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Synopsis

The goal of this thesis project was to design, build and test a 500 kWA~ hybrid power
factorfcurrent unbalance correction unit. The wunit will be used to reduce the
maximum demand and reactive power consumption through power facter correction
of large electricity users as well as minimize power disruption and improve powar

quality through unhalance carrection.

Through fiterature research. it was discaverad that a particular combination of daltg
and wye connected capaciters exist for a paricular unbalanced lead that result in a
reduction of unbalance {given enough load inductance), Simulaticn of the preposed
compensator topelogy allowed for the verification of this and an appropriate centrol
strategy could be developed. Simulations also revealed the average portion of
availlable capacitors that would be required for sach of the delta and wye connected

filters.

Cnce the hardware design that was tested in simulation was manufactured,
controller boards hosting a powerful digital signal processer and cantrol signats for
each of the available capacitor contactors were designed, built and programmed with

the control strategy that was developed in simulation.

Failure toc locate an appropriate. full scale test sie (that would have low
consequantial losses should power flow be disrupted) resulted in the de-rating of the
unit to a ene in thirty scale model. This de-rating was achieved by adding in series
with each filter additional capaciters to boost filter reactance. This de-rating allowead
for the unit to he installed onte a2 much smaller circuit breaker in a labaratory

enviranmeant whare comprahensive testing was performed.
After confirming that the unit was indeed operating properly as a eng in thiy scale

model. it was placed into automatic mede and allowed to compensate for

unbalanced currants.



Gue to the specific combination of phase power levels being consumed by the load,
it was simulated that the unit would have an approximate impact on unbalance of 2.5
percent (from 19% to 15.5%). In practice, a reduction in unbalance of 3 percent was

achieved.

& financial analysis an the project shows the combination of lead sizes with
carresponding power factars required for which the project would become financially

viable itypically larger loads with very poor lagging power factor).

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 carrection unit. Given enough lead inductance. the unit was able to
reduce the unbalance of the source currents aver several lagging periads and all

recorded results closely carrelated with expectations.

Recommendations

The author recommends that further scoftware be written to enable waireless
communication such that remote logging becomes possible. A user-friendly graphical
uger interface should also be created thraugh which all impontant variables should be
displayed and all system set-points should be settable.
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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 instaflabion 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 tie typical power factor carrection uwnit
compensates for the reactive power on gne reference phase only, it is assumed by
the manufacturer that the other phases are transferring an approximately equal
amount of inductive reactive power. However, should the load noet 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.

Cuwrrent unbalance compensation has typically received little attention by industries,
since the consequences of drawing unbalanced currents from the utility grid are
cften not directly seen. However. a heavily unbalanced load does introduce some
problems when consurming electricity that may have a devastating effect on an
electricity system. The first effect commonly cited is the induction of a voltage
unbalance, Yoltage unbalance is a by-product of current unbalance since all
elect-icity sources have a source impeadance. over which a voltage drop is seen. if
cne phase conducts more current than the Gther phases. then that phase will be
subject to a larger veltage drop, resulting in unbalanced voltages on the load side.
The main issue caused by voltage unbalance is seen in inductien machines, where
the machine is de-rated accerding to the level of valtage unbalance. The machine
must be de-rated since a negative sequence component introduced into the voltage
phasor produces an equivalent reverse torgque on the rotor. Failure to de-rate an

inducticn machine under unbalanced conditions can eazily lead to machine failure.

The second problem caused by current unbalance is seeh when a consumer is



aperating near the limit of their supply side circuit breaker: where a slight increase in
current consumiption 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 encugh current on one phase to trip the
supply side breaker. This may cause uniecessary and expensive power gutages

resulting in significant loss of data. production and revenue.

The main cause of current unbalance is the unegual loading of the three phase utility
grid where more load is placed on one phase. Large loads such as arc welders and
furnaces may also be the root of a current unbalance preblem and must be
accounted for when designing distribution boards. It should alsc be noted that
although electricity producers rely on the average consumption of an area to he
equal over all three phases. scme place a limit on the maximutm unbalance that may
be drawn by an individuai load. For Scouth Africa, ESKOM places a limit of 13 k\MA on

power consumpticn unbalance. which may not be exeeeded (1)

This thesis preject was instigated by Mr. Michel Malengret, lecturer at the University

of Cape Town in conjunction with an industrial partner.

