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Synopsis 

The goal of this thesis project was to design build and test a 500 kVA" hybrid power 

factor/current unbalance correction unit. The unit will be used to reduce the 

ma~lmum demand and reactive power consumption through power factor correction 

of large electricity users as well as minimize power dISruption and improve power 

quality through unbalance correction 

Through literature research it was discovered that a particular combination of delta 

and wye connected capacitors exist for a particular unbalanced load that result in a 

reduction of unbalance (given enough load inductance) Simulation of the proposed 

compensator topology allowed for the verification of this and an appropriate control 

strategy couid be developed Simulations also revealed the average portion of 

available capacitors that would be required for each of the delta and ¥lye connected 

filters 

Once the hardware design that was tested in simulation was manufactured, 

controller boards hosting a powerful digital signal processor and control signals for 

each of the available capacitor contactors were deSigned, built and programmed with 

the control strategy that was developed in Simulation 

Failure to locate an appropriate, full scale test site (that would have low 

consequential losses shoukJ power flow be disrupted) resulted in the de-rating of the 

unit to a one in thirty scale model. This de-rating was achieved by adding in series 

with each filter additional capacitors to boost filter reactance. This de-rating allowed 

for the unit to be installed onto a much smaller circuit breaker ill a laboratory 

environment where comprehensive testing was performed 

After confirming that the unit was indeed operathlg properly as a one in thirty scale 

model it was placed into automatic mode and allowed to compensate for 

unbalanCed currents 
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Due to the speci1ic combination of phase power levels being consumed by the load 

it was simulated that the unit would have an approximate impact on unbalance of 3.5 

percent (from 19% to 15.5%) In practice a reduction in unbalance of 3 percent was 

achieved 

A financial anabfsis on the project shows the combination 01 load sizes with 

corresponding power factors required for whICh the project would become financially 

~iable (typICally larger loads with ~ery poor lagging power 1actor) 

Conclusions: 

It was concluded that the unit was a success and met its required specifications. The 

cost of manufacture of the unit was minimized through the alteration of a pre-existing 

power factor correction unit. Given enough load inductance. the unit was able to 

reduce the unbalance of the source currents o~er se~eral logging periods and all 

recorded results closely correlated with expectations 

Recommendations 

The author recommends that further so1tware be written to enable wireless 

communication such that remote logging becomes possible A user-friendly graphical 

user interface should also be created through which all important variables should be 

displayed and all system set-points should be seltable 
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1 Introduction 

1 1 Background 

Reactive power compensation, also known as power factor correction is a widely 

used tool for reducing an electricity utility bill for large electricity users A typical 

Industrial Installation will have a power factor correction unit that measures the power 

factor of a reference phase and injects enough capacitive power to compensate for 

the load's inductive nature. Because t1e typical power factor correction unit 

compensates for the reactive power on one reference phase only, it is assumed by 

the manufactllrer that the other phases are transferring an approximately equal 

amount ot inductive reactive power However, shollid the load not be fully balanced 

it is possible for the power factor correction unit to be overcompensating on the 

unmeasured phases, thus increasing the utility bill once again. 

Cllrrent unbalance compensation has typically received little attention by industries, 

since the consequences of drawing unbalanced currents from the utility grid are 

often not directly seen However. a heavily llnbalanced load does introduce some 

problems when consuming electricity that may have a devastating effect on an 

electricity system. The first effect commonly cited is the induction of a voltage 

unbalance, Vo~age unbalance is a by-product of current unbalance since all 

elect-icity sources have a source impedance, over which a voltage drop is seen If 

one phase conducts more clirrent than the other phases then that phase will be 

subject to a larger voltage drop. resulting in unbalanced voltages on the load side, 

The main issue caused by voltage unbalance is seen in induction machines, where 

the machine is de-rated according to the level of voltage unbalance The machine 

must be de-rated since a negative sequence component introduced into the voltage 

phasor produces an equivalent reverse torque on the rotor, Faillire to de-rate an 

induction machine under lin balanced conditions can easily lead to machine failllre 

The second problem caused by current unbalance is seen when a consumer is 
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operating near the limit of their supply side circuit breaker where a slight increase in 

current consumption on one phase may cause the breaker to trip Under more 

severe current unbalance situations, it is possible for the user to consume power well 

below the rated power limit and yet draw enough curren t on one phase to trip the 

supply side breaker This may cause un:lecessary and expensive power outages 

resulting in Significant loss of data. production and revenue 

The main cause of current unbalance is the unequal loading of the three phase utility 

grid where more load is placed on one phase Large loads such as arc welders and 

fumaces may also be the root of a current unbalance problem and must be 

accounted for when designing distribution boards It should also be noted that 

although electricity producers rely on the average consllmpt ion of an area to be 

equal over all three phases some place a limit on the maximum lInbalance that may 

be drawn by an individual load For South Africa, ESKOM places a limit of 15 kVA on 

power consumption lInbalance which may not be exceeded (1) 

This thesis project was instigated by Mr. Michel Malengret, lectllrer at the University 

of Cape Town in conjunction with an industrial partner, 

1.2 Problem Description 

Current unbalance may be alleviated by the insertion of reactive elements 

(capacitors and inductors) in to the utility grid at the load side However, because 

reactive elements contribute to the amount of reactive power drawn by the load the 

load's power factor will be influenced by the amount of current unbalance 

compensation that is taking place Because the power factor of a load can 

significantty influence the utility bill received at the end of each month by the 

electriCity user. it makes sense to create a hybrid unit that achie~es both power 

factor correction as well as current lInoalance compensa tion and will find the 

optimllm balance between the compensatIOn of both factors so as to present a 

balanced load to the supply One restraint placed on this hybrid system is that it mllst 

be cheap as well as reliable. since it IS being installed into an industrial load where 

profits are key. 
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1.3 Thesis Objectives 

The objectives of this thesis project are. in accordance with s.ection 12. as follows 

• Research current unbalance compensation techniques and perform a 

companson. 

• Simulate the proposed compensator to ensure correct topology operation. 

• Design and build a hybrid power factor correction/current unbalance 

compensator proto-type with a reactive power of approximately 500 kVAr 

• Ensure that any possible design is robust ,n nature 

• Ensure that any possible design is built as cost effectively as possible 

• Petiorm laboratory testing on the impact of the system on source power 

transfer 

• Draw conclusions and make recommendations ab-out the operation of the 

system and its topology 

1.4 Scope and Limitations 

The scope of this thesis project IS limited to the design and implementation of a 

hybrid power factoricurrent unbalance compensator. No attention will be paid to 

voltage unbalance as it is assumed for the DSP algorithrns that all voltages are fully 

balanced 

1.5 Thesis Outline 

This thesis is outlined as follows 

Chapter 2 details the existing possible compensator techniques discovered dwing 

the literature review process and lists the advantages and disadvantages of each 

topology. A final topology IS then discllssed and reviewed 

Chapter 3 examines the theory of the operation of the final topology discllssed in 
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chapter 2 and a control strategy for that topology is created 

Chapter 4 details the practical hardware design 01 tile compensator unit and shows 

calculations that examine the required fi~er rated current and the resulting selection 

of components to produce the desired topology 

Chapter 5 covers an in-depth simulation of all major aspects of tile unit. Firstly. a 

comparison is made for each filter type with regard to current flow such that the 

tlleary covered in chapter 3 is verified to be correct Next a measure 01 unbalance is 

discussed and implemented in software in the simulation package such that the 

influence of each filter type of the source unbalance can be seen. An algorithm is 

then created in software that determines tile correct filter combination required to 

reduce unbalance 

Chapter 6 examines the financial viability of the project subject to the size and 

original power factor of the load under scrutiny A graph of project net present value 

versus load size and power factor is created 

Chapter 7 details the digital signal processor controller board and its available 

peripherals and programming method 

Chapter 8 shows the design and implementation of an appropriate interface board 

for the digital signal processor board mentioned in chapter 7 Peripheral choice and 

design as well as some schematic design in given 

Chapter 9 covers the software design of both the DSP and interface boards 

Flowcllarts detail various critical software procedures and processor timing is also 

analyzed. 
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original power factor of the load under scrutiny A graph of project net present value 

versus load size and power factor is created 

Chapter 7 details the digital signal processor controller board and its available 

peripherals and programming method 

Chapter 8 shows the design and implementation of an appropriate interface board 

for the digital signal processor board mentioned in chapter 7 Peripheral choice and 

design as well as some schematic design in given 

Chapter 9 covers the software design of both the DSP and interface boards 

Flowcllarts detail various critical software procedures and processor timing is also 

analyzed. 
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Chapter 10 details the installation of the unit onto a test load in a laboratory 

environment Various de-rating issues are explained alon9 with appropriate 

calculations and photographs 

Chapter 11 gives results obtained from laboratory testing Current flow from each 

filter is measured to ensure that it complies with rated Cllrrent and the impact of each 

filter type on the utility grid is tabulated and compared to the theoretical and 

simulated impact VariOllS difficulties and their solution encountered during the 

testing procedure are discuss.ed before the unit is allowed to run llnder fully 

automatic mode_ Trend graphs of all relevant variables are given 

Chapters 12 and 13 list the author's conclusions bas.ed on the findings and list 

recommendations based on those conclusions for fllture work to be done on this 

project 
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2 Unbalance Compensation Techniques 

There are a mu!titude of current unbalance compensation techniques that have been 

tested to date, all with varying degrees of complexity and cost However, all 

compensators operate according to the same basic principle to physically reduce 

unbalanced currents thereby creating the effect that the source sees a fully balanced 

load at near unity power factor, This principle is outlined in (2), where currents are 

injected into the utility grid in parallel with the load in such a way as to reduce the 

unbalal1ce as seel1 by the source, see Figure 1. 

V1 I.,. 

~o Vl 14 

" V3 I,... 
~. II ' ~ • 

lot l..t' kt 

" 
~nsator 

Figura 1,' Basic Compensator Scheme 

The objective of the basic compensator is thus to il1ject currents If. , lib, lie, (calculated 

from currents Ila, lib, Id such that all currents I ... , I.b, 1' 0 are of equal magl1itude al1d 

transfer purely real power. It is shown in (2) that the reference currents generated by 

the compensator may be calculated with the following formulae: 

" _' _ V,.+(V.,.,-VdP p 
If a - Ila 1,11 lav (2-1) 

" _. _ V,. t(V" , VmW P 
Ifb - lib 1,11 lav (2-2) 

, _. V"i'(V", V,.lll P 
Ire - IIC - I ~ I lav (2-3) 

Where IAI = V,~ + V,'b + V,~ 

Also fJ = tan0/-Y3 where 0 is Ihe phu;'e angle 

It should be noted that Figure 1 depicts a grounded wye connection, in which neutral 
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currents may flow prior to unbalance compensation. However, should the load be 

connected in a delta format, the format of the compensator remains the same 

(however, no neutral connection is required) (2). 

2.1 Static VAr Compensation 

It is explained in section 3.2.1 that both real and imaginary power can be induced to 

flow through a susceptance if two sinusoidal waveforms of differing phase are placed 

across the susceptance. For this reason, the most basic of compensation techniques 

is to place a combination of inductors and capacitors across the three phases such 

that the appropriate compensation currents are generated. This method of 

compensation is detailed in (3) and is generalized for a three phase, three wire 

system as shown below: 

II r I 
~~--~,-----~--~~ 

"~-/~~' -I-...,.--.....-~.... r.. 
... far 

Figure 2: Static VAr Compensation 

This basic type of compensator consists of fixed capacitor and inductor values, 

calculated as detailed in (3), where the load current is decomposed into four 

components; active, harmonic, reactive and unbalanced. Compensation is thus 

required for the reactive, unbalanced and harmonic currents to provide a perfect load 

as seen by the source. However, typically, reactors as shown above increase third 

order harmonics thereby allowing only for the compensation of the unbalanced and 

reactive currents (3). The above topology may thus be summarized as shown below: 

Advantages: 

• Simple topology, little design required. 

• Low cost components, none of which are easily damaged. 
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• Simple solution to reactor values as detailed in (3). 

Disadvantages: 

• Compensator may only compensate for a fixed unbalanced load. 

• Possible resonance between the compensator and the source inductance. 

• Cannot compensate for zero sequence currents - will not be as effective for 

three phase, four wire loads. 

• Injection of third order harmonics into the utility grid (3). 

• May only perform three phase power factor correction (average of three 

phases). 

It should be noted that in (4) it is suggested that for the compensator to be able to 

reduce zero sequence currents (generated in an unbalanced three phase, four wire 

system), the load must first be separated by a delta-wye grounded transformer. In 

this way, all zero sequence currents are blocked and the compensator structure 

remains intact. 

2.1.1 Basic res Structure 

For a dynamically changing load, the compensator susceptances must also change 

accordingly for system balance to be maintained. For this purpose, the TCS 

(Thyristor controlled susceptances) structure is proposed in (3) below where each 

branch of the compensator is replaced with the following topology: 

Figure 3: Basic TCS Structure 

In the TCS topology, the firing angle of the triac is adjusted to adjust the susceptance 

seen at the branch terminals. Thus the values of C and Lc are chosen to match the 

range of the dynamically varying load, such that an in depth load analysis must first 

be performed to determine the range of powers consumed. Often, due to the 
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generally inductive nature of most loads, the inductor will only be used to de-rate the 

capacitor's influence of the circuit, but may, if the load requires it, be large enough to 

provide an inductive susceptance to the load. 

"The basic structure of the TSC has two main disadvantages. The shunt capacitor C 

may form a parallel resonance circuit with the supply source inductance for the 

current harmonics generated by thyristors. As a consequence, the distortion of the 

TCS current may be even higher that the distortion of the TSI (Thyristor switched 

inductor) current (3)." "The second disadvantage of the basic structure may appear 

only if the supply voltage is distorted. Namely, a strong distortion of the supply 

current may occur as a consequence of the series resonance of the compensator 

capacitor with the supply source inductance (3)." 

2.1.2 res with Modified Structure 

"Due to the high distortion of the supply current, a balancing compensator built of 

TCS with the basic structure may supersede the asymmetry of the supply current for 

the current distortion, with probably even much more harmful effects than the current 

asymmetry. A substantial reduction in the waveform distortion is necessary for a 

satisfactory performance of the balancing compensator. The TCS should attenuate 

current harmonics generated by the switched inductor. Moreover, it cannot be so 

sensitive to the supply voltage harmonics as the TCS with the basic structure (3)." To 

overcome the above mentioned problems, the TCS with modified structure is then 

proposed: 

Figure 4: TCS with Modified Structure (3) 

The TSC with modified structure "contains a shunt LtC, filter tuned to the third-order 

harmonic and an additional series inductor L. The filter provides a low impedance 

path for the third-order current harmonics generated by the TSI (Thyristor switched 
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inductor) The series inductor increases compensator impedance for the supply 

voltage harmonics (3) " 

The TSC with modified structure may b€ summarized as follows: 

Advantages: 

• Simple solution to reactor values as detailed in (3). 

• Reduced possibility of resonance with supply side inductance. 

• Exact compensation may be achieved within the compensator"s bounds. 

• Reduction in generation of third-order harmonics. 

Disadvantages: 

• Complex topology, many components reqUired 

• Design is less robust with the addition of solid state switches. 

• Expensive switches and control hardware required 

• More complicated switching scheme required. 

• Heat dissipation is required 

• May not compensate fo r inductive power on a single phase only. 

2.2 Adaptive VAr Compensation 

The operating principle of the adaptive VAr compensator from (5) is in line with the 

basic compensation principle shown in Figure 1, where a combination of injected 

currents work to balance the load as seen from the source; however some slight 

topology changes may be seen: 

, , , l<i -----.. ~., I 5' 
.k." YOO'II" Dt N. u ..... ' 

0 

Fjgure 5: Adaptive VBr Compensator (5) 
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Figure 5 shows one branch of a three phase filter, where the branch current 

produces one reference/compensating current. 

2.2.1 Topology Operation 

During the positive half cycle of the phase voltage, the thyristor, a, is off whilst the 

diode, 0, is reversed biased thereby preventing current flow through the circuit. 

However, as the phase voltage goes into its negative half cycle, diode '0' is now 

forward biased and allows current to flow from the neutral connection into the 

capacitor 'C'. This continues until the voltage waveform has reached maximum 

negative amplitude and the diode becomes reversed biased again. This process 

allows for the pre-charging of the capacitor such that the capacitor always remains at 

the peak amplitude of the phase voltage until the thyristor is switched. 

The driving signal to each thyristor gate is now synchronized to the reference grid 

voltage such that the thyristor is only switched when the phase voltage is at its 

maximum negative voltage. This voltage corresponds to the natural zero phase 

current of a capacitor since the current through a capacitor always leads the phase 

voltage by 90 degrees. Because of this, and because the capacitor was pre-charged 

to the peak phase voltage, the thyristor now has a zero voltage potential across it 

whilst simultaneously, the circuit is attempting to conduct zero current. Any switching 

of the thyristor at this stage would result in a near natural commutation of the 

thyristor (as if it were a diode) resulting in the introduction of near zero voltage and 

current harmonics, see Figure 6. 

It is worth noting though that because the thyristor may only be switched at one point 

in the voltage waveform, the inductor-capacitor circuit may not be tuned by an 

appropriately timed thyristor trigger as is possible in the TCS with modified structure 

topology laid out in section 2.1.2. Thus the filter may only present one susceptance 

value to its inputs (to the phase voltage), determined by the combination of 'L' and 

'C'. 
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It should De noted that 'L' is simply a de-luning inductor to ensure that the filter does 

not form a possible resonant circuit with the source inductance. 
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Figure 6: Waveform - Capacito..- VoIfi1fJe of A \lC Topology 
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Figure 6 shows the start of the capacitor pre-charge cycle (point 'A), the end of the 

pre-charge cycle (point'S') and the capacitor voHage at thyristor switching (point 'C'), 

It can be seen that the capacitor voltage naturally joins the cycle of the phase 

vollage, thereby introducing zero vollage harmonics_ 
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pre-charge cycle (point '8') and the capacitor vokage at thyristor switching (point 'C'), 
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Figure 7 shows the current through capacitor 'C' upon pre-charge (point D') and 

thyristor switch (point E'). It can be seen that capacitor current begins to flow 

naturally (sinusoidally from zero) and introduces no harmonics 

2.2.2 AVe Advantages and Disadvantages 

Each branch of the AVe filter presents a fixed susceptance to the phase source and 

thus contributes fixed reactive power to the utility grid_ Thus, to be able to achieve 

compensation for a dynamic load, many filter branches are required of differing 

susceptance such that a combination of which makes up the required total 

susceptance Each branch is sized to be double the capacitive power rating of the 

previous, to maximize total susceptance range For this reason, the resolution of the 

syste m IS defined to be half the reactive power of the smallest branch (5) 

The AVe may be summarized as follows 

Advantages 

• Reduced possibility of resonance with supply sde inductance 

• Zero generation of third-order harmonics 

• Low component st ress due to switching strategy_ 

• Simple Switching scheme 

Disadvantages 

• Many filter branches required, depending on load 

• Design is less robust with the addit ion of solid state switches. 

• Expensive switches and con t rol hardware required 

• Heat dissipation is required 

• May not compensate for inductive power on a single phase only_ 
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2.3 D-Statcom Compensation 

Reactive power, unbalance and harmonic compensation through the use of a D­

Statcom compensator (Distribution Static Compensator) is described in (6), where a 

three phase inverter is used in conjunction with a DC side capacitor (see Figure 8) to 

inject the required compensation currents, as described in section 2 

,-"~,,, 

I.~ ' 

i ' ll tl 
• d'l '" 'A' ;; - - ID'-,_ 

Ic-' 
~~-- c r ~ W,---f0f'--, -

• , " ,,', ;; 
0; ",<<I l "','''''''' -

Figure 8: D-SIRlmm Coo~"'"SaIUf (6) 

2.3.1 Topology Operation 

Figure 8 shows the topology of the O-Statcom compensator. where a three phase 

inverter made up of six IGBTs create the required compensation currents 'i(t)', The 

inverterlnteriaces to the utility grid Ilia inductors L' with parasitic resistance 'r' such 

that the phase angle of the inverter may differ slightly from that of the source In this 

way, power transfer may be realized by the inverter through the following equations 

as described in (7) where the power IS supplies by the source to thelnverier: 

(2-4) 

Q = '.:! (1 _ '':;"" cos s) 
"L, Y, 

(2·5 ) 

Where V, is the source voltage. V,,,, is the inverter side voltage. L, is the connecting 
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inductance and 0 is the angle between source and inverter voltage phasors, 

Using purely the inverter and connecting inductance, the system would be able to 

cOlnpensate for all reacti ve power, since no real power is being transferred by either 

the source or the Inverter (6) This can be verified by examining the above equations, 

where reactive power absorbed or injected into the source depend only upon the 

Inagnitudes of the source and Inverter voltages and the phase angle between them, 

However. because the system must compensate for unbalanced currents as well, 

where some real power transfer is taking place (from one phase to the next) some 

energy storage system is reqUired In the form of a capacitor. C. The three phase 

inverter simultaneously acts as a three phase rectifier when connected to the source 

thereby maintaining the capacitor voltage at a constant DC voltage Note that in this 

topology the capaci tor is not acting as a react ive power source itself. but merely as 

an energy storage device. Resistor 'R' in Figure 8 represents only the losses in the 

system Because the inverter section must act to both inject currents into the utility 

and as an active rectifier to maintain the DC side capacitor voltage, complicated 

control algorithms are required to calculated the appropriate switching patterns and 

ensure correct operation as described in (6) 

2.3.2 D-Statcom Advantages and Disadvantages 

The D-Statcom compensator may be summar'lZed as follows 

Advantages' 

• No possibility of resonance with supply side inductance 

• Precise con trol over compensation currents 

• Fast compensahon 

• Few Components 

• May perform per phase power factor correction 

Disadvantages 

• Designrs less robust with the addition of solid state switches. 

• Expensive switches and control hardware required, 
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• Harmonics generated by switched inverter 

• Complicated control is required. 

• Compensator electrical size limitations due to semi-conductor capabilities, 

• Heat dissipation is required 

• Cannot compensa te for z:ero sequence curren ts as it is a th ree phase, three 

wire system 

• Limited power factor correction (current limitations) 

2.4 Hybrid Static VAr Compensator and Series Active Filter 

The topology described in (8) is the most compretlensive topology detailed in this 

thesis and aims to compensate for all lInwanted reactive power. unbalance and 

harmonic currents for a severely unbalanced, non-linear load. The au thors of (8) 

have proposed a combination of a delta connected SVC, a wye connected SVC and 

a passive filter wittl series active filter (see Figure 9 below) 
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2.4.1 Topology operation 

The hybr'd SVC compensator is the first topology to make use of a combination of 

both delta connected as well as wye connected SVC filters, as shown in Figure 10 

Here, the load may De wye or delta connected and may still be compensated for 

completely by the compensator. The della connected SVC is used to compensate for 

the negative phase sequence or the real lInbalanced part of the load current whilst 

the wye connected SVC compensates for the zero sequence currents (neutral 

currents) as well as the imagin ary part of the p<Jsiti~e phase sequence where per 

phase power factor correction is achieved (B) Each SVC section is made up of a 

thyristor controlled reactor as well as a de-tuning filter to minimize the introduction of 

switching harmonics. To further reduce the injection of harmonics into the utility grid 

a passive filter is added in a shunt connection and tuned to the harmonic frequencies 

of the TCRs (8) thereby providing a low impedance path for those harmonics to the 

neutral connection 

As shown in Figure 9. an active filter is added in series with the shunt passive filter to 

further improve system performance "The active fi lter is operated to present a low 

fundamental frequency resistance and a high harmonics resistance for the source 

currents To appear as a resistor for the sOllrce harmonics currents, the output 

voltages to the active filter Should be in phase with the source harmonics currents 

(81." Galvanic isola tion is also provided for the active fi lter with the addition of a 

transformer on each inverter stage as shown in Figure 11 below 
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of the TCRs (8) thereby providing a low impedance path for those harmonics to the 

neutral connection 

As shown in Figure 9 an active filter is added in series with the shunt passive filter to 

flll1her improve system performance "The active filter is operated to present a low 

fundamental frequency resistance and a high harmonics resistance for the source 
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2.4.2 Hybrid SVC Compensator Advantages and Disadvantages 

The hybrid SVC compensator may be summarized as follows' 

Advantages 

• Little possibility of resonance with slipply side Indllctance 

• Precise control over compensation currents 

• Fast compensation. 

• Full harmonic compensation. 

• May compensate for della and wye connected loads 

• May perform full per phase power factor correction 

Disadvantages' 

• Desigrl is less robust with the addition of solid state switches 

• Expensive sw'ltches and control hardware required 

• Complicated control is required 

• Heat diss'lpation is required 

• MallY components, expensive topology 
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2.4.2 Hybrid SVC Compensator Advantages and Disadvantages 

The hybrid SVC compensator may be summarized as follows' 

Advantages 

• little possibility of resonance with slipply side Indllctance 

• Precise control over compensation currents 

• Fast compensation. 

• Full harmonic compensation. 

• May compensate for della and wye connected loads 

• May perform full per phase power factor correction 

Disadvantages' 

• Desigrl is less robust with the addition of solid state switches 

• Expensive sw'ltches and control hardware required 

• Complicated control is required 

• Heat diss'lpation is required 

• MallY components, expensi~e topology 
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2.5 Comparative Analysis 

As explained In sectIOn 1 3, the objectives of this thesis IS to design build and test a 

hybrid system c<lpable of both power factor correction as well as current unbalance 

compensation. Because this thesis began as a joint project bell'leen the University of 

Cape Town and an industly partner to create a system that may be marketable and 

sold to industries with current unbalance problems and poor power factor. the 

system must be a robust and competitively inexpensive produ ct This places 

limitations on the complexity and type of componen ts used In the topology of the final 

system which must be able to compensate for all negative sequence imaginary 

positive sequence and zero sequence currents. 

For the above reasons. it was suggested by (91 th<lt a delta connected static VAr 

compensator be used with con tactors (in place of thyristors) for cost, but was 

modified in accordance with the topology suggested in (8) by the author to the 

topology shown in 2.5,1. 

2,5.1 Hybrid Delta_Wye Stalk VAr Compensator 

Figure 12 below shows the topology of the hybrid delta-wye static VAr compensator 

It consists of two individual filters a delta connected fi lter to compensate for the bulk 

of the imaginary part of the positive phase sequence and the negative phase 

sequence. and a wye connected filter to compensate for the lero ph ase sequence 

as well as the per phase power factor (should phase power factors differ slightly) 
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modified in accordance with the topology suggested in (8) by the author to the 

topology shown in 2.5,1. 
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of the imaginary part of the positive phase sequence and the negative phase 

sequence. and a wye connected filter to compensate for the lero phase sequence 
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19 



Univ
ers

ity
 of

  C
ap

e T
ow

n

o 
o 
o 

, 

I I , 

\ 

-
Illy . SVC 

. Nt ~-

I 
! I i\ 
, 

c+- --,-Je 
. 

UeI:, Bve 

Fiqure 12: Hybrid DcIlJ-Wyc SVC CompCnSJIOr 

2.5.2 Hybrid Delta-Wye SVC Advantages and Disadvantages 

The hybrid delta-wye svc may be summarized as follows 

Advantages 

• Inexpensive design - few components required 

• Robust design - may withstand utility grid transients 

• No heat dissipation required 

• May compensate for both delta and wye connected loads 

• May perform full power factor correction willl per phase cornpercsation 

• More basic control strategies will be required with limited control hardware, 

• No switcllillg harmonics are generated on a constant basis 

Disadvantages 

• Compensation is step-wise exact compensation currents may no! be 

achieved 

• Possibility of resonance with supply side inductance 

• Generation of th ird order 11armonics by reactors 

• Slow compensation w ill not compensate for harmonics 

• Load must be inductive in nature to compensate for unbalance without 

creating a leading power factor 
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2.5.2 Hybrid De/fa-Wye SVC Advantages and Disadvantages 

The hybrid delta-wye svc may be summarized as follows 

Advantages 

• Inexpensive design - few components required 

• Robust design - may withstand utility grid transients 

• No heat dissipation required 

• May compensate for both delta and wye connected loads 

I -
f-

• May perform full power factor correction willl per phase cornpercsation 

• More basic control strategies will be required with limited control hardware, 

• No switcl1ing harmonics are generated on a constant basis 

Disadvantages 

• Compensation is step-wise exact compensation currents may no! be 

achieved 

• Possibility of resonance with supply side inductance 

• Generation of third order 11armonics by reactors 

• Slow compensation will not compensate for harmonics 

• Load must be inductive in nature to compensate for unbalance without 

creating a leading power factor 
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3 Theory Review 

Before the theory of current unbalance reduction can be examined, it is prudent to 

examine what current unbalance is comprised of and how it can be measured. As 

described in Section 1.2, it is assumed for the scope of this thesis that the load is fed 

by a three phase, four wire supply. This type of connection is the most common 

connection type to the utility grid, where a large building (factory or shopping center) 

comprises the load. Because this thesis is dealing with current unbalance, it is also 

assumed that currents must flow through the neutral conductor, the magnitude of 

which depends of the level of unbalance. Once the theory for a three phase, four 

wire system is examined, modifications will then be made for non-grounded wye and 

delta connected circuits. 

3.1 Unbalance Measurement 

A useful method of representing a three-phase system (three vectors) is to use 

space-vector theory, where the instantaneous summation of the three current 

vectors represent the magnitude of a rotating vector in the stationary reference frame 

with a frequency equal to the system's voltage frequency (10), see Appendix B. The 

space vector (Is) is illustrated below where a represent the real part of the vector and 

jJ3 represents the imaginary part: 

ij3 

Ie 

11 IbitaOl , 
Is , a 

\ 18 \ 
\ \ 'I 
~ ~' bltzOl 

lC(t"01 
lC(pOI 

Ib 

Figure 13: Vector Diagram Illustrating Space-Vector Construction 
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The effect of the space-vector on the system will thus have the same effect as the 

three current vectors together and will, in a balanced system, trace out a circle of 

radius Iisl (where Iisl = 1.5 x la) around the vector plane. As unbalance is introduced 

into the network, and the magnitudes and angles of each phase current changes, so 

the space-vector magnitude changes as it rotates around the vector plane, thereby 

tracing out a non-circular trace. The greater the deviation of the trace is from a 

perfect circle, the greater the level of unbalance present in the network. 

A space-vector that has a current unbalance component may be decomposed into 

three sequences - positive (1+), negative (I.) and zero (10) (11), see Appendix C. The 

vector sum of these sequences at any given time therefore makes up the original 

current system or space-vector. 

The positive sequence represents the wanted current sequence, and would 

comprise the entire current network in the case of a fully balanced system. This 

current sequence is represented by a rotating vector in the stationary reference 

frame with a frequency equal to that of the utility grid's voltage frequency (typically 

50 Hz). 

The negative current sequence represents the current flow that is caused by unequal 

loading of the voltage source and is represented by a rotating vector in the stationary 

reference frame with a magnitude that is dependent on the level of load unbalance 

and a direction opposing the positive sequence vector. 

The zero sequence vector is a non-rotating vector in the stationary reference frame 

that is caused by current flow in the poly-phase neutral conductor. This vector adds a 

fixed offset to the positive and negative current sequence vectors in the reference 

frame and is also caused by load unbalance. A vector diagram representing the 

sequence vectors is given below: 

22 

on same as 

so 

is a 
.. .:oe . .:onT in 

a 

~vc~t.eol!'n or SDc:lce'-ve:cto 

a 

is 

a 

zero ..... r·Tnr is a 

is I"oCII''';::I'C:U in a 

"""-Tn,,,,,, is 



Univ
ers

ity
 of

  C
ap

e T
ow

n

I 
I 

I 
I 

I 
I 
I 
I 

I 
\ 
\ 
\ 
\ 
\ , , 

" , 

, , , 

", 

, , 

jj3 Negative 
Sequence Trace 

\ 
I 
I 

I 
I 
I 

I 
I 

Positive 
Sequence Trace 

a 

Figure 14: Vector Diagram - Sequence Decomposition 

Current Sequences can be calculated from the natural grid currents via the following 

equations (11): 
1 

10 = '3 (Ia + Ib + Ie) 

1+ = i(Ia + alb + a2/e) 

L = i(Ia + a2/b + ale) 

,(211:) 
where a = e1 "3 

(3-1) 

(3-2) 

(3-3) 

Once all three current sequences are known, a measure for the level of unbalance 

may be calculated, where the negative and zero sequence form a portion of the 

positive sequence is required, This can be summarized as shown below: 

Unbalance [%] = 10+1_ X 100 
1+ 

(3-4) 
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constant (400 Vrms L-L, 120°). If it is assumed that a capacitor of random capacitive 

power is placed across two lines each connected to a voltage source of 230 VL-N and 

a 120° phase angle difference: 

A •• -----------=r=~------------e. 

I 
Cab 

B •• ---------------+------------e. 

The following vector diagram describes the waveforms present in the above setup: 

• i~ 
I 
I 

• I 

I 
I 
I 
I 
I 
I _----muu* ~~-uu! I .•.••• V 
I •••••• - b 
I V····· 

Vb I a 
I 
I 
I 
I 
I 
I 
I 
I , 

Figure 15: Vector Diagram of a Une to Une Capacitor 

It can be seen that line to line voltage, Vab, induces a current through the capacitor, 

labeled leap. This current leads the phase voltage by 90°, as a purely capacitive load 

must. However, if the capacitor current is referenced to the phase to neutral 

voltages, both a real and reactive component is seen in the capacitor current by the 

line to neutral voltages. This results in both a real and imaginary power transfer by 

the capacitor. The power flow through the capaCitor may be calculated by using the 

equations described below: 
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P = V rms(L_N)Irms COS (} 

Q = Vrms1rms sin (} 

(3-5) 

(3-6) 

Where "e' is the angle between the voltage and current phasors. 

Phase "A' powers: 

Phase 'B' powers: 

Also: 

Thus: 

1 
Pcap_a = Vrms1cap cos(-1200) = -2Vrms1cap (3-7) 

Qcap_a = Vrms1cap sine -120°) = - "; Vrms1cap (3-8) 

I - Pcap _ Pcap 

cap - VL-L - ./?,vL-N 

p _ 1 I~ I Pcap _ 1 P 
cap.)J - - 2 L-N ~VL-NI - - 2.f3 cap 

Q _.f3I~ I Pcap =!p, 
cap_b - 2 L-N .f3IVL-NI 2 cap 

(3-10) 

(3-11) 

(3-12) 

(3-13) 

(3-14) 

(3-15) 

Because the capacitor current lags phase 'B' and leads phase "A', a power flow is 

seen from phase 'B' to phase 'A'. This means that power from phase 'B' can 

supplement some of the power requirements of the phase 'A' load, thereby reducing 

the load as seen from phase 'A'. From the perspective of phase 'B', real power is 

being supplied, whilst reactive power is being absorbed, equivalent to adding the 

negative PcaP_b and negative QcaP_b powers to the load. seen by the source on phase 

'B'. In the two phase situation described above, the power drawn from the source 

(Pa, Qa, Pb, Qb) can be written in terms of the power drawn from the load (Px, Qx. Py, 
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Oy) and the power of the capacitor added between the two phases. 

1 
Pb = Py + 2-./3 Pcap_ab 

1 
Qb = Qy - '2Pcap_ab 

(3-16) 

(3-17) 

(3-18) 

(3-19) 

In the three phase situation with phases A,B and C being 1200 apart with source 

powers (Pa, Oa, Pb, Ob, Pc, Oc) and load powers (Px, Ox, Py, Oy, Pz, Oz), the above 

equations can be extended as follows: 

1 1 
Pa = Px - 2-./3 Pcap_ab + 2-./3 Pcap_ca 

1 1 
Qa = Qx - '2 Pcap_ab - '2 Pcap_ca 

1 1 
Pb = Py - 2-./3 Pcap~c + 2-./3 Pcap_ab 

1 1 
Qb = Qy - '2 Pcap_bc - '2 Pcap_ab 

1 1 
Pc = Pz - 2-./3Pcap_ca + 2-./3Pcap~c 

1 1 
Qc = Qz - '2 Pcap_ca - '2 Pcap_bc 

(3-20) 

(3-21 ) 

(3-22) 

(3-23) 

(3-24) 

(3-25) 
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3.2.2 Wye Filter Power Transfer 

The impact on power transfer by a wye connected filter is far simpler than that of a 

delta connected one since the impact of the element's reactive power affects the 

relevant phase only. The above equations can thus be modified to include wye 

connected filters as follows: 

1 1 
Pa = Px - 2.../3 Pcap_ab + 2.../3 Pcap_ca 

1 1 
Qa = Qx - '2 Pcap_ab - '2 Pcap_ca - Pcap_a 

1 1 
Pb = Py - 2.../3Pcap_bc + 2.../3Pcap_ab 

1 1 
Qb = Qy - '2 Pcap_bc - '2 PcaPab - Pcap.b 

1 1 
Pc = Pz - 2.../3Pcap_ca + 2.../3Pcap.bC 

1 1 
Qc = Qz - '2 Pcap_ca - '2 Pcap_bc - Pcap_c 

(3-26) 

(3-27) 

(3-28) 

(3-29) 

(3-30) 

(3-31) 

3.2.3 Unbalance Correction Algorithm - Grounded-Wye Connected Load 

Thus, for a given unbalanced system, a capacitor combination (Pcap_ab, PcaP_bc' 

P cap_ca, P cap_a, Pcap_b & P cap_c) must be found such that: 

(3-32) 

(3-33) 

It should be noted that capacitors may only be added between to two line to line 

voltages since adding the third capacitor would simply result in power factor 

correction. It should also be noted that the required power transfer from each phase 

to the next can easily be found by knowing that the total real power flow before 

compensation must equal to the total real power flow after compensation (since the 

law of conservation of energy must be satisfied). Because of this, and because all 

phases must transfer equal amounts of real power under balanced situations, each 

phase should then transfer real power equal to the average of the real power over all 
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phases. To calculate the required real power transfer, the required change in real 

power can be found by comparing actual power flow to the average power flow as 

follows: 

Thus: 

(3-34) 

(3-35) 

1 1 
llP.e = - - P.eap ea + r.; Peap be 2~ - 2v3 -

(3-36) 

To find the combination of capacitors that will result in the transfer of power as 

described by ~Pa, ~Pb and ~Pc, a matrix A-1 must be found where: 

However, for matrix 'A' to be invertible, it must have a non-zero determinant: 

1-1 0 I 11 0 I 11 -11 Determinant(A) = IAI = -1 - 0 + 1 = -1- 0 + 1 = 0 1 -1 0 -1 0 1 

Thus a matrix A"1 does not exist. However, matrix A is the solution to the general 

case where capacitor sizes for all three phases are considered. It is, however, known 
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that the connection of capacitors over all three phases must not occur, since this 

would result in normal power factor correction. Thus, for each current unbalance 

situation, one of the three capacitor variables may be eliminated from the 

calculations, allowing an invertible solution to the new matrix to exist. To determine 

which variable to eliminate for any given solution, some logic needs to be applied as 

shown below. 

For any given APa, APb and APe set, there must exist at least one APn that is 

negative (below average) and at least one APn that is positive (above average). 

Knowing this, and knowing that real power is always transferred around the phases 

in the order from leading to lagging (Va to Vb to Ve to Va again) reveals which phase 

must have zero capacitance. 

Let's' equal the number of APn (n = a,b,c) that is greater than zero. 

if s = 1: 

if s = 2: 

Begin at APn where Pn is the only phase with above average 

power transfer. Transfer APn to Pn+1. Then Transfer APn + APn+1 

to phase APn+2. For example: 

if L\Pa > 0 

Transfer power to the value of .l!P a to phase'S '. 

Then transfer power to the value of .l!Pa + .l!Pb to phase 'C'. 

Begin at APn+1 where Pn is the only phase whose power transfer 

is below average; transfer all APn+1 to Pn+2. Then transfer APn+1 

+ APn+2 to Pn to result in real power balance. For Example: 

if L\Pa < 0 

Transfer power to the value of .l!Pb to phase 'C'. 

Then transfer power to the value of .l!Pb + .l!Pc to phase :A '. 
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The above cont rot log ic may be summarized into a flowchart as seen in Figure 16 

below 
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The next step in the algorithm is to calc lilate the amount of power factor correction 

and wye filtration reqll ired to br ing the system to full balance and unity power factor 

on each individ ual phase This is easily accomplished by measuring the level of 

inductive react ive power left on each phase. If a ll three phases are still tra nsferring 

inductive reactive power, then the leve l of power factor cor rection is increased to the 

va lue of the smallest pha se reactive power, leaving only two phases w ith capacitive 

react ive power transfer. Wye connected filt er levels are then increased on these 

phases until a ll inductive reactIVe power is removed 
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The above controt logic may be summarized into a flowchart as seen in Figure 16 

below 

, ---T- ... .. 

I c"-'" " ....... ,., _ ,.,.~p",o I 
.. , ~ .. , 

, 
p", ... _ (M. Xl.';-) 1 ~ p,"" ." - W o)(Z.';-) , 

&0.>0' > , 
P", .k = (M.l(-2J)) 

~0,<0' 
p ... _~ ~ (M'. + 4P,)(M) 

• • 
I:~ ,t .. 

P.,.. .« - (<11')(1.1) P,,, .k - W . )(!.}) , 
> 

, 
p __ •• = (M'. )(-2J)) ~>o, ~O.'O' 

pu ._ .. (M'. + M'. XN1) .. 
• • ,:. • 

'" 
p''' .'" - W,)(z"j) • p" , ... = 1AI'. )(N3) 
p, .. ... = (<II'o)(-2,,1j) p'.'."" _ (<II'. +M'.)(2v'3) , 

" ,,, ,,, 
Tjgwv 16: C"I-I"cit,~ PO" ",f Equutim rtowchwt 

The next step in the algorithm is to calclilate the amount of power factor correction 

and wye filtration reqllired to bring the system to full balance and unity power factor 

on each individual phase This is easily accomplished by measuring the level of 

inductive reactive power left on each phase. If all three phases are still transferring 

inductive reactive power, then the level of power factor correction is increased to the 

value of the smallest phase reactive power, leaving only two phases with capacitive 

reactive power transfer. Wye connected filter levels are then increased on these 

phases until all inductive reactIVe power is removed 
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3.2.4 Unbalance Correction Algorithm - Non-Grounded Wye Or Delta 

Connected Load 

So far only grounded wye connected loads (three phase, four wire networks) have 

been dealt with, since this is the more general case However. a sotution may also 

be found for the non-grounded wye or delta connected cases. in which no neutral (or 

therefore zero sequence) currents may flow. Because no neutral currents exist (and 

therefore no zero sequence currents) in these circuit types, all wye connected filters 

would become redundant. It is well known that a non-grounded wye connected load 

can be transformed to an equivalent delta connected load (since neither have a 

neutral connection) such that a voltage source would not be able to see a difference 

between the two circuits (12). The transformation equations. along with their proofs 

from (12) are given in Appendix A. It should be noted that because of the D.-Y 

transformation mentiooed above, only one connection type needs 10 be examined 

(the delta connection type) for simplicity 11 would be possible to use a wye 

connected filter as either power factor correction or as a delta filter: however, a 

significant effective capacitor power capacity loss will be seen due to the fact that the 

capacitor is still wired as a wye filter (and thus sees a line to neutral voltage instead 

of a line to line voltage) This is demonstrated below: 

For 100 kVAr Capacitor (nominal)' 

.. . _ . ('"' """"."r)-- ('00""0)--~",yle Lupantor J-mp<,dallc<, = .. , '" = -'--., = " .8fl 
.<,V. IJ- 1,·'00; 

If 1 00 kVAr Wye connected bank were used for PFC' 
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been dealt with, since this is the more general case However. a sotution may also 

be found for the non-grounded wye or delta connected cases. in which no neutral (or 

therefore zero sequence) currents may flow. Because no neutral currents exist (and 

therefore no zero sequence currents) in these circuit types, all wye connected filters 

would become redundant. It is well known that a non-grounded wye connected load 

can be transformed to an equivalent delta connected load (since neither have a 

neutral connection) such that a voltage source would not be able to see a difference 

between the two circuits (12). The transformation equations. along with their proofs 

from (12) are given in Appendix A. It should be noted that because of the D.-Y 

transformation mentiooed above, only one connection type needs to be examined 

(the delta connection type) for simplicity It would be possible to use a wye 

connected filter as either power factor correction or as a delta filter: however, a 

signif icant effective capacitor power capacity loss will be seen due to the fact that the 

capacitor is still wired as a wye filter (and thus sees a line to neutral voltage instead 

of a line to line voltage) This is demonstrated below: 

For 100 kVAr Capacitor (nominal)' 

.. . _ .. ('" """"."r)- ' ('00000)- ' ~",yle ~ "pantor Impedance = .. , ,. = -'--., = " .Sf] 
.<,V. IJ- 1,·' 00; 

If 1 00 kVAr Wye connected bank were used for PFC' 
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V" 230" 
Effective POlVer'<I> == 3 ( 1 == 3-( ) == 33062 V,l,- (66% P,nver /0,\'10') 

ZL_N 1.8 

If 100 kVAr Wye connected bank were used as a delta filter: 

Figure 18. Delta Coonoction eX a WyB [xxmectoo Capacitor ban/( (l1OI1-flfOlmded) 

.. (N,pow~"l-' ('O"()()Ul-' Sm,qle Cup<1Cltr,,-lmpedance == • == --" '" 4.Rfl 
'lV,. 1.1 J«oo) 

Impedance seen Line to Line == 2 X 7."_" == 9.6fl 

Effective Power == 
, , 
II == ~ == 16667 VaT 

Z 9.6 
(83% Power loss) 

A similar power loss effect is seen with a 50 kVAr (nominal) capacitor bank and thus, 

it would be prudent to wire all capacitor banks into a della configuration to avoid such 

power loss when a delta or non-grounded wye connected load is being compensated 

for. All of the theory demonstrated in section 3.2.1, still holds for real power transfer 

around a poly phase network and thus the equations set out in section 3.2.2 remain 

correct. 
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Vi 230" 
Effective POlVer,,p == 3 ( ) == 3-( ) == 33062 V,l,- (66% ?rJlver 1",I's) 

ZL_N 1.8 

If 100 kVAr Wye connected bank were used as a delta filter: 

Figure 18. Delta Connoction eX a Wye rormectoo C8pocit(J[ ban/( (l1OO-f}fOImded) 

.. ("",pow~")-' (100000)-' Sm,qle Cup<1Cltr,,-lmpedance == , == --" '" 4.Rfl 
'(Vr .• '.! 3(''''') 

Impedance seen Line to Line == 2 X 7."_11' == 9.6fl 

Effective Power == 
, , 

!Jd == ~ == 16667 Var 
Z 9.'; 

(83')fJ Power loss) 

A similar power loss effect is seen with a 50 kVAr (nominal) capacitor bank and thus, 

it would be prudent to wire all c.apacitor banks into a della configuration to avoid such 

power loss when a delta or non-grounded wye connected load is being compensated 

for. All of the theory demonstrated in section 3.2.1, still holds for real power transfer 

around a poly phase network and thus the equations set out In section 3.2.2 remain 

correct. 
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3.3 Harmonic Amplification 

It is stated in section 2 that the introduction of capacitors into a system Increases 

harmonic content, In particular, the 3'" order harmonK;, It should be noted, however 

that capacitors themselves do not create harmonics: they simply amplify pre-existing 

harmonics present in the utility grid (13) This phenomenon may be e:.rplained by 

examining the equation govern,lng the impedance seen by a voltage source 

x (3-37) 

It can be seen that as the frequency of the applied voltage waveform is increased. so 

the Impedance of the capacitor for that waveform decreases. This means that a 

capacitor presents a lower Impedance to a higher order harmonic resulting in a 

larger current flow at that harmonic frequency. Thus, a capacitor simply amplifies the 

harmonic content of the voltage waveform placed across it by transforming that 

voltage harmonic into a current harmonic. A large source impedance wouKJ thus also 

mean that the newly amplified current harmonics could further increase voltage 

harmOniCs (due to the added source impedance voltage drop), thereby perpetuating 

the situation The most common harmon'K; orders that engineers face are called the 

'Triplen' harmonics and constitute the 3", gil and IS" harmonic orders (14). These 

harmonics are a concern because the consequences of the resultant increased 

current flow is cab le failure nuisance tripping and other equipment failure 

It should atso be noted that harmonic generation is caused by the addition of non­

linear loads to the utili ty grid where a nOll-linear load consumes a disproportionate 

amount of current to the voltage level as a particular phase cycle is completed The 

most common non-lin ear load is a rectifier. where the diooes of the rectifier conduct 

only at the peak of the voltage wavefor"Tl. Another common harmonic source IS 

sWitch-mooe power supplies, where the current is constantly being switched 
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3.3 Harmonic Amplification 

It is stated in section 2 that the introduction of capacitors into a system Increases 

harmonic content, In particular, the 3'" order harmon~, It should be noted, however 

that capacitors themselves do not create harmonics: they simply amplify pre-existing 

harmonics present in the utility grid (13) This phenomenon may be e:.rplained by 

examining the equation goVern,lng the impedance seen by a voltage source 

x (3-37) 

It can be seen that as the frequency of the appled voltage waveform is increased. so 

the Impedance of the capacitor for that waveform decreases. This means that a 

capacitor presents a lower Impedance to a higher order harmonic resulting in a 

larger current flow at that harmonic frequency. Thus, a capacitor simply amplifies the 

harmonic content of the voltage waveform placed across it by transforming that 

voltage harmonic into a current harmonic. A large source impedance woukJ thus also 

mean that the newly amplified current harmonics could further increase voltage 

harmOniCs (due to the added source impedance voltage drop), thereby perpetuating 

the sitLlation The most common harmon'K; orders that engineers face are called the 

'Triplen' harmonics and constitute the 3", gil and 15" harmonIC orders (14). These 

harmonics are a concern because the consequences of the resultant increased 

current flow is cable failure nuisance tripping and other equipment faiture 

It should also be noted that harmonic generation is caused by the addition of non­

linear loads to the utility grid where a non-linear load consumes a disproportionate 

amount of current to the voltage level as a particular phase cycle is completed The 

most common non-linear load is a rectifier. where the diodes of the rectifier conduct 

only at the peak of the voltage wavefor"T1. Another common harmonic source IS 

sWitch-mode power supplies, wMre the current is constantly being switched 
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4 Hardware Design 

4.1 System Overview 

For ease of manufacture and for cost effectiveness it was decided upon that the 

current balancer hardware would consist of a modified version of a standard power 

factor correction unit 

A standard unit consists of a series of capacitor banks. each connected in a delta 

fashion and driven by a three phase contactor. this is easily modified to satisfy the 

requirements defined in section 3.2. The power factor correction unit must also 

consist of capacitor banks that have individual capacitor connections (i.e. a total of 6 

connections such that they may be rewired into a wye configuration) One such unit 

that satisfies the above requirements is one from El€ctro-Mechanica (product code 

51500) and is a 500 kVAr system consisting of four 100 kVAr and two 50 kVAr 

capacitor banks 

At least one of the capacitor banks will have to be rewired to a wye configuration 

resulting in a corresponding effective power decrease (since the voltage seen by the 

capacitors decreases from a line to line value to a line to neutral value). This would 

leave the system at an effective power rating 

To compensate for this power decrease. and to maintain the overall power rating of 

the system at 500 kVAr, an extra capacitor bank will be added to the system and will 

consist of another standard 100 kVAr bank that will be rewired to a double 50 kVAr 

bank in a wye configuration. The prop<Jsed system ITtodifications are outlined in 

Figure 19 beiow. 
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4 Hardware Design 

4.1 System Overview 

For ease of manufacture and for cost effectiveness it was decided upon that the 

current balancer hardware would conSist of a modified version of a standard power 

factor correction uni t 

A standard unit consists of a series of capacitor banks. each connected in a delta 

fashion and driven by a three phase contactor. this is easily modified to satisfy the 

requirements defined in section 3.2. The power factor correction unit must also 

consist of capacitor banks that have individual capacitor connections (i.e. a total of 6 

connections such that they may be rewired into a wye configuration) One such unit 

that satisfies the above requirements is one from El€ctro-Mechanica (product code 

51500) and is a 500 kVAr system consisting of four 100 kVAr and two 50 kVAr 

capacitor banks 

AI least one of the capacitor banks will have to be rewired to a wye configuration 

resulting in a corresponding effective power decrease (since the voltage seen by the 

capacjtors decreases from a line to line value to a line to neutral value). This would 

leave the system at an effective power rating 

To compensate for this power decrease. and to maintain the overall power raling of 

the system at 500 kVAr, an extra capacitor bank will be added to the system and will 

consist of another standard 100 kVAr bank thaI will be rewired to a double 50 kVAr 

bank in a wye configuration. The proposed system ITtodifications are outlined in 

Figure 19 beiow. 
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-

Original System 
I , Proposed System 
, 

Capacity Fun~\ion Contactor I Capacit~ FUl1ctiol1 COl1tactor 

100 kVAr PFC 1 X 3<!l • I 100 kVAr PFC 1 X 3<!l 
, 

I 100 kVAr PFC 1 X 3<!l • 100kVAr PFC 1 X 3<1> 
- ~ 

100kVAr PFC 1 X 3<1> 

~ r-~-

100 kVAr PFC 1 X 3<1> 

I 50 kVAr PFC 1 x 3<1> 

50 kVAr " 3 X 1¢ 
-

50 kVAr PFC 1 X 3<1> 100kVAr " 3 x 1<1> , 
- -

50 kVAr PFC 1 X 3<!l I 50 kVAr Wy' 3x1<!l 

50 kVAr Wye 3 x 1<1> 

100 kVAr Wye 3 x 1<1> 

It can be seen in Figure 19 that the capacitor banks that are to be rewired into a 

delta or wye filter require three contactors each, one contactor for each phase. This 

is so that each bank may compensate for unbalance on any phase, as required by 

the unbalance of the load It should also be noted tha t if all three contactors are 

closed, each bank then performs normal power factor correction resulting in a power 

factor correction/current unbalance hybrid system 
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, 

-

Original System 
I , Proposed System 

Capacity Function Contactor I Capacity Function Contactor 

100 kVAr PFe 1 X 3<!l • I 100 kVAr PFe 1 X 3<!l 
, 

I 100 kVAr PFe 1 )( 3<!l • l00kVAr PFC 1 X 3¢ 
- ~ 

100kVAr PFe 1 X 3¢ 

~ r-~-

100 kVAr PFC 1 X 3¢ 

I 50 kVAr PFe 1 X 3¢ 

50 kVAr " 3 X 1¢ 
-

50 kVAr PFe 1 X 3¢ 100kVAr " 3 X 1¢ , 
- -

50 kVAr PFe 1 )( 3<!l I 50 kVAr WY' 3xl<!l 

50 kVAr WY' 3 X 1¢ 

100 kVAr Wy, 3 X 1 ¢ 

r iqufe 19: HUf<iwufO - rr()(XJstxJ Modili(;a!i()i)., 

It can be seen in Figure 19 that the capacitor banks Ihat are to be rewired into a 

delta or wye filler require three contactors each, one contactor for each phase. This 

is so that each bank may compensate for unbalance on any phase, as required by 

the unbalance of the load It should also be rIOted that if all three contaclors are 

closed, each bank then performs normal power factor correction resulting in a p<Jwer 

factor correction/current unbalance hybrid system 
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4.2 Hardware Modification 

To complete the conversion, the following steps need to be completed 

Remove the tray consisting of the double 50 kVAr capacitor banks One of these 50 

kVA" sections is rewired along with additionat contactors to be under single phase 

control, described in the above diagram as a 'delta filter' Here, each of the three 

phases is controtled by an individual contactor and will require two of those 

contactors to be closed for the bank to be connected to the grid 

iJ"oltoroc 5C h'Ar 

PFC Ben, 

Next, one of the 100kVAr banks is removed and. in the salT'03 manner described 

above, is rewired to be under single phase control to form part of the delta connected 

filter, Note that because each contactor is used to control a single phase, the phase 

current is paralleled across each of the three contactor terminals thus reducing the 

required contactor size 
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contactors to be closed for the bank to be connected to the grid 

iJ""ltoroc 5C "VI'r 

PFC Ben, 

Next, one of the 100kVAr banks is removed and. in the salT'03 manner described 

above, is rewired to be under single phase control 10 form part of the delta connected 

filter, Note that because each conlactor is used to control a single phase, the phase 
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A<>ditk;<1 . 1 

Contacto" 

FIgUre 21. PIloto - Rewired 100 WAr Delta C1JP'lCitor Bank (B"nk 5) 

Another 100kVAr bank is then also removed and rewired to form part of the wye filter 

upon which a small section of DIN rail is added to house the connector terminal for 

the neutral point of the wye connection 

~tral Con09Clion 

Aclditklnal OIN Ra'I 

Figure 22. Photo - Rewifod 100 WAr Wyo C8p8ciiorBailk (&Jill< 8) 
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A<>ditiQn . 1 

Contacto" 

FlfJUrB 21. PtJoto - Rewired 100 WAr Delta CiJp1Jcitor Bank (B,mk 5) 

Another 100kVAr bank is then also removed and rewired to form part of the wye filter 

upon which a small section of DIN rail is added to house the connector terminal for 

the neutral point of the wye connection 

~tral Connection 

Aclditklnal DIN Ra:I 

Figure 22 Photo - RewiIOd 100 WAr Wyo C8{JflcilorBailk (&Jill< 8) 
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The additional bank that was purchased to add to the cabinet (2 x 50 kVAr sections) 

is also rewired to form two wye connected filters. Here, there are six contactors for 

single phase control as well as added DIN rail to support the neutral point connector 

block. This bank is inserted below the main cabinet breaker in the 'spare' slot and all 

neutral points are connected together via copper cable. 

Additiooal DIN Rail 

Additional 

Cootactcn 
NeJrai Ccmection 

Point 
Addi~onal DIN Rail 

......... 

Fjg"re 23: Pl>oIo - Rewired 2 x 50 AVAr Wye Capacitor Bank.< (Banks 6 & 7) 
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The additional bank that was purchased to add to the cabinet (2 x 50 kVAr sections) 

is also rewired to form two wye connected filters. Here, there are six contactors for 

single phase control as well as added DIN rail to support the neutral point connector 

block. This bank is inserted below the main cabinet breaker in the 'spare' slot and all 

neutral points are connected together via copper cable. 

Additiooal DI~ R",I 

Additional 

Cootactcn 
NeJral Ccmection 

H:;;we 23: Pl>o<o - Rewiroo 2 x 50 KVAr Wye Cepacitor Bank.< (Banks 6 & 7) 
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4.3 Contactor Sizing 

Each new additional contactor must be rated according to the capacitor size and 

therefore current drawn by each capacitor. Capacitor values can be calculated from 

their rated three phase power with the equations below: 

Banks 1 & 2: 

Bank 3: 

Bank 4: 

Ix 1--'-C - , ,,,[e 

" p '" - '" VI >, 

100 k.VAr - 3¢ power factor correction 

1
- P _ '00000 _ -------w,,_,. JXVL_'. 

145 ATm., per phase 

50 k.VAr - 3¢ power factor correction 

50 kVAr - 1¢ delta filter 

(4-1 ) 

(4-2) 

(4-3) 

Note: only two of the three connection contactors will be closed 

at any given time. resulting in an equivalent circuit shown below. 

CuppunmL '" (lCx + O.sCx ) = 1.sCx 

P,qujval.."t '" P3<t> -;. 2 = 25kVAr 

1 = _, _ = l5000 = 62.5 II 
Vl._l. ~oo rm, 
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4.3 Contactor Sizing 

Each new additional contactor must be rated according to the capacitor size and 

therefore current drawn by each capacitor. Capacitor values can be calculated from 

their rated three phase power with the equations below: 

Banks 1 & 2: 

Bank 3: 

Bank 4: 

Ix 1--'-C - ' '''Fe (4-1 ) 

" p == - == VI 
" 

(4-2) 

(4-3) 

100 k.VAr - 3¢ power factor correction 

1
- P _'00000_ -------w,,_,. JXV"_ ,. 

145 ATm., per phase 

50 k.VAr - 3¢ power factor correction 

1 = -'- = ~ = 72.5 Arm, per phase 
3VL_.\" .'XVL_.\" 

50 kVAr - 1¢ delta filter 

Note: only two of the three connection contactors will be closed 

at any given time. resulting in an equivalent circuit shown below. 

Cuppunm' '" (lCx + O.SCxJ = 1.SCx 

P,q ujvalrnl = P3<t>';' 2 = 25kVAr 

1 = _,_ = l5000 = 62.5 II 
V

L
_

L 
~oo em, 
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Bank 5: 

Banks 6 & 7: 

Bank 6: 

100 kVAr - 1 cP delta filter 

Note: only two of the three connection cootactors will be closed 

at any given time, resulting in an equivalent circuit shown below. 

Currur<TIt '" (lCx + O.5Cxl = 1.5C~ 

P,,,vivul,nf = P3q, ~ 2 = 50kVAr 

I = _"_ = Soooo = 125 A 
VT._T. ' "0 ,"" 

50 kVAr - 14> Wye filter 

331.5f1F 

" Papp ~, .~' = z= VZ_,~(2n50)C1¢ = 5509VAr 

I 
I = v = 23 Ann.,· 

100 kVAr - 14> Wye filter 

C _...!.Jl:...._ 
,oX> - ,."tV' -

y' 
Papparcnt =;;- VZ_~(21r50)C,<P = 11020 VAr 
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Bank 5: 

Banks 6 & 7: 

Bank 6: 

100 kVAr - 1 cP delta filter 

Note: only two of the three connection cootactors will be closed 

at any given time, resulting in an equivalent circuit shown below. 

C~rra"nt '" (lCr + O.5Cx) = 1.5C~ 

P",v.ival,n! = P3~ ~ 2 = 50kVAr 

I = _,_ = Soooo = 125 A 
VT._T. '"0 nT'S 

50 kVAr - 14> Wye filter 

3315f1-F 

" Papp~,.~' = z= VZ_,~(2n50)CH = 5509VAr 

I 
I = V = 23 A.n ".,· 

1 00 kVAr - 14> Wye filter 

c _...!.Jl:...._ 
,oX> - ,."tV' -

v' 
Papparcn' = 7 VZ_~(2n50)C,<p = 11020 VAr 

41 



Univ
ers

ity
 of

  C
ap

e T
ow

n

The following cOfltactor siz:es are calculated (some over rating altowed) as per the 

aoove formuta afld tabulated below. Also, note that three phase contactors being 

used for a single phase may halJe their terminals paralleled 

Bank No. Powe, Function ! C,,:,tacto, 
- ----- _. , IOQkVAr ,ce 

, '" ,. -

i 
, l00kVAr ,ce ! 9Q A_ ,. 

I ; 5CkVAr ,ce ! 43A- ,. 
I , 50!<VAr Della '" 3.1<!l 

- ----- . 
; 1 C«<VAr Delia '" 3.1<!l 

-, 
0 5GkVAr W" 2CA-3x1<!l 

-, 50kVAr W,' 2GA-3.1<!l 
.. 

0 lCCl;VAr W" ; 20A 3x1<!l 

T abie 1. Capacitor Bank Powers and FurK.·tiDilS 
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The following cOfltactor siz:es are calculated (some over rating altowed) as per the 

aoove formuta afld tabulated below. Also, note that three phase contactors being 

used for a single phase may halJe their terminals paralleled 

Bank No. Power Function ! C,,:,tactor 
- - ---- _.-, l00kVAr ,ce 

, "" ;0 

-

i 
, l00kVAr ,ce ! 00 A_ ;0 

I ; 5CkVAr ,ce ! 43A- ;0 

I , 5O!<VAr Della '" 3" <!l 
- ----- . 

; 1 C«<VAr Delia '" 3,1 <!l 

-, 
0 5GkVA, W,o 2CA -3xl<!l 

-, 50kVAr W,' 2GA-3x1<!l 
.. 

" lCOkVAr W" ; 2M 3x1 <!l 

T abie 1. Capacitor Bank Powers and FurK.·tiDilS 
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5 Simulation: Current Balancer 

To ensure that the theory described in the previous sections is accurate, and tha: the 

system will h.we the desired effect in reality. the system is simulated usir.g the 

'MATLAB Simulink" computer simulation package 

5.1 Capacitor Power Flow Theory 

To ensure that the equations that were calculated in section 3 are correct. a simple 

simulatKln was set up as shown below to examine the power flow through the 

capacitor and its effect on the line currents_ 

FigUrf! 24. SlnllJialioo Scllfl m~;'" - Pow~r Flow Thmug!) J CapaCij()( 

The load in the above setup was programmed to have a large impedance. Ihereby 

allowing the power flow measureme nls tha t are calculated from the voltage and 

current measurement block to be in fluenced by the capacitor power flow onty 

Voltage waveforms of voltages across and current through the capacitor. C1. are 

examined in detail below 

l 
l 
I 

-c;, , 

"I, 
" 
• 

! • 

- \ , 
'. i 
V , 

(\ r i\ ! 

, 
i 

\ / 
c' , , 

•• •• 

-_._--

(\ - .,'" 
- ~ 

! 
\ 

-
, , , 

\ , 
\ ! 

\ / ' ! 
, 

\J u , , , -. ..•. • • 

FigJ.ire 25 Si"w/atioll Waveform - Capoc;*or C"rrel1! Versli5 Lillfl I/oIlag" 
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5 Simulation: Current Balancer 

To ensure that the theory described in the previous sections is accurate, and tha: the 

system will have the desired effect in reality. the system is simulated lIsil1\l the 

'MATLAB Simulink" computer simulation package 

5.1 Capacitor Power Flow Theory 

To ensure that the equations that were calculated in section 3 are correct. a simple 

simulatKl n was set up as shown below to examine the power flow through the 

capacitor and its effect on the line currents_ 

Fqu,-" 24. SInNJiarloo ScllflmM.: - Pow" ,. Flow Thmugil J CapaCij()( 

The load in the above setup was programmed to have a large impedance. thereby 

allowing the power flow measurements that are calculated from the voltage and 

current measurement block to be infiuenced by the capacHor power flow onty 

Voltage waveforms of voltages across and current through the capacitor. C1. are 

examined in detail below 

l 
l 
I 

-" , 

"1\ 
" 
• 

! • 
, • 

\ 
\ i 
V , 

( \ r i\ ! 

, , 
i 

\ I 
-' , , 
•• 

-_._--

(\ - .,'" 
- ~ 

! 
\ 

-
, , , 

\ , 
\ ! 

\ / , ! , 
\J u , , , -, ..•. •• 

Figlire 25 Si,,"'/atio/l Waveform - CapiX~or C"rrelli Versu~ Lillfl I/Cillag" 

43 



Univ
ers

ity
 of

  C
ap

e T
ow

n

It can be seen in Figure 25 that the current through capacitor C1 (green waveform) 

leads the line voltage across the capacitor (blue waveform) by 90" resulting in the 

consumption of purely capaci tive reactive power by the capacitor, If this current f low 

is r10W referenced to the line to neutral voltages V, ar1d Vb that comprise the line to 

line voltage V;j/J, the following results are seen: 

"-""'<:..- V ..... lioo .. _ v_ 
" (\ 1\ (\ (\ (\ (\ (' - • 
~ 

0 -

V V V V v V V V -0 ." 0 " '" o. •• o • 0 " o. 

Figure 26' Simuialioll Waveform· Capacitor Current Versus Line fo N9Utroi Voitag9S 

It can be seen in Figure 26 that the capacitor current leads V, by 120" and lags Vb by 

120", as predicted in section 3,2,1. Figure 15 By tabulatif1g simulation results with 

several different capacitor va lues and comparing the power transfer to that predicted 

by theory, it can be seen that the simulation agrees with theory 

Capacitor Power '"00 "'00 10000 

Predk:ted flP .. , · 28B,7 ·14434 ·2886,8 

Simui<lte d flP, ·283,5 ·14437 ·2M8 

Predk:ted flP, 283,7 14434 2M6,8 

Simui<lted lI.P, '"" 1443,1 '''' 
P redded AO , -"", '"'" "'" 
8;mulated lI.Q. -"", ·2499 -4999 

Predk:ted llO" -"", '"'" -"00 
8;mu i<lted llo" -"", ·25Ot """ 

Table 2: Companson Beiwe9n Current UnbaJanGe ThocJty and SlmuiatlOll 

44 

It can be seen in Figure 25 that the current through capacitor Cl (green waveform) 

leads the line voltage across the capacitor (blue waveform) by 90" resulting in the 

consumption of purely capacitive reactive power by the capacitor, If this current flow 

is r10W referenced to the line to neutral voltages V, ar1d Vb that comprise the line to 

line voltage V~, the following results are seen: 

"-""'C- V ..... lioo .. _ v_ 
" (\ 1\ (\ (\ (\ (\ (' - " ~ 

0 -

V V V V v V V V -0 .. , '" '" o. o. o. 0 " o. 

Figvre 26' Simvialioll Waveform· Capacitor Current Versus Line 10 N9Utroi Voitag9S 

It can be seen in Figure 26 that the capacitor current leads V, by 120" and lags Vb by 

120", as predicted in section 3,2,1. Figure 15 By tabulatif1g simulation results with 

several different capacitor values and comparing the power transfer to that predicted 

by theory, It can be seen that the simulation agrees with theory 

Capacitor Power 1000 '''' 10000 

Predk:ted flP .. , ·283,7 ·14434 ·2886,8 

Simul<lted flP, ·283,5 ·14437 ·2ea8 

Predk:ted flP, 283,7 14434 2ea6,S 

Simul<lted liP, '"" 1443,1 '''' 
Predicted AQ , -"" '"" = 
Simulated AQ. -"" ·2499 .'00 
Predk:ted lIQ" -"" '"" -= 
Simul<lted lIo., -"" ·25Ot ·5001 

Table 2: Comparrson Between Current UnbaJanc'e 7000ty and SlmuiatlOll 
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5.2 Current Balancer Overview 

Once it was conf irmed that the theory set out in section 3 was in fact accurate and 

that the simulation package is in agreement, the entire current balancer hardware 

can be simulated as a whole as shown below 

, , 

1 1: 1 1: 
T T : T T : , .. .. .. 

[ ''': ::- :' .. , , 
J, , J, , .. 

-- ~ ,-/=. v_.., _ . ..... ""'" , , 
~ - T , T , , - --

"0 '"-, . "' - • , , 
: J, J, ..1- : ' ' " - " .-'" , 

" ' 
, t V""':. _ ------- , -------, , 

FiQure 27: Simulation· Current Bala/loor 

5.3 Phase Power Calculator 

, -, , , , , , 
, , , 
, , 

o 
o 
0 , 

-- ---- ~ 

Next. power measurement blocks were set up as shown below (for phase 'n·). the 

ca lculated phase real and reactive powe r wil l be used in the control algorithm set out 

in section 3.2.3 to calculate the opt imum compensation capacitor values. Power 

ca lcu lations are performed for each source phase as well as load phase. 

FigufG 28: Ph[1sG Real W>d Im<>gin<JfY ?<:mar Calculator 
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5.2 Current Balancer Overview 

Once it was confirmed that the theory set out in section 3 was in fact accurate and 

that the Simulation package is in agreement, the entire current balancer hardware 

can be simulated as a whole as shown below 
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l:-L_L,,--'_..J-t'.J : 1- -.l 1- : ' _

' r O' j " .-"_ ~-- - - -- ,~- ----- ,: T T T 
: I I 

~ 

r : , 

FiQure 27: Simulation· Curren! Bala/loor 

5,3 Phase Power Calculator 

~, 

, - - - ---, 
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Next, power measurement blocks were set up as shown below (for phase 'n'), the 

calculated phase real and reactive power will be used in the control algorithm set out 

in section 3.2.3 to calculate the optimum compensation capacitor values. Power 

calculations are performed for each source phase as well as load phase, 

Figum 28: Ph[1sG Real W>d Im<>gin"fY Pi:mar Calculator 
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5.4 Unbalance Level Calculator 

To be ab le to analyz:e the effect of the current balancer algorithm on the unbalance 

seen by the source in the simulation in Figure 28 the level of unbalance is measured 

both before and afte r current balancing has taken place, This is accomplished in line 

w ith th e method set ou t in section 3 1 and is ca lculated in Simulink as sh own below 

I I I 

" " " .r' ,,, ... , • 4{. 
, 

~ 
,~" ,,, . 

'" • " ;; ~, , .. '''- I i I I , 
~-

~"",,, _.; ". " f-" '''"'''' '"- " 
" I -I , 

'.~ 

-' .... ,~ 

"" 
Fjq<l,., 29: S lIlllJia /ioil - UnbalailGe Cak:lJlaror 

5.5 Unbalance Reduction Algorithm 

To test the unbalance reduction a~orithm, an embedded MATLAB function was 

created within the simulation that accepted the load real and imaginary powers and 

return s the variou s delta filters, wye f ilters and power factor correction levels This IS 

achieved in conjuncti on with the alg o r~h m set out in section 3.2.3 

" 
, 
" 

,', 
.. , , 
-" .,-= " I 

" " 
q 000' I 

" 
'i'" Hl 

I 
", OWl 1 

"- .,) [ = 1 --, "'''''' ,~"< .. ,, 

Fjq'1f6 J(} Sillwla/lOIl - UnbiJIance Control IlIgol illllll Fw)(;iioll Rio"," 

See Appendix D for the embedded funct ion 
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5.4 Unbalance Level Calculator 

To be able to analyz:e the effect of the current balancer algorithm on the unbalance 

seen by the source in the simulation in Figure 28 the level of unbalance is measured 

both before and after current balancing has taken place, This is accomplished in line 

with the method set out in section 3 1 and is calculated in Simulink as shown below 

I I I 

J' " " " ," ... , . ~ 
, 

~ 
,~",,, . 

'" . ",-" ~ .. , , - ,,, .... I ; I I , ~. 

~e"'" _.; ,-
" f-" ''''''''' ..-- " 

" I i I , --
~ ' .... 'N 

, .. 
Figvre 29: Smwiatioil - Unbal&oce CalclJlalor 

5.5 Unbalance Reduction Algorithm 

To test the unbalance reduction a~orithm, an embedded MATLAB function was 

created within the simulation that accepted the load real and imaginary powers and 

returns the various delta filters, wye filters and power factor correction levels This IS 

achieved in conjunction with the algorithm set out in section 3.2.3 

'.' , 
" " 

_" .,= ,ii'l 

"" q 100'1 
,~ 'I" Q'Il1 

" ;1 oro I 
'" [=1 --, "'''''' ,~",., 

Figure J(} Simal&tlOll - Unbalance GJlltfo/ Il/gofililm Fw><;iioll Rio"," 

See Appendix D for the embedded funct ion 
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5.6 Simulation Results 

The current unbalance control block described in the section above (section 5.5) is 

configured to return the exact number of capacitive VArs required in each filter to 

achieve current balance and unity power factor. however. should the load not be 

su fficiently inductive. the algorithm returns the best available solution without 

allowing the source to see a capacitive load The algorithm achieves this by scaling 

the capacitor va lues down until the phase with the least inductive load achieves unity 

power factor By running the sirnulation with several differing load unbalances and 

power factors. the effect of the sys tem on unbalance can be seen in table form 

below An initial test was also performed on the con trol algori th m where a purely 

reat. unbalanced load was placed onto the source. The algori thm returns a zero 

value for all capacitive filters as required since any capacitor add ition would result in 

a lead ing power factor and less effici en t energy consumption by the load 

~" l\-Filt~ r 
Wy~-

'" 
Sourc ~ 

Ph~,e 

I 
[kVAr] 

Filt~ r 

I [kW] [kVAr] {kVAr] 
Pow~r [kW] [kVAr] , 1225Z4- C C C C 122G14 ! C 

~ 

7~g3 4 i 0 , 7S934 0 0 c 

I 
c 

._.- - ~ 

l OOg10 - ~-l) --, 1r:'J~1 Ll 0 c c 0 

Unbalance 20.CUC< 2~.OLl% 

Table 3 above shows the simulation results of the balancer unit on a purely resistive 

load Since no capacitors can be added without reducing the power factor of the 

load. no real power balance can be achieved 

load l\- F~ter 
Wve-

'" 
Source 

Pha;e 
[kVAr] 

Filter 

I [kW] [kVAr] [kVAr] 
Power jkW] [kVAr] , 1£1545 15107 15100 C 0 113918 C 

~ , 78 98Z 1510Z 10100 C C 87717 C 
~ ~ , 100833 15104 C 15095 C 100835 -140 

Unb~l~n,e ) 476\1; 1'.04% 

Tal)" 4. Simulat.ini) - Ind/}ctanc>' StM,ed Lo~d 

Table 4 above shows th e sirnulatlon resu ts of the balancer unit operating on a load 

47 

5.6 Simulation Results 

The current unbalance control block described in the section above (section 5.5) is 

configured to return the exact number of capacitive VArs required in each filter to 

achieve current balance and unity power factor. however. should the load not be 

sufficiently inductive. the algorithm returns the best avaitable solution without 

allowing the source to see a capacitive load The algorithm achieves this by scaling 

the capacitor values down untit the phase with the least inductive load achieves unity 

power factor By running the sirnulation with several differing toad unbalances and 

power factors. the effect of the system on unbalance can be seen in table form 

below An initial lest was also performed on the control algorithm where a purely 

reat unbalanced load was placed onto the source. The algorithm returns a zero 

value for all capacitive filters as reqUired since any capacitor addition would result in 

a leading power factor and less efficient energy consumption by the load 

~" lI-Filt~ r 
Wy~-

'" 
Sour<~ 

Ph~se 

I 
[kVAr] 

Filt~ r 

I [kW] [kVAr] {kVAr] 
Pow~r [kW] [kVAr] , 122524- C , 0 , H2G24- ! , 

~ 

7~g34 i (j 

" 7S934- , , , 
I 

c 
._.- - ~ 

IOOg10 - ~-l) --, 1LXl~1L) 0 , , 0 

Unbalance 20.CUC< l~.OLl% 

Table 3 above shows the simulation results of the balancer unit on a purely resistive 

load Since no capacitors can be added without reducing the power factor of the 

load. no real power balance can be achieved 

Ow" II-F~ter 
Wve-

'" 
Source 

Pha;e 
[kVAr] 

Filter 

I [kW] [kVAr] [kVAr] 
Power \kW] [kVAr] , nzr>45 15107 15100 , , 113918 , 

~ 

" 78982 1510Z 10100 , , 87717 , 
~ ~ , 100833 15104 0 15095 0 l()O835 -140 

Unb~l~n<e )476\1; 1'.04% 

TaJ.;-'" 4. Simulat.ini) - InQ/}ctanc>' StM,,;d LO~Q 

Table 4 above shows the sirnulation resu ts of the balancer unit operating on a load 
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that is badly unbalanced and is composed of a complex load However, the load is 

not Inductive enough to be ful ly balanced by the balancer and only a partial decrease 

in the level of unbalance can be seen, 

Lo~d l\-Filte, 
Wye-

'" 
Sourc~ 

P11as~ 

I [WAr] 
Filter 

Power [kW] [kVAr] [kVA,] [kW] [kVAr] 

, 100820 30216 0 22500 7700 100818 ~' OO 

" 1:0891 :l5252 :7500 ,= , noo 100784 -G5 , ~ ~ , '10744 25180 17500 0 , noo l00SliO -42 

Unb~l~nce 12.40% O, l b';; 

Table 5: Slmu/(Jjl0n - Fully BU/(vkJeli L(Jw) 

It can be seen in Table 5 that a load that is sufficiently inductive for the balancer can 

be fully balanced from the source perspective 

Load l\-Filter 
Wye_ 

'" 
Source 

P11ase 
[kVAr] 

Filter 
[kW] IkVAr] [kVAr] 

Power [kW] I [kVAr] 

, 121652 40:l:7 :l7S(){) 0 "00 ,=~ ;c, 

" 789£3 40300 37500 , , 2290 100587 251 , 100885 l,-GSO 0 
, zzooo "00 :OO8~4 -90 

~~ 

,~-

Unbalan,e 2Q,2N 0.25% 

ral,'e 6: Sm"'/atlOil - lI,axlmum UlJbalance Powel 

Table 6 shows an unbalanced load that requires the maximum capacitor power 

avai[able to it by the current balancer (75 kVA r line to line plus 22 kVAr line to 

neutralL The load unbalance (20%) represents the maximum unbalance that may be 

compensated for a load of that particular size (average of 100 kW per phase) As 

ave rage load size increases so the maximum reducible unbalance decreases 

proportional~ This proportionality is shown below where load networks of varying 

sizes are balanced with maximum balancing power. Because power transfer through 

delta connected filters occurs only from the leading phase to the lagging phase, the 

optimum unbalance situation would exist where one phase (say phase A) transfers 
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that is badly unbalanced and is composed of a complex load However, the load is 

not Inductive enough to be fully balanced by the balancer and only a partial decrease 

in the level of unbalance can be seen, 

lo~d lI.-Filter 
Wye-

'" 
Sourc~ 

Phas~ 

I [WAr] 
Filt~r 

Power [kW[ [kVAr] [kVArI [kW] [kVAr] 
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. ~ 
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Table 5: Simu/"jl<)n - Fully BU/(vkJeli L(Jw} 

It can be seen in Table 5 that a load that is sufficiently inductive for the balancer can 

be fully balanced from the source perspective 

Load f:.-Filter 
Wye_ 

'" 
Source 

Phase 
[kVArJ 

Filter 
[kW] IkVArJ [kVAr] 

Power [kW] I IkVArJ 

, 121652 40:l:7 :l75oo , "00 ,=~ ;c, 

" 789£3 40300 37500 , , 
"" 100587 251 , l oo fl.85 14G50 , , zzooo "00 :OO8~4 -90 

~~ 

,~-

Unbalance 20,27% 0.25% 

ral,'e 6: Sm",/aw:m - lI,axlmum UlJbaJal){;e Powel 

Table 6 shows an unbalanced load that requires the maximum capacitor power 

available to it by the current balancer (75 kVAr line to line plus 22 kVAr line to 

neutralL The load unbalance (20%) represents the maximum unbalance that may be 

compensated for a load of that particular size (average of 100 kW per phase) As 

average load size increases so the maximum reducible unbalance decreases 

proportionally This proportionality is shown below where load networ!<s of varying 

sizes are balanced with maximum balancing power. Because power transfer through 

delta connected filters occurs only from the leading phase to the lagging phase, the 

optimum unbalance situation would exist where one phase (say phase A) transfers 
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power above the three phase average by an amount of 21650 kW [(maximum delta 

filter power)/(sqrt(3t2J, whi lst phase '8' Iransfers power below average by 21650 kW 

and phase 'C' transfers average power. This is because al l della filters can be 

connected across one line to line voltage (phase 'AS' in this case) If the average 

phase size in the situation described above is adjusted and the simu lation run, a 

graph of maximum reducible unbalance versus load size may be plotted (see Figure 

31 ) 

Total 3<t> Load Maxim..." 
Reducible 

Si~e [kWI Unbalance 

"" 20'% 
~. 

"" 13% 

,;0 9.67% 

'"00 698% 

'"00 5.87'''; 

1 "" 4.98% 

f-
1700 4.22% 

' COO 3em:~_ 
2200 3.29% 

--

"" 2.OCl'% 

Table 7: SlInl!latb n - Maximum Reducible Unbalance versus Load Size 

M aximum Reducib le Unbalance 

25.00)\ 

;, 20 001(; , 
0 • 1~.00% 

• 0 

" 
~ 

10. 00% ,------~ ~~-

" " SDO'!' , 
"~ 

L ._ .• 

" 000 1500 

Total Load Pow~r IkW] 

FiglHe 31: Simulati:ln - Maximum Reducible Unba/anw V,;rsus Law Size 
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Total 3<t> load Maxim<.rn 
Reduoible 

Si~e [kWI Unbalance 

"'" 20'% 
~. 

"'" 13% 

,;0 9.67% 

'"00 698% 

"00 5.87'''; 

1 "'" 
4.98% 

f-
1700 4.22% 

'COO 36a'~~_ 
2200 3.29% 
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"" 2.90'% 
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It can thus be said that the control algorithm set out in section 3.2.3 does indeed 

work correctly and can exactly balance a load given that the load is sufficiently 

inductive in nature for its unbalance. 

5.7 Discrete Current Unbalance Control Algorithm 

Because the balancer unit does not have access to an infinite number of capacitor 

powers, the control algorithm must be adjusted to return the nearest level of 

compensation as allowable, given the number of capacitor banks and the number of 

steps in compensation power. The available steps are set out below for each type of 

filter: 

5.7.1 Delta Connected Filter: 

If only on~ phase requires compensation: 

Power Level 0 1 2 3 

Power [kVAr] 0 25 50 75 

If two phases require compensation: 

Power Level 0 1 2 

Power (Major 0 25 50 Phase) [kVAr] 

Power (Minor 0 0 25 Phase) [kVAr] 

5.7.2 Wye Connected Filter: 

Any phase may have, simultaneously, the following power levels: 

Power Level 0 1 2 3 4 

Phase Power [kVAr] 0 5.5 11 16.5 22 
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5.7.3 Power Factor Correction: 

In unbalance correction mode, the following levels of power factor correction are 

available: 

Power Level 0 1 2 3 4 5 

3e1) Phase Power [kVAr] 0 50 100 150 200 250 

Once a solution has been found for the power required for the delta filters, the 

control algorithm then finds the nearest appropriate delta power level (determined by 

the capacitor sizes) and subtracts this from the remaining compensation required by 

the wye filters. Once a solution has been determined for the total required reactive 

compensation required for each phase, the power factor correction level is set such 

that the wye filters compensate with the least required power. In other words, the 

three phase power factor correction power is set to the smallest of the required 

reactive power required over the three phases. This is done since the wye filter 

power combinations are much finer than that of the delta or power factor correction 

levels. This allows for a more accurate solution with finer effective resolution. 

5.8 Contactor Switching Transients 

Figure 32 shows a contactor that was provided with the standard power factor 

correction unit, clearly visible is the addition of an auxiliary contactor above the main 

unit. This auxiliary contactor is mechanically connected to the main unit's contacts 

and will temporarily conduct during the main unit's switch-in cycle before allowing the 

load current to past through the main contactor's terminals. During the auxiliary 

contactor's conduction cycle, current is limited by the additional resistive wires (of 

resistance 2.2 0 per wire, or 4.40 per phase). This allows for the pre-charging of the 

load capacitor, thereby reducing inrush current and protecting both the capacitor and 

contactor. To be able to simulate what transients will be created during a switch-in 

cycle of the contactor, the length of time for which the auxiliary contactor conducts 

must be determined (see section 11.3). After laboratory testing, it was found that the 

average time for which the auxiliary is conducting for is 4ms. 
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Figure 32. Pho:o - Coniac!or , .. itll Auxilimy RcsisiOf Wires 

To be able to determine the inflLH~nce of the additional resistive Wires, a contactor 

switch-in cycle was simulated first Witilout resistive wires Tile model is shown below 

--~"'/'-- . 
" 

Figufe 33. SIlIIuia!iO/; - COil /X/Of SwiIGII-il; willlOui AL'xiliary Resislivc W,'fC~ 

To ensure that the worst possible case is accounted for, the switch ;S2 was 

programmed to close at the peak of the voltage waveform. A source impedance of 

15 mQ with Inductance of 1 uH was estimated 

-

~,···:,';B-f 
--

I 
6~ . t-
" 1. -
" I 0 

'" • 

t e, 
rj--------:;,', '" '" '" 

-_._- --

i-
w" "" " " '"" 

- -

, eo 

C1V "l 
'" -- Cl.1 

2'~~ 11'1 

i-Igure 34. W8V€form - Current r Jalls",nt without Resistive Wires 

It can be seen that the transient created has a maximLJm amplitLJde of 11 kA and 

oscillates for approximately 1 ms 
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Figure 32. Pho:o - Contuctor willi AuxiiiUfY Rc,;dOf Wire,; 

To be able to determine the infiLH~nce of the additional resistive Wires, a contactor 

switch-in cycle was simulated first Wltil0ut resistive wires Tile model is shown below 

~ __ ,,,c/ · __ . 

" 

Figufe 33. SIlIIuiaiiOl; - COil/X/Of SwiICII-il; wit/loui Aw.iiiary Resislivc WifC~ 

To ensure that the worst possible case is aCCOLJnted for, the switch ;S2 was 

programmed to close at the peak of the voltage waveform_ A source impedance of 

15 mQ with IndLJctance of 1 LJH was estimated 
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I-Igllre 34. WaV€f(),m - Current r ralls",nt wlthaut Resistive Wires 

It can be seen that the transient created has a maximLJm amplitLJde of 11 kA and 

oscillates for approximately 1 ms 
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Fig(Jre 35: SchematIC - Contacfor Switch-in with Resislive Wires 
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Figure 36: Waveform - Currelit Transient with Resistive WIfeS 

Figure 36 shows the current transient generated with the use of resist ive wires; the 

maximum current amplitude has been reduced to 3.5 kA whilst the trarlsient persists 

for approximately 1ms. This wi ll significantly reduce the strain placed on each 

contactor, thereby increasing the contactor lifespan. 
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Figure 36: Waveform - Currelit Transient with Resistive WIfeS 

Figure 36 shows the current transient generated with the use of resistive wires; the 

maximum current amplitude has been reduced to 3.5 kA whilst the trarlsient persists 

for approximately 1ms. This will significantly reduce the strain placed on each 

contactor, thereby increasing the contactor lifespan. 
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6 Financial Analysis 

The ultimate aim of the hybrid system is to save the end user money on a month to 

month basis. It is thus prudent to examine the financial viability of such a system and 

its impact on a utility bill. For this analysis, several load sizes at a range of power 

factors are analyzed and a comparison is made. To be able to calculate the actual 

savings achieved per month, an appropriate electricity tariff schedule must be 

chosen. By examining the relationship of load size and reducible unbalance (Figure 

31), it can be seen that to achieve a significant reduction in unbalance for a 500 kVAr 

compensator system, a load size of 500 kVA to 1.5 MVA must be compensated for. 

However to ensure that all load size ranges are examined, load sizes in the range of 

300 kVA to 2 MVA will be analyzed (300 kVA, 500 kVA, 1 MVA, 1.5 MVA and 2 

MVA). 

Load sizes in this range fall into ESKOM's 'MINI FLEX' tariff schedule, available from 

(15). In this tariff structure, proviSion is made for a network access charge of R7.14 

per KVA, as well as a reactive energy charge of 1.39 cents per kVArh supplied in 

excess of 30 percent of the real energy usage. This means that the customer will 

only be charged for reactive energy if their power factor is 0.96 or worse. It should be 

noted that all maximum demand charges are included in the real and reactive energy 

charges. 

To be able to calculate the savings gained, an examination of the excess reactive 

power (reactive power used in excess of 0.96 power factor) used by each load size 

is graphed in Figure 37. 
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Considerillg that the proto-type hybrid system may compellsate for 500 kVAr of 

reactive power, the reactive power for which the unit may compellsate is graphed ill 

Figure 38 below 
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By considering the influence that the hybrid system would have on a uti lity bill should 

it compensate for all of the above imaginary power in accordance with the 'M INI 

FLEX' tariff schedule, the monthly savings achieved is graphed in Figure 39. 

Monthly Saving = (A{T"SS [har'!!e x Appur'enl Powe'- Sa"'''!!) 

+ (lI"aCld"c !'ncr gy Char gc& X [IJmpcns"U:J ReaU;"c ?tJwcr) 

(5-1 ! 

Monthly Savings 
~ 

,= Load Size 

= [VA] 

= • ~,-,= , __ , !JOO()() • ,= > • • ~,== ,= 
,= _ 1500000 

0 ~,== 

0.75 " 
Pow. , Faotor 

Figure 39- Graph - Mo" thly Savil"ls DUB to Power FaciQ{" CarrectlOIl Versus Power Factor 

By comparing the above monthly s(ivings to the initial c(ip ital cost of the system 

(R91 ,000.00) as described in the bill of materials and costing, attached as appendix 

G, the number of months to projec: break-even may be determined. 

(6-2) 
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By comparing the above monthly savings to the initial capital cost of the system 

(R91 ,000.00) as described in the bill of materials and costing, attached as appendix 

G, the number of months to projec: break-even may be determined. 

(6-2) 
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Figure 40: Graph - Monlhs 10 Break-Evm Ver5us PowerFaclor 

It can be seen in Figure 40 that a large load of 1.5 MVA to 2 MVA at a power factor 

of 0.8 or worse will take just 12 months to break-even on a cash basis, however. a 

smaller load , with less imaginary power to compensate for, may take very many 

more months before it has reached break-even point It should also be noted that the 

number of months to break-even increases steeply as each graph nears the 0.96 

power factor mark since no charges are applied to imaginary power beyond this 

power factor 

The total value of the project may now be calculated as an annuity present value 

since the monthly savings gained will be approximately equal. The value of the 

annuity is calculated according to the number of months left in the project life after 

break-even has been attained. It is estimated that the project life-span is 60 months 

(5 years) - before the unit's oontactors wil l have to be replaced. 

(6-3) 

In the above equation 'r" is the discount rate of the company, normally linked to the 

prime lending rate It is estimated that the discount rate used should be 13.5%. as 

this is the prime lending rate as of October 2007 (16). ·C· in the aoove equation is the 

monthly savings attained, whilst 't' is the number of months left of the project life after 
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It can be seen in Figure 40 that a large load of 1.5 MVA to 2 MVA at a power factor 

of 0.8 or worse will take just 12 months to break-even on a cash basis, however. a 

smaller load, with less imaginary power to compensate for, may take very many 

more months before it has reached break-even point It should also be noted that the 

number of rrKlnths to break-even increases steeply as each graph nears the 096 

power factor mark since no charges are applied to imaginary power beyond this 

power factor 

The total value of the project may now be calculated as an annuity present value 

since the monthly savings gained will be approximately equal. The value of the 

annuity is calculated according to the number of months left in the project life after 

break-even has been attained. It is estimated that the project life-span is 60 months 

(5 years) - belore the unit's contactors will have to be replaced. 

(6-3) 

In the above equation 'r" is the discount rate of the company, normally linked to the 

prime lending rate It IS estimated that the discount rate used should be 13.5%. as 

this is the prime lending rate as of October 2007 (16). 'C' in the above equation is the 

monthly savings attained , whilst 't' is the number of months left of the project life after 
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project break-even It should be noted that a positive annuity present value (APV) 

indicates a firlancially viable project whilst a negative one indicates a poor financial 

investmerlt 

Annuity Present Value 

=::~~'W~C" "o:n :; 
c 

C.H C.l 

load Sile 
IVA] 
_,,)I)X~ 

Figure 41 shows that for the 1 MVA 1 5 MVA and 2 MVA loads. a positive APV exists 

indicating a financially viable project Positive APV's exist also for the 500 kVA and 

300 kVA loads, however, Oecause the units full capacity is not Oelng made use of. 

the APV is only positive if the lin compensated loads have very poor power factor to 

Oegin with For the 500 kVA load a power factor of 0.87 or worse is required before 

the APV becomes positive whilst a power factor of 077 or worse IS reqllired for the 

300 kVA load 

Note that at the erld of the project life-span, only the contacto rs will be ~onsidered as 

lIsed since all other components do not degrade with time or lIsage As a result a 

small additional capital injection cOlild extend the project life-span thlls increasing 

the APV of each load size 

project break-even It should be noted that a positive annuity present value (APV) 

indicates a financially viable project whilst a negative one indicates a poor financial 

investment 

Annuity Present Value 
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Figure 41 shows that for the 1 MVA 1 5 MVA and 2 MVA loads. a positive APV exists 

indicating a financially viable project Positive APV's exist also for the 500 kVA and 

300 kIJA loads, however, Oecause the units full capacity is not Oelng made use of. 

the APV is only positive if the lin compensated loads have very poor power factor to 

begin with For the 500 kVA load a power factor of 0.87 or worse is required before 

the APIJ becomes positive whilst a power factor of 077 or worse IS reqllired for the 

300 kVA load 

Note that at the end of the project life-span, only the contactors will be ~onsidered as 

lIsed since all other components do not degrade with time or usage As a resliit a 

small additional capital injection cOlild extend the project life-span thlls increasing 

the APV of each load size 
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7 Digital Signal Processor Board 

To be able to perform current balancing, the current balancer must be controlled by 

an intelligent control card that is capable of performing appropriate measurements, 

calculations as well as event logging. For this, a digital signal processor must be 

used. 

7.1 Digital Signal Processor 

The design and implementation of a DSP board is beyond the scope of this project, 

and thus a readily available DSP card will be used. The DSP card is available from 

MLT Drives, South Africa (9) and uses the TMS320F2812 processor from Texas 

Instruments (17). 

The TMS320F2812 is a 32 bit, high performance, fixed point processor that can 

perform 150 million instructions per second. Although this computing power is far 

beyond the requirements of the project, the DSP board will still be used since: 

• The board is readily available 

• There is easy access to sample code 

• The board provides a stable platform on which to build a system 

• Communication and programming software is readily available along with 

technical support from ML T Drives CC. 

An outline of the technical specifications of the TMS320F2812 is listed below; 

however, a full copy of the technical datasheet is provided on the CD included at the 

back of this document: 

• 32 Bit, fixed point CPU 
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• On board memory (128KB flash, ROM) 

• Serial peripheral interface port 

• 2 USART (Universal Synchronous Asynchronous Receiver Transmitter) ports 

• 12 bit, 16 channel analogue to digital converter 

Real Tim . 

Clock Baltery 

Bac\(Up 

Flash Card 

CoonOOc< 

RS232 

DEBUG Port 

Interlace 

Bo.rd Coonectc< 

GSM andWIFI 

PIC Mocrocontrol loo rs 

tn",naoe 

Figure 42. PhoIo - DSP Board, lop Side 

Fi(}ure 43: Pl>oIo - DSP Board, Bottom Side 

asp Core 
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As explained in section 8, Ihe DSP board will require an interface card to condition 

the appropriate system signals and to act as a port expander for the DSP chip The 

DSP board will interface with the inlerface card via two 34 pin connectors, the pin­

outs of which are shown in the below schematic: 

I' 
l' , 

( +Ov -

" ( , .... " "" c R"'­
("""=""C=TJ( 

The design of the interface board will thus need to centre on the pin-outs shown in 

the above schematic. The pin-outs that will be used by the interface board are 

tabulated below: 

Net Name 

ADCIN0-7 

ADCIN8-11 

Description 

Anaklg ue t'.'o"""".""'o"~~"'."';"'o'o"". '<cr~o','."'o', ','"','.'",'-­
me~su rements 0-7 

Ana klg ue t'""","."','o','offi"'.C,C"""",,",,. ',."'o"'."'o"'~~".'"'.'-­
measurements 0-4 

~A-O-C-,,-,-,-----l'Analogue t'o"""''''''''oo;;;;~'"''C,C",,;;;;O'"''. "o"'o"'."'cr""'m"o.~""~" 
me~5uremert 

AOCINH-15 Analogue to digital converter inputs spare input5 to t>e 
! routed to a connector 
, ~~---------------
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The design of the interface board will thus need to centre on the pin-outs shown in 

the above schematic. The pin-outs that will be used by the interface board are 

tabulated below: 

Net Name 

ADCIN0-7 

ADCINB-l1 

Description 

Anaklglle t'.co"o"".",c"o'.~~"'."c;,.,o'."". '<cr~.c,c."'rn~,c",,'.''''-­
me~.urements 0-7 

Ana klgue t'.C"","."",'.'.'.ffi"'.C,"',,""','. "."C""."'o"C~~".'o'.'-­
me~"urements 0-4 

~A-O-C-,,-,-,-----l'Analogue t'.C",C""C",'oo;;o'ffi""C,"',,;;;;,,','. "o"C""."'cr""'m",,~.'""'.' 
me~"uremert 

AOCIN1}..15 
Analogue to digital co.nverter inputs , spare input5 to 00 

i routed to a_',oo_.,&_'," ______________ _ 
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Net Name Description 

UART _BUS_POUT3 UART Communications, Peripheral Transmit (out) 

UART _BUS_MOUT UART Communications, DSP (master) out 

SPISOMI SPI Communications, Slave OUT, Master IN. 

SPISIMO SPI Communications, Slave IN, Master OUT. 

SPICLK SPI Communications, Clock source 

SPISTEA3 SPI Communications, Slave Transmit Enable 

UART_2_IN UART Communications, DSP Debug Input 

UART_2_0UT UART Communications, DSP Debug Output 

EM_STOP Emergency Stop input. 

WIF,-PIC_RX UART Communications, WIFI PIC Controller Input 

WIFI_PIC_ TX UART Communications, WIFI PIC Controller Output 

DSP_PROG 10 Line, to Indicate Program Status of DSP and to Silence 
Communications 

RESET_TRIGGER Hard Reset from Keypad to both MIC Controller and DSP 
Reset Lines 

RESET _IN_PIC Reset line to the MIC Controller, Driven by the DSP 

GND DSP board ground connection 

+5V DSP Power Supply, 5 Volts 

+12V DSP Power Supply, 12 Volts 

-12V DSP Power Supply, -12 Volts 

Table 8: DSP Inter-board Connectors and Their Functions 

7.2 Programming the Digital Signal Processor 

The DSP will be programmed in the standard Texas Instruments development 

environment, 'Code Composer Studio V3.3'. This environment supports the 'C' 

coding language and compiler for the TMS320F2812 and outputs a HEX file with 

which to program the DSP core. 

The HEX file is placed onto the DSP via a serial port with the use of 'SDFlash', a 

programmer developed by Texas Instruments. 
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7.3 Available DSP Board Peripherals 

The DSP board itself, available from (9), has a multitude of peripherals, some of 

which will be useful in this thesis. The board peripherals are detailed below: 

• 16 channel, 12 bit ADC inputs 

• 3 PWM Ports 

• JTAG Interface 

• Display Keypad Port 

• Compact Flash Connector 

• Real Time Clock with super capacitor backup 

• RS232 Serial Interface port, two channels 

• WiFi PIC Microcontroller 

• GSM PIC Microcontroller 

• DB9 Serial Modem Port 

• Serial Peripheral Interface (SPI) 

It should be noted that the Wifi and GSM PIC Microcontrollers are pre-programmed 

devices and are simply designed to act as an interface between different media and 

the debug USART port of the DSP. 
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8 Multi-Interface Card Design 

The DSP board accepts signals that are conditioned to within the voltages 

boundaries of 0 to 3.3 volts. Thus, an interface card is required to condition all 

voltage, current and temperature signals, as well as to act as a port expander for the 

DSP board, where ports are available to drive 18 relays and 18 acknowledge lines. 

Because only a few spare 10 lines are available from the DSP board, the multi­

interface board requires a microcontroller to act as an intelligent interface to the DSP 

board, where the microcontroller has at least 36 spare 10 ports, after all peripherals 

have been taken into account. 

8.1 Microcontroller Requirements 

The microcontroller will be used to drive a host of peripherals independently from the 

DSP board. These peripherals will mostly form part of a human-machine interface 

where the fitness, status and set pOints of the system may be viewed or changed. 

8.1.1 Liquid Crystal Display 

An LCD screen will be driven by the microcontroller to display system information 

such as present value of unbalance, system set points, load and source statistics 

(such as real power, imaginary power, apparent power, power factor, line voltages) 

and calibration pOints. For this purpose, the LCD chosen for availability, price, size 

and intelligence is the PC1602-L LCD module from POWERTIP (18). This LCD can 

display two lines of text at 16 characters per line and has an intelligent interface 

through which communication to the module is simplified. See included CD for the 

PC1602-L datasheet and instruction set. 

The LCD requires 10 microcontroller 10's; 8 data bus lines, an enable line and a 

register select line. 
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Figure 45.-Photo - Liquid Crystal Display 

8.1.2 Keypad 

To enable the user to view the various LCD screens , and to be able to edit the 

system's set points, a small keypad is required _ Here, the keypad chosen is a 

custom made keypad by ML T Drives (9). This keypad was chosen because of its 

simplicity, cost and availability 

The keypad consists of 6 buttons (Up, Down, Enter, Menu OnlStdby and Reset), 5 

of which will require microcontroller 10's. The reset button will be hardWired to the 

controller's reset line 

Figure 46_ Pho<o - Keypad 
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Figure 45.- Photo - Liquid Crystal Display 

8.1.2 Keypad 

To enable the user to view the various LCD screens, and to be able to edit the 

system's set points , a small keypad IS required_ Here, the keypad chosen is a 

custom made keypad by ML T Drives (9). This keypad was chosen because of its 

simplicity, cost and availability 

The keypad consists of 6 buttons (Up. Down, Enter, Menu OnlStdby and Reset), 5 

of which will require microcontroller 10's. The reset button will be hardwired to the 

controller's rese t line 

Figure 46_ Pho<o - Keypad 
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8.1.3 Communications 

The DSP board will have to communicate information to the multi-interface board to 

enable the microcontroller to display information on the LCD module. Another useful 

function that the MIC board will fulfill is non-volatile storage for the system set points, 

where the controller must have EEPROM (electrically erasable programmable read 

only memory), since this is a faster (and easier) storage medium when it comes to 

code execution than Flash memory. This is because Flash memory generally has to 

be erased and written to in large blocks, rather than in single bytes (19). 

Upon system startup, these set points will be requested for by the DSP and 

transmitted by the microcontroller for later use. For this reason, the DSP will 

communicate via a USART (Universal Synchronous Asynchronous Receiver 

Transmitter) bus, a common feature of modern microcontrollers. For debugging 

purposes, a second USART bus will also be utilized for debugging purposes through 

which a computer can be connected via its serial port. 

8.1.4 Relay and Acknowledge Signals 

As stated before, the MIC board will act like a port expander for the DSP board and 

will therefore drive all relay signals, as well as accept contactor acknowledge signals. 

For this, a further 38 controller 10's will be required. 

8.2 Multi-Interface Board Microcontroller 

One microcontroller that satisfies the requirements set out in section 8.1 is the 

PIC18F8621 microcontroller by Microchip (20). The PIC18F8621 has the following 

features, amongst others: 

• 80 Input/output pins 

• 64 KB Enhanced flash memory 

• Up to 10 million instructions per second operation 

• Two USART ports 
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• Master synchronous serial port with SPI (Serial peripheral interface) support 

• 8 bit CPU architecture 

8.3 Schematic Design 

See Appendix E for the full MIC board schematic, however, some of the finer details 

surrounding the design of the MIC board circuitry are shown below along with their 

calculations. 

8.3.1 Board Power Supply 

The MIC board will require several voltage levels to De able to run all of the required 

peripherals. The required levels will be supplied by a multilevel external power 

supply unit with +5, +12 and -12 volt outputs These supply voltages will need to be 

conditioned and filtered as follows: 

.!,.,. In »--1"- - ,· ............ ' - I ' ---»' ,"v 

C20 .J.... """od . C>7 
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• Master synchronotls serial port with SPI (Serial peripheral interface) support 

• 8 bit CPU architecture 

8.3 Schematic Design 

See Appendix E for the full MIC board schematic, however, some of the finer details 

surrounding the design of the MIC board circuitry are shown below along with their 

calculations. 

8.3.1 Board Power Supply 

The MIC board will require several voltage levels to De able to run all of the required 

peripherals. The required levels will be supplied by a multilevel external power 

supply unit with +5, +12 and -12 volt outputs These supply voltages will need to be 

conditioned and filtered as follows: 
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8.3.2 Voltage Measurement Signal Conditioning 

The system must be able to measure the grid voltages for Jogging, information and 

safety purposes. Thus the MIC board must accept the grid voltages and condition 

these to a suitable voltage level for the DSP board. Because the DSP's analogue to 

digital converter accepts an input voltage in the range 0 to 3 Volts, the input voltage 

signal must be reduced from 230 Volts (line to neutral) to 3 Volts (peak to peak) with 

a DC offset of half of the ADC voltage (1 .5 Volts), The signal is given a 1.5 Volt offset 

so that the negative half cycle of the voltage waveform remains a positive signal for 

the DSP's ADC. A potentiometer is added for fine adj ustments 
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Figur9 51 __ SGhemaii/,; - Voltage Signal Con(!itlOl1il>g Cire",'!ty 

It can be seen in Figure 51 that the grid vo ltage (line to neutral) is inserted directly 
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into the interface board, on opposing ends of the connector block to minimize the 

possibility of arcing. The voltage signal is then fed into an inverting differential 

amplifier followed by a second inverting amplifier with a low pass filter. The second 

amplifier has been set up with an adjustable gain in the range 0.5 to 1 (for fine 

tuning). The differential amplifier therefore requires a gain as calculated below: 

R . d G . < 2..J3VL-N 2..J3X230 0 00375 equzre am _ = = . 
Max ADC Voltage 3 

(8-1) 

To ensure that the voltage input sees a high impedance into the MIC board (for 

safety reasons and for current limiting), the input resistance is set to 2 Ma, requiring 

the differential amplifier to have a resistance of 7500 a or less for resistor R225. 

Also, to ensure that the voltage waveform never saturates the ADC input during 

voltage spikes, R225 is set to 5600 a, yielding a gain of 0.00285 for the system. This 

means that the maximum input voltage for a waveform in the range 0 to 3 V is: 

Maximum Input VoltageRMs L N = 1.S s...{i = 372 V (8-2) 
- 0.0028 2 

The TMS320F2812 has a 12 bit ADC, yielding 212 (4096) individual digitized levels. 

This results in a voltage waveform resolution of: 

R l t
· - Maximum Signal Spread 

eso u zon - b tD""" dL l Num er 0 19ltlse eve s 

Resolution = 372X2...{i 0 26 V b"t 4096 =. per z 

8.3.3 Current Measurement Signal Conditioning 

(8-3) 

(8-4) 

Current Measurements of the source and load phases will be made with current 

transformers on each phase line (note that the sum of the instantaneous line 

currents gives the neutral current). Typical current transformers are rated to give a 

secondary current of 5 amperes at maximum primary current (21), whilst the current 

transformer core is designed for a power transfer of 10 VA. Thus, given these 
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values, a maximum resistor value can be calculated to develop maximum voltage 

across the current transformer as follows: 

P == !'R 

10 == S'R 

R == 0.4fl 

The maximum voltage developed over the current transformer is thus: 

v,'m,' == !rmsR == (5)(0.4) == 2 Y,.m, 

Vv eulr == 2,fi == 2.8~ V 

(8-5) 

(8-6) 

(8-7) 

Thus. given that the maximum allowable voltage is 3 V, the conditioning circuitry 

required should have a gain of 0,5 to allow for a 1.5 volt offset. 
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~ ., ., , 
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, . - "" ~ ,-- J ." 1"" c;-_, " 
, 
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)c ., ~" " ~ , 

- - .". ,-, 
·m 

figure 52: SclJomatic - Current Measurement Signal Conditioning 

The resolution that the ADC achieves for the current measurements then depends 

on what maximum current the current transformer is rated for (i,e. the turn ratio of the 

current transformer). This rating will be dependent on the load size. but resolution 

may be calculated as follows: 
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The resolu tion that the ADC achieves for the current measurements then depends 

on what maximum current the current transformer is rated for (i,e. the turn ratio of the 

current transformer). This rating will be dependent on the load size. but resolution 

may be calculated as follows: 
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ADC Volts per Division = 4:96 = 0.73mV per bit (8-8) 

Input Signal Resolution = (0.73 x 10-3) (Circuit Gain) = (0.73 x 10-3)(2) 

= 1.46mV per bit 

. = (2 x 3) -+ Load Resistor 6 -+ 0.4 
CT Secondary Current ResolutlOn 4096 = 4096 

= 3.66 mA per bit 

CT Secondary Current Resolution 
CT Primary Resolution = 1/CT T R. [A per bit] urns atlO 

(8-9) 

(8-10) 

(8-11) 

This means that for a 1500 A to 5 A current transformer with 0.4 n load resistor, a 

resolution of 1.098 A per bit will be achieved. 

8.3.4 Relay Drive and Acknowledge Signals 

Each contactor will need to be driven with a 220 VL-N signal, driven by the MIC board. 

This means that the MIC board will need a 220 VL-N supply signal as well as a small 

PCB mountable relay for each control signal, giving the PIC microcontroller complete 

isolation from the high voltage signals. A readily available relay that matches the 

requirement specifications is the Finder 32.21 type relay available from (21). The 

chosen relay can switch 220 VL-N and requires a 12 V drive signal. Thus, an interface 

circuit is required between the PIC's 10 pin (that outputs 3.3 V) and the relay drive 

coil. For this, a level shifter is implemented as shown in Figure 53. 
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Fig<Jre 53 Schemalic· Lewl Shifter r,x Relay D,Ive Signals 

It can be seen in Figure 53 above that logic '1' placed onto the input of Q3 will allow 

current to energize the relay's drive coil, allowing the power signal 'Va' to drive the 

contaclor to the 'on ' position . The PIC drive signal is also inverted by 'Q2' to output a 

12 V signal, in case the system is used 10 drive a thyristor based system. To be able 

10 accept an acknOwledge signal (12 V), a simple voltage divider is used along w~h a 

zener diode to ensure a solid 3.3 V signal is received by the PIC and for safety 

reasons. A wheeling diode (D24) has also been added across 1he con1actor drive coil 

so that excessive voltages are not generated due to coil inductance du ring shut off. 
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It can be seen In Figure 53 above thai logic '1' placed onto the input of Q3 will allow 

current to energize the relay's drive coil, allowing the power signal 'Va' to drive the 

contactor to the 'on ' position . The PIC drive signal is also inverted by 'Q2' to output a 

12 V signal, in case the system is used to drive <I thyristor based system. To be able 

to accept an acknowledge signal (12 V), a simple voltage divider is used along with a 

zener diode to ensure a solid 3.3 V signal is received by the PIC and for safety 

reasons. A wheeling diode (D24) has also been added across the contactor drive cOil 

so that excessive voltages are not generated due to coil inductance du ring shut off. 
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8.3.5 Completed MIC Board 

COtJ!acror Relay 
Em~ rgency Stop 

lCO Coo nedor voltagG Input. 

\ ---, 

Figure 54: Photo· Completed Illterface Boam 
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9 Software Design 

9.1 Set Point and Data Point Definitions 

As stated in the previous sections, all control algorithms and analogue to digital 

conversions will take place in the digital signal processor (DSP) where a fast CPU 

and 12 bit ADC can optimize performance, whereas relay switching, keypad 

monitoring and liquid crystal display control will be performed by the PIC 

microcontroller, since these are not time critical processes. Because both controllers 

need access to some system variables (for example: all variables that are computed 

by the DSP, but are displayed by the PIC on the LCD screen), these variables will 

have to be communicated, via the USART port from one processor to the other. For 

this purpose, and for ease of communications, these variables will be split into two 

parts; variables that continuously change and that do not need to be stored in non­

volatile memory will be stored in a 'data point table', whilst variables that are user 

settable, define how the system operates and need to therefore be stored in non­

volatile memory will be stored in a 'set point table'. Before software code 

development can take place, these set points and data points must be defined to 

ensure code consistency; see appendix F for the set point and data point table 

defines and their descriptions. 

9.2 MIC PIC Microcontroller Software 

As described in section 8, the PIC microcontroller must perform the following duties: 

• Store system set points in non-volatile memory. 

• Monitor the system keypad for button presses, de-bounce button presses. 

• Write to the LCD. 

• Operate a menu structure for the LCD screen. 

• Monitor USART port for communications with the DSP. 

• Monitor acknowledge lines from all inputs (contactors). 

• Drive relay control signals. 

• Monitor USART2 port for debug via RS232 to a personal computer. 
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9.2.1 Software OvelView 

System Initialization: 

• Decla re Pointers to Register Add resses 

• Declare Vanab",s , 

Main Funct 
. . . . . . . . . . . . - - _. -------- ----_._--_ . ------------

Startup Code: 

• In t ialize Variooles to Initial Valuet 

• Set up asp Registers (Comms. 10 
portt. Timers. Watchdog Timer) 

• Clear all Outputs 

• Initial ize LCD Screen 

-- Main Loop: 

CCO • Check Keypad (de·bounce) 

• Adjust Menu Level 

• Write to LCD Screen if needed 

• SynchrOl1i~e Output. according to 
Cool inuous 

Keypad 
·output table · 

• Check for Faults (to display on LCD) 

• Check for Eme r~ncy Stop Status 

• Process Background S"", ice. 

, 
----------" 

Software tnterrupt 
, 

.. _-- >----- -_. ---_. -_. ----------, 
L_'"_t_·_'_'C"~P,t,R'·cqC"_·_'_t __ -,1 

./ ~ 
Low Priority Interrupt: High Priority Interrupt: 

• Tiner' Overflow 110Hz) • SPI Interrupt 
• UARTI Tran$mit • UART1 Receive 
• UART2Tranuni( • UART2 Receive 

FjgiJffi 55: F!awchart· PIC Software Overview 
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Figure 55 above shows the PIC software overview in flowchart form. It can be seen 

that when the PIC starts up, it runs through several initialization commands, during 

which time all variables are set to initial values whilst all timer registers, 

communication channel registers and inpuVoutput ports are set to the correct values. 

The LCD screen is also initialized and all outputs are set to 'off' or 'low' so that all 

relays are off upon startup. 

Once these are correctly setup, the system enters its infinitely recurring main loop, in 

which all run-time functions are called. In the main loop, the controller checks for 

keypad presses by examining the 10 port associated with that key, adjusts the menu 

level according to a possible keypad press, writes to the LCD screen every second 

or every keypad button press (whichever comes first), synchronizes all output signals 

with the status of an output table sent by the DSP, checks for any fault status or 

emergency stop requests and processes all other background services (UART 

receive buffer, clear the watchdog timer). 

9.2.2 Keypad Button Press Detection and De-Bounce Software 

The flowchart below illustrates the keypad button press detection software and how 

its de-bounce routines operates, the function is called once every time the main loop 

runs: 

Button Currently Depressed? 

From Main Loop 

Clear all 'Button Press 
Detected'Variables. 

N 

Decrement Button 
Temporary Variable 

y 

Increment Button 
Temporary Variable 
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Is Button Temporary Variable = 100? 

Is Button Temporary Variable = 0 
And is Set Button Pressed Flag = 1? 

y 

Set Button Pressed Flag = 1 

y 

Clear Button Pressed Flag 
Set Button Press Detected 

Back to Main Loop 

N 

N 

Figure 56: Flowchart - Keypad Button Detection and De-Bounce 

It can be seen in Figure 56 above that the user must press and hold the keypad 

button for 100 cycles of the main software loop (this will be a short time by human 

standards), once 100 cycles are completed, a flag is set. The user must now release 

the button, which will decrement the temporary variable back down to zero over 

another 100 main loop cycles. Once the temporary variable has reached zero, and 

the button pressed flag is set, an actual button press is detected. This means that 

the actual button press is 'detected' once the user releases the button only and 

prevents multiple button presses should the user hold the button down over a long 

period. 
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9.2.3 LCD Menu Structure Flowchart 

Main Menu: 
System Status 
& Unbalance 

AC VoltIIge 
Reedlnge 

Source 
Frequency 

Notes: 

e Pressing 'Menu' on the keypad at 
any stage will return the user to the 
Main Menu (screen OxOO) 

e Screen numbers are displayed 
above each screen box 

e Pressing 'Enter' on screen OX04 will 
jump to screen OX30 

e Pressing 'Enter' on screen OxOS will 
jump to screen Ox40 

e Pressing 'Enter' on screen 0x06 will 
jump to screen 0><20-1 and allow the 
user to scroll from 0x20-1 to 0><20-17 

• Pressing 'Enter' on screen Ox07 will 
jump to screen 0x20-18 and allow 
the user to scroll from 0x20-18 to 
0x20-28 

c.tIlnet 
Temperature 

Load 
kVA 

Source Load 
kW kW 

Source Load 
Power Power 
F8Ctcn Fecto,. 

Figure 57: Flowchart - Menu Structure Diagram for LCD Screen 
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.. Screen numbers are 
above each screen box 

III 'Enter' on screen OX04 will 
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Pr ...... inn 'Enter' on screen Ox05 will 
to screen Ox40 

e 'Enter' on screen 0x06 will 
to screen OX20-1 and allow the 

user to scroll from 0x20-1 to OX20-17 

III 'Enter' on screen Ox07 will 
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Figure 57 shows the LCD menu structure required to display all set points, 

calibration points and statistics. It was stated in section 8.1.2 that the keypad has an 

'on/stdby' button, which can be used to alternate the system from 'run' mode to 

'standby' mode. This button may only operate on menu level OxOO (the home menu) 

so that the user does not mistakenly activate the system. Set points must also be 

user settable via the keypad and LCD and thus if 'Enter' is pressed on any screen 

that is displaying a set point, the LCD curser will become active (flashing) and by 

pressing 'up' or 'down' adjust the set point value. For this, a hidden screen is 

required - screen 0x21. The operation of the set point editor (screen Ox21) is 

illustrated below: 

Assume, set point 'x' is being viewed on screen Ox20-x 

Has 'Enter' Been Pressed? 

Has 'Up' Been Pressed? 
N 

Has 'Down' Been Pressed? 

Has 'Enter' Been Pressed? N 

Figure 58: Flowchart - LCD Screen Set point Editor 
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9.2.4 LCD Module Interface and Control 

As described in section 8.1.1, the LCD module used for the user interface is the 

PC1602-L module from (18). This module can display two lines of text with 16 

characters per line and is controller with an intelligent controller - based on the 

HD44780 LCD module controller (22). The LCD pin-outs according to the 

manufacturer's datasheet (18) are tabulated below: 

Pin No. Symbol Function 

1 VA Power Supply - Ground 

2 Vdd Power Supply - Positive 

3 Vo Contrast Adjust 

4 RS Register Select Signal 

5 RIW Data ReadlWrite 

S E Enable Signal 

7 DBa Data Bus Line 

8 DB1 Data Bus Line 

9 DB2 Data Bus Line 

10 DB3 Data Bus Line 

11 DB4 Data Bus Line 

12 DB5 Data Bus Line 

13 DBS Data Bus Line 

14 DB7 Data Bus Line 

Table 9: LCD Module Pin-outs 

• Pin number 4, the register select signal, is used to tell the LCD controller if a 

command is being written to the controller (if RS = 0), or if a character is being 

written to the screen itself (if RS = 1). 

• Pin number 5, the data read/write line, must be logic high to be able to read 

text from the LCD module and logic low to be able to write to it. Since text will 

always be written to the module in this project, this line will be pulled to logic 

low (ground) via a pull-down resistor. 

• Pin number 6, the enable signal, is used to tell the LCD module controller 

when to clock the data put onto the data bus (pins 7 to 14) and will therefore 

be controlled by a PIC 10 line. 
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To save on the number of 10 pins required to drive the LCD module, it is possible to 

use the module in 4 bit mode, where all instructions and characters are written to the 

controller in two halves (four bits each). If 10 pins are not in short supply (as in this 

instance), the module can also be written to in 8 bit mode, a much faster 

communication method that utilizes all LCD module pin-outs. LCD Initialization is 

accomplished as shown below: 

Wait for LCD Controller to Start Up 

Set 10 pins (ports HO,H1 and 00-7) of PIC to Outputs 

RS = 0, EN = 0, Data Bus = OxO 

r----------....z.....-----------, Put Module in 8 bit mode, 
Data Bus = Ox3F, Strobe EN line 2 line display, 5x10 dot 

L...----------r------------..I characters 

Data Bus = OxOC, Strobe EN line Display On, Curser Off 

Data Bus = Ox01, Strobe EN line Clear LCD 

...--________ ....z..... ________ ---, Specify Entry Mode: 

Data Bus = Ox06, Strobe EN line Increment Curser Mode, 

'-----------,--------------' No Display Shift Mode. 

Data Bus = Ox80, Strobe EN line Sets DDRAM (Display 
L...-_________________ ---..I Data RAM) address to 

zero. 
Figure 59: Flowchart - LCD Initialization 
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Once the initialization routine has been completed, data (represented by 'NN') may 

be written to the screen as shown in the below flowchart' 

Oata Bus = O~OO 

Oata Bus - O~NN 

Strobe EN line 

RS - 0 

Figura 60: Flowcharl- Writing Chamcters 10 LCD Module 

Where 'NN' represents high and low nibbles of the character byte as shown in the 

ASCII table below: 

Figure 61: ASClllabie for LCD Characters 
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Once the initialization routine has been completed, data (represented by 'NN') may 

be written to the screen as shown in the below flowchart' 

Oata 8us = 0><00 

Oata Bus - OxNN 

Strobe EN line 

RS - 0 

Figum 61L Flowcharl- Wfl!mg Chamcters 10 LCD Module 

Where 'NN' represents high and low nibbles of the character byte as shown in the 

ASCII table below: 

Figure 61: ASCllla/}/e (or LCD Chamders 
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9.2.5 Output and Input Tables 

Because calculations and switching algorithms are performed by the DSP, the DSP 

must communicate via USART the required status of all outputs, as well as request 

the status of all inputs to and from the MIC PIC. For this purpose, two tables will be 

created, an output table and an input table. The required status of all outputs (output 

o to output 17) will be stored by the DSP in the output table, the status of which is 

transmitted to the MIC PIC every time an entry in the output table changes. Because 

a software reset of either PIC or DSP may cause the output tables stored by each 

party to get out of synchronization, the entire table will be resent by the DSP, 

irrespective of status changes, every ten seconds. A similar system is utilized for the 

input table, where the PIC records the status of its input pins in the input table and 

transmits any status changes to the DSP. Again, the entire input table will be resent, 

irrespective of status changes, to the DSP every ten seconds. 

9.2.6 System Faults, Fault Conditions and Fault Handling 

To be able to protect the system, and for safety reasons, the system must recognize 

a host of fault situations and take actions appropriate to protect the system. To be 

able to communicate fault conditions to the user (to be displayed on the LCD 

screen), fault conditions must be transmitted to the PIC. To ensure simple, fast code, 

the fault conditions will be encoded onto a data point variable (data point no. 53) by 

associating each bit of the 'fault' variable with a fault condition. Because the data 

point table is a 16 bit variable, 16 different fault conditions may exist (they may exist 

simultaneously). Possible fault conditions are listed below along with their required 

actions: 

Fault Code: 

Fault Name: 

Condition: 

Action: 

Ox0001 = 0000 0000 0000 0001 

High Vab 

Vab_rms > OverVolts set point 

Remove all capacitors from utility grid, display "Fault: High Vab" 
on LCD Screen, Log fault, Wait for user to clear fault by pressing 
'Enter' on system keypad. 
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Fault Code: 

Fault Name: 

Condition: 

Action: 

Fault Code: 

Fault Name: 

Condition: 

Action: 

Fault Code: 

Fault Name: 

Condition: 

Action: 

Fault Code: 

Fault Name: 

Condition: 

Action: 

Fault Code: 

Fault Name: 

Condition: 

Action: 

Ox0002 = 0000 0000 0000 0010 

High VbC 

Vbc_rms > OverVolts set point 

Remove all capacitors from utility grid, display "Fault: High Vbc" 
on LCD Screen, Log fault, Wait for user to clear fault by pressing 
'Enter' on system keypad. 

Ox0004 = 0000 0000 0000 0100 

High Vea 

Vea_rms > OverVolts set point 

Remove all capacitors from utility grid, display "Fault: High Vea" 
on LCD Screen, Log fault, Wait for user to clear fault by pressing 
'Enter' on system keypad. 

Ox0008 = 0000 0000 0000 1000 

Low Line Frequency 

Src Frequency < System Nominal Frequency - 10% 

Remove all capacitors from utility grid, display "Fault: Low Src 
Freq" on LCD Screen, Log fault, Wait for source frequency to 
come back within specification, then restart control algorithm. 

Ox0010 = 000000000001 0000 

High Line Frequency 

Src Frequency> System Nominal Frequency + 10% 

Remove all capacitors from utility grid, display "Fault: High Src 
Freq" on LCD Screen, Log fault, Wait for source frequency to 
come back within speCification, then restart control algorithm. 

Ox0020 = 0000 0000 0010 0000 

Cabinet Over Temperature 

Cabinet Temperature> Temperature Limit 

Remove all capacitors from utility grid, display "Fault: Over 
Temp" on LCD Screen, Log fault, Wait for cabinet temperature 
to come back within specification, then restart control algorithm. 
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Fault Code: 

Fault Name: 

Condition: 

Action: 

Fault Code: 

Fault Name: 

Condition: 

Action: 

Fault Code: 

Fault Name: 

Condition: 

Action: 

Ox0040 = 0000 0000 0100 0000 

Phase Rotation Error 

(Vb < 0) and (VC > 0) at zero crossing of Va 

Remove all capacitors from utility grid. display "Fault: Phase 
Rotation" on LCD Screen. Log fault. wait for user to swap phase 
rotation and clear fault by pressing 'Enter' on system keypad. 

Ox0080 = 0000 0000 1000 0000 

Source Over Current 

Any Source Phase CurrentRMs > Source Maximum Current 

Remove all capacitors from utility grid. display "Fault: Src Over 
Current" on LCD Screen. Log fault. wait for user to clear fault by 
pressing 'Enter' on system keypad. 

Ox0100 = 0000 0001 0000 0000 

Load Over Current 

Any Load Phase CurrentRMs > Load Maximum Current 

Remove all capacitors from utility grid. display "Fault: Load Over 
Current" on LCD Screen. Log fault. wait for user to clear fault by 
pressing 'Enter' on system keypad. 

9.2.7 Emergency Stop 

As shown in the MIC board schematics (appendix E), the emergency stop button is 

connected directly to a DSP 10 line. The DSP will check the status of the emergency 

stop once every loop of the DSP's main loop for fast response. Should the 

emergency stop function be activated, all output states in the output table will be set 

to zero and a data table variable. EM_STOP _EN, will be set to one. This will allow 

the MIC PIC to quickly receive the emergency stop status and remove all capacitors 

from the utility grid whilst displaying "Emergency Stop Activated" on the LCD. 

Contactors may not be inserted manually or automatically once in this state. The 

user must reset the system by releasing the emergency stop latch. once this is done, 

the system will return to its standby state. 
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9.3 DSP Cont roller Software 

The DSP board peripheral funclions were described in sect ion 7,3 however. not all of 

these peripherals will be needed for this thes is and may thus be neglected, All PWM , 

display keypad and JTAG ports may be neglected whilst all other functions will have 

to be accounted for when designing the software for the DSP core. 

9.3.1 DSP Software Overview 

Start up 

I . Dod.,.. p"rt." I:l 
fl<>;l~lm 

• Dod.,.. y .,.;",,", i 
,"-., ~ ""( ; .. ,,, . ..... .... . .......... _. ----------------- - ...... , 

Initialization - Main R<>uline 

· 'n l ;.o i,.. Sy5t. m GQd< Sr-<', _ ... lod< l""", Sy" .. n S1.M 
.nO Cortrol Rog;,;ter> 

• I nM~e Kl Dtot, Cftctoo RO!li>tor, 
• I nM~e D.t. , Irput . ", <:>.;put T_ 

• I n lial ~e - Me< 2 lor 20 <Hz Inter'l.lpt Freqt>!If)C'! 

• Inlioize - Me< .'l' 1 .W ...... rupt FreQOef'CY 
• I nitiol~e ;>:Joj Aioo TMcr mJ C OmrrAlnic.t""", niefr",,", 

• Inl io ize uSAnT . ", 5P1 Coo"m . .-.ic""-" 
• Inl i," i'" C~a'" Flo.,.., 
• lnili. ize Re'aI Tim:, O:d< 

• Get Sys\em Set :>:lint> rrOO1 MIC PK: 
• In ~"zc AOC 

Infinite Loop Main Loop 

• Re5'i! WWh<Jog ";"~r 
• 50,,,,,,,, eoo-.r,L.<>K' •• hoo Ro .. " ",,, 
• &eMoe Real T<ne COck R""" .. , 

· &0""" l oW"!l Roui"". 
• p,,,,,,,,, """'\1"''''~ s.<~, IC,,"''' A~ "'r.,-,. EM S,,", 

8"t.." S1>t". COM"., ) 

.. . _. ........ ~ ... .. ~ ........ . ... . . 

... . _---- ... _. _ . __ . _______ __________ .. _ .. ___ . _. ___ ._L~~~~.~eu!'0S~ 

Fo j (2~kHzl Timo r , '"",,,upt Slo w {1 kHz) T""", .Inler<upt 

• SOO'IpIe AI AOC Ch.m ch pack · Keep Time 
'e''''' ' ''0 ADCW Al _ AOC lOV~_ · f'roce", Timed l "" 

• petfo::.m " RMS, p"""", Unoot oncc · Set 10m< T' ,., r F~ 
;>:Joj ,rc~'Y Cak:Wt;o", ~- • Set 100-n. T • .,. , F "~ 
Dot. T""~ V.:;""~, • Se' " ""''''- Flag 

• .'lc,1a. Timer ''''-'l 
· Set 1,., TOr", n ag 

-_._---_ . . _._------ --- - - ---------------------_. __ ._--------------- - _._-----, 

Figure 62: Flowc/latt- OS? Software Overview 
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• Soo-,pIo AI /lOC Ch."""", pack · Keep Tim< 
'"""" • ." ADGavAl_ AOC, OVA_ · f'roce", Timed l "" 
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Figure 62: F/owcllatt- OS? Software Overview 
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Figure 62 above outlines the DSP control software to be run on the TMS320F2812 

DSP core. The DSP board is populated with a 30 MHz quartz crystal for the system 

clock, the DSP core is also fitted with a built in phase lock loop, used to multiply the 

clock frequency up to 150 MHz (by dividing the feedback loop of the phase locked 

loop by 5). This achieves the rated 150 million instructions per second speed rating 

of the DSP core. 

• ..... J .... .,... I..... 1 ... 11--_---11 WCWCM II--"'_f--_ 
, J ,"--__ ---', , 1 

, ... ._11 '1--________ ---' 
, c.. ..... , 

Figure 63: Phase Locked Loop Block Diagram (23) 

The DSP core is also fitted with multiple timers, four of which are general purpose, 

16 bit timers. General purpose timers 2 and 4 will be used to keep system timing 

(since these two timers are on different event managers), where timer 2 will be used 

to keep a 20 kHz interrupt frequency whilst timer 4 will be used to keep a 1 kHz 

interrupt frequency. 

ADC conversions will thus be requested by the timer 2, 20 kHz interrupt to allow for 

accurate waveform readings whilst all timer flags (10ms, 100ms, 1 s, 10s and 1 m) are 

set by the 1 kHz interrupt routine. 

9.3.2 System Timing 

Section 9.3.1 explains that the DSP core clock input is driven by a 30 MHz quartz 

crystal. This reference signal is then fed into a phase locked loop that multiplies the 

clock frequency up to 150 MHz. Using this clock frequency, all other peripheral clock 

frequencies must be derived, along with the event manager (general purpose 

timers). Before the system clock is fed to the peripheral clocks, it undergoes a divide 

by two as shown in Figure 64. 
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11XCLK1N I-t-----~..;;..;;;.;.----+-_I 

X2 

Figure 64: DSP System Clock and PLL Block Diagram (24) 

CU<IN 
('1bCPU) 

It is shown in (24) that all DSP peripherals are split up into two groups, a high speed 

group (such as the event managers) and a low speed group (such as the SCI and 

SPI modules). Each group is run off its own clock source, derived from the CPU 

clock source, 'CLKIN', and each with its own settable clock pre-scalar. Taking the 

above information into consideration, the clock speeds may be calculated as follows: 

SysCLKOUT = XCLKINXPLLdllllder = 30X10
6

X10 :;:: 150 X 106 Hz 
2 2 

(9-1) 

Hi Seed Clock = SysCLKOUT = lS0X10
6 = 25 X 106 Hz 

P HI Speed Prescalar 6 
(9-2) 

Lo Seed Clock = SysCLKOUT = lS0X10
6 = 25 X 106 Hz 

P Lo Speed Prescalar 6 
(9-3) 

Because the event manager peripherals receive their clock sources from the hi 

speed clock source (running at 25 MHz), the number of timer cycles required to 

create a 20kHz and a 1 kHz interrupt is shown below: 

T · C l Clock Frequency lmer yc es = . 
Requtred Interrupt Frequency 

(9-4) 

12.SX106 

20kHz Interrupt Clock Cycles = = 1250 
20000 

(9-5) 

12.SX106 

1kHz Interrupt Clock Cycles = = 25000 
1000 

(9-6) 

Both timers 2 and 4 will be set up into a continuous up/down count mode, where the 
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timer register counts from zero up to the value in the period register, and then back 

down to zero again where the process repeats When the timer counter register 

reaches zero each time, an interrupt is generated which will then activate the ADC (if 

it is timer 2) or increment time flags (if it is timer 4) 

~~ Timer Counter 
RegisterValue 

• .. .. .. Time , 
, , 

Interrupt Interrupt Interrupt 

Because the timer counter register must count up to the timer period register and 

down again each cycle, the process of which must take precisely 1250 clock cycles 

for a 20 kHz interrupt then the timer 2 period register must be loaded with a value of 

1250/2 or 625. The same system applies for the 1 kHz interrupt, where the timer 4 

period register must be loaded with a value of 2500012 or 12500. 

9.3.3 USART Comml.lni<;ations imd Protor;oi 

To be able to communicate to the MIG PIC, the DSP will utilize its USART port, as 

described in section 8.1.3. For this, the USART port will be set to 8 bit character 

mode, at 115200 baud rate The baud rate may be calculated as a function of the 

low speed peripheral clock and the BRR bits in the SGIHBAUD and SGILBAUD 

registers, as shown below (25): 

1 = ~6 = Ox001A (9-7) 

This will allow the DSP to transmit bytes of information to the MIG PIG (and vice 

versa). Some form of communication protocol must now be formed such that 

particular command bytes yield some desired response from either party. For this 

purpose, the communication protocol formed by (9), the DSP board manufacturer, 

89 

timer register counts from zero up to the value in the period register, and then back 

down 10 zero again where the process repeats When the timer counter register 

reaches zero each time, an interrupt Is generated which will then activate the ADC (if 

it is timer 2) or incremenlllme flags (if it is timer 4) 

~~ Timer Courller 
Regi sterVakJe 

• .. .. .. Time , 
, , 

Intem.opt Interrupt Interrupt 

Because the timer counter register must count up to the timer period register and 

down again each cycle, the process of which must take precisely 1250 clock cycles 

for a 20 kHz interrupt then the timer 2 period register must be loaded with a value of 

1250/2 or 625. The same system applies for the 1 kHz interrupt, where the timer 4 

period register must be loaded with a value of 2500012 or 12500, 

9.3.3 USART Comml.lni<;ations imd Protocol 

To be able 10 communicate to the MIG PIC, the DSP will utilize its USART port, as 

described in section 8,1.3, For this, the USART port will be set to 8 bi t character 
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89 



Univ
ers

ity
 of

  C
ap

e T
ow

n

will be utilized since this protocol has been field tested and found to be a robust, 

flexible system. The full protocol has been included on the attached CD. 

9.3.4 Analogue to Digital Converter 

The TMS320F2812 has a 16 channel, 12 bit analogue to digital converter capable of 

a maximum sample rate of 12.5 MSPS (mega samples per second), equivalent to an 

80 ns conversion time (depending on clock speed). The ADC clock speed may be 

scaled by the ADCLKPS and ADCTRL registers as shown below: 

HSPCLK 
4-b1t clock 

cIIvIc* 
(x1. 112. ••. 1130) 

~4-1l 
(ADCLKPSP-O)) 

~j[11~ 
(ACQ_PS(3-CJJJ 

81M clock 
pUle 

'------.... ADCCLK 

Figure 65: Block Diagram - ADC Clock Chain (26) 

The ADCTRL3[bits 4-1] register will be set to have a cloCk pre-scalar of 2, whilst the 

ADCTRL 1 [bit 7] will be set to '1' resulting in an ADCCLK frequency of HSPCLKl4 = 

6.25 MHz. The ADC requires an acquisition time before each sample can take place, 

this time allows the system's sample and hold circuitry to charge to the sampled 

signal's voltage for an accurate sample. The acquisition time can also be set via 

software and will be set to 17 clock cycles by writing OxF to ADCTRL 1 [bits 11-8]. 

This will result in an acquisition time of (17 x (1/6.25x106» 2.72 IJS and a conversion 

time of (18 x (1/6.25x106» 2.88 IJS. If 16 signals are sampled at each ADC start of 

conversion, then total conversion time is 46.08 IJs, resulting in a maximum 

conversion frequency of 21 700 Hz. The ADC start of conversion will thus be able to 

be called at a frequency of 20 kHz by the 20 kHz timer 2 interrupt. 

The ADC will thus sample all 16 ADC channels every 50 us, and process the 

information of the result registers accordingly. Because many of the ADC channels 
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are given a 1.5 volt DC offset (to be able to measure AC waveforms), the ADC 

process code will thus remove this offset according to a long term average of the 

sampled waveform. This will result in a very accurate representation of the sampled 

waveform with zero DC offset. The process of ADC channel "n' is shown in the below 

flowchart: 

From Timer 2 Interrupt Request 

Add previous sample result 'n' from 
AdcRegs.ADCRESUL Tn to adcoffstemp(n] 

Increment adcoffs_counter 

N 
Is adcoffs_counter = Ox1FFF (0.41s at 20kHz)? 

Adcoffs(n] = adcoffstemp[n]/65536 

Variable!n] = AdcRegs.ADCRESUL Tn • Adcoffs!n] 

Exit Interrupt Request 

Figure 66: Flowchart· ADC Sampling 

The ADC interrupt request thus returns the instantaneous value of the waveform at 

ADC input "n' with all DC offsets removed. A calibration factor may now also be 

added to the sampled waveform where the instantaneous value is multiplied by a 

value, 'x', and divided by 1024 (210
). The user may thus set the calibration factor 'x' 

to either increase or decrease the sampled waveform by a factor (X/1 024). 

The waveform RMS value may now be calculated for use in the control algorithms. 

For this calculation, the instantaneous waveform must be squared, and the mean of 

the square taken over a long term average as shown below: 
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Instantaneous Value, 'n' 

Calibrate 'n': n = n x x/l024 

Square 'n' and add to temporary 
variable, temp[n]. 

Increment RMS_Counter 

N 
Has RMS_Counter reached Ox1FFF (0.41s at 20kHz)? 

Divide temp[n] by Ox1 FFF 

Find sqrt(temp(n]) 

Update nRMS value 

Clear temp[n], RMS_Counter 

Figure 67: Flowchart - RMS Calculations 

9.3.5 Unbalance Measurement 

It was stated in (27) that the negative and positive sequence currents may be 

calculated by using the following formulae, where 'T' is the period of the waveform 

being examined and la, I~ are calculated with the Clarke transform (see appendix B): 

Ii = Ia - Ip ( t - D 
Ip = Ia (t - ;) + Ip 

(9-8) 

(9-9) 
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I; = la + Ip (t - ~) 

Ii =-Ia(t-~)+Ip 

(9-10) 

(9-11 ) 

To be able to recall the value of each variable from T/4 samples ago, each variable 

must have a running array, the length of which will be the number of samples taken 

by the ADC in T/4 seconds. Thus two arrays will be needed, one to store each 

component making up the space vector, and two pOinters to store the array entry 

number of the most recent array entry. Thus, because the array length is T/4 

samples long, the array entry one ahead of the array pOinter will be the value of the 

variable from T/4 seconds ago. Once the pOinter reaches the end of the array, it rolls 

over to entry zero once again, thereby closing the loop. 

Using these arrays, and the equations given by (27) above, the instantaneous 

magnitude of both the positive and negative sequence currents may be found: 

/ + 1+2 1+2 
mag = a + p (9-12) 

(9-13) 

The RMS value of the sequence magnitudes may now be found by using the method 

set out in section 9.3.4 above, whilst the percentage unbalance is calculated as 

shown below: 

1- 1° Unbalance = RM,\+ RMS X 100 
lRMS 

(9-14) 
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9.3.6 Main Control Algorithm 

Once all required variables have been sampled, and their RMS values found, the 

control algorithms that determine actual contactor switching may then be run. 

Because the unit has two modes of operation (unbalance reduction and pure power 

factor correction), these two algorithms are run depending upon the user set points. 

The main control software loop is setup as shown below: 

From Main Loop 

Check for Emergency Stop 

Emergency Stop Active and/or System In Standby Mode? 

System Status Change Detected? 

N 

Change in Control Priority Detected? 

N 

Control Priority? 

Calculate Filters 

Set Relays 

Unbalance 

Run Mode? 

No Faults. not In Manual 

Mode? 

PFC 

Clear Relays & Standby Mode 

Record New Status 

Clear Relays and Control 

Variables 

Log New Priority 

Clear Relays and Control 

Variables 

Calculate PFC Levels 

Set Relays 

Figure 68: Flowchart - Main Control Algorithm 
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10 Laboratory Setup 

Because the hybrid system is rated to 466 kVAr. equal to a lille current of 675 

amperes, fillding a suitable test site of 1 MVA capacity or higher was extremely 

difficult. The problem was exasperated because the test site would need to have low 

consequential losses should a failure occur. as well as a spare 700 ampere breaker 

for the unit's connection, It was decided that the untested unit should undergo its 

initial testing in a laboratory environment. such that proper test results could be 

achieved For this purpose it was decided to de-rate the uni t by adding ill serfes with 

each capacitor bank connection, additional capacitors as shown below, A readily 

available, three phase connection at the University of Cape Town was a 25 ampere 

per phase cOllllectioll_ It was thus decided to scale Ihe unit to 1 ill 30, such that at 

full power Ihe conneclion will be fully utiliz:ed, AdditIOnal capacilor sizes. their 

connection and calculations are shown ill section 10.1 It should be noted that to 

ensure that all software will operate correctly when the system is placed into a real 

induslrial environment. each relevant analogue 10 digital sample (curreilis and 

voltages) will be multiplied up by a factor of 30 such that possible overflow errors 

plus other miscellaneous errors can be detected 

10_1 Hybrid System De-Rating 

Each capacitor bank will be de-rated by adding in series with each phase additional 

capacitors as shown below 

• c 
Banks 1 & 2 & 5 (Original): I , , 

,,,- "'-

'0 

Mc,Hed Ba nk , • • 
@ ~ , 

o-d-- .. 0 . . . 

~.. ~,. 

- .-- . 1---'----·--
•• 

-- - ---c--- ------, 
Lin e CUI't'"'' = 14., A 

230 
!"put ImpdaM~ - ::is - 1.~ 11 

I.'cQllircd Impeda nco - 4 7,&J1 (l ,G x 30) 

TilU, ~" i1{!c'bo".i 46 [] CDp,10i!", i.' roq,"i'>C} '" 
eech pllase 

; 
; - -- - &'1.2I,F 

,-"jX, ·)·".50 x 4& 
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FigUfB 69 Pilota - Addition&! De-rating Capacitor BanKs 

Figure 69 above shows the additional capacitors added to the system as calculated 

in section 10. I. 

Figure 70: PIloto· Cormoction of Additional CllPac~ors, Dischafge Resistors 

Fig ure 70 shows the connection of one bank of additional capacitors and their 

discharge resistors, The discharge resistors are added for safety purposes, where 

the capacitors are discharged after disconnection of the system from the utility grid 

The discharge reSistors have a reSistance of 100 kO and dissipate the capacitor 

charge to safe levels (less than 40 \folts) within 10 seconds of disconnection. 
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riqure 71. Photo - Curnpiete(! instaUwion 

10.2 Current Transformer Setup 

Originally. the soltware for the hybrid system was designed such that the current 

transformers were divided into two se ts. one for the source currents and one for the 

load currents as shown in Figure 72 below. 

,,, •. , .... 
,' '"''''""''''" 
• ':il 

" .;" , r,..,.f,,,,,.,, 

I 
H.b< 'd 

"".'om """",,,,. 

o IiII .. 
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r'ijure 71. Photo - Cumpieteo' imtaUwiun 

10.2 Current Transformer Setup 

Orfginally, the software for the hybrKJ system was designed such that the current 

transformers were divided into two se ts, one for the source currents and one for the 

load currents as shown in Ffgure 72 below, 
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Hqure 72, System Ov,.,.-",ew - O ,IITen! I randn"'lfJ" P,'ilCBmBn! 
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It was decided upon installation of the unit that the load current transformers be 

moved as shown in Figure 73, where the unit currents are measured instead_ 

-- - ---, , , 

, , , , 

L :=:.' ::;::j i ~:n~ ,;.1 
Figure 73: System Overview - New Current Transformer Placement 

This change of placement now means that the unit may be installed at any stage 

after the uti lity grid connection point and still operate in the same manner as 

intended. In other words, the hybrid system need not be installed between the 

source and load: it may become a part of the load instead _ The load currents may be 

calculated by using Kirchhoff's current law where the sum of all currents entering a 

junction is zero (28), as shown below_ 

'Sour« + 'unit + 'Load'" 0 

Sf) Jwad '" -'Sour"" - Jun i, 

(to-I) 

(IO-2) 

The size of the current transformers required for the load also now become smaller. 

as only the unit's currents are measured (up to 700 amperes) instead of the full load 

current Also, should the unit be installed online, then only the source current 

transformers need be of a clamp on type , making the instal lation cheaper 
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after the utility grid connection pOint and still operate In the same manner as 
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The size of the current transformers required for the load also now become smaller. 

as only the unit's currents are measured (up to 700 amperes) instead of the full load 

current Also, should the unit be installed online, then only the source current 

transformers need be of a clamp on type, making the installation cheaper 
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10.2.1 Source Current Transformers 

The main distribution board (DB), onto which the hybrid unit wilt be connected has a 

main incoming breaker of 160 Arm. per phase, with an average load of approximately 

45 An". per phase. However, a current transformer set with a 400 to 5 ampere 

winding ratio were readily available and were small enough to install into the DB 

Itself. A load resistance of 0.2350 was chosen for the current transformers because 

a 1,175 Vml> signal will be generated across its terminals at full current (5 amperes) 

This resistance was created with two 0,47 0 resistors in parallel, 

Using equations (8-10) and (8-11)' 

= (2 x 3) -i- Load Resistor 6 ~ O,BS 
LT Secondary Current Resolutirm -10,}6 = 40,}6 

= 6.2:J mA per hit 

0.00623 
('T Primary Resolution = 1/80 = 0.5 [A per hit] 

Figure 74: PilOio - Malll DistribvliofJ Boord: Sovrce Currenl Transformers 

Figure 74 shows the placement of the source current transformers, installed into the 

main distribution board of the laboratory. Clearly visible is the incoming breaker and 

the bus bars for each phase as well as the signal cables (red and black wires) that 

run in to the unit. 
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Figure 74 shows the placement of the source current transformers, installed into the 

main distribution board of the laboratory. Clearly visible is the incoming breaker and 

the bus bars for each phase as well as the signal cables (red and black wires) that 

run into the unit. 
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10.2.2 Unit Current Transformers 

Because the hybrid system is rated to a maximum of 675 A"", per phase, 800 Arm> 

current transfonners are required to be able to measure the unifs current 

consumption Note that although real curren t flow will be one thirtieth of the current 

flow when the system is not being de-rated, 800 Arm. current transformers were stitl 

inslalled in preparation for Industry trials. To Increase the current resolution of such a 

large winding ratio, a larger resistance (2.2 0) was placed across the transformer 

terminals resulting in a larger current Signal. 

Using equations (8-10) and (8-11): 

== (2 x 3) ~ [."ad Re.,·lst"r 6""" 2.2 
CT Secondary Current Resalutian 40% == 40% 

"" 0.66 mA per bit 

0.000666 
CT Primary Resolution"" 1/1110 "" 0107 [A per bitl 

Figure 75: POOto · Unit Current Transformers 

Figure 75 shows that current transformers used to measure the unifs current. These 

are installed at the bottom of the system's cabinet. Clearly visible are the 2.2 0 load 

resistors and signal wires (green and white wires) 

101 

10.2.2 Unit Current Transformers 

Because the hybrid system is rated to a maximum of 675 A"", per phase , 800 Arm, 

current transfonners are required to be able to measure the unifs current 

consumption Note that although real curren t flow will be one thirtieth of the current 

flow when the system is not being de-rated, 800 A""" current transformers were stitl 

installed in preparation for Industry trials. To Increase the current resolution of such a 

large Winding ratio, a larger reSistance (2.2 0) was placed across the transformer 

termlnats resulting in a larger current Signal. 

Using equations (8-10) and (8-11): 

== (2 x 3) ~ [."ad Re.,·lst"r (, + 2.2 
CT Se condary Current Resalut ian 4096 == 40% 

== 0.66 mA per bit 

0.000(,(,(, 
CT Primary Resalutian == 1/1110 == 0107 [A per bi tl 

FIgUre 75 POOto· Unit Current Transformers 

Figure 75 shows that curren t transformers used to measure the unifs current. These 

are installed at the bottom of the system's cabinet. Clearly visible are the 2.2 0 10Eld 

resistors and signal wires (green and white wires) 

101 



Univ
ers

ity
 of

  C
ap

e T
ow

n

10.3 System Calibration 

Calibration of all current and voltage measurements may now take place to ensure 

accurate operation of the controller software. This was performed by first disabling all 

contactor control lines and powering up the DSP and interface boards. Through the 

DEBUG port of the DSP, the measured values of all currents and voltages were 

compared to all real values (measured with a true RMS multi-meter and a current 

clamp). These real valued measurements were then scaled up by a factor of thirty to 

gain the value that the DSP should return. By adjusting the calibration factors of 

each ADC channel, the DSP values were adjusted to the correct values. Once 

calibrated, all calibration levels are saved by the DSP, to be recalled every time the 

system is started. 
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11 Laboratory Results 

11.1 Initial Test Results 

Before the unit was allowed to run under fully automatic mode, initial manual testing 

was performed to ensure that the de-rating of the system was successfully 

completed and that the expected current flow is achieved during system operation. 

11.1.1 System De-rating 

To test if the de-rating occurred correctly, capacitor banks were manually inserted 

into the grid and the expected current flow compared to the actual current flow. 

Results of this test are tabulated below: 

Power Current Flow 
Expected Actual 

Bank Filter 
[kVAr] 

Phase 
(100%) 

Current Flow Current Flow 
(3.333%) (3.333%) 

A 145 4.83 4.9 
1 PFC 100 B 145 4.83 4.9 

C 145 4.83 5 
A 145 4.83 5 

2 PFC 100 B 145 4.83 4.9 
C 145 4.83 5 
A 72.5 2.42 2.6 

3 PFC 50 B 72.5 2.42 2.6 
C 72.5 2.42 2.6 
A 62.5 2.08 2.2 

4 fl 25 B 62.5 2.08 2.2 
C 62.5 2.08 2.2 
A 125 4.17 4.2 

5 fl 50 B 125 4.17 4.3 
C 125 4.17 4.3 
A 23 0.77 0.9 

6 Wye 5.5 B 23 0.77 0.9 
C 23 0.77 0.9 
A 23 0.77 0.9 

7 Wye 5.5 B 23 0.77 0.9 
C 23 0.77 0.9 
A 48 1.60 1.7 

8 Wye 11 B 48 1.60 1.8 
C 48 1.60 1.7 

Table 10: Comparison of Expected and Actual Current Flow 
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Bank Current 

A 145 4.83 4.9 
1 PFC 100 4.83 4.9 

C 145 4.83 5 
A 145 4.83 5 

2 PFC 100 B 145 4.83 
C 145 4.83 
A 72.5 2.42 

3 PFC 50 2.42 
2.42 
2.08 

4 25 B 62.5 2.08 
C 62.5 2.08 
A 125 4.17 

5 50 B 125 4.17 
C 125 4.17 
A 23 0.77 

6 5.5 B 23 0.77 
C 23 0.77 
A 23 0.77 

7 23 0.77 
23 0.77 
48 1.60 

8 48 1.60 
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As shown in Table 10, the actual current flow closely correlates to the expected 

current flow of the de-rated system. In all cases, the actual current flow is within 200 

rnA of the expected current flow and, given that the current clamp had a resolution of 

100 rnA, it can be said that all capacitor banks were successfully de-rated to a one 

thirtieth scale model. 

11.1.2 System Power Flow 

Once it was shown that the system was successfully transformed into a one in thirty 

scale model, the actual impact of all capacitor banks on the measured source 

currents were tested. For this test, both wye and delta connected banks were 

manually inserted into the grid and the source and load power levels recorded. The 

impact on the source currents are then compared to anticipated values. The results 

of the comparison are tabulated below: 

Capacitive Power Source Reactive Load Reactive 
Impact on 

Expected Impact Reactive Power (Line to Neutral) Power [kVAr] Power [kVAr] . [kVAr] [kVAr] 

5kVAr 22 28 6 5 

11 kVAr 15 27 12 11 

16 kVAr 11 28 17 16 

22 kVAr 17 40 23 22 

Table 11: Impact of Wye Connected Filters on Imaginary Power Flow 

It can thus be said that the impact of each wye filter on the reactive power flow as 

seen by the source closely matches the expected impact. 

Capacitive Power Source Real Load Real Power Impact on Real Expected Impact 

(Line to Line: BC) Power[kW] [kW] Power[kW] [kW] 

A B C A B C A B C A B C 

25 kVAr 
286 269 266 285 276 260 1 -7 6 0 -7.2 7.2 

50 kVAr 
281 218 271 279 233 258 2 -15 -13 0 -14.4 14.4 

75 kVAr 
296 213 282 295 236 261 1 -23 -21 0 -21.6 21.6 

Table 12: Impact of Delta Connected Filters on Real Power Flow 
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Capacitive Power Source Reactive Load Reactive 
Impact on 

Expected Impact 
Reactive Power 

(Line to Line: BC) Power [kVAr] Power [kVAr] 
[kVAr] 

[kVAr] 

A B C A B C A B C A B C 

25 kVAr 22 16 7 21 28 20 1 -12 -13 0 -12.5 -12.5 

50 kVAr 19 4 -5 19 28 19 0 -24 -24 0 -25 -25 

75 kVAr 19 -9 -16 17 27 21 2 -36 -37 0 -37.5 -37.5 

Table 13: Impact of Delta Connected Filters on Reactive Power Flow 

The impact of the delta connected filters thus also closely matches the expected 

impact on both real and reactive power flow as seen by the source. This means that 

the theory examined in section 3 is correct and may be used to balance unbalanced 

currents. 

11.1.3 LCD Display Signal Finer 

During the above test procedures, it was discovered that the electromagnetic 

interference (EMI) of a commutating contactor was significant enough to confuse the 

LCD module. This rendered the module useless until re-initialized. To overcome this 

problem, a low pass filter was placed onto the LCD communications cable such that 

the lower frequency information could pass unimpeded, but that all high frequency 

EMI would be rejected. This was achieved by adding an inductance into the signal 

line by wrapping the line around a ferrous toroidal core until the desired response 

was achieved. Too many turns would yield an inductance large enough to begin to 

reject the required LCD signal, too few turns and the EMI could still pass. The 

optimum number of turns in this instance was three for correct LCD operation. 

In addition to the low pass filter, the Interface board software was modified to re­

initialize the LCD module every 20 seconds to ensure that the module will be able to 

recover from any confusing EM!. The re-initialization code was also significantly 
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optimized to allow for a very fast re-initialization of the LCD module such that the 

procedure is barely noticeable by the user 

F.rrou> 
Tor<idal Gore 

... .,. _________ "'~LGD Mod LJe 

FiglJr~ 75: Pl>oIo - LCD Module SJgIJaI Filter 
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11.2 Harmonic Impact on the Utility Grid 

One of Ihe disadvantages listed in section 2 is that capacitors amplify harmonics 

present on the utility grid. resulting in many topologies utilizing de-tuning inductors as 

a method of keeping these harmonics under control. To examine to actual impact of 

the unit on the harmonics of the grid. the voltage and current waveforms are 

examined along with a fast Fourier Transform of Ihe current wavefonn. 

To determine the impact of different filter types on the current harmonics, a 

comparison is performed for full power factor correction, for full delta compensation 

and for full wye compensation. 

11.2.1 Uncompensated Utility Grid Voltage and Current Wavefonns 

To be able to make an accurate comparison of Ihe impact of the various filters on the 

harmonic content of the vollage and current waveforms, the uncompensated 

waveforms are first analyzed below 

:' , 
, 

Figure 77: Oscilloscope Trace - Natura! Grid Voltage alx1 Currellt Waveforms 

Figure 77 shows the laooratol)' voltage (blue trace) and current (pink trace) 

waveforms without system compensation. It can be seen that both waveforms are 
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the unit on the harmonics of the grid. the voltage and current waveforms are 

examined along with a fast Fourier Transform of Ihe current wavefonn. 

To determine the impact of different filter types on the current harmonics, a 

comparison is performed for full power factor correction, for full delta compensation 

and for full wye compensation. 

11.2.1 Uncompensated Utility Grid Voltage and Current Wavefonns 

To be able to make an accurate comparison of Ihe impact of the various filters on the 

harmonic content of the vollage and current waveforms, Ihe uncompensated 

waveforms are first analyzed below 

:' , 
:' 

Figure 77: Oscilloscope T rBCe - Natura! Grid Voltage alx1 Current Waveforms 

Figure 77 shows the laooratol)' voltage (blue trace) and current (pink trace) 

waveforms without system compensation. It can be seen that both waveforms are 
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severely non-sinusoidal and are thus subject to several additional harmonics These 

additional harmonics will be amplified with system compensation, as explained in 

section 3.3. The harmonic content of Ihe uncompensated utility grid is shown below 

and was attained wilh the use of the 8334 Qualistar power analyzer from Chauvin­

Arnoux (29). 
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Figure 78; Hatmonic Composilion of 100 Natural Grid V()llage5 
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Figure 79: Hafloollic; Composition of lho Nat!!",1 Grid CUm!nls 

Figure 78 and Figure 79 show the percentage composition of the harmonic content 

of the three grid voltage and current waveforms in relation to the fundamental 

harmonic, where the magnitude of the fundamental harmonic is always 100 % and 

each higher order harmonic is shown as a percentage of that fundamental 
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severely non-sinusoidal and are thus subject to several additional harmonics These 

additional harmonics will be amplified with system compensation, as explained in 

section 3.3, The harmonic content of Ihe uncompensated utility grid IS shown below 

and was attained wilh the use of the 8334 Qualistar power analyzer from Chauvin­

Amoux (29). 
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Figure 78: Hatmonic Compositioll of too NaturaJ Grid V()lia!l"~ 
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Figure 79: HafiflOllic; Composition of tho Nat!!ral Grid CUm!nis 

Figure 78 and Figure 79 show the percentage composition of the harmonic content 

of the three grid voltage and current waveforms in relation to the fundamental 

harmonic, where the magnitude of the fundamental harmonic is always 100 % and 

each higher order harmonic is shown as a percentage of that fundamental 
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magnitude. Note that to t:.e able to capture any possible increase in harmonic 

content, the Y-axIs of each bar graph is scaled to show only 20 % of the fundamental 

magnitude, such that even a small change in harmonic amplitude may be seen 

11.2.2 Impact of Full Power Factor Correction 

To determine the impact of the system when performing full power factor correction 

(466 kVAr). the system was placed into manual mode and all contactors were 

closed. The new utility grid voltage and current waveforms are shown t:.elow: 

I ' ; 

I: c ..... , , 

Figure 80: UliMy Grit! VoIliJ{JC ami Criffonl WavefOffil under Full Power Factor Corfflctioo 
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Figure 81. Voltage WavefO<nl HamJoo jc COillenl wldor Full Powor Faclor Co,-roct":Jn 
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magnitude. Note that to be able to capture any possible increase in harmonic 

content, the Y-axIs of each bar graph is scaled to show only 20 % of the fundamental 

magnitude, such that even a small change in harmonic amplitude may be seen 

11.2.2 Impact of Full Power Factor Correction 

To determine the Impact of the system when performing full power factor correction 

(466 kVAr). the system was placed into manual mode and all contactors were 

closed. The new utility grid voltage and current waveforms are shown below: 

, , 
I : V""ooc 

Figure 80: UliI~y Gr~1 Voltage arid Crm-Olll WavefOffil "rider F"II Power Faclor Correcl!()() 
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Figure 81. Voltage WavefO<nl Halflloojc COlitenl "ndor Full Powor Faclor Comx:lion 
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Ah01 <D 100.0x 
50.3A 

@ 100.0x 
42.6A 

+ (111' 

;ri.--~---------------, 

Comparing Figure 81 willl Figure 78 shows that an increase is seen in the harmonic 
., 'h 

conten t of the voltage waveforms. particularly the 5' and 7" harmonic. A comparison 

of Figure 82 with Figure 79 shows that an increase is also seen in virtually all current 

harmonics wi th tile largest gain seen in the lower, odd order harmonics. This 

Increase In both voltage and current harmonics correlate with expectations, as laid 

out in section 3.3 
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Comparing Figure 81 willl Figure 78 shows that an increase is seen in the harmonic 
-, -r, 

content of the voltage waveforms. particlilarly the 5' and 7- harmonic. A comparison 

of Figure 82 with Figure 79 shows that an increase is also seen in virtually all current 

harmonics with 1I1e largesl gain seen in the lower, odd order harmonics. This 

Increase In both voltage al'ld current harmonics correlate with expeclations, as laid 

oul in seclion 3.3 
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11.2.3 Impact of Full Delta Filter Compensation 

To determine the impact of delta connected filters on the harmonic content of the 

voltage and current waveforms, the system was again placed inlo manual mode and 

Oath delta filter banks were inserted across phases '8' and ·C'. The resulting 

wavefunns are shown below (Figure 83) . 

, 

Figure 83.' Utility Grid Voltage and Current Wavef«ms <Jf>dor F[l/I Dolla Compensation 
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Fi<Jure 84. Vo#ago Waveform Hannonic Coote"t under FuH Delta CompensatlOf' 
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11.2.3 Impact of Full Delta Filter Compensation 

To determine the impact of delta connected filters on the harmonic content of the 

voltage and current waveforms, the system was again placed inlo manual mode and 

Oath delta filter banks were inserted across phases '8' and ·C'. The resulting 

waveforms are shown below (Figure 83). 

, ' , , 

Figure 83.' Util#y Grid Voltage and Current Wavef«ms <Jf>dor Full 00"8 Compclls8iVi 
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Figure 85. Cum",1 Wavefonn HarmonJ<J Conlenl ufKler Full Della Comp,msallO!1 

Clearly visible in Figure 85 above is the introduction of additional harmonics in the 

current waveform. when compared to Figure 79. The introduction of even order 

harmonics and the amplification of odd order harmonics can be seen 

11.2.4 Impact of Full Wye Compensation 

To determine the impact of wye connected fmers on the hannonic content of the 

voltage and current waveforms, the system was again placed into manual mode and 

all wye filter banks were inserted on phase 'B'. 

:' 
:' 

Figuffi 86: Oscilloscope Trace - Grid Voltage and Currnni Wav9forms with 22 kV Ar Wye Fiiter 
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Figure 85. Cum",/ WMeform Harmo{IJ(; Cwient ufKler Full Delta COOifJf'IlsaI/OI1 

Clearly visible in Figure 85 above is the introduction of additional harmonics in the 

current waveform. when compared to Figure 79. The introduction of even order 

harmonics and the amplification of odd order harmoniCs can be seen 

11.2.4 Impact of Full Wye Compensation 

To determine the impact of wye connected fmers on the hannonic content of the 

voltage and current waveforms, the system was again placed into manual mode and 

all wye filter banks were inserted on phase 'B'. 

:' 
:' 
:' 

:' , 
:' 
:' , 

Figuffi 86: OscilloscOpe Trace - Goo Voltage and CUlreni Way"fcvms with 22 kVAr Wye Filter 
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Fig<1m 88 Cuff"' lt WavefOll)) Ha!monic Conltint " ,lder Flit Wye COIlJP'>"seflnn 

A small Increase m OlY be seen in the phase '8' harmonic content (brown line). mostly 

on the 3"', 5'" and 13111 Oldel harmonics. 
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11.3 Conlaclor Tesling 

11.3,1 Auxjljary Tjmjng 

As stated In section 5,8 each conlaclor IS equipped with an au~iliary 

contactoriresistor wire set ThIS additional set is intended to extend the lifespan of 

the main con tactor terminals by reducing the inrush curren t to the capacitor banks. 

To be able to determine the impact a switch-in cycle on the utility grid current 

walleform, the timing of the contactoriallxiliary set must be determined This was 

pertormed by repeated switch-in cycles of a contactor in the following setup 

12',, "" TL _____ ----'(" 

,~i'Jlllh 89: Scl"'m~!ic - cQIJI~ c!(),- T~81 &;111,1' (9) 

The voltage potential developed across the contJctor will thus be the full supply 

voltage (12 V) when completely open, half supply voltage (6 V) when only the 

auxiliary is closed and zero volts when the main con tactor is closed Repeated 

switch cycles were performed and the voltage measured across the contactor u1der 

test was recorded 

Note: 
O'an1" T '""" - vo r.age 
c'""" -'ace Cu rr~ -' 
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11.3 Conlaclor Tesling 

11.3,1 Auxjljary Tjmjng 

As stated In section 5,8 each conlaclor is equipped with an au~iliary 

contactoriresistor wire set ThIS additional set is intended to extend the lifespan of 

the main con tactor terminals by reducing the inrush current to the capacitor banks. 

To be able to determine the impact a switch-in cycle on the utility grid current 

walleform, the timing of the contactor/auxiliary set must be determined This was 

pertormed by repeated switch-in cycles of a contacto r in the following setup 

,~i'Jlllh 89: SGI"' m~!ic - Com~ c!o,- T~s! SHllp (9) 

The voltage potential developed across the contactor will thus be the full supply 

voltage (12 V) when completely open, half supply voltage (6 V) when only the 

auxiliary is closed and zero volts when the main con tactor is closed Repeated 

switch cycles were performed and the voltage measured across the contactor u1der 

test was recorded 

-
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,[ - '--

T1L.i 
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• • 3.0,"" , 
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"llJij 
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Note: 
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II can be seen In a lllhree contactor test cycles (Figure 90 to Figure 92) thai some 

swrtch-bounce takes place by bolh the a (.l ~ 'lla ry and Ihe ma in conlactol contacls 

This results in the recorded voltage and current waveforms osci llating betlo'leen 

vO ltage levels be fore se ttling Shown on eam tes t waveform is the length Qf tin1e that 

lapsed between the first au~ili ary switch and the last main contact sWItch, ,f these 

values are averaged, then the average au_,liary conduction time IS 4 2 ms FlQure 92 

also shoVis thai the switch· bounce expe/lenced by the mam cootaclor may be 

severe enolJgh 10 cause the contactor 10 fully disengage before engaging once again 

(see point A . Figllfe 92). 
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II can be seen In alllhree contactor test cycles (Figure 90 10 Figure 92) thai some 

sw~ch·bounce !(lkes place by balh lila al.!~ illary and lhe main conlactol contacl5. 

This results in the recorded voltage and current waveforms osci llating between 

vo ltage levels be fore se ttling Shown on each tes t waveform Is the length of tllTle that 

lapsed !:tetl.'/een the first au~ili a ry 5wrtch and the last main contact SI'ilI<:h, ,f these 

values are averaged, then the average aUl(,liary conduction time IS 4 2 ms FlQure 92 

also shows thai the switch-bounce expe"enced by the mam conlaclor may be 

severe enough 10 cause the conlaclor 10 fully disengage before engaging once again 

(see point 'A', Figtlre 92). 
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11.3.2 Current Waveform Transients 

To be able to confirm results found in section 5,8, the curren t waveform of a 100 

kVAr capacitor bank was recorded during a switch cycle with a con tactor equipped 

with auxiliary resistor windings The schematic of the laboratory test is shown below: 

Uti!), C",d 

i i{)uro 93' S"ll"m~'" - C<lmm! I ralls/ell t Test Setup (9.) 

Se~eral switching cycles were completed such that the switching transient could be 

captured over a range of positions on the voltage waveform. Note that the cllrrent 

trace (green trace) has a scale of 1kA per division 

, ' ...... . , " . ~ 

, I ,Y _ 
"'~, ,r 

hgure 94, W,,-,dorm _ C"rrer~ Tr,%"ient 1 (9j 

Not. : 
0" """ T,""~ - 'iol;ag e 
(i'con T," co _ :::" ,·o nt 
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11.3.2 Current Waveform Transients 

To be able to confiml results found in section 5,8, the current waveform of a 100 

kVAr capaci tor bank was recorded during a switch cycle with a contactor equipped 

with auxiliary resistor windings The schematic of the laboratory test is shown below: 

Uti!), Cffi 

r ig"ro 93' S"Il(,m~'" - C<lmml I rans/ellt Test Setup (9.) 

Several switching cycles were completed such that the switching transient could be 

captured over a range of positions on the voltage waveform. Note that the clirrent 

trace (green trace) has a scale of 1kA per drvision 
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Figure 97 shows that the maximum amplitude of the current waveform can be as 

high as 2.8 kA, depending on where on the voltage waveform the main contactor is 

closed. This is slightly less than the value determined in section 5.8, indicating that 

the supply used during the laboratory tests had a slightly higher source impedance 

than that used in simulations, however, a correlation may be made between 

simulations and laboratory waveforms thereby verifying results. 

Maximum current amplitude of a switch transient is thus reduced by the auxiliary 

resistive wires from 11 KA to 3 KA, thus drastically increasing the lifespan of each 

contactor. This both increases the reliability of the system as well as increases the 

project life-span, after which contactors would have to be replace 
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11.4 Impact on Unbalanced Currents 

Through observation, the average real current flow per phase into the laboratory 

main distribution board is 60 Amperes during the afternoon peak demand times. This 

equates to a three phase power flow of 41400 VA. However, if the actual apparent 

power flow is subject to the one in thirty scaling factor of the compensator, then a 

scaled apparent power flow of 1.2 MVA is recognized by the compensator unit. By 

comparing this scaled power flow to Figure 31, it can be seen that, at best, a 

maximum unbalance of 6 % may be compensated for. 

Data logging of the system's performance was achieved by setting "Docklight', a PC 

communication tool, to request various data values from the DSP's data table. These 

values were returned in comma separated format which could then be imported into 

Microsoft Excel. Graphs of all relevant variables could then be created. Several 

logging sessions were run, extracts of which are shown in the results below. 

11.4.1 Source and Load Current Wavefonn Comparison 

The impact on the source current phase RMS values is shown in Figure 99 below 

and is compared to the load side current phase RMS values (Figure 98). It can be 

seen in the results below that phase "C' currents are drastically reduced from the 

load side to the supply side. A small increase in the phase "B' currents can also be 

seen as some of the load is being shifted (as the supply sees it) from phase "C' to 

phase "B'. This motion of the outer phase currents (smallest and largest RMS values) 

towards the average can be seen as a reduction in current unbalance. 

It should be noted that in the graphs below, the control algorithm was only activated 

after an initial minute of logging, such that a differential impact may be seen on the 

supply side graphs. 
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11.4.2 Analysis of Unbalance Estimation Algorithm 

It can be seen in Figure 108 above that the source unbalance level is generally 

higher than the load unbalance level, contrary to expectations As stated previously, 

a reduction in unbalance of up to 6 percent may be seen for such a load size but 

expectations lie in the 2 to 3 percent range (depending on phase currents relative to 

each other, since to achieve maximum compensation the unit must be able to use all 

delta connected filter across one line to line voltage) An analySIS of the impact of 

harmonic content on the unbalance algorithm was performed using computer 

simulation software, MATLAB 7 (see Appendix H) and was found to be the cause of 

the increase in unbalance shown above To be able to accurately determine the 

impact of the system on the utility grid, the author considered the use of the NEMA 

definition (30) of unbalance: 

Ma.ximum D~vi(lr;on from rJu. M ~(ln of (/.,1",1,) 
Unbalanu '" . 

M ean(l~, 1", 1,) 

(11-1) 
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Figure 109 ab~ve shows the impact of the system on the source unbalance using the 

NEMA definitiQll An improvement of approxlmater, 2 to 3 percent of the source side 

currents may now be seen however. referring to (30) it call be seen that only the 

current that is furthest from the average of the three phase currents is accounted for. 

This means Irat the true impact of the system on the supply currents s understated 

and another measure of the system's impact is required. This new lneasure of 

unbalance is calculated by using the real and reactive power flow in eadl phase 

(refer to Appendix I) and is thus not directly influenced by ilarmonic conlellt (since 

RMS value for current and voltage are used), nor is any phase neglected. Here the 

standard deviation of the phase real and reactive powers from the averagets used 

as a ratio of the average phase real and reactive power, Tile unbalance results 

lIsing this new lneasure of unbalance are shown in Figure 110. 
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Figure 110 shows that the unbalance as seen by the supply (utility grid) is less than 

that of the load where the average impact of the system is approximately 3 percent 

A comparison as to the simulated impact of the system on the utility grid may now be 

perforlned This is achieved by programming the simulat ion with a load equal to the 

average load recorded in Figure 102 and Figure 104 After running the simulation, 

the following impact on unbalance was seen. 

° O~--~""----COc,c---,"",---,,,,'---C",,'---Co'.'---C"c,c---,"o.,---,"0,,----1 T_ I., 

Fit,,,rc 111 GrJph - Simu/"I i<.HI ur ,'''))PiJ{; ! arr lin/),,/iuJ{;B Lv.'e/ 
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Figure 111 shows that the average decrease in unbalance as seen by the source is 

3.5 percent and the results, therefore, closely match that expected from simulations. 

It should be noted that the percentage unbalance returned by this new measure of 

unbalance is closely comparable to the results returned by the proper unbalance 

definition, as shown in appendix I. 

Figure 106 and Figure 107 show that the capacitor filter switching patterns can be 

slightly oscillatory around transition points before settling down to the required 

combination. It was found that despite the addition of some hysteresis, the measured 

power flow oscillated around the true value due to measurement errors that were 

scaled up by a factor of thirty (in accordance with scaling of the entire system). This 

scaling error would thus not occur when installed on a full scale load as the current 

measurements would have far greater resolution. 
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12 Conclusions 

Based on the above chapters, the following may be concluded: 

• A hybrid power factor/unbalance compensator unit could be built easily and 

cost effectively by modifying a standard power factor correction unit. 

• The control strategy laid out in section 3.2.3 was proven through simulation 

and practical observation to be correct and able to reduce current 

unbalance. 

• Simulations show that a maximum level of unbalance exists, beyond which 

the unit may not compensate. This level is inversely proportional to load 

size, given sufficient load inductance. 

• Auxiliary resistive wires installed over each contactor terminal were able to 

reduce in-rush currents from a maximum of 11 kA to 3.5 kA, thereby 

increasing contactor lifespan. 

• Calculations show that a project based on the hybrid system wou Id be 

financially viable subject to load size and load power factor restrictions. 

• The hybrid system was successfully installed in a laboratory environment 

and successfully de-rated with additional capacitors to a one in thirty scale 

model. All current measurements were calibrated and tested to read the 

correct scaled values (thirty times larger than the real value). Overflow 

errors encountered in the software during this process were corrected. 

• All fault and emergency stop conditions were tested and were found to 

operate according to specifications. All contactors were removed from the 

utility grid within 300 milliseconds of any fault or emergency stop condition. 

• Electromagnetic interference was found to be the cause of the LCD 

malfunction. This interference was caused during contactor commutation 

and was reduced by adding inductance to the LCD signal cable near to the 

LCD module. 
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• Addition of capacitors from any filter was found to amplify harmonic content 

present on the utility grid, but was not significant enough to disrupt the grid 

or cause fault with any other machinery connected to the grid. No other 

resonance conditions were detected. 

• The DSP unbalance control algorithm was tested and compared to the 

required switching pattern returned by the simulation program. Both 

switching patterns were identical for many different unbalance situations 

and resulted in the reduction of unbalance as seen by the source. 

• Data logging during several test runs show a decrease in the spread of the 

phase currents, apparent power and real power whilst reactive power was 

reduced to near zero. 

• Filter switching patterns were found to be slightly oscillatory near transition 

periods despite the addition of hysteresis in the control algorithm. This was 

attributed to the fact that power measurements are unsteady due to the 

scaled up current measurements. This problem should be reduced when 

installed onto a full scale load. 

• Harmonic interference was found to be the cause of the inflation of the 

unbalance measurement results. This was verified with the computer 

simulation package, MATLAB, and a new measure of unbalance was 

developed. A comparison of the two measures of unbalance was 

performed in simulation and found that both measures return similar results 

for the same load (refer to appendix I). 

• The unit was able to reduce the source side unbalance of the test load by 

an average of 3 percent over several logging periods. This is comparable to 

the 3.5 percent reduction attained in simulation. 
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13 Recommendations 

The author recommends that the continuation of the project should proceed as 

follows: 

• Connect the unit to a full scale, unbalanced load and test the operability of 

the system under those conditions. 

• Build a user-friendly graphical user interface for a personal computer 

through which all system data variables may be monitored and system set 

points may be changed. Retrieval and subsequent graphing of data logs 

stored on the unit's flash card should also be included. 

• Write software to interface through the WiFi connection to a host PC, upon 

which the above interface is installed such that remote monitoring and 

logging is possible. 
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Appendix A 11-Y and Y -11 Transformations 

I. fl.-Y Transformation 

Figure: Delta Wye Equivalent Circuits [11J 

If it is assumed that Ra, Rb and Rc from the delta configuration is known, then if N3 is 

not connected in the delta configuration [11]: 

Resistance from Nl to N2 (.1), R(Nl.N2) = Rl + R2 

(1) 

Similarly: (2) and (3) 

By adding the two equations (1) and (3), and subtracting (2) yields: 

Thus 

Similarly 

I. 

Delta C:U,U/V,tlIll:If,rll Circuits 

If it is is if is 

[11]: 

to = II + = = Ra+Rb+Rc Ra+Rb+Rc 

to = + 

= Ra+Rb+Rc 

+ = + = Ra+Rb+Rc Ra+Rb+Rc 

) 

+ + + 

= --=--=--

= --"-""'--
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II. y. A Transformation 

Beginning with the equations calculated in section I: 

Multiplying each equation pair yields: 

Summing all three equations above yields: 

Dividing (7) by R1 and substituting (1) into the result yields: 

R1Rz+R1Ra+RzRa = Rc{Ra+Rb+Rc) (8) 
Rl Ra+Rb+Rc 

Thus: 

Similarly, by dividing (7) by R2 and substituting (2), and by dividing (7) by R3 and 

substituting (3) yields the equations for Ra and Rt,: 

in Se(::tlcln I: 

=----- ------

+ 

(1 ) 

=-~----- =---~~-;.....,;;;. 
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Appendix B Reference Frame Transformation Proofs 

When dealing with multiphase electrical systems, especially where manipulation of 

system parameters is taking place, simple system analysis is often required where 

the analysis of only a few variables is required to determine the instantaneous values 

of all system variables. For this purpose, reference frame transformations are utilized 

where each phase voltage or current is depicted in vectorial form on either a 

stationary or rotating reference frame. Each type of reference frame has its uses in 

control theory, where rotating reference frame are often used in control of electrical 

machines (where only two DC control variables need manipulation), whilst stationary 

reference frame are often used to determine the health or state of the system (where 

only two sinusoidal control variable require monitoring). 

Since this thesis is dealing with the health of the utility grid and the manipulation 

thereof, the stationary reference frame analysis is used, the proof and operation of 

which is detailed below. 

Let it be assumed that a balanced three phase electrical system exists, where the 

instantaneous phase current flowing in each of the three phases can each be 

represented by a vector, with magnitude equal to the instantaneous phase current 

and mutual 120 0 displacement. It follows that the addition of each of the phase 

vectors along its positive phase axis for positive instantaneous values, or negative 

phase axis for negative instantaneous values, will combine to form a resultant space 

vector that, by itself, describes that instantaneous state of the phase currents. 

Ph B-Axis'\ 

PhC-Axis / .. 
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~ P-Axis 
I 
I 
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The resultant space vector thus has a magnitude of one and a half times that of the 

peak phase current and may therefore be scaled by a factor of 2/3, such that the 

magnitude of the space vector equals that of the phase currents. 

Algebraically, the resultant space vector may be calculated as follows: 

Thus: 

~ 
PhB.Axis', , 

I 

\ 
" 

I 

(1) 

! {J-AxiS-r. 
....................... -... -- ... , 

o-Axis 
~--~.-.- ........ 

Ie PhA-Axis 

Figure: Resultant Space Vector in the Stationary Reference Frame [10J 

4= ia + jip (2) 

By equating equations (1) and (2), the Clarke transformation is derived. 

So: 

2 
= -3 

Ph 

Ph 

Resultant 

eUUCllIOI1S (1) 

2 
= - + + 3 

2 
= -
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= -
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And: 

Thus: 

2 1 1 
=-

3 2 2 
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Appendix C Symmetrical Component Decomposition 

The idea of symmetrical sequence decomposition was originally proposed by 

Charles Fortescue in a paper in 1918, in which he proposed that a three phase 

system can be decomposed into three components: zero sequence, negative 

sequence and positive sequence components. From [11], the sequences are defined 

as follows: 

Zero Sequence: "Zero sequence components, consisting of three phasors with 

equal magnitudes and with zero phase displacement." 

Negative Sequence: "Negative sequence components, consisting of three phasors 

with equal magnitudes, ±120o displacement and negative 

sequence." 

Positive Sequence: 

Zero Sequence 

lao IbO leo 

III 

"Positive sequence components, consisting of three phasors 

with equal magnitudes, ±120o displacement and positive 

sequence." 

Positive Sequence Negative Sequence 

la+ la-

Figure: Decomposed Sequence Vector Diagrams 

[11 ], :seIUUI::1Ir1(;e5 are 

as fOllOWS: 

" 

" 

Zero Positive S8Cluelnce 

Del:x>n1po.seC1 ....... , .. """"'" Vector fJiAI"Iml'lrtC! 
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Each symmetrical sequence is composed in such a way that when re-combined with 

each other, the normal phase vectors are produced. Thus, from [11], the phase 

currents are calculated as follows: 

.Z7r 1 ...{3 
Where a = 1e l 3' = --+ j-

2 2 

The find the three sequences in terms of the phase currents, the transfer matrix must 

be inverted, for this to be possible, the matrix must have a non-zero determinant 

[33]: 

.Z7r 

1 1 1 
Determinant(A) = 1 a2 a 

1 a a2 

But, since a = el 3', then a4 = a 

IAI = -3a2 + 3a 

'A' Thus has a non-zero determinant and may be invertible. 

Finding the cofactor matrix of A [34]: 

(a - a2 ) 

(a2 -1) 
(1 -a) 

(a - a
2

)] 

(l-a) 
(a2 -1) 

is po!;ea in a 
are [11], 

are ................. as 

1 
= 

a 

1 . a= =--+] 
2 2 

a non-zero 

1 1 1 
= 1 a 

1 a 

+a+a-

a= =a 

= + 

a non-zero 

A 

= 
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Thus: 

1 1 

( 1-a) 
a-a2 

1 1 1 
A-1 = mCofactor(A) = 3" 

1 

(
a

2 -1) 
a-a2 

But: ( a
Z-1) = ( a Z

-,: ) = (a(a
Z-1)) = a 

a-aZ a-a 1 a Z-1 
(since a2 = a-1 ) 

Also: ( 1-a ) (l-a) 1 -1 2 
a-az = aC1-a) =;; = a = a 

The current sequences can now be written in terms of the current vectors: 

[
10] 1 [1 1 1] [Ia] 1+ = - 1 a a2 Ib 
L 3 1 a2 a Ie 

Thus, for a positive sequence utility grid connection, the Clarke transformation may 

be represented as follows: 

1 

2 
.J3 
2 

= 

= 

a 

reclre~iented as 

= + 

1 =-= 
a 

= 

=a 

= 

1 1 
a 

a 

can now in 

= 

1 
=- + 3 

= 

1 

1 
a 

-+j 
2 

1 

2 

2 

1 1 

= 

+ 
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Appendix 0 Embedded MATLAB Function Code 

function [Pcab,Pcbc,Pcca,Pca,Pcb,Pcc,PFC] = fcn(Pa, Qa, Pb,Qb, Pc,Qc) 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Function to calculate the value of all delta, wye and power factor correction filters required to bring an inductive, % 

% unbalanced load to a fully balanced load at unity power factor % 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

Pave = (1/3t(Pa + Pb + Pc); 

deltaPa = Pa - Pave; 

deltaPb = Pb - Pave; 

deltaPc = Pc - Pave; 

s= 0; 

Pcab= 0; 

Pcbc=O; 

Pcca = 0; 

Pca= 0; 

Pcb = 0; 

Pcc=O; 

PFC=O; 

Scale = 0; 

if deltaPa>O 

s = s+1; 

end 

ifdeltaPb>O 

S = s+1; 

end 

ifdeltaPc>O 

s = s+1; 

end 

% Start of actual algorithm 

if(s== 1) 

if deltaPa >0 

Pcab = deItaPa*2*(sqrt(3»; 

Pcbc = -deltaPc*2*(sqrt(3»; 

end 

if deltaPb >0 

Pcbc = deltaPb*2*(sqrt(3»; 

Pcca = -deltaPa*2*(sqrt(3»; 

End 

% Calculate average real power flow per phase. 

% Calculate deviation per phase from the mean. 

% Clear all variables. 

% Find the m.mber of deviations that are above 

% the mean. Because at least one of the deviations 

% must be negative, 's' must either be 1 or 2. 

% If only one deviation is above the mean. 

% Calculate required delta filter capacitors 

% According to: Ptx = 2*sqrt(3)*DeltaPn 

function == fcn(Pa, Oa, Pb,Ob, PC,Oc) 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Function to calculate the value of all della, wye and power factor correction filters required to bring an inductive, % 

% unbalancad load to a fully balanced load at unity power factor % 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

Pave == (1/3)*(Pa + Pb + Pc); 

deltaPa '" Pa - Pave; 

dellaPb '" Pb - Pave; 

deltaPc " Pc - Pave; 

8== 0; 

Pcab= 0; 

Pcbc"O; 

Pcca == 0; 

Pca= 0; 

Pcb = 0; 

Pcc==O; 

PFC .. O; 

Scale = 0; 

if deltaPa>O 

8" 8+1; 

end 

IfdattaPb>O 

8: 8+1; 

end 

ifdeltaPc>O 

8=s+1; 

end 

% Start of actual algorithm 

if(8:: 1) 

if deliaPa >0 

Pcab = deltaPa*2*(8qrt(3»; 

Pcbc :: -deltaPc*2*(sqrt(3»; 

end 

if dellaPb >0 

Pcbc" deltaPb*2*(sqrt(3»; 

Pcca == -deltaPa"2*(sqrt(3»; 

End 

% Calculate average real power flow per phase. 

% Calculate deviation per phase from the mean. 

% Clear all variables. 

% Find the number of deviations that are above 

% the mean. Because at least one of the deviations 

% must be negative, 's' must either be 1 or 2. 

% If only one deviation is above the mean. 

% Calculate required della filter capacitors 

% to: PIx .. 2*sqrt(3)*DeltaPn 
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ifdeltaPc>O 

Pcca = deltaPc*2·(sqrt(3»; 

Pcab = -deItaPb*2*(sqrt(3»; 

end 

end 

if (s == 2) 

ifdeltaPa <0 

% If two deviations are above the mean. 

Pcbc = deltaPb*2·(sqrt(3»; 

Pcca = (deltaPb + deltaPc)*2*(sqrt(3»; 

end 

ifdeltaPb <0 

Pcca = deltaPc*2·(sqrt(3»; 

Pcab = (deltaPc + deltaPa)*2·(sqrt(3»; 

end 

if deltaPc <0 

Pcab = deltaPa*2·(sqrt(3»; 

Pcbc = (deltaPa + deltaPb)*2*(sqrt(3»; 

end 

end 

% So that the system does not go into leading power factor, if any phase will enter a leading power factor state, scale 

% back delta filter values. 

% Test for possible leading power factors 

if «(0.5*Pcab + 0.5*Pcca) > Qa) II «0.5*Pcab + 0.5*Pcbc) > Qb) II «0.5*Pcbc + 0.5*Pcca) > Qc» 

% If Phase 'A' will be the first phase to enter a leading power factor state, scale until 'A' Is unity power factor. 

if «(0.5*Pcab + 0.5*Pcca - Qa) > (0.5*Pcab + 0.5*Pcbc - Qb» && «0.5*Pcab + 0.5*Pcca - Qa) > (0.5*Pcbc + 0.5*Pcca - Oe))) 

Scale = QaI(0.5*Pcab + 0.5·Pcca); 

End 

% If Phase '8' will be the first phase to enter a leading power factor state, scale until '8' Is unity power factor. 

if «(0.5*Pcab + 0.5*Pcbc - Qb) > (0.5*Pcab + 0.5·Pcca - Qa» && «0.5*Pcab + 0.5*Pcbc - Qb) > (0.5*Pcbc + 0.5*Pcca - Oe))) 

Scale = QbI(0.5*Pcab + 0.5*Pcbc); 

End 

% If Phase 'C' will be the first phase to enter a leading power factor state, scale until 'C' is unity power factor. 

if «(0.5*Pcbc + 0.5*Pcca - Qc) > (0.5*Pcab + 0.5*Pcca - Qa» && «0.5*Pcbc + 0.5*Pcca - Qc) > (0.5*Pcab + O.5*Pcbc - Qb))) 

Scale = QcI(0.5*Pcbc + 0.5*Pcca); 

end 

Pcab = Scale * Pcab; 

Pcbc = Scale * Pcbc; 

Pcca = Scale * Pcca; 

end 

% Scale each capacitor value down if needed. 

ifdeltaPc>O 

Pcca == deltaPc*2*(sqrt(3»; 

Pcab :: -deIlA~)b-:~*(!l;l'Irtlr3)): 

end 

end 

if (s == 2) 

ifdeltaPa <0 

% If two deviations are above the mean. 

Pcbc ::: deltaPb*2*(sqrt(3»; 

Pcca .. (deltaPb + dAlltAP,r.\*:~*(!ll'lrtl'3\\: 

end 

ifdeltaPb <0 

Pcca .. dAiI!AP,~"2··(!'t .... rt(3\\· 

Pcab :: (deltaPc + dellll'lP;1'I )*:'·(!'tl'lrt(3)\: 

end 

if deltaPc <0 

Pcab == detIAP"·"*{",,rt{:;m· 

Pcbc .. (deltaPa + dlP!lltAPlh\"!~*{~:l'Irtlr:!m' 

end 

end 

% So that the system does not go into leading power factor, if any phese will enter a leading power factor state, scale 

% back delta filter values. 

% Test for leading power factors 

if «(0.5*Pcab + 0.5*Pcca) > Qa) II «0.5*Pcab + " ,.,.' ....... .n"'. > Qb) II «0.5*Pcbc + ",., .... = ... > Qc» 

% If Phase 'A' will be the first phase to enter a leading power factor state, scale until 'A' Is unity 

If «(0.5*Pcab + 0,5*Pcca - Qa) > (0.5*Pcab + 0,5*Pcbc - Qb» && «0.5*Pcab + O.5*Pcca - Qa) > (0.5*Pcbc + 0.5*Pcca -

Scale == QaI(0.5*Pcab + 0.5*Pcca); 

End 

% If Phase 'B' will be the first phase to enter a power factor state, scale until '8' Is unity power factor, 

if «(0.5*Pcab + O.5*Pcbc - Qb) > (O.5*Pcab + O.5·Peea - Qa» && «O.5*Pcab + O.5*Pcbc - Qb) > (O.5*Pcbc + O.5*Pcca -

Scale: + O.5*Pcbc); 

End 

% If Phase 'C' will be the first phase to enter a leading power factor state, scale until 'C' is unity power factor. 

if «(0.5*Pcbc + O.5*Pcca - Qc) > (O.5"Pcab + O.5*Pcca - Qa» && «O.5*Pcbc + O.5*Peea - Qc) > (O.5*Pcab + O.5*Pcbc - Qb))) 

Scale: QcI(O.5"Pcbc + O.5"Pcca); 

end 

Pcab : Scale .. Pcab; 

Pcbc .. Scale" Pcbc; 

Pcca :: Scale * Pcca; 

end 

% Scale each capacitor value down if needed. 
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% Calculations for Wye connected Caps: 

Pea = Qa - (O.5·Peab + O.5·Pcca); 

Pcb = Qb - (O.5·Peab + O.5·Pcbc); 

Pee = Qc - (O.5·Pcbc + O.5·Pcca); 

if(Pea>O && Pcb>O && Pcc>O) 

% If 'A' is the least lagging phase. 

if(Pea<Pcb && Pea<Pee) 

PFC= Pea; 

end 

% If'S' is the least lagging phase. 

if(Pcb<Pea && Pcb<Pee) 

PFC = Pcb; 

end 

% If 'C' is the least lagging phase. 

if(Pee<Pea && Pee<Pcb) 

PFC = Pee; 

end 

end 

Pea = Pea - PFC; 

Pcb = Pcb - PFC; 

Pee = Pee - PFC; 

% Calculate total required Wye filter levels. 

% If all three wte filters are needed, 

% Increase power factor correction level 

% to the minimum of {Pea, Pcb, Pee}. 

% Calculations for Wye connected Caps: 

Pea '" Oa - (O.5*Peab + O.5*Pcca); 

Pcb .. Ob - (O.5*Peab + O.5-Pcbc); 

Pee ,. Oc - (O.5*Pcbc + O.5*Pcca); 

if(Pea>O && Pcb>O && 

% If 'A' is the least lagging phase. 

if(Pea<Pcb && Pea<Pee) 

PFC" Pea; 

end 

% If '8' is the least lagging phase. 

If(P,r!h<IPt"'...II && Pcb<Pee) 

PFC '" Pcb; 

end 

% If 'C' is the least 

iffP"""P ..... && Pee<Pcb) 

PFC" Pee; 

end 

end 

Pea '" Pea - PFC; 

Pcb .. Pcb - PFC; 

Pee '" Pee - PFC; 

phase. 

% Calculate total required Wye filter levels. 

% If all three wye filters are needed, 

% Increase correction level 

% to the minlmLm of {Pea, Pcb, Pee}. 
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Bill of Materials and Costing 

Appendix G 

Bill of Materials and Costing 
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University of Cape Town" Current Balancer/Power Factor Correction Hybrid System University of Cape Town" Current Balancer/Power Factor Correction Hybrid System 
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Appendix H Harmonic Impact on Unbalance Calculation 

Algorithm 

To be able to determine the impact of harmonic content on the result returned by the 

unbalance calculation, the unbalance algorithm was entered into a computer 

simulation package, MATLAB, such that all variables could be monitored and 

manipulated (see the full MATLAB code of the end of this appendix). The algorithm, 

as shown in the main body of this thesis document, uses the equation below to 

calculate the orthogonal components of both the positive and negative sequence 

currents. 

I~ =Ia-Ip(t-~) 

Ip =Ia(t- ~)+Ip 

Ii; = Ia + Ip (t - ~) 

Ii = -Ia(t-~)+Ip 

To be able to see the impact of harmonics on the returned result, first the unbalance 

of an unbalanced harmonic-free system is examined. The fundamental phase 

current magnitudes listed in the code are indicative of a typical situation seen at the 

unit's test site. 

Results: 

Harmonic Content Nil 50A 100A 

Harmonic Order N/A 3rd 3rd 

Phase 'A' Current 1060 A 1060 A 1060A 

Phase 'B' Current 860 A 860 A 860 A 

Phase 'C' Current 1300 A 1300A 1300A 

Returned Unbalance 14.64 % 15.1% 16.32 % 

as 

= 

= + 

= 

= + 

see ....... , ...... ",lI!! on 

is 

in are Inrlll"'!:I1~i\/C a seen 
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It can thus be said that the addition of harmonic content may cause the results 

returned by the unbalance calculations to be inflated, yielding an inaccurate 

unbalance level. 

MATLAB Code: 

% M-file is written to test the performance of the unbalance calculation 

% algorithm under harmonic conditions. Analysis suggests that 

% harmonic content significantly influences the result. 

t = 0:0.0001 :0.2; % Time Resolution & Duration 

Harmonic_Amplitude = 150; % Harmonic Amplitude 

Harmonic]requency = 150; % Harmonic Frequency (50 x n) 

a_amplitude = 1060; % Phase currents with unbalance 

b_amplltude = 860; 

c_amplltude = 1300; 

% Calculating vector of instantaneous current samples 

la = a_amplltude*sln(100*pI*t + 0) + Harmonic_Amplltude*sln(2*pl*Harmonic]requency*t + 0); 

Ib = b_amplltude*sln(100*pI*t - 2.0944) + Harmonlc_Amplltude*sln(2*pI*Harmonic_Frequency*t - 2.0944); 

Ic = c_amplitude*sln(100*pi*t + 2.0944) + Harmonlc_Amplltude*sin(2*pi*Harmonic_Frequency*t + 2.0944); 

offset = -1.5708; % Offset to produce exact 90 degree phase shift. as required 

% Calculating vector of instantaneous current samples from 90 degrees back 

la_90 = a_amplltude*sin(100*pi*t + 0 + offset) + Harmonic_Amplltude*sin(2*pi*Harmonic]requency*t + 0); 

Ib_90 = b_amplitude*sin(100*pl*t - 2.0944 + offset) + Harmonic_Amplitude*sln(2*pl*Harmonlc_Frequency*t - 2.0944); 

IC_90 = c_amplltude*sin(100*pi*t + 2.0944 + offset) + Harmonic_Amplitude*sln(2*pi*Harmonlc_Frequency*t + 2.0944); 

% Clarke transformation for instantaneous currents 

I_alpha = ((Ia) - (lbI2) - (1c/2»; 

I_beta = «(sqrt(3)12)*lb) - «sqrt(3)f2)*lc»; 

Lzero = (Ia + Ib + Ic)/3; 

% Clarke transformation for shifted instantaneous currents 

1_90_alpha = ((Ia_90) - (lb_9OI2) - (lc_9OI2»; 

1_90_beta = «(sqrt(3)12)*lb_90) - «sqrt(3)/2)*lc_90»; 

I_SO_zero = (la_90 + Ib_90 + Ic_90)/3; 

% Calculate orthoganal components of positive sequence 

lpos_alpha = I_alpha - L90_beta; 

lpos_beta = 1_90_alpha + I_beta; 

lpos_mag = sqrt(mean(lpos_alpha.A2 + Ipos_beta.A2»; 

It can 

% M-file is written to test the performance of the unbalance calculation 

% algorithm under harmonic conditions. Analysis suggests that 

% harmonic content significantly Influences the result. 

t .. 0:0.0001 :0.2; % Time Resolution & Duration 

Hlll~mnrlir: .. ,mo,n,,,, ... '" 150; % Harmonic Amplitude 

Harmonic]requency .. 150; % Harmonic Frequency (50 x n) 

a_amplitude" 1060; % Phase currents with unbalance 

b_amplltude .. 860; 

c_amplltude" 1300; 

% ..... 1:11'1,;1.11""111'11 vector of instantaneous current samples 

aml~lItLlde"sin,(1 Oltl*Dli*t + 0) + 1 .. llol'lrrlnl'l,ir: 

- 2.0944) + ..... nmn""r. 

cause 

an 

Ic" .. m'''lIfI.", .. ··.un,I1fllrlwnll-r+ 2.0944) + Harmonlc_Amplltude·sin(Tpi*Harmonic_Frequency*t + 2.0944); 

offset .. -1.5708; % Offset to produce exact 90 degree phase Shift. as required 

% Calculating vector of instantaneous current samples from 90 degrees back 

la_90" a_amplltude·sln(1oo·pi*t + 0 + offset) + Harmonlc_Amplltude*sln(Tpl*Harmonlc_Frequency"t + 0); 

Ib_90 .. - 2.0944 + offset) + Harmonic_Amplitude*sln(2*pl*Harmonlc_Frequency*t - 2.0944); 

IC_90 .. + 2.0944 + offset) + + 2.0944); 

% Clarke transformation for instantaneous currents 

I_alpha" «Ia) - (lbI2) - (lcI2»; 

I_beta'" «(sqrt(3)12)*lb) - «sqrt(3)/2)*lc»; 

Lzero .. (Ia + Ib + Ic)/3; 

% Clarke transformation for shifted Instantaneous currents 

L90_alpha .. ((Ia_90) - (lb_9OI2) - (lc_9Of2»; 

. __ ,, __ ~ .• _ .. «(sqrt(3)12)*lb_90) - «sqrt(3)/2)*'c_90»; 

LSO_zero = (la_90 + Ib_90 + Ic_90)/3; 

% Calculate orthoganal components of positive sequence 

lpos_alpha :: Lalpha - L90_beta; 

lpos_beta" + I_beta; 

lpos_meg .. sqrt(mean(lpos_alpha.A2 + Ipos_beta.A2»; 
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% Calculate orthoganal components of negative sequence 

lnea.alpha = Lalpha + 1_90_beta; 

InE!!Lbeta = Lbeta - I_90_alpha; 

Ine!Lmag = sqrt(mean(lne!Lalpha.A2 + Ineg_beta.A2»; 

I_zero_mag = sqrt(mean(Lzero.A2»; % Calculate magnitude of zero sequence 

Unbalance = 100*(I_zero_mag + Ine!Lmag)/lpos_mag % Calculate actual unbalance. 

% Plotting Options for Debugltesting purposes: 

%plot(t,la,'r',t,la_90,'b') 

plot(t.Lalpha,'r',t.I_beta,'b',t,l_zero,'k'); 

%plot(t, L90_alpha, 'c',t, L90_beta,'m',t, L90_zero,y); 

%plot(t,lpos_alpha,'r',t,lpos_beta,'b',t,lpos_mag,'k'); 

%plot(t,lneg_alpha,'r',t,lne!Lbeta,'b',t,lnE!!Lmag,'k1; 

%plot(t,lpos_mag,'r',t.lneg_mag,'b',t,l_zero_mag,'k'); 

% Calculate orthoganel components of negative sequence 

lneg_alpha .. Lalpha + L90_beta; 

.•. _,,,-_' ___ .. Lbeta - I_90_alpha; 

lneg_mag = sqrt(mean(lneILalpha."2 + Ineg_beta."2»; 

I_zero_mag .. sqrt(mean(Lzero."2»; % Calculate of zero sequence 

Unbalance .. 100"(Lzero_mag + % Calculate actual unbalance. 

% Plotting Options for purposes: 

%plot(t,la, 

'b',t,Lzero,'k'); 

%plot(t.L90_alpha,'c',t,L90_beta,'m' 

'r',I,lpos_beta,'b',t,lpolfLmag,'k'): 

%plot(t,lneg_alpha,'r',t.lnelLbeta,'b',t,ln8!Lmag,'k1: 

'r',I,lneg_mag,'b',t,l_zero_mag, 
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Appendix I Unbalance Calculation using Real and Reactive 

Power 

Because the proper unbalance definition is subject to harmonic interference and 

because the NEMA unbalance definition only analyzes one phase current, a new 

definition of unbalance may be formulated that negates the above two problems 

where the position of each phase real and reactive power on the real-imaginary 

plane is examined. Here, the standard deviation of the distance from each phase 

Cartesian point on the real-imaginary plane is taken as a ratio of the distance from 

the origin to the average of all phase real and imaginary powers. This is 

demonstrated below: 

Imag[kVArj 

Note: 

A,B & C are the location of each phase power. 

'0' Is the location of the average phase power. 

'd' is the distance from the origin to '0' 

's' mar1<s the locus of the standard deviation of 
the distances from 'A', 'B' and 'C' to '0'. 

Real [kWJ 

It can thus be said that the radius of the circle defined as the standard deviation from 

the average of the phase powers is a measure of unbalance in the system since in a 

fully balanced system all points 'A', 'B' and 'C' would occupy the same Cartesian 

point and the standard deviation would become zero. A measure of unbalance can 

thus be found by taking the standard deviation of all three phase pOints as a ratio 

(percentage) to the distance from pOint '0' to the origin (distance 'd'). This method of 

estimating unbalance accounts for all three phases and will not be heavily influenced 

by harmonics (since it deals with powers, derived from RMS voltage and current 

flow). It would be useful to determine the difference between the above unbalance 

Imag[kVArj 

Nota: 

A,B & C are the location of each phase power. 

'0' Is the location of the average phase pO'll\ler. 

'd' is the distance from the origin to '0' 

's' mar1cs the locus of the standard deviation of 
the distances from 'A', 'B' and 'C' to '0'. 

It can 

is 

n",..", ... n,!'\u"CIII"Ct is a measure 
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calculatiOil (using standard deviation from the mean) and the proper method (using 

sequence decomposition). For this reason, the test performed to calculate the 

maximum reducible unbalance in section 5 of the main document body is repeated 

using the new unbalance calculation method 
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Another unbalance method comparison may be performed where the returned 

unbalance percentages from the two methods are directly compared This is 

achieved by running the simulation with the following load sizes 

Phase A: 

Phase 8 

Phase C 

200000 + x [WI 

200000 - x [WI 

200000 [W] 

Where 'x' is incremented in increments of 5000 Watts. The results from each 

unbalance method is recorded and graphed below 
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Another unbalance method comparison may be performed where the returned 

unbalance percentages from the two methods are directly compared This is 

achieved by running the simulation with the following load sizes 

Phase A: 
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Where 'x' is incremented in increments of 5000 Watts. The results from each 

unbalance method is recorded and graphed below 
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