"2); 

I_alpha _ Cony _ out_ LS _Calculated _ PhaseShifted:= Magnitude _1_ LS *cos( theta _ Current_ 

LS_to_HS) ; 

I_beta _ Cony _ out_ LS _Calculated _ PhaseShifted:=Magnitude _1_ LS * sin (theta _ Current_ LS 

_to_HS) ; 

I_alpha _ Cony _ out_ HS _ Calculated: = I_alpha _ Cony _ out_ LS _Calculated _ Phase Shifted 

l(turnJatio*sqrt(3» ; 
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C beta_ConY _ out_ HS _ Calculated:=1 _ beta_ConY _ out_ LS _Calculated _PhaseShifted 

/(tum ratio*sqrt(3» ; 

P _ConY _ HS _ Calculated:=Valpha_ source _ Calculated*I _ alpha_Cony _ out_ HS _Calculated 

+ Vbeta _source_Calculated *1_ beta_ConY _ out_ HS _Calculated ; 

Q_ Cony _ HS _ Calculated:=-Vbeta _source _ Calculated*I _ alpha_ConY _ out_ HS _Calculated 

+ Valpha _source_Calculated *1_ beta_Cony _ out_ HS _Calculated ; 

S _ConY _ HS _ Calculated:=sqrt( P _ConY _ HS _ CalculatedI\2+~ Cony _ HS _ Calculatedl\2 ) 

;} 

G.5 SVPWM equation block 

INTERNEQU { 

Valpha ywml:= Vdywm. VAL *costheta-Vqywm.VAL *sintheta ; 

Vbetaywml:= Vd-pwm.VAL *sintheta+Vqywm.VAL*costheta; 

Valpha:=Valphaywml ; 

Vbeta:=Vbetaywml ; 

Vabs _ alpha:=abs( Valpha ) 

Sector Selection 

IF( Vbeta>=O ) 

{ 

IF(Vbeta>=tan(rad( 60) )*Vabs _alpha) 

{ 

sector:=2; 

} 

ELSE IF(Vbeta<tan(rad( 60) )*Vabs _alpha) 

{ 

IF(Valpha>=O) 

{ 

sector:=l; 

263 



Univ
ers

ity
 of

 C
ap

e T
ow

n

} 

} 

ELSE 

{ 

sector:=3; 

} 

} 

ELSE IF (Vbeta<O) 

{ 

} ; 

IF(Vbeta<=-tan(rad(60))*Vabs_alpha) 

{ 

sector:=5; 

} 

ELSE IF(Vbeta>-tan(rad(60))*Vabs_alpha) 

{ 

IF(Valpha>=O) 

{ 

sector:=6; 

} 

ELSE 

{ 

sector:=4; 

} 

} 

Period:=TRIANG 1. TPERIO ; 

Vdc:= V _DC.V; ; 
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IF (sector= 1) 

{ 

} 

tl:=(Periodl(2*Vdc»*(sqrt(3/2)*Valpha-sqrt(1I2)*Vbeta); 

t2:=(Periodl(2*Vdc»*(sqrt(2)*Vbeta); 

IF((t1+t2»(Period /2) ) 

{ 

tlnew:=(tl *(Period /2) )/(tl +t2); 

t2new:=(t2*(Period /2) )/(tl +t2); 

overmod:=l; 

tl:=tlnew; 

t2:=t2new; 

} 

ELSE 

{ 

overmod:=O; 

} 

to:=(Period /2)-(tl +t2); 

Aref:=t012+t2+tl ; 

Bref:= t012+t2; 

Cref:=tO/2; 

ELSE IF (sector=2) 

{ 

t2:=(Periodl(2*Vdc»*(sqrt(312)*Valpha+sqrt(1/2)*Vbeta); 

t3:=(Periodl(2*Vdc»*(-sqrt(312)*Valpha+sqrt(1/2)*Vbeta); 

IF((t2+t3»(Periodl2) ) 

{ 

t2new:=(t2*(Periodl2) )/(t2+t3); 

t3new:=(t3*(Period /2) )/(t2+t3); 
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} 

overmod:= 1 ; 

t2:=t2new; 

t3:=t3new; 

} 

ELSE 

{ 

overmod:=O; 

} 

to:=(Period 12)-(t2+t3); 

Bref:=tO/2+t2+t3; 

Aref:= t012+t2; 

Cref:=tO/2; 

ELSE IF (seetor=3) 

{ 

t3:=(Period/(2 *V de) ) * (sqrt(2)*Vbeta); 

t4:=(Period/(2 *V de) )*( -sqrt(312)*Valpha-sqrt( 1/2)*Vbeta ); 

IF«t3+t4»(Period 12) ) 

{ 

t3new:=(t3*(Period 12) )/(t3+t4); 

t4new:=(t4*(Period 12) )/(t3+t4); 

overmod:= 1; 

t3:=t3new; 

t4:=t4new; 

} 

ELSE 

{ 

overmod:=O; 

} 

to:=(Period 12)-(t3+t4); 
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} 

Bref:=tO/2+t4+t3 ; 

Cref:= tO/2+t4; 

Aref:=tOI2; 

ELSE IF (seetor=4) 

{ 

} 

t4:=(Periodl(2*Vde»*(-sqrt(3/2)*Valpha+sqrt(1/2)*Vbeta); 

t5:=(Periodl(2*Vde»*(-sqrt(2)*Vbeta); 

IF«t4+t5»(Period 12) ) 

{ 

t4new:=(t4*(Period 12) )/(t4+t5); 

t5new:=(t5*(Period 12) )/(t4+t5); 

overmod:= 1; 

t4:=t4new; 

t5:=t5new; 

} 

ELSE 

{ 

overmod:=O; 

} 

to:=(Period 12)-(t4+t5); 

Cref:=tOl2+t4+t5 ; 

Bref:= tO/2+t4; 

Aref:=tO/2; 

ELSE IF (seetor=5) 

{ 

t5:=(Periodl(2*Vde»*(-sqrt(3/2)*Valpha-sqrt(1/2)*Vbeta); 

t6:=(Periodl(2 *V de »*(sqrt(3/2)*V alpha-sqrt(1I2)*Vbeta); 

267 

Appendix G 



Univ
ers

ity
 of

 C
ap

e T
ow

n

} 

IF«t5+t6»(Period /2) ) 

{ 

t5new:=(t5*(Periodl2) )I(t5+t6); 

t6new:=( t6*(Periodl2) )/( t5+t6); 

overmod:= 1; 

t5:=t5new; 

t6:=t6new; 

} 

ELSE 

{ 

ovennod:=O; 

} 

to:=(Period /2)-(t5+t6); 

Cref:=t0I2+t6+t5 ; 

Aref:= to/2+t6; 

Bref:=tO/2; 

ELSE IF (seetor=6) 

{ 

t6:=(Periodl(2*V de) )*( -sqrt(2)*Vbeta); 

tl:=(Periodl(2*Vde))*(sqrt(312)*Valpha+sqrt(1I2)*Vbeta); 

IF«t6+tl»(Period /2) ) 

{ 

} 

t6new:=(t6*(Periodl2) )/(t6+tl); 

tlnew:=(tl * (Periodl2) )/(t6+tl); 

ovennod:=l; 

t6:=t6new; 

U:=Unew; 
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ELSE 

{ 

ovennod:=O; 

} 

to:=(Periodl2)-(t6+t1 ); 

Aref:=tO/2+t6+t 1; 

Cref:= t0I2+t6; 

Bref:=tO/2; 

} ;} 

Almendix G 

G.6 Peak shaving equations charging and discharging block 

INTERNEQU { 

IF( t>20m) 

{ 

switch:=l; 

KCdumy:=11.1111 ; 

KP _dumy:=7.37; 

IF(switch=l) 

{ 

KP _PLL:=KP _dumy; 

KI_PLL:=KI_dumy; 

} 

S _ conv:=4500; 

Angle:=-acos(PF) ; 

11******************setting the threshold line**************** 

Thresh:=Thresh _ dumy; 

IF( (S_Load-Thresh) >(S_Load*O.05)) 

{ 
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} 

Thresh _ new:=S _ Load-(S _ Load*O.OS); 

Thresh _ dumy:=Thresh _new; 

AppendixG 

ELSE {Thresh _ new:=Thresh;} 

11*************************charging Mode*************************** 

IF(S_Source<Thresh_new) Ilifthree-phase grid apparent power is below the 

threshold line, thus start charging the battery 

{ 

IF(S_Source>(Thresh_new-(Thresh_new*0.02») II check if three-phase grid 

apparent power is greater 

than 98% of the threshold 

point 

{ 

S_conv_dumy:=S_conv_dumy+S Iidecrease the flow of apparent power 

into the three-phase inverter. 

IF(S_conv_dumy>O){S_conv_dumy:=O;}llwhile 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 _ cony _ dumy:=S _ cony _ dumy-l I I increase the flow of apparent power 

towards the three-phase inverter 

IF(S _ cony _ dumy<-4S00) {S _ cony _ dumy:=-4S00;} Ilwhile the three-phase 

grid power is below the 
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} 

} 
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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; II set the total apparent power as real power, which mean 

PF was set to unity 

q:=S _ conv _ dumy*O; II set the reactive power to zero. 

11*************************Discharging Mode *********************** 

IF(S_Load>Thresh_new) lithe 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; Iithis 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);lldeliverthe real power to the three-phase grid 

depending on the three-phase grid PF. 

q:=S _ conv _ dumy*sin(Angle);lldeliver the reactive power to the three-phase grid 

depending on the three-phase grid PF. 

271 



Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
 of

 C
ap

e T
ow

n

Appendix H 

APPENDIXH 
H Voltage Transducer LV 25-P 

273 



Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
of 

Cap
e T

ow
n

Voltage Transducer LV 25-P 
For the electronic measurement of voltages: DC, AC, pulsed ... , 
with a galvanic isolation between the primary circuit (high voltage) 
and the secondary circuit (electronic circuit). 

t, 

C€ 
Electrical data 

Primary nominal r.m.s. current 
Primary current, measuring range 
Measuring resistance 

with ± 12 V 

with ± 15 V 

@± 10mA max 

@± 14 rnA max 

@± 10 rnA max 

@ ± 14 rnA max 

Secondary nominal r.m.s. current 
Conversion ratio 
Supply voltage (± 5 %) 
Current consumption 
R.m.s. voltage for AC isolation test 1), 50 Hz, 1 mn 

Accuracy - Dynamic performance data 

Overall AccuraCY@IPN' TA = 25·C @± 12 .. 15 V 
@±15V(±5%) 

Linearity 

Offset current @ Ip = 0, T A = 25·C 
Thermal drift of 10 O·C .. + 25·C 

Response time 2) @ 90 % of V p max 

General data 

Ambient operating temperature 
Ambient storage temperature 

+ 25·C .. + 70·C 

Primary coil resistance @ TA = 70·C 
Secondary coil resistance @ T A = 70·C 
Mass 
Standards 3) 

Notes : 1) Between primary and secondary 

10 rnA 
0 .. ± 14 rnA 
RMmin RMmax 

30 190 n 
30 100 n 
100 350 n 
100 190 n 

25 rnA 
2500: 1000 
± 12 .. 15 V 
10(@±1SV)+ls rnA 
2.5 kV 

± 0.9 % 
± 0.8 % 
<0.2 % 

Typ Max 
± 0.15 rnA 

± 0.06 ± 0.25 rnA 
± 0.10 ± 0.35 rnA 

40 ~s 

0 .. +70 ·C 
-25 .. + 85 ·C 
250 n 
110 n 
22 g 
EN 50178 

2) R 1 = 25 kn (UR constant, produced by the resistance and inductance 
of the primary circuit) 

3) A list of corresponding tests is available 

LEM Components 

10 mA 
10 .. 500 V 

Features 

• Closed loop (compensated) voltage 
transducer using the Hall effect 

• Insulated plastic case recognized 
according to Ul 94-VO. 

Principle of use 

• For voltage measurements, a current 
proportional to the measured voltage 
must be passed through an external 
resistor R 1 which is selected by the 
user and installed in series with the 
primary circuit of the transducer. 

Advantages 

• Excellent accuracy 
• Very good linearity 
• low thermal drift 
• low response time 
• High bandwidth 
• High immunity to external 

interference 
• low disturbance in common mode. 

Applications 

• AC variable speed drives and servo 
motor drives 

• Static converters for DC motor drives 
• Battery supplied applications 
• Uninterruptible Power Supplies 

(UPS) 
• Power supplies for welding 

applications. 

981125/14 

www.lem.com 

... 
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Dimensions LV 25-P (in mm. 1 mm = 0.0394 inch) 

Bottom view Right view Top view 
26 -----i I 15.24 -I 2x~~6351ll1Tl 

I I 

~ 

]'t- +HT 

~i 
N 
~ 

4--- (j). 

= i 

~I 

t~. 

Back view 

$ 

+ 

2x7.62 

I .' -HT 

(j)' 

M 

I = 

~)<1lJ1mm 

1 
~I 

Mechanical characteristics 

• General tolerance 
• Fastening & connection of primary 

± 0.2 mm 
2 pins 

4 +I:O~-I __ ~_ :::l 
j 

---r 
I 

~l 
0' 
Ni 

I 
I 

!--~~ 
- __ Lrit 

f--- 16.451-t--4.5 +1-03 

LEM® swiss 
made 

CE: 
LV 25-P 
00-0000 

M I +1 ,,_ 

/ 
Standard 00 
or N° SP .. 

\\ 
Year Week 

Secondary terminals 

Terminal + : supply voltage + 12 .. 15 V 
Terminal M : measure 
Terminal - : supply voltage - 12 .. 15 V 

Connection 

+HT -----0+ 
Is RM 

LV 25-P M 0-·CJ----oOV 
-HT -- .-----0-

Remarks 

• Is is positive when Vp is applied on terminal +HT. 

0.635 x 0.635 mm 
• This is a standard model. For different versions (supply 

voltages, turns ratios, unidirectional measurements ... ), 
please contact us. • Fastening & connection of secondary 3 pins 0 1 mm 

• 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 rnA. 

Example: Voltage to be measured VPN = 250 V a) R, = 25 kn/2.5 W, Ip = 10 rnA Accuracy = ± 0.8 % of VPN (@ TA = + 25°C) 
b) R, = 50 kn/1.25 W,lp = 5 rnA Accuracy = ± 1.6 % of VPN (@ TA = + 25°C) 

Operating range (recommended) : taking into account the resistance of the primary windings (which must remain low compared to R 1. 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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PLL_ccode.c 
/************************************************************************/ 
/* written by Antonio conelio */ 
/* Date: NOV 2006 */ 
/* Title: PLL PI-based control */ 
/* */ 
/* comments: */ 
/* This code implements phase-locked loop PI 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 unsigned int *COMCONA = (volatile unsigned int *) Ox7411; 
volatile unsigned int *GPTCONA = (volatile unsigned int *) Ox7400; 
volatile unsigned int *ACTRA = (volatile unsigned int *) Ox7413; 
volatile unsigned int *DBTCONA = (volatile unsigned int *) Ox7415; 

volatile unsigned int *CMPRI = (volatile unsigned int *) Ox7417; 
volatile unsigned int *CMPR2 = (volatile unsigned int *) Ox7418; 
volatile unsigned int *CMPR3 = (volatile unsigned int *) Ox7419; 

volatile unsigned int *TICON = (volatile unsigned int *) Ox7404; 
volatile unsigned int *T2CON = (volatile unsigned int *) Ox7408; 
volatile unsigned int *TIPR = (volatile unsi~ned int *) Ox7403; 
volatile unsigned int *TICNT = (volatile unslgned int *) Ox7401; 
volatile unsigned int *T2PR = (volatile unsi~ned int *) Ox7407; 
volatile unsigned int *T2CNT = (volatile unslgned int *) Ox7405; 

volatile unsigned int *MCRA = (volatile unsigned int *) Ox7090; 
volatile unsigned int *MCRB = (volatile unsigned int *) Ox7092; 
volatile unsigned int *MCRC = (volatile unsigned int *) Ox7094; 
volatile unsigned int *PADATDIR = (volatile unsigned int *) Ox7098; 
volatile unsigned int *PBDATDIR (volatile unsigned int *) Ox709A; 
volatile unsigned int *PCDATDIR = (volatile unsigned int *) Ox709C; 
volatile unsigned int *PFDATDIR = (volatile unsigned int *) Ox7096; 

volatile unsigned int *EVAIMRA = (volatile unsigned int *) Ox742C; 
volatile unsigned int *IMR = (volatile unsigned int *) OxOO04; 
volatile unsigned int *IFR = (volatile unsigned int *) OxOO06; 
volatile unsigned int *EVAIFRA = (volatile unsigned int *) Ox742F; 

volatile unsigned int *SPICCR = (volatile unsigned int *) Ox7040; 
volatile unsigned int *SPICTL = (volatile unsigned i nt *) Ox7041; 
volatile unsigned int *SPISTS = (volatile unsigned int *) Ox7042; 
volatile unsigned int *SPIBRR = (volatile unsigned int *) Ox7044; 
volatile unsigned int *SPIRXEMU = (volatile unsigned int *) Ox7046; 
volatile unsigned int *SPIRXBUF = (volatile unsigned int *) Ox7047; 
volatile unsigned int *SPITXBUF = (volatile unsigned int *) Ox7048; 
volatile unsigned int *SPIDAT = (volatile unsigned int *) Ox7049; 
volatile unsigned int *SPIPRI = (volatile unsigned int *) Ox704F; 

volatile unsigned int *SCSRI = (volatile unsigned int *) Ox7018; 

volatile unsigned int *ADCTRLI = (volatile unsigned int *) Ox70AO; 
volatile unsigned int *ADCTRL2 = (volatile unsigned int *) Ox70Al; 
volatile unsigned int *MAXCONV = (volatile unsigned int *) Ox70A2; 
volatile unsigned int *CHSELSEQI = (volatile unsigned int *) Ox70A3; 
volatile unsigned int *CHSELSEQ2 = (volatile unsigned int *) Ox70A4; 
volatile unsigned int *CHSELSEQ3 = (volatile unsigned int *) Ox70A5; 
volatile unsigned int *CHSELSEQ4 = (volatile unsigned int *) Ox70A6; 
volatile unsigned int *AUTO_SEO-SR = (volatile unsigned int *) Ox70A7; 
volatil e unsigned int *RESULTO = (volatile unsigned int *) Ox70A8; 
volatile unsigned int *RESULTI = (volatile unsigned int *) Ox70A9; 
volatile unsigned int *RESULT2 (volatile unsigned int *) Ox70AA; 
volatile unsigned int *RESULT3 = (volatile unsigned int *) Ox70AB; 
volatile unsigned int *RE5ULT4 = (volatile unsigned int *) OX70AC; 
volatile unsigned int *RE5ULT5 = (volatile unsigned int *) Ox70AD; 
volatile unsigned int *RESULT6 = (volatile unsigned int *) Ox70AE; 
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PLL_C_code.c 
volatile unsigned int *RESULT7 = (volatile unsigned int *) Ox70AF; 
volatile unsigned int *RESULT8 = (volatile unsigned int *) Ox70S0; 
volatile unsigned int *RESULT9 = (volatile unsi9ned int *) Ox70S1j 
volatile unsigned int *RESULT10 = (volatile unslgned int *) Ox70s2; 
volatile unsigned int *RESULT11 = (volatile unsigned int *) Ox70s3; 
volatile unsigned int *RESULT12 = (volatile unsigned int *) Ox70s4; 
volatile unsigned int *RESULT13 = (volatile unsigned int *) Ox70S5; 
volatile unsigned int *RESULT14 = (volatile unsigned int *) Ox70s6; 
volatile unsigned int *RESULT15 = (volatile unsigned int *) Ox70S7; 
volatile unsigned int *CALISRATION = (volatile unsigned int *) Ox70s8; 

/*initializing variables*/ 

/*------------------------------------------------------------------------------------

Initialization of integers for DAC 

--------------------------------------------------*/ 
int DAC1,DAC2,DAC3,DAC4,DAC5,DAC6,DAC7,DAC8,i,j; 

/*------------------------------------------------------------------------------------

Initialization of integers for input values 

--------------------------------------------------*/ 
int num,thou,hund,ten,unit,A-test,s-test; 

long int counter1; 

int 
vac,vbc,va,vb,i~L,ib-L,ia-o,ib-o,DCSUS,pot1,pot2,theta,zeta,power-angle,Theta,ma,Angl 
e_flag,thet~grid-off; 

long int 
DcsusRealv,vaRealv,vbRealv,IaRealv-L,IbRealv-L,IaRealv_o,IbRealv-o,vd,vq,valph~grid-o 
ff,vbet~grid-off; 

/*------------------------------------------------------------------------------------

PLL variable 

--------------------------------------------------*/ 
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; 

/*------------------------------------------------------------------------------------

Clark Transform variables 

--------------------------------------------------*/ 
long int valpha,vbeta,Ialph~L,Ibet~L,Ialph~o,Ibet~o; 

/*------------------------------------------------------------------------------------

Parke Transform variables 
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PLL_c_code.c 
--------------------------------------------------*/ 
long int vd_grid,vq_grid,vd_conv_Transf,vq_conv_Transf; 

/*------------------------------------------------------------------------------------

initialising variables for PWM 

--------------------------------------------------*/ 
int 
Angle,angled,angleq,sector,A,B,c,D,swfr,Aref,Bref,Cref,overmod,valph~dumy,valph~dumy 
_off,vbeta_dumy,vbet~dumy_off,thetacos,thetacosl,sintheta,costheta,sinthetal,costheta 
1· , 
long int 
angledtemp,period,temp,vdRef,VqRef,vdRefAbs,tO,tl,t2,tInew,t2new,ModIndex, samplecount, 
counter,vd_inv,vq_inv; 

extern int sine(); /*calling up a look up table sine function*/ 
extern int atan(); /*calling up a look up table arctan function*/ 

/*------------------------------------------------------------------------------------

starting point for the interrupters 

--------------------------------------------------*/ 

interrupt void Testl(void) 

f 
/*------------------------------------------------------------------------------------

subroutine to calculate the inverse tan of an angle. 
Input to subroutine are valpha and vbeta. 

--------------------------------------------------*/ 
int arctan(int Re, int 1m) 
{ 

int yl; 
if (Re==O) Re = 1; 
if (Im==O) 1m = 1; 

if ((Re>O) & (Im>O)) 
{ 

if (Re>=Im) 
else 

} 
return(yl); 

if ((Im>O) & (Re<O)) 
{ 

if (-Re>=Im) 
else 

} 
return(yl); 

if ((Im<O) & (Re<O)) 
{ 

if (-Re>=-Im) 
else 

} 
return(yl); 

if ((Im<O) & (Re>O)) 
{ 

if (-Im>=Re) 
else 

/* Sektor 1 */ 

{yl = atan((127*Im/Re));} 
{yl = 255 - atan((127*Re/Im));} 

/* sektor 2 */ 

{yl = 511 - atan(127*Im/(-Re));} 
{yl = 255 + atan((-127*Re)/Im);} 

/* Sektor 3 */ 

{yl = 511 + atan(127*Im/Re);} 
{yl = 767 - atan(127*Re/Im);} 

/* Sektor 4 */ 

{yl = 767 + atan(127*Re/(-Im));} 
{yl = 1023 - atan((-127*Im)/Re);} 
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return(y1); 
} 

} 

/*------------------------------------------------------------------------------------

main interrupter "GPTLunderflow" 

--------------------------------------------------------------------------------------
--------------------------------------------------*/ 

interrupt void GPTLunderflow(void) 
{ 

*PFDATDIR &= OXFFFB; 
/* 
bit 15 1; 

bits 14-8 111-1111; 

corresponding pin as an input 

corresponding pin as an output 

bit 7 

bits 6-0 

is read 

is read 

pin low 

pin 
*/ 

high 

1; 

111-1011; 

as a low 

as a high 

*CHSELSEQ1 = 

Reserved 

FnDIR 

Reserved 

IOPFn 

0 configure 

1 configure 

If FnDIR = 0, then: 
0 corresponding I/O 

1 corresponding I/O 

If FnDIR = 1, then: 
0 Set corresponding 

1 Set corresponding 

Ox98A4;/*adc_channe12:RESULT3,4:RESULT2,adc_channel1:REsuLT1,adc_channelO:RESULTO*/ 
*CHSELSEQ2 = Ox0005; 
*ADCTRL2 1= Ox2000; 
while(ADCTRL2 && Ox0200 == OxOOOO) {}; 
*ADCTRL2 1= Ox0200; 

pin 

pin 

I/O 

I/O 

/*------------------------------------------------------------------------------------

receiving an input 

--------------------------------------------------*/ 
Va = *RESULT2; 
Va = va»6; 
Va &= Ox03FF; 

vb = *RESULT3; 
vb = vb»6; 
vb &= Ox03FF; 

pot1 = *RESULT4; 
pot1 = potl»6; 
pot1 &= Ox03FF; 

pot2 = *RESULTO; 
pot2 = pot2»6; 
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pot2 &= Ox03FF; 

DCBUS = *RESULT1; 
DCBus = DCBUS»6; 
DCBUS &= Ox03FF; 

power_angle = pot2-500;/*angle between d-q and alpha-beta plane*/ 

ma = pot1; 

/*------------------------------------------------------------------------------------

scaling down to zero reference to remove offset 

--------------------------------------------------*/ 
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; 
if(samplecount == 256) /* to average the DC voltage*/ 
{ 

} 

DCBusAvg = DCBusSum/256; 
DCBusSum = 0; 
samplecount = 0; 

vaRealv = «long int)va*5600)/32768; /* 5600/32768, Q15:conversion factor from 
LEM measurements */ 

vbRealv = «long int)vb*5600)/32768;/*Rin=54kohms ; Ro= 3170hms */ 

/*------------------------------------------------------------------------------------

Clarke Transform 

--------------------------------------------------*/ 
/*********clarke Transform*************/ 
/* Vac and vbc are integer data type,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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PLL_c-code.c 
(6688/16384)=1/sqrt(6)*/ 

Vbeta=(vbRealv*11585)/16384;/*14189/16384=sqrt(3)/2;9459/16384=sqrt(3)/3; 
11585/16384=sqrt(2)/2*/ 

/*------------------------------------------------------------------------------------

calculation of the grid Angle From the grid valpha and vbeta 

--------------------------------------------------*/ 
/******phase angle for parke transform***********/ 
valph~dumy=(int)valpha/4; 
vbet~dumy= (int)vbeta/4; 

theta = arctan(valph~dumy,vbeta-dumy); 

if(theta>1023) theta=theta-1023; 
if(theta<O) theta=theta+1023; 

/*------------------------------------------------------------------------------------

calculation of the grid vd and vq 

--------------------------------------------------*/ 
/********parke Transform***************/ 

sintheta1=sine(theta);/* define sine(theta) once in the code at this point*/ 
thetacos1=theta+256;/*phase shift the angle theta by 90 degree */ 
if(thetacos1>1023) thetacos1=thetacos1-1023;/*prevent angle to go more than 

1024, which is equivalent to 360 degree*/ 
if(thetacos1<0) thetacos1=thetacos1+1023;/*prevent angle to go negative 

because the sine look up table function only accept values from 0 to 1024*/ 
costheta1=sine(thetacos1);/* define cos (theta) once in the code at this 

point*/ 

vd_grid= (valpha*(long int)costheta1)/1024+(vbeta*(long 
int)sintheta1)/1024;/*vd and vq of the grid*/ 

vq_grid=-(valpha*(long int)sintheta1)/1024+(vbeta*(long int)costheta1)/1024; 

/*------------------------------------------------------------------------------------

phase Locked LOOP controller with PI controller 

--------------------------------------------------*/ 

thet~PLL_diff=y_PLL-theta; 
if(thet~PLL_diff>1023) thet~PLL_diff=theta_PLL_diff-1023; 

if(thet~PLL_diff<O) thet~PLL_diff=thet~PLL_diff+1023; 
Fdbck-PLL= sine(thet~PLL_diff); 

err_k-PLL=Step_point_PLL-Fdbck-PLL;/* error calculation*/ 

U_PLL=(int)«23580*(long int)err_k-PLL)/256+(524003*(long 
int)err-k1-PLL)/32768-(23580*(long int)err_k1-PLL)/256+(long int)u_k1-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*(lon9 int)u_PLL)/32768+(long int)Y_k1-PLL); /*The function 
represent the intregal part 1n discrite form. Y PLL represents the inverter phase 
angle*/ 

if(Y_PLL>1023) Y_PLL=Y_PLL-I023; 
if(Y_PLL<O) Y_PLL=Y_PLL+I023; 

B_test=sine(Y_PLL); 
A-test=sine(theta); 

err_k1-PLL=err_~PLL;/*previous error*/ 
u_k1-PLL=U_PLL; 
Y_k1-PLL=Y_PLL; 

/*------------------------------------------------------------------------------------

park Transform 

--------------------------------------------------*/ 

/*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; 

/************************************************************************************* 
*******************/ 

/*Theta=Y_PLL+power_angle;*/ 

Theta=Y_PLL; 

if(Theta>1023) Theta=Theta-1023; 
if(Theta<O) Theta=Theta+1023; 

sintheta=sine(Theta); 

thetacos=Theta+256; 
if(thetacos>1023) thetacos=thetacos-1023; 
if(thetacos<O) thetacos=thetacos+1023; 

costheta=sine(thetacos); 

vd_conv_Transf= (valpha*(long int)costheta)/1024+(vbeta*(long 
int)sintheta)/1024; 

vq_conv_Transf=-(valpha*(long int)sintheta)/1024+(vbeta*(long 
int)costheta)/1024; 

/*****************************Inverse parke 
Transform**********************************************************************/ 

vd_inv=(vd_conv_Transf*(long int)costhetal)/1024-(vq_conv_Transf*(long 
int)sinthetal)/1024; 

vq_inv=(vd_conv_Transf*(long int)sinthetal)/1024+(vq_conv_Transf*(long 
int)costhetal)/1024; 

/************************************************************************************* 
*************************************/ 
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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_inv)/512; 
vqRef = (ma*vq_inv)/512; 

/************************************************************************************* 
*************************************/ 

*/ 
vdRef = vd_inv; 
vqRef = vq_inv; 

/*------------------------------------------------------------------------------------

searching for the sectors 

--------------------------------------------------*/ 

if(vdRef >= 0) A = 1; 
else A = 0; 
if(vqRef >= 0) B = 1; 
else B = 0; 

VdRefAbs = vdRef; 

if(vdRef < 0) vdRefAbs = -vdRef; 
if(vqRef >= ((14189*vdRefAbs)/8192)) C = 1; /* vq=vd*tan(60)*/ 
else c = 0; 
if(vqRef <= (-(14189*vdRefAbs)/8192)) D = 1; 
else D = 0; 

if((B == 1) && (c == 0) && (A == 1)) sector 
if((B == 1) && (c == 1)) sector = 2' , 
i f((B == 1) && (c == 0) && (A == 0)) sector 
if((B == 0) && (D == 0) && (A == 0)) sector 
if((B == 0) && (D == 1)) sector = 5 ; 
if((B == 0) && (D == 0) && (A == 1)) sector 

= 1; 

3; 
= 4; 

= 6; 

/*------------------------------------------------------------------------------------

calculation of the Duty cycles 

--------------------------------------------------*/ 
i f(sector == 1) 
{ 

t1 = ((vdRef - (591*vqRef)/1024)*swfr)/DcBusAvg; 
t2 = (((591*vqRef)/512)*swfr)/DcBusAvg; 

} 

if((t1 + t2) > swfr) 
{ 

} 

t1new = (t1*swfr)/(t1 + 
t2new = (t2*swfr)/(t1 + 
overmod = 1; 
t1 = t1new; 
t2 = t2new; 

else overmod = 0; 
to = swfr - (t1 + t2); 
Aref = to/2 + t1 + t2; 
Bref = to/2 + t2; 
cref = to/2; 

i f(sector == 2) 
{ 

t2); 
t2); 
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t1 = ((VdRef + (591*vqRef)/1024)*swfr)/DCBuSAvg; 
t2 = ((-VdRef + (591*vqRef)/1024)*swfr)/DCBUSAVg; 
if((t1 + t2) > swfr) 
{ 

} 

t1new = (t1*swfr)/(t1 + t2); 
t2new = (t2*swfr)/(t1 + t2); 
overmod = 1; 
t1 = t1new; 
t2 = t2new; 

else overmod = 0; 
to = swfr - (t1 + t2); 
Bref = to/2 + t1 + t2; 
Aref = to/2 + t1; 
cref = to/2; 

i f(sector == 3) 
{ 

} 

t1 = (((591*vqRef)/512)*swfr)/DCBusAvg; 
t2 = ((-vdRef - (591*vqRef)/1024)*swfr)/DCBusAvg; 
if((t1 + t2) > swfr) 
{ 

} 

t1new = (t1*swfr)/(t1 + t2); 
t2new = (t2*swfr)/(t1 + t2); 
overmod = 1; 
t1 = t1new; 
t2 = t2new; 

else overmod = 0; 
to = swfr - (t1 + t2); 
Bref = to/2 + t1 + t2; 
cref = to/2 + t2; 
Aref = to/2; 

if(sector == 4) 
{ 

t1 = ((-vdRef + (591*vqRef)/1024)*swfr)/DCBusAvg; 
t2 = ((-(591*vqRef)/512)*swfr)/DCBusAvg; 
if((t1 + t2) > swfr) 
{ 

} 

t1new = (t1*swfr)/(t1 + t2); 
t2new = (t2*swfr)/(t1 + t2); 
overmod = 1; 
t1 = t1new; 
t2 = t2new; 

else overmod = 0; 

} 

to = swfr - (t1 + t2); 
cref = to/2 + t1 + t2; 
Bref = to/2 + t1; 
Aref = to/2; 

if(sector == 5) 
{ 

} 

t1 = ((-VdRef - (591*vqRef)/1024)*swfr)/DCBusAvg; 
t2 = ((vdRef - (591*vqRef)/1024)*swfr)/DCBusAvg; 
if((t1 + t2) > swfr) 
{ 

} 

t1new = (t1*swfr)/(t1 + 
t2new = (t2*swfr)/(t1 + 
overmod = 1; 
t1 = t1new; 
t2 = t2new; 

else overmod = 0; 
to = swfr - (t1 + t2); 
cref = to/2 + t1 + t2; 
Aref = to/2 + t2; 
Bref = to/2; 

t2); 
t2); 
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if(sector == 6) 
{ 

t1 = ((-(591*vqRef)/512)*swfr)/DCBusAvg; 
t2 = ((vdRef + (591*vqRef)/1024)*swfr)/DcBusAvg; 
if((t1 + t2) > swfr) 

} 

{ 

} 

t1new = (t1*swfr)/(t1 + t2); 
t2new = (t2*swfr)/(t1 + t2); 
overmod = 1; 
t1 = t1new; 
t2 = t2new; 

else overmod = 0; 
to = swfr - (t1 + t2); 
Aref = to/2 + t1 + t2; 
cref = to/2 + t1; 
Bref = to/2; 

/*------------------------------------------------------------------------------------

generting switch signal 

--------------------------------------------------*/ 

*CMPR1 = Aref; 
*CMPR2 = Bref; 
*CMPR3 = cref; 

/*------------------------------------------------------------------------------------

sending data to DAC for debugging purposes 

--------------------------------------------------*/ 

DAC1 = (Va/2+512)/4; 
DAC1 = DAC1«4; /*shift for bits to the left*/ 
DAC1 &= OxOFFF; /*clear DAC1*/ 
DAC1 1= OxOOOO; 
*SPITXBUF = DAC1; /*store the next character to be transmitted*/ 
for (i=O; i<4; i++) {} 
*PCDATDIR &= OxOFFDF; 
*PCDATDIR 1= Ox0020; 

DAC2 = (vb/2+512)/4; 
DAC2 = DAC2«4; 
DAC2 &= OxOFFF; 
DAC2 1= Ox2000; 
*SPITXBUF = DAC2;/*store the next character to be transmitted*/ 
for (i=O; i<4; i++) {} 
*PCDATDIR &= OXOFFDF; 
*PCDATDIR 1= Ox0020; 

DAC3 =valpha/2+62; 
DAC3 = DAC3«4; 
DAC3 &= OXOFFF; 
DAC3 1= Ox4000; 
*SPITXBUF = DAC3;/*store the next character to be transmitted*/ 
for (i=O; i<4; i++) {} 
*PCDATDIR &= OXOFFDF; 
*PCDATDIR 1= Ox0020; 

DAC4 =vbeta/2+62; 
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} 

DAC4 = DAC4«4; 
DAC4 &= OxOFFF; 
DAC4 /= Ox6000; 
*SPITXBUF = DAC4; 
for (i=O; i<4; i++) {} 
*PCDATDIR &= OxOFFDF; 
*PCDATDIR /= Ox0020; 

DACS = vaRealv/2+87; 

DACS = DACS«4; 
DACS &= OXOFFF; 
DACS /= Ox8000; 
*SPITXBUF = DACS; 
for (i=O; i<4; i++) {} 
*PCDATDIR &= OXOFFDF; 
*PCDATDIR /= Ox0020; 

DAC6 =VbRealv/2+87; 
DAC6 = DAC6«4; 
DAC6 &= OxOFFF; 
DAC6 /= OXAOOO; 
*SPITXBUF = DAC6; 
for (i=O; i<4; i++) {} 
*PCDATDIR &= OxOFFDF; 
*PCDATDIR /= Ox0020; 

DAC7 = DCBusRealv; 
DAC7 = DAC7«4; 
DAC7 &= OXOFFF; 
DAC7 /= OxcOOO; 
*SPITXBUF = DAC7; 
for (i=O; i<4; i++) {} 
*PCDATDIR &= OxOFFDF; 
*PCDATDIR /= Ox0020; 

DAC8 = DCBusAvg; 
DAC8 = DAC8«4;/*multiply by 2A4*/ 
DAC8 &= OXOFFF; 
DAC8 /= OXEOOO; 
*SPITXBUF = DAC8; 
for (i=O; i<4; i++) {} 
*PCDATDIR &= OXOFFDF; 
*PCDATDIR /= Ox0020; 

if(samplecount < 30000)samplecount++; 

*EVAIFRA /= Ox0200; 

*PFDATDIR /= Ox0004; 

interrupt void Test3(void) 

f 
interrupt void Test4(void) 
{ 
} 

interrupt void TestS(void) 
{ 
} 

interrupt void XINT2(void) /* ADClnterrupt, external interrupt pin in high-priority 
mode */ 
{ 
} 
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int Display_Letter(int col, 
{ 

} 

*PADATDIR 1= Ox0028; 
*PBDATDIR = OxFFOF + 
*PADATDIR &= OXFFDF; 
*PADATDIR 1= Ox0020; 
*PBDATDIR = OxFF05 + 
*PADATDIR &= OXFFDF; 

16*Col; 

16*ROW; 

/*int Set_LCD_Position(int line, 
{ 

/* 
/* Set DDRAM */ 

*PADATDIR &= OXFFC7; 
*PADATDIR 1= Ox0020; 

PLL_C_code.c 
int ROW) 

int pos) 

if (line==2) *PBDATDIR = OXFFCF; 
else *PBDATDIR = OXFF8F; 

*PADATDIR &= OXFFDF; 
*PADATDIR 1= Ox0020; 
*PBDATDIR = OXFFOF + 16*pos; 
*PADATDIR &= OxFFDF; 

} */ 

/*------------------------------------------------------------------------------------

starting of main program 

--------------------------------------------------*/ 

void main(void) 
{ 

/*------------------------------------------------------------------------------------

interrupt setup 

--------------------------------------------------*/ 
*/ 
/* 

*MCRA 1= OxOFCO; /*1/0 Mux Control Register A (MCRA), set the six PWM output 

bit 15 
bit 14 
bit 13 
bit 12 
bit 11 
bit 10 
bit 9 
bit 8 
bit 7 
bit 6 
bit 5 
bit 4 
bit 3 
bit 2 
bit 1 
bit 0 

*/ 

0: 
0: 
0: 
0: 
1: 
1: 
1: 
1: 
1: 
1: 
0: 
0: 
0: 
0: 
0: 
0: 

O=IOPB7, 
0=IOPB6, 
0=IOPB5, 
0=IOPB4, 
0=IOPB3, 
O=IOPB2, 
0=IOPB1, 
O=IOPBO, 
0=IOPA7, 
0=IOPA6, 
0=IOPA5, 
0=IOPA4, 
0=IOPA3, 
0=IOPA2, 
0=IOPA1, 
O=IOPAO, 

l=TCLKINA 
l=TDIRA 
1=T2pWM/T2CMP 
1=T1pWM/T1CMP 
1=PWM6 
1=PWM5 
1=PWM4 
1=PWM3 
1=PWM2 
1=PWM1 
1=CAP3 
1=CAP2!QEP2 
1=CAP1/QEP1 
1=XINT1 
l=SCIRXD 
l=SCITXD 

*SCSR1 = OXOOAC; /*configure the System Control and Status Registers 1*/ 
/* 

bit 15 
bit 14 
bit 13-12 
bit 11-9 

0: reserved 
0: CLKOUT = CPUCLK 
00: IDLE1 selected for low-power mode 
000: PLL x4 mode 
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bit 8 0: 
bit 7 1: 
bit 6 0: 
bit S 1: 
bit 4 0: 
bit 3 1: 
bit 2 1: 
bit 1 0: 
bit 0 0: 

*/ 
*IMR = OxOO22; 

/* 
bit IS-6 0: 

reserved 
1 = enable ADC module clock 
1 = enable SCI module clock 
1 = enable SPI module clock 
1 = enable CAN module clock 
1 = enable EVB module clock 
1 = enable EVA module clock 
reserved 
clear the ILLADR bit 

/* enable desired 

Reserved. These 

core interrupts */ 

bit S 1: INT6. Interrupt 
bits are alwabs read as zeros. 
6 mask. This it masks or unmasks interrupt 

level INT6. 
bit 4 0: INTS. Interrupt S mask. This bit masks or unmasks interrupt 

level INTS. 
bit 3 0: INT4. Interrupt 4 mask. This bit masks or unmasks interrupt 

level INT4. 
bit 2 0: INT3. Interrupt 3 mask. This bit masks or unmasks interrupt 

level INT3. 
bit 1 1: INT2. Interrupt 2 mask. This bit masks or unmasks interrupt 

level INT2. 
bit 0 0: INTI. Interrupt 1 mask. This bit masks or unmasks interrupt 

level INTI. 
*/ 

*IFR = Ox003F; /* clear any pending core interrupts by writing 1*/ 
/* 

bit IS-6 
bit S 

connected to 

0: Reserved. These bits are alwabs read as zeros. 

bit 4 
connected to 
bit 3 

connected to 
bit 2 

connected to 
bit 1 

connected to 
bit 0 

connected to 
*/ 

1: INT6. Interrupt 
interrupt level INT6. 
1: INTS. Interrupt 

interrupt level INTS. 
1: INT4. Interrupt 

interrupt 1 evel INT4. 
1: INT3. Interrupt 

interrupt level INT3. 
1: INT2. Interrupt 

interrupt level INT2. 
1: INTI. Interrupt 

interrupt level INTI. 

6 flag. This it is the flag for interrupts 

S flag. This bit is the flag for interrupts 

4 flag. This bit is the flag for interrupts 

3 flag. This bit is the flag for interrupts 

2 flag. This bit is the flag for interrupts 

1 flag. This bit is the flag for interrupts 

*EVAIMRA = Ox0200; /*Interrupt mask register A*/ 
/* 
bits IS-II 
bit 10 
bit 9 
bit 8 
bit 7 
bits 6-4 
bit 3 
bit 2 
bit 1 
bit 0 
reset. 0 Disable; 1 
*/ 

0; 
0; 
1; 
0; 
0; 
0; 
0; 
0; 
0; 
0; 

Enable 

/*** Enable ~lobal interrupts 
asm( clrc INTM"); 

Reserved. Reads return zero; writes have no effect. 
TloFINT ENABLE; 0 Disable; 1 Enable 

TIUFINT ENABLE; 0 Disable; 1 Enable 
TICINT ENABLE; 0 Disable; 1 Enable 

TIPINT ENABLE; 0 Disable; 1 Enable 
Reserved. Reads return zero; writes have no effect. 
CMP3INT ENABLE; 0 Disable; 1 Enable 
CMP2INT ENABLE; 0 Disable; 1 Enable 
CMPIINT ENABLE; 0 Disable; 1 Enable 
PDPINTA ENABLE. This is enabled (set to 1) following 

***/ 
/* enable global interrupts */ 

/*------------------------------------------------------------------------------------

SPI port setup for DAC coms 

--------------------------------------------------*/ 
*SPICCR &= OxOOc7; /*serial peripheral Interface configuration Control 

Regi ster(SPICCR) */ 
/* 
bit 7 1· , SPI SW RESET. SPI software Reset. 

o Initializes the SPI operating flags to 
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the reset condition. 

the next character. 
bit 6 

input on falling edge. 

input on rising edge. 

bits 5-4 

bits 3-0 
four bits 

00; 

0111; 

PLL_c_code.c 

1 SPI is ready to transmit or receive 

1; CLOCK POLARITY. shift Clock polarity. 
o Data is output on rising edge and 

1 Data is output on falling edge and 

Reserved. Reads return zero; writes have no effect. 

SPI CHAR3-SPI CHARO. character Length Control Bits 3-0. These 

determine the number of bits to be shifted in 
or out as a single character during 

one shift sequence. 

by the bit values. 
*/ 

Table 9-3 lists the character length selected 

*MCRB 1= OXFE1C; 
/* 
bit 15 1: O=reserved, 1=TMS2 (always write as 1) 
bit 14 1: O=reserved, l=TMS (always write as 1) 
bit 13 1: O=reserved, l=TDO (always write as 1) 
bit 12 1: O=reserved, l=TDI (always write as 1) 
bit 11 1: O=reserved, l=TCK (always write as 1) 
bit 10 1: O=reserved, 1=EMU1 (always write as 1) 
bit 9 1: O=reserved, l=EMUO (always write as 1) 
bit 8 0: O=IOPDO, 1=XINT2/ADCSOC 
bit 7 0: O=IOPC7, l=CANRX 
bit 6 0: 0=IoPC6, l=CANTX 
bit 5 0: 0=IOPc5, l=SPISTE 
bit 4 1: O=IOPC4, l=SPICLK 
bit 3 1: 0=IOPC3, l=SPISOMI 
bit 2 1: 0=IOPC2, l=SPISIMO 
bit 1 0: O=IOPC1, l=BIO* 
bit 0 0: O=IOPCO, l=W/R* 

*/ 

*SPICCR 1= OXOOOB; 
Register(SPIcCR)*/ 

/*Serial peripheral Interface configuration Control 

/* 
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. 
o Data is output on rising edge and 

input on falling edge. 

1 Data is output on falling edge 
and input on rising edge. 

bits 5-4 

bits 3-0 
four bits 

00; 

1011; 

Reserved. Reads return zero; writes have no effect. 

SPI CHAR3-sPI CHARO. character Length control Bits 3-0. These 

or out as a single character during 
determine the number of bits to be shifted in 

one shift sequence. 

by the bit values. 
*/ 

Table 9-3 lists the character length selected 
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*SPICTL = Ox0006; 
,{egi ster(SPICTL) * / 
/* 
bits 7-5 0; 
effect. 

bit 4 0; 

PLL_c_code.c 
j*Serial peripheral Interface operation Control 

Reserved. Reads return zero; writes have no 

setting this bit causes an interrupt 
OVERRUN INT ENA. overrun Interrupt Enable. 

o Disable RECEIVER OVERRUN Flag bit 

1 Enable RECEIVER OVERRUN Flag bit 
(SPISTS.7) interrupts 

(SPISTS.7) interrupts 

bit 3 0; 

depending on the CLOCK POLARITY 

CLOCK PHASE. 
o 

1 

Normal SPI clocking scheme, 

bit (SPICCR.6) 
SPICLK signal delayed by one 

the CLOCK POLARITY bit 
half-cycle; polarity determined by 

bit 2 1; 

bit 1 1; 

bit 0 0; 

*/ 
*SPIBRR 1= Ox0003; 

/* 
bit 7 0; 
effect. 

MASTER/SLAVE. 

TALK. 

o SPI configured as a slave. 
1 SPI configured as a master. 

o Disables transmission: 
1 Enables transmission 

SPI INT ENA. 
o Disables interrupt 
1 Enables interrupt 

/*Serial peripheral Interface Baud Rate Register*/ 

Reserved. Reads return zero; writes have no 

bits 6-0 000/0011 SPI BIT RATE 6-SPI BIT RATE O. SPI Bit Rate (Baud) 
Control. These bits determine 

the network master. There are 125 

of the CPU clock, CLKOUT) that can be 

SPICLK cycle. (SPICLK is the baud rate 

module receives a clock on the SPICLK pin 

these bits have no effect on the SPICLK 

clock from the master should not exceed the 

4. 

the bit transfer rate if the SPI is 

data-transfer rates (each a function 

selected. One data bit is shifted per 

clock output on the SPICLK pin.) 
If the SPI is a network slave, the 

from the network master; therefore, 

signal. The frequency of the input 

slave SPI'S SPICLK signal divided by 

In master mode, the SPI clock is 
generated by the SPI and is output on the 

SPICLK pin. The SPI baud rates are 
determined by the following formula:(see datasheet page 9-23) 
*/ 

*SPICCR 1= Ox0080; 
Register(SPICCR)*/ 

/* 
bit 7 

the reset condition. 

the next character. 

bit 6 

1; 

0; 

/*serial peripheral Interface configuration control 

SPI SW RESET. SPI software Reset. 
o Initializes the SPI operating flags to 

1 SPI is ready to transmit or receive 

CLOCK POLARITY. shift clock polarity. 
o Data is output on rising edge and 
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PLLCcode.c 
input on falling edge. 

1 
and input on rising edge. 

Data is output on falling edge 

bits 5-4 

bits 3-0 
four bits 

00; Reserved. Reads return zero; writes have no effect. 

0000; SPI CHAR3-sPI CHARO. character Length control Bits 3-0. These 

determine the number of bits to be shifted in 
or out as a single character during 

one shift sequence. 

by the bit values. 
*/ 

Table 9-3 lists the character length selected 

*PCDATDIR 1= Ox2020; /*Port C Data and Direction control Register (PCDATDIR)*/ 
/* 
bits 15-8 0010-0000; CnDIR 

input 
o configure corresponding pin as an 

1 configure corresponding pin as an 
output 

bits 7-0 0010-0000; IOPCn 
If CnDIR = 0, then: 

read as a low 
o corresponding I/O pin is 

read as a high 
1 corresponding I/O pin is 

If CnDIR = 1, then: 

low 
o Set corresponding I/O pin 

high 
*/ 

1 Set corresponding I/O pin 

/*------------------------------------------------------------------------------------

registers for IOPF2 code-timer 

--------------------------------------------------*/ 
*MCRC &= OxOOOO; 

/* 
bit 15 
bit 14 
bit 13 
bit 12 
bit 11 
bit 10 
bit 9 
bit 8 
bit 7 
bit 6 
bit 5 
bit 4 
bit 3 
bit 2 
bit 1 
bit 0 

*/ 

0: reserved 
0: 0=IOPF6, 
0: 0=IOPF5, 
0: 0=IOPF4, 
0: 0=IOPF3, 
0; 0=IOPF2, 
0: 0=IOPF1, 
0: O=IOPFO, 
0: 0=IOPE7, 
0: 0=IOPE6, 
0: 0=IOPE5, 
0: 0=IOPE4, 
0: 0=IOPE3, 
0: 0=IOPE2, 
0: 0=IOPE1, 
0: O=IOPEO, 

*PFDATDIR 1= Ox0404; 
(PFDATDIR)*/ 

/* 
bit 15 
bits 14-8 

0; 
000-0100; 

/*1/0 Mux Control Register C (MCRC)*/ 

1=IOPF6 
l=TCLKINB 
l=TDIRB 
1=T4PWM/T4CMP 
1=T3pWM/T3CMP 
1=CAP6 
1=CAP5/QEP4 
1=CAP4/QEP3 
1=PWM12 
1=PWM11 
1=PWM10 
1=PWM9 
1=PWM8 
1=PWM7 
l=CLKOUT 

/*Port F Data and Direction Control Register 

Reserved 
FnDIR 

o configure corresponding pin 
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SEQ2 operate as two 

operate as a single 

bit 3 

input channel 

calibration reference 

to the ADC core 

then be started 

(STRT CAL) to 1. 

first before the 

bit should not be 

bit 2 

allows a reference 

mode. 

for reference 

0; 

0; 

calibration.O Full reference 

A reference midpoint 

bit 1 0; 

1 

Dual-sequencer mode. SEQI and 

8-state sequencers. 
cascaded mode. SEQI and SEQ2 

16-state sequencer (SEQ). 

CAL ENA. Offset calibration enable 
when set to 1, CAL ENA disables 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 
o calibration mode disabled 
1 calibration mode enabled 

BRG ENA. Bridge enable 
Together with the HI/LO bit, BRG ENA 

HI/LO. 

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 

enabled (STEST ENA = 1), 
connected. In HI/LO defines the test voltage to be 

reference source calibration mode, HI/LO defines the 

operating mode, polarity; see Table 7-5. In normal 
HI/LO has no effect. 

value at ADC input 0 VREFLO is used as precharge 

value at ADC input 

bit 0 

*/ 

0; 

1 VREFHI is used as precharge 

STEST ENA. self-test function enable 
o self-test mode disabled 
1 self-test mode enabled 

*ADCTRL2 = OxOOOO; /*ADC control register 2*/ 
/* 
bit 15 0; 
cascaded sequencer 

in cascaded mode.) 

allows the cascaded 

started by an Event Manager B signal. 

be programmed to start a conversion 

EVB soc SEQ. EVB SOC enable for 

(Note: This bit is active only 

o 
1 

NO action 
setting this bit 

sequencer to be 

The Event Manager can 

on various events. See 
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as an input 

as an output 
bit 7 

Bits 6-0 

pin is read 

pin is read 

I/O pin low 

I/O 
*/ 

pin high 

0; 

000-0100; IOPFn 

as a low 

as a high 

Reserved 

1 configure corresponding pin 

If FnDIR = 0, then: 
o corresponding I/O 

1 corresponding I/O 

If FnDIR = 1, then: 
o Set corresponding 

1 Set corresponding 

/*------------------------------------------------------------------------------------

registers for ADC 

--------------------------------------------------*/ 
*ADCTRl1 = OxOFDO; /*ADC 

/* 
control register 1*/ 

bit 15 0; Reserved 

bit 14 0; RESET. 
0 NO effect 
1 Resets entire ADC module (bit is 

then set back to 0 by ADC logi c) 

bits 13, 12 00; SOFT and FREE. Soft and Free bits 
soft Free 
0 0 

Immediate stop on suspend 
1 

complete current conversion before stopping 

run, continue operation regardless of suspend 
x 

o 
1 Free 

bits 11-8 

clock prescale factor 

the conversion. 

7-3 and Table 7-4. 

bit 7 

logic clock prescale 

bit 6 

bit 5 

bit 4 

SEQ2 operate 

single 16-state 

1111; 

1; 

1; 

0; 

1; 

ACQ ps3 - ACQ psO. Acquisition time window prescale 
bits 3-0.These bits define the ADC 

applied to the acquisition portion of 

The prescale values are defined in Table 

cPS. Conversion clock prescale 
This bit defines the ADC conversion 

o Fclk = ClK/1 
1 Fclk = ClK/2 
ClK = CPU clock frequency 

CONT RUN. continuous run 
o start-stop mode. 
1 continuous conversion mode. 

INT PRI. ADC interrupt request priority 
o High priority 
1 lOW priority 

SEQ CASC. cascaded sequencer operation 
This bit determines whether SEQ1 and 

as two 8-state sequencers or as a 

sequencer (SEQ). 
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chapter 6, Event Manager (EV) , 

bit 14 0; 
sequencer1/Start calibration 

(Bit 3 of ADCTRL1) = 0 

reset the sequencer 

"pretriggered" 

trigger at CONVOO. 

sequence will be aborted. 

sequencer to state CONVOO 

3 of ADCTRL1) = 1 

begin the converter 

calibration process 

bit 13 
trigger for 

0; 

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 
control for SEQ1 

bit 9 
for SEQ1 

interrupt event 

must be cleared by the 

has occurred. 

bit 8 
bit for SEQ1 

started by EVA trigger. 

00; 

0; 

O· , 

started by Event Manager A trigger. 

programmed to start a conversion on various 

Manager (EV) , for details. 

bit 7 O· 
start-of-conversion bit f~r SEQ1 

for details. 

RST SEQ1 / STRT CAL. Reset 

case: calibration Disabled 

writing a 1 to this bit will 

immediately to an initial 

state, i.e., waiting for a 

A currently active conversion 

o No action 
1 Immediately reset 

Case: Calibration Enabled (Bit 

writing a 1 to this bit will 

calibration process. 
o No action 
1 Immediately start 

SOC SEQ1. start-of-conversion (soc) 

sequencer 1 (SEQ1). This bit 

triggers: 
" s/w" Software writing a 1 to 

:: EVA:: Event Manager A 
EVB Event Manager B (only 

" External pin (i.e., the 

SEQ1 BSY. SEQ1 BUSY 
o Sequencer is Idle 

1 Conversion sequence 

INT ENA SEQ1. Interrupt-mode-enable 

INT FLAG SEQ1. ADC interrupt flag bit 

This bit indicates whether an 

has occurred or not. This bit 

user writing a 1 to it. 
o No interrupt event 
1 An interrupt event 

EVA SOC SEQ1. Event Manager A SOC mask 

o SEQ1 cannot be 

1 Allows SEQ1/SEQ to be 

The Event Manager can be 

events. See chapter 6, Event 

EXT SOC SEQ1. External signal 
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enables an ADC autoconversion 

started by a signal from the ADCSOC 

bit 6 o· , 

SEQ2 to an initial "pretriggered" 

for a trigger at CONV08. 

conversion sequence will be aborted. 

bit 5 o· , 
for sequencer 2 (SEQ2) 

RST 

o 
1 

SEQ2. 
0 
1 

Reset 

No action 
setting this bit 

sequence to be 

device pin. 

SEQ2 
NO action 
Immediately resets 

state, i.e., waiting 

A currently active 

dual-sequencer mode; ignored in cascaded mode.) 

following triggers: 

soc SEQ2. Start-of-conversion trigger 

(only applicable in 

This bit can be set by the 

" s/w " S f o tware writing of 1 
to this bit 

" EVB " Event Manager B 

bit 4 O· , SEQ2 BSY. SEQ2 BUSY 
This bit is set to a 1 while 

the ADC autoconversion 

cleared when the conversion sequence is complete. 

(i.e., waiting for trigger). 

sequence is in progress.It is 

o 
1 

sequencer is idle 

Conversion sequence 
is in progress. 

bits 3-2 
control for SEQ2 

bit 1 
for SEQ2 

has occurred. 

bit 0 
bit for SEQ2 

by EVB trigger. 

o· , 

0; 

0; 

started by Event Manager B trigger. 

be programmed to start a conversion 

INT ENA SEQ2. 

INT 

EVB 

FLAG SEQ2. 

SOC 

0 
1 

SEQ2. 

o 
1 

Interrupt-mode-enable 

ADC interrupt flag bit 

NO 1nterrupt event. 
An lnterrupt event 

Event Manager B SOC mask 

SEQ2 cannot be started 

Allows SEQ2 to be 

The Event Manager can 

on various events. See 
chapter 6, Event 
*/ 

Manager (EV) , for details. 

*MAXCONV 
(MAXCONV)*/ 

/* 
bits 15-7 

bits 6-0 
maximum 

= Ox0008; 

0000-0000-00; 

00-1000; 

in an autoconversion 

their operation vary 

modes (dual/cascaded). 

CONV1-2 - 0 are used. 

Reserved 

/*Maximum Conversion Channels Register 

MAX CONVn. MAX CONVn bit field defines the 

number of conversions executed 

session. The bit fields and 

according to the sequencer 

. For SEQl operation, bits MAX 
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CONv2_2 - 0 are used. 

cONv1-3 - 0 are used. 

always starts with the 

sequentially until the 

result buffer is filled in 

of conversions between 

programmed for a session. 
*/ 

/* *CHSELSEQI = OxOOOl; */ 

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 

/*------------------------------------------------------------------------------------

registers for PWM generation 

--------------------------------------------------*/ 

*MCRA I=OxOFCO; 
/* 
bit 15 0: 0=IOPB7, I=TCLKINA 
bit 14 0: 0=IOPB6, I=TOlRA 
bit 13 0: 0=IOPB5, I=T2PWM/T2CMP 
bit 12 0: 0=IOPB4, I=TIPWM/TICMP 
bit 11 1: 0=IOPB3, I=PWM6 
bit 10 1: 0=IOPB2, 1= PWM 5 
bit 9 1: O=IOPBl, I=PWM4 
bit 8 1: O=IOPBO, I=PWM3 
bit 7 1: 0=IOPA7, I=PWM2 
bit 6 1: 0=IOPA6, I=PWMI 
bit 5 0: 0=IOPA5, I=CAP3 
bit 4 0: 0=IOPA4, I=CAP2/QEP2 
bit 3 0: 0=IOPA3, I=CAPl/QEPI 
bit 2 0: 0=IOPA2, I=XINTI 
bit 1 0: O=IOPAl, I=SCIRXO 
bit 0 0: O=IOPAO, I=SCITXO 
*/ 

*ACTRA = Ox0666;/*compare Action Control Register A (ACTRA)*/ 
/* 
bit 15 
direction. used only in 

bits 14-12 
space vector 

bits 11-10 
CMP6. 

bits 9-8 
CMP5. 

0; 

000; 

01; 

10; 

SVROIR. space vector PWM rotation 

space vector PWM output generation. 
o positive (ccw) 
1 Negative (CW) 

02-00. Basic space vector bits. used only in 

PWM output generation. 

CMP6ACTI-0. Action on compare output pin 6, 

00 Forced low 
01 Active low 
10 Active high 
11 Forced high 

CMP5ACTI-0. Action on compare output pin 5, 

00 Forced low 
01 Active low 
10 Active high 
11 Forced high 
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bits 7-6 
CMP4. 

bits 5-4 
CMP3. 

bits 3-2 
CMP2. 

bits 1-0 
CMP1. 

*/ 

01; 

10; 

01; 

10; 

/* *DBTCON = OxOAEO; */ 

PLL_c_code.c 

CMP4ACT1-0. 

00 
01 
10 
11 

cMP3ACT1-0. 

00 
01 
10 
11 

CMP2ACT1-0. 

00 
01 
10 
11 

CMPlACT1-0. 

00 
01 
10 
11 

Action on compare output pin 4, 

Forced low 
Active low 
Active high 
Forced high 

Action on compare output pin 3, 

Forced low 
Active low 
Active high 
Forced high 

Action on compare output pin 2, 

Forced low 
Active low 
Active high 
Forced high 

Action on compare output pin 1, 

Forced low 
Active low 
Active high 
Forced high 

*DBTCONA = 0; 
on driver board */ 

/*Dead-Band Timer control Registers A(DBTCONA) no need - set 

/* 
bits 15-12 

bits 11-8 
bits 

4-bit dead-band 

bit 7 
and PWM6 

bit 6 
and PWM4 

bit 5 
and PWM2 

bits 4-2 

frequency 

0000; 

0000; 

0; 

0; 

0; 

000; 

Reserved. Reads return zero; writes have no effect. 

DBT3 (MSB)-DBTO (LSB). Dead-band timer period. These 

define the period value of the three 

timers. 

EDBT3. Dead-band timer 3 enable (for pins PWM5 

of compare unit 3). 
o Disable 
1 Enable 

EDBT2. Dead-band timer 2 enable (for pins PWM3 

of compareunit 2). 
o Disable 
1 Enable 

EDBT1. Dead-band timer 1 enable (for pins PWM1 

of compare unit 1). 
o Disable 
1 Enable 

DBTPs2 to DBTPSO. Dead-band timer prescaler. 
000 x/1 
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 
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bits 1-0 
effect. 
*/ 

*CMPRI = 0; 
*CMPR2 = 0; 
*CMPR3 0; 

PLL_c_code.c 
00; Reserved. Reads return zero; writes have no 

*COMCONA = Ox0300; /*compare Control Register A (COMCONA)*/ 
/* 
bit 15 

All shadowed registers 

transparent 

bits 14-13 

underflow) 

TIPR (that is, on 

unpredictable 

bit 12 

mode 

bits 11-10 
reload condition. 

TIPR (on underflow or 

bit 9 
clears 

high-impedance state; 

high-impedance state; 

bit 8 
status of 

0; 

00; 

0; 

00; 

1; 

1· , 

applicable to 240xA devices 

and returns a zero 

bits 7-0 0000-0000; 

*/ 

*COMCONA = Ox8300; 

/* 
bit 15 

All shadowed registers 

transparent 

1· , 

CENABLE. compare enable. 
o Disables compare operation. 

(CMPRX,ACTRA) become 

1 Enables compare operation 

CLDl, CLDO.Compare register CMPRx reload condition. 
00 when TICNT = 0 (that is, on 

01 when TICNT = 0 or TICNT = 

underflow or period match) 
10 Immediately 
11 Reserved; result is 

SVENABLE. space vector PWM mode enable. 
o Disables space vector PWM 

1 Enables space vector PWM mode 

ACTRLDl, ACTRLDO. Action control register 

FCOMPOE. 

PDPINTA 

00 when TICNT = 0 (on underflow) 
01 when TICNT = 0 or TICNT = 

period match) 
10 Immediately 
11 Reserved 

compare output enable. Active PDPINTA 

this bit to zero. 
0 PWM output pins are in 

that is, they are disabled 
1 PWM output pins are not in 

that is, 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. 

/*Compare Control Register A (COMCONA)*/ 

CENABLE. compare enable. 
o Disables compare operation. 

(CMPRX,ACTRA) become 

1 Enables compare operation 
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bits 14-13 

underflow) 

T1PR (that is, on 

unpredictable 

bit 12 

mode 

bits 11-10 
reload condition. 

T1PR (on underflow or 

bit 9 
clears 

high-impedance state; 

high-impedance state; 

bit 8 
status of 

00; 

0; 

00; 

1; 

1· , 

PLL_c_code.c 
CLD1, CLDO.compare register CMPRx reload condition. 

00 When T1CNT = 0 (that is, on 

01 When T1CNT = 0 or T1CNT = 

10 
11 

underflow or period match) 
Immediately 
Reserved; result is 

SVENABLE. space vector PWM mode enable. 
o Disables space vector PWM 

1 Enables space vector PWM mode 

ACTRLD1, ACTRLDO. Action control register 

00 when T1CNT = 0 (on underflow) 
01 When T1CNT = 0 or T1CNT = 

period match) 
10 Immediately 
11 Reserved 

FCOMPOE. compare output enable. Active PDPINTA 

this bit to zero. 
0 PWM output pins are in 

that is, they are disabled 
1 PWM output pins are not in 

that is, they are enabled 

PDPINTA STATUS. This bit reflects the current 

the PDPINTA pin. (This bit is 
applicable to 240XA devices 

only - it is reserved on 240x devices 

when read.) 
and returns a zero 

bits 7-0 0000-0000; Reserved. Read returns zero; writes have no effect. 

*/ 

swfr = 2048; 
*T1PR = swfr; 

*T1CNT = OxO; 

incrementing 

counting*/ 

/* timer period register, Period = 2048*25nsec*2 = 102usec; 
freq 10kHz */ 

/* timer1 counter registers:This register stores 
the current value of the counter and keeps 

or decrementing depending on the direction of 

*T1CON = Ox8802; /* Timer 1 control register, up/down continuous mode */ 
1* 
bits 15-14 10; Free, soft. Emulation control bits. 

00 Stop immediately on emulation 
suspend 

01 Stop after current timer period is 
complete on emulation suspend 

10 operation is not affected by 
emulation suspend 

11 operation is not affected by 
emulation suspend 

bit 13 0; Reserved. Reads return zero, writes have no 
effect. 
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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 

01; 

000; 

0; 

and disable operation ignoring 

bit 6 

timer is put in hold 

reset) 

bits 5-4 

2/Timer 4) 

l/Timer 3) 

= 0 

bits 3-2 
condition. 

0; 

00; 

00; 

equals period register value 

bit 1 1; 

operation 

bit 0 
SELT1PR (period 

0; 

T2CON, the period register 

ignoring the period 

PLL_c_code.c 
TMODE1-TMODEO. count Mode selection. 

00 Stop/Hold 
01 continuous-up/-Down count Mode 
10 continuous-up count Mode 
11 Directional-up/-Down count Mode 

TPS2-TPSO. 3 t,. 
000 x/1 
001 x/2 
010 x/4 
011 x/8 

100 x/16 
101 x/32 

110 x/64 
111 x/128 

x = device (cpu) clock 

T2SWT1. In the case of EVA, this bit is 

(GP timer 2 start with GP timer 1.) 

GP timer l's timer enable bit. This 

T1cON. 
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. 
o 
1 

Use own TENABLE bit 
Use TENABLE bit of T1CON (in 

(in case of EVB) to enable 

own TENABLE bit 

TENABLE. Timer enable. 

TCLKS1, 

TCLD1, 

TECMPR. 

o Disable timer operation (the 

1 

and the prescaler counter is 

Enable timer operations 

TCLKSO. clock Source select. 
5-4 Source 
o 0 Internal 
o 1 External 
1 0 Reserved 
1 1 QEP circuitt (in case of Timer 

Reserved (in case of Timer 

+ This option is valid only if SELT1PR 

TCLDO. Timer compare Register Reload 

00 When counter is 0 
01 when counter value is o or 

10 Immediately 
11 Reserved 

Timer compare enable. 
0 Disable timer compare 

1 Enable timer compare operation 

SELT1PR. In the case of EVA, this bit is 

register select).when set to1 in 

of Timer 1 is chosen for Timer 2 also, 
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reserved bit in T1CON. 

is SELT3PR (period 

T4CON, the period 

Timer 4 also, ignoring 

bit is a reserved 

1 Use T1PR 

EVB) as period 

*/ 

PLL_c_code.c 
register of Timer 2. This bit is a 

SELT3PR. In the case of EVB, this bit 

register select).when set to1 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 ignoring own period register 

period = 6250; 

*T2PR = period 
*T2cNT = OxO; 
*T2cON = Ox9702; 

/* period = 6250*25nsec*128 = 20msec or 50Hz */ 

/* 
bits 15-14 10; 

/* set in cont up, and set clock prescaler to 128 */ 

Free, Soft. Emulation control bits. 

suspend 

complete on emulation suspend 

emulation suspend 

emulation suspend 

bit 13 
effect. 

bits 12-11 

bits 10-8 

frequency 

bit 7 
T2SWTl. 

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 

0; 

10; 

111; 

0; 

and disable operation ignoring 

bit 6 0; 

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 

TMODE1-TMODEO. count Mode selection. 
00 Stop/Hold 
01 Continuous-up/-Down count Mode 
10 Continuous-up Count Mode 
11 Directional-up/-oown count Mode 

TPS2-TPSO. Input clock 
000 x/1 

Prescaler. 
100 x/16 
101 x/32 001 x/2 

010 x/4 
011 x/8 

110 x/64 
111 x/128 

x = device (cpu) clock 

T2SWT1. In the case of EVA, this bit is 

(GP timer 2 start with GP timer 1.) 

GP timer l's timer enable bit. This 

T1CON. 
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. 
o 
1 

Use own TENABLE bit 
Use TENABLE bit of T1CON (in 

(in case of EVB) to enable 

own TENABLE bit 

TENABLE. Timer enable. 
o Disable timer operation (the 
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timer is put in hold 

reset) 

bits 5-4 

2/Timer 4) 

l/Timer 3) 

= 0 

bits 3-2 
condition. 

00; TCLKS1, 

00; TCLD1, 

1 

and the prescaler counter is 

Enable timer operations 

TCLKSO. clock Source select. 
5-4 Source 
o 0 Internal 
o 1 External 
1 0 Reserved 
1 1 QEP circuitt (in case of Timer 

Reserved (in case of Timer 

+ This option is valid only if SELT1PR 

TCLDO. Timer Compare Register Reload 

00 When counter is 0 
01 

equals period register value 
when counter value is o or 

10 Immediately 
11 Reserved 

TECMPR. Timer compare enable. 
0 Disable timer compare 

bit 1 1; 

operation 
1 Enable timer compare operation 

bit 0 
SELT1PR (period 

0; SELT1PR. In the case of EVA, this bit is 

register select).When set to1 in 
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 

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 ignoring own period register 

1 Use T1PR 

EVB) as period 

*/ 
*T1CON 

/* 
bit 15-14 
bit 13 
bit 12-11 
bit 10-8 
bit 7 
bit 6 
bit 5-4 
bit 3-2 
bit 1 
bit 0 

*/ 
*T2CON 

/* 
bit 15-14 
bit 13 
bit 12-11 
bit 10-8 
bit 7 
bit 6 

= Ox8842; /* start the clock */ 

10: 
0: 
01: 
000: 
0: 
1: 
00: 
00: 
1: 
0: 

operation is not affected by emulation suspend 
reserved 
01 = continous-up/down count mode 
000 = x/1 prescaler 
reserved in T1cON 
TENABLE, 1 = enable timer 
00 = CPUCLK is clock source 
00 = reload compare reg on underflow 
1 = enable timer compare 
reserved in T1CON 

= Ox9742; 

10: stop immediately on emulator suspend 
0: reserved 
10: 10 = continous-up count mode 
111: 111 = x/128 prescaler 
0: T2SWT1, 0 = use own TENABLE bit 
1: TENABLE, 1 = enable timer 
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bit 5-4 
bit 3-2 
bit 1 
bit 0 

00: 
00: 
1: 
0: 

PLL_C_code.c 
00 = CPUCLK is clock source 
00 = reload compare reg on underflow 
1 = enable timer compare 
SELT1PR, 0 = use own period register 

*/ 
/*------------------------------------------------------------------------------------

assingn value to constant 

--------------------------------------------------*/ 

} 

/**********************DC bus voltage variable initialization***************/ 
DCBusSum = 0; 
DCBuSAvg = 0; 

/**********************PLL variables initialization*************************/ 
err_!<-PLL=O; 
err_kLpLL=O; 
u_kLPLL=O; 
U_PLL=O; 
y_kLPLL=O; 
Y_PLL=O; 
step_point_PLL=O; 
Fdbc!<-PLL=O; 
theta_PLL_diff=O; 
U_PLL_MAX=32767; 
U_PLL_MIN=-32766; 

for (;;) 
{} 
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Appendix K 

APPENDIXK 
K Net Present Value and Break-Even results 
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Scenario 2: b) Demand charge started at R269 at begin of the project. 

Start 2004 End 2004 End 2005 End 2006 End 2007 End 2008 End 2009 End 2010 End 2011 End 2012 End 2013 End 2014 End 2015 
Year 0 1 2 3 4 5 6 7 8 9 10 11 12 

Initial Investment: 
Inverter -R 100.000.00 RO.oo RO.oo RO.oo RO.oo RO.OO RO.oo RO.oo RO.OO RO.oo RO.oo RO.oo RO.oo 
Battery -R 1.200.000.00 RO.oo RO.oo RO.oo RO.oo RO.oo RO.oo RO.oo RO.oo RO.oo RO.oo R 0.00 RO.oo 

Battery Maintenance RO.oo -R3.818.18 -R 3.818.18 -R3,818.18 -R 3,818.18 -R 3,818.18 -R 3,818.18 -R3,818.18 -R 3,818.18 -R3,818.18 -R3,818.18 -R 3,818.18 -R 3,818.18 
Instalation fees -R 20,000.00 RO.oo RO.oo RO.oo RO.oo RO.oo RO.oo RO.oo RO.oo RO.OO RO.oo RO.oo RO.oo 

Transformer -R 15,000.00 RO.oo RO.oo RO.oo RO.oo RO.oo RO.oo RO.oo RO.oo RO.oo RO.oo RO.oo RO.OO 
Transportation -R 15,000.00 RO.oo RO.oo RO.oo RO.oo RO.oo RO.oo RO.oo RO.oo RO.oo RO.OO RO.oo RO.oo 

Cabling -R 3,000.00 RO.oo RO.oo RO.oo RO.OO RO.oo RO.oo RO.oo RO.oo RO.oo RO.OO RO.oo RO.oo 
Battery Recovery Value RO.oo RO.oo RO.oo RO.oo RO.oo RO.oo RO.OO RO.OO RO.oo RO.oo RO.oo RO.OO R 48,994.00 

lOOkVA Yea~ySaving RO.oo R 322,800.00 R 334,13028 R 345,858.25 R 357,997.88 R 370,563.60 R 383,570.39 R 397,033.71 R 410,969.59 R 425,394.62 R 440,325.97 R 455,781.41 R 471,779.34 

Total Cash Flow -R 1,353,000.00 R 318,981.82 R 330,312.10 R 342,040.07 R 354,179.70 R 366,745.42 R 379,752.21 R 393,215.53 R407,151.41 R 421,576.44 R 436,507.79 R 451,963.23 R 516,955.16 
Present Value (PV) -R 1,353,000.00 R 289,983.47 R 272,985.21 R 256,979.77 R 241,909.50 R 227,720.05 R 214,360.22 R 201,781.74 R 189,939.14 R 178,789.56 R 168,292.65 R 158,410.36 R 164,717.85 
Net Present Value R 1,212,86952 

Break-Even -R 1,063,016.53 -R 790,031.32 -R 533,051.55 -R 291,142.05 -R 63,422.00 R 150,938.22 R 352,719.96 R 542,659.10 R 721,448.66 R 889,741.31 R 1,048,151.67 R 1,212,869.52 