1.2 Problem Descripticn

Current unbalance may be alleviated by the insertion of reactive slements
{capacitors and inductors) into the utility grid at the load side. Howewver, because
reactive elements coentribute to the amount of reactive power drawn by the load. the
lgad’s power factor will be influenced by the amount of current unbalance
compensation that is iaking place. Because the power factor of a load can
significantly influence the utility bill received at the end of each maonth by the
electricity user. it makes sense to create a hybrid unit that achieves both power
factor correction as well as current unoalance compensaticn and will find the
optitnum balance between the compensation of both factors so as to present a
halanced load to the supply. Cne restraint placed cn this hybrid system is that it must
be cheap as well as reliable. since it i= being installed intc an industrial lcad wherg

profits are key.



1.3 Thesis Objectives
The chjectives of this thesis project are, in accordance with section 1.2, as follows:

o FResearch current unbalance compensation technigues and perform a

comparisan,
« Simulate the proposed compensater to ensure correct topology operation,

= [Design and build a hybrid power factor correctionfcurrent unbalance

compensator proto-type with a reactive power of approximately 500 kKVAr.
+ Ensure that any possible design is rabust in nature.
« Ensure thal any possible design is built as cost effectively as possible.

+ Perform laboratory testing on the impact of the system on source power

transfar.

« [Draw cenclusicns and make recommendations about 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 factorcurrent unbalance compensator. Moo attention will be paid to
voltage unbalance as it is assumed for the DSP algorithms that all voltages are fully

balanced.

1.5 Thesis Outline

This thesis is outlinad as follows:

Chapter 2 details the existing possible compensator technigues discovered during
the literaiure review process and iists the advantages and disadvantages of each

topology. A final topology 1s then discussed and reviewed.

Chapter 3 examines the theory of the operation of the final topelogy discussed in



chapter 2 and a cantrel strategy for that topology is created.

Chaptar 4 details the practical hardware design of the compensator unit and shows
calculations that examine the required filter rated current and the resulting selection

of cormponants to produce the desired topology.

Chapter 5 covers an in-depth similation of all major aspects of the unit. Firstly, a
comparison is made for each filter type with regard to current flow such that the
theary covarad in chapter 3 is verified to be carrect. Next. a measure of 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 the correct filter combination required to

reduce unbalance.

Chapter 6 examines the financial viability of the project sabject to the size and
ariginal power factar of the load under scruting. A graph of project net present value

versus load size and power factor is created.

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

peripherals and programming methad.

Chapter & shows the design and implemeantation of an appropriate interface board
for the digital signal processer board meantioned in chapter 7. Penpheral chaice gnd

design as well as some schematic design in given.

Chapter 9 covers the software design of bath the DSP and interface boards.
Flowcharts detail variaus critical software procedures and processor timing is also

analyzed.



Chapter 10 details the instaltation of the unit onto a test load in a labaratory
environment. Various de-rating issues are explaned along with apprapriate

calculations and photographs.

Chapter 11 gives results obtained from laboratory testing. Current flow from each
filter is measured o ensure that it complies with rated current and the impact of each
fiter type on the utility grid is tabulated and compared to the theoretical and
simulated impact. Various difficulties and their solution encountered during the
testing procedure are discussed before the unit is allowed to run under fully

automatic mode. Trend graphs of all relevant variables are given.

Chapters 12 and 13 list the author's conclusions based on the findings and list
recommendations based on those conclusions for future waork to be done on this

project.



2 Unbalance Compensation Techniques

There are a multitude of current unbalance compensation techniques that have beaen
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

unbalance as seen by the source, see Figure 1.
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Figure 1: Basiz Compensator Schenme

The objective of the basic compensator is thus to inject currents Ix, In, |k, {calculated
from currents |z, lp, lic) such that all currents lsa, s, lsc are of equal magnitude and
transfer purely real power. It is shown in {(2) that the reference currents generated by

the compensater may be calculated with the following formulae;

; Voa+{Ven—Vee )

fra = la _$Pmu |:2'1)

; Vin iV Viglf?

b = bp — %-ﬂmv {2-2)

, . Vie 1 {Veq Vi)

rp = b — %Hau {2-3)
Where |A| = Vi‘%‘: + Vfb + H;'E' and Ptrm = Vealea + Veplep + H?:ri.-?:r

Also = tan®@/V3 where 0 is the phase angle

It shoult be noted that Figure 1 depicts a grounded wye connection, in which neutral



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:
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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:
o Simple topology, little design required.
» Low cost components, none of which are easily damaged.



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

Disadvantages:

o Compensator may only compensate for a fixed unbalanced load.

¢ Possible resonance between the compensator and the source inductance.

e Cannot compensate for zero sequence currents — will not be as effective for
three phase, four wire loads.

s |njection of third order harmonics into the utility grid (3).

o 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 TCS 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:

Tiaae

T

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 L. 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

8



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 TCS 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 Modifisd Structure (3)

The TSC with modified structure “contains a shunt LCy 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

9



inductor). The series inductor increases compensator impedance for the supply

voltage harmcnics (3).°

The TSC with modified structure may be summarized as follows:

Advantages:

Simple soiution 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 genaration of third-order harmontes.

Cisadvantages:

Complex topology, many components required.

Design is less robust with the addition of sold state switches.
Expensive switches and controt hardware required.

More complicated switching scheme required.

Heat dissipaton s reguired.

May not compensate for inductive power on a single phase only.

2.2 Adaptive VAr Compensation

The gperating 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 lcad as seen from the source; however some slight

topology changes may be seen;

1]
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Figure 5 Adeptive \Var Compearisafor (8}
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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, Q, is off whilst the
diode, D, is reversed biased thereby preventing current flow through the circuit.
However, as the phase voltage goes into its negative half cycle, diode ‘D’ 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.

11



It should be noted that 'L is simply a de-tuning inductor to ensure that the filter does

not farm a paossible resonant circuit with the source inductance.

Capacitor Voltage of AYC Topology
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Frgure 8 Weveforrn - Capacitor Voltage of AVC Tapology

Figure 6 shows the start of the capacitor pre-charge cycle (point ‘A’), the end of the
pre-charge cycle {point ‘B’) and the capacitor voltage at thyristor switching (paint ‘C').
It can be seen that the capacitor valtage naturally joins the cycle of the phase

voltage, thereby introducing zero voliage harmonics.

Capacitor Current of AVC Topology
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Figire 77 Waveform - Capacitor Curmertt of AVC Topology
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Figure 7 shows the current through capacitar 'C upon pre-charge (point ‘DY and
thyristor switch (point 'E'S It can be seen that capacitor current begins to flow

naturally (sinusaidally from zere) and introduces no haimonics.

2.2.2 AVC Advantages and Disadvantages

Each branch of the AV 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 fiter branches are reguired of differing
susceptance such that a combination of which makes up the reguired 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

system is defined to be half the reactive power of the amallest branch (5).

The AVC may be summarized as follows:

Advantages:
» Reduced possibility of resonance with supply side inductance.
»  Zero ganeration of third-order harmanics.
« Low component stress due to switching strategy.

»  Simple Switching scheme.

Disadvantages:
+ Many filter branches reguirad, depanding on ioad.
» Decign is less robust with the addition of solid state switches,
=  Expensive switches and control 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 hammonic compensation thraugh the use of a D-
Statcom compensatar (Distributian Static Compensator) is described in (8), where a
three phase inverter is used in conjunction with a DC side capacitor {see Figure 8) to

inject the required compensatian currents, as described in section 2.
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Figura 8 G-Efgfcon Compensator (B

2.3.1 Topology Operation

Figure 8 shows the topology of the D-Statcom compensator, where a three phase
inverter made up of six GBTs create the required campensaticn currants ifty, The
inverter Interfaces to the utility grid via inductors L with parasitic resistance v such
that the phase angle aof the inverter may differ slightly frem that of the source. In this
way, pawer transfer may be realized by the inverter thraugh the fallowing equaticns
as described in {7} where the power is supplies by the source to the Inverter:

e E(% s d'f;'l (2-4}

el
L3

(1 —EEUSJ) {2-5}

wlz s

Q:

Where W, is the source valtage, V., is the inverter side voiltage, L. is the connecting

14



nductance and @ is the angle between source and inverter valtage phasars,

Using purely the inverter and connecting inductance, the system would be able to
campensate for all reactive power, since na real pawer is being transferred by either
the source or the inverter (§). This can be verified by examining the above eguations,
where reactive power absorbed or injected inta the source depend only upon the
magnitudes of the source and inverter voltages and the phase angle betwean them,
Howewver. because the system must compensate for unbkalanced currenis as well,
where some real power transfer is taking place (from one phase to the next). some
energy storage system s required in the form of a capacitor, . The three phaze
inverter simultaneausly acts as a three phase rectifier when connected to the source.
thereby maintaining the capacitor voliage at a constant DC voliage. Nate that in this
topalogy the capacitor is not acting as a reactive power source itself, but merely as
an energy storage device. Resistar 'R’ in Figure § represents anly the losses in the
system. Because the inverter section must act to both inject currents inte the utility
and as an active rectifier o maintain the L side capacitor volage, complicated
control algarithms 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 summarized as fallows;

Advantages:
« Mo possibility of resonance with supply side inductance.
» [Precize contral over compensation currents.
« Fast compensation.
« Few Companents.

« May perform per phase power factor correction

Disadvantages:
» [esign is less robust with the addition of solid state swilches.

= Expensive switches and control hardware required,

15



+ Harmonics generated by switched inverter.

= Complicated controb is required.

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

+ Heat dissipation is required.

« Cannot compensate for zerg sequence currents as it is a three 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 comprehensive topalogy detailled in this
thesis and aims to compensate for all unwanted reactive power., unbalance and
harmonic currents for a severely uUnbalanced, non-linear load. The authors of {8)
have proposed a combination of a delta connected 3VC, a wye connected SWC and

a passive filter with series active filter {see Figure 9 below).

A o T Bus LT baat L
L F
zu, z'|'-| 'LT 7
L ...mr-ﬁ_ I A e M—rmi
il I : 3 ; =1
3 n I l = i IL
B AkY ! II‘-" | AL
sl alion :

{-d}}'%w 2 5T

activa paEsiwa a-TCR YTCA towd
Higs finer

Figrire 8. Single Line Diagram - Sylwid SV Componsator ()

16



—_— T — T
E|
h |
Ty LT ! et TN
[+ :
e R LE = —
nauiral lirg !

—u

i ‘load
ATCR VIR

Figura 10, Apbod SV Componsgtor - V0 Fiffars 18)

2.4.1 Topology operation

The hybrid SYC compensator is the first topolagy to make wse of 8 combination of
hoth delta connected as well a5 wye connected 3VC filters, as shown in Figure 10
Here, the load may be wye or delta connected and may still be compensated for
completely by the compensator. The delta connected SVC is used to compensate for
the negative phase sequence, ar the real unbalanced part of the lead current whilst
the wye connected SV compensates for the zero sequence currents {neutral
currents) as well as the imaginary part af the positive phase sequence where per
phase power factor correction is achieved (B). Each SVC section is made up of 3
thyristor controlled reactor as well as a de-tuning filter to minimize the intraduction of
switching harmonics. To further reduce the injection of harmonics into the wutility grid.
a passive filter is added in a shunt cannection and tuned to the harmenic frequencies
of the TCRs (B). thereby praviding a low impedance path far those harmanics to the

neutral connecticn.

As shown in Figure 9. an active filter is added in series with the shunt passive filter to
further improve system performance. "The active filter 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 source harmonics currents, the ocutput
voltages to the active filter should be in phase with the source harmonics currents
(837 Galvanic isolation is also provided for the active filter with the addition of a

transformer on each inverter stage as shown in Figure 11 below.
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2.4.2 Hyhrid SVC Compensator Advantages and Disadvantages

The hybrid SVC compensator may be summarized as fallows:

Advantages:

Little possibility of resonance with supply side inductance.
Frecise control over compeansation currents.

Fast compensation.

Full harmonic compensation.

May compensate for delta and wye connected loads.

May perform full per phase power factor correction

Dizadvantages:

Design is less robust with the addition of solid state switches.
Expensive switches and control hardware required.
Complicated control is required.

Heat dissipatian is required

Many companents, expensive topology.
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2.5 Comparative Analysis

As explained in section 1 3, the abjectives of this thesis is to design, build and test a
hybrid system capable of beth power factor correction as well a5 current unbalance
compensation. Because this thesis began as a jaint project between the University of
Cape Town and an industry partner to create a system that may be marketable and
sold to industries with current unbalance problems and poor power factor, the
systerm must be a rohust and competitively inexpensive product. This places
limitations on the complexity and type of components used in the topalogy of the final
system which must be able to compensate for all negative seguence. imaginary

positive sequence and zero sequence currents,

Far the above reasocns, it was suggested by (9) that a delta connected static VAr
compensator be used with contaciors {in place of thyristars) for cost, but was
modified in accordance with the topology suggested in (8) by the author to the

topology shawrn in 251,

251 Hybrid Delta-Wye Static VAr Compensator

Figure 12 below shaws the topolagy of the hybrid delta-wye static VAr compensatar.
It cansists of twa individual filters. a delta connected filter to compensate far the bulk
af the imaginary part of the positive phase sequence and the negative phase
sequence, and a wye connected filter to compensate for the zero phase seguence

as well as the per phase power factor (should phase power factors differ slighthy).
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2.5.2 Hyhrid Dalia-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 with per phase comeensation.

More basic control strategies will be required with |imited control hardware,

Mo switching harmonics are gensrated on a constant basis.

Disadvantages:

|||—J-_L_

Compensation is step-wise, exact campensation currents may not be

achieyed.

Possibility of resonance with supply side inductance.

Generation of third order harmonics by reactars.

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.

31 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 illusirated below where a represent the real part of the vector and
iB represents the imaginary part:
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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 |ls| (where |Is| = 1.5 x |l3) 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 (l+), negative (l.) and zero (lg) (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:
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Current Sequences can be calculated from the natural grid currents via the following
equations (11):

lo=5Ua+ 1 +1) (3-1)
I, = §(1a +aly + a?l,) (3-2)
L= %(Ia + a2l + al,) (3-3)

[c)
where a = e’

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 [%] = I“:" x 100 (3-4)
+
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constant (400 Vims L1, 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 V. and
a 120° phase angle difference:

= Ca

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

5

- e e mm m  wn o

Figure 15: Vector Diagram of a Line to Line Capacitor

it can be seen that line to line voltage, Va,, induces a current through the capacitor,
labeled Icsp. 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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Pe= Vrms(L—N)Irms cos 8 (3"5)
Q = Vppslms SinG (3-6)

Where ‘0’ is the angle between the voltage and current phasors.

Phase ‘A’ powers: Peop.a = Vemsleqp c0s(—120°) = -—%leca,, (3-7)

Qcap_a = Vrmslcap sin(—120°) = "?Vrmsjcap (3-8)

Phase ‘B’ powers: Peop b = Vemsleap €0s(120°) = —-%V,.mslca,, (3-9)
Qcap b = Vemsleap sin(120°) = ”?Vrmslcap (3-10)
: o Peap . _Peap -
Also: Iegp = = Ty (3-11)

: 1 P 1
Thus: Fgpa=— 2 V-l TTI;E-;I- Y Feap (3-12)

V3 P, 1
Qcap_a = -'{le—Nl \EH‘Z-NI = —;Pcap (3-13)
P = =iyl = = L p (3-14)

cap.b 2 LN Byl 2v3 cap
V3 Pe 1

Qeapp = 5 Winl o2 = S Peap (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 » and negative Qcap_p» 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, Py, Qp) can be written in terms of the power drawn from the load (Py, Qy, Py,
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Qy) and the power of the capacitor added between the two phases.

E, =P _#Pcap_ab (3-16)
Q Qx cap ab (3-1 7)
Py =P+ #Pm_ab (3-18)
Qb - Qy 2 cap_ab (3’19)

in the three phase situation with phases A,B and C being 120° apart with source
powers (Pa, Qa, P, Qb Pe, Q) and load powers (P, Qy, Py, Qy Pz, Q;), the above
equations can be extended as follows:

P, =B - -;—,- Peap.ab + 575 Peap.ca (3-20)
Qa = Qx =5 Peap_ab = 5 Prap.ca (3-21)
P, =P, —;—-f——PcW + 575 Peap.ab (3-22)
Qb = Qy — 5 Peap.bc =5 Peap_av (3-23)
P.=P, —%Pcap_ca + == Peap e (3-24)
Qc = Qz =3 Pap.ca = 5 Peap b (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:

Py = Py =57 Peap_ab + 575 Peap.ca (3-26)
Qa = Qx = 5Peap.ab — 5 Peap.ca = Prap.a (3-27)
Py =Py = 5= Peap b + 575 Peapab (3-28)
Qs = Qy = = Peap.bc — 5 Peapay — Peapp (3-29)
P. = P, = 57 Peap_ca * 575 Peap.bc (3-30)
Qc = Q; =5 Peap.ca = 5 Peap.bc = Peap.c (3-31)

3.2.3 Unbalance Correction Algorithm — Grounded-Wye Connected Load

Thus, for a given unbalanced system, a capacitor combination (Pcap ab, Pcap pes
Pcap_ca, Pcap_a, Pcap_b & Pcap_c) must be found SUCh that

Fo=Py=F (3-32)

Q=0 =0:=0 (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:
Pove = ';'(Pa + Py +Pc)
AF, = Fy = Faye AP, = Py = Faye AF, = F, — Py
Thus:
1 1
AP, = -~ ﬁp cap_ab + 23 Pcap_ca (3-34)
1
AP, p = = % P, cap.bc + mp cap_ab (3'35)
1 1
AF. = - z_ﬁp cap_ca + ﬁp cap_bc (3-36)

To find the combination of capacitors that will result in the transfer of power as
described by AP, APy and AP., a matrix A must be found where:

[APa 1 P cap_ab
AP})] e Pcap_bc
AF, 23 R:ap_ca
-1 0 1
A=11 -1 0
0 i -1

However, for matrix ‘A’ to be invertible, it must have a non-zero determinant:
: Al _q]-1 O0]_,1 O 1 -1)_ . _
Determinant(4) = |4 = -1 °|-o|; S |+1|. T|=-1-0+1=0

Thus a matrix A 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

29



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 AP, AP, and AP, set, there must exist at least one AP, that is
negative (below average) and at least one AP, 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 (V. to V, to V¢ to V, again) reveals which phase
must have zero capacitance.

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

if s=1: Begin at AP, where P, is the only phase with above average
power transfer. Transfer AP, to Pn+1. Then Transfer AP, + AP .4
to phase AP..,. For example:

if AP, >0
Transfer power to the value of AP, to phase ‘B’

Then transfer power to the value of AP, + AP, to phase ‘C’.

ifs=2 Begin at APn.1 where P, is the only phase whose power transfer
is below average; transfer all AP.q to Py Then transfer APp.q
+ APn.2 to Py to result in real power balance. For Example:

if AP, <0
Transfer power to the value of AP to phase ‘C’.

Then transfer power to the value of APy + AP, to phase ‘A’.
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The above controt logic may be summarized into a flowchart. as seen in Figure 16

helow.

start

[ Hnd Py = mMean(Fy, Pe P ]

T T

5 Caloulate AP, = By - By, n=a b

=i

[ Courd s, where s - mo. AP, =0 _]

i
| Prap ca = (AR, H2YE) P pe = (API2NT)

Frnp_br =: (ﬁﬂj(—zt@} Pmp_m X {ﬁpb + ﬂ.&]{}\-ﬁ}
~
v v
Exir Eurt

-Pmp_,rn. = {g!l.ﬂ:}[z'h"ij

Py = (AR J{—243) Prap.ap = (AP, + AP, }24D)

v

Exit

{ Pmp_cu. i mprjizﬁ)

[ -Pcn;l_br = wh-}(z\'ﬁj

-

¥

Exit

Fa = Ty
Frnp_qb =: WEJ[E-";3}

Pras ve = (AP, + AP 1[2VT)

#

an b = [a“pb}(_zﬁ}

v v

Exit Exnt

Figure T8 Copocitor Power Equation Dlowohan

The next step in the algorithm is to calculate the amount of power factor correctian
and wye filtration required 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 carrection is increased to the
value of the smallest phase reactive power, leaving anly two phases with capacitive
reactive power transfer. Wye connected filter levels are then increased an these

phases until all inductive reactive power is removed.
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324 Unhalance Correction Algorithrmn - Non-Grounded Wye or Deflta

Cannected L oad

So far. only grounded wye cannected loads (three phase, four wire networks} have
been dealt with, since this is the more general case. However. a solution may alsc
he found for the nen-grounded wye or delta connected cases. in which no neutral {ar
therefore zero seguence) 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 eguivalent delta cennected lead (since neither have a
neutral connection), such that a voltage source would net be able to see a difference
between the two circuits {12}. The transfoermation eguations. aleng with their proofs
from {12} are given in Appendix A. It should be noted that because of the A-Y
transformation meanticned above, only one cannection type needs to be examined
(the delta connection type} for simplicity. [t would be possible to use a wye
connected filter as either power factor correction ¢r as a delta filter; however, a
sighificant 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 veltage instead

of a line to line voltage). This is demenstrated below:

Faor 100 KNV Ar Capacitor {nominaly:

gL Prm-;.-r)“ . (mnnnn
Wit ToLatAnmE

=
Single Cupacttor fmpedance = ( J = .81

If 100 kVAr Wye connected bank were used for PFL:

Cigure 17 Powor Facior Creracfion with Wye Connectad Capacitns
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Ef fective P 3 r 3 i 33062 VAr  (66% P loss)
gCrit’e £ oW et = = = AT OWET 55
BTN E L 8 d

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

fla

Figure 18: Delta Connection of 2 Wie connected Capacitor bank {non-groumnded)

) . _ {appawery™h _ g1ooopoy Tt
Single Capucitar mpedance = (awr__m) = (3[4nn}2) = 4 {il
fmpedance seent Line fo Line =2 % 72, _ = 9.6

. Vi 4pnf
Iffective Power = aeale el | 16667 Var  (83% Fower loss)

A similar power loss effect is seen with a 30 kKVAr {nominal} capacitor bank and thus,
it would be prudent to wire all capacitor banks inte a delta configuration te 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
harmanic content, in particular, the 3" order harmonic. It shauld be noted, however.
that capacitars themselves do not create harmonics,; they simply amplify pre-existing
harmenics present in the utility grid (13). This phenocmenon may be explained by

examining the equation governing the impedance seen by a voltage source:

X =— G EATE

It can be seen that as the frequency of the applied voltage waveform is ingcreased, so
the impedance of the capacitor for that waveform decreases. This means that a
capacitor presents a lower impedance to a higher order harmonic, resalting in a
larger current flow at that harmonic frequency. Thus, a capacitar simply amplifies the
harmonic content of the voltage waveform placed across it by transforming that
voltage harmanic inta a current harmanic. & large source impedance would 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 harmonic crders that engineers face are called the
Tripler' harmonics and canstitute the 3™, 9" and 15" harmanic orders (14), These
harmanics are a concern because the cansequences of the resultant increased

current flow is cable failure. nuisance tripping and other equipment failure.

it should alse be nated that harmenic generatien is caused by the addition of nan-
linear loads to the utility grid, where a8 non-lingar load consumes a dispropertionate
amount of current to the voltage level as a particular phase cycle is completed. The
mast comman non-linear load is a rectifier. where the diedes of the rectifier conduct
only at the peak of the voltage waveform. Ancther cammon harmonic source is
switch-mode power supplies, where 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 ypaon that the
current balancer hardware wauld consist of 2 maodified versien of a standard power

factor carrection unit,

A standard unit consiste of a series of capacitor banks, each cannected in a delia
fashion and driven by a three phase contactor, this is easily modified to satisfy the
requirements defined in section 3.2, The power facter correction unit must also
cansist of capacitor banks that have individual capacitor cennections {i.e. a tatal of &
connections such that they may be rewired into a wye configuration), One such unit
that satisfies the above requirements 15 one fram Electro-Mechanica (product code:
51500) and is a 500 kVAr systemn consisting of four 100 kKVAr and two 50 KWVAr

capacitor banks.

At least one of the capacitar 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 waould

leave the system at an effective power rating:

LT
= qdaaklAr
SR

PEffEEﬁfUE‘ = 400 =
To compensate for this power decrease. and to maintain the overall power rating of
the system at 500 k'VAr, an extra capacitar bank will be added to the system and will
consist of another standard 100 kVAr bank that will be rewired to a double 50 KWVAr
bank in a wye configuration. The proposed system medifications are outlined in

Figure 15 below.
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Original System i Proposed System

Capacity Function Contactor Capacity Function Contactor

100 kWVAF FPFC 1x 30 ———=F | 100kt L 1x 30

— " 100 kVAr EFG 1% 34

100 kWAr PFC 1x 3P

100 KWAr PFC 1x 30 T | 50 kKWAr PFC 1x 3¢

100 KWAr PFC - 1 x 3¢ i\ 30 kWAr Fi Ix 1
| o ‘ I

50 KVAr : PFC 1% 3¢ \ 100 kWVAr el 31

50 kVAr PEL 1% 3 \ | 50 KVAr Wifye S0 )

50 k\VAF Vilye 3x 10

Adoibia-al Bank  ———— 100 kVAr Wiye 3x 1@

Cigure 18 Hardweare - Mropcsod Modifications

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, oneg contactor for each phase. This
is 80 that each bank may compensate for unhalance on any phase, as required by
the unbalance of the load. It should also be noted that if all three contactors are
closed, each hank then performs normal power factor correction resulting in a power

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:

Femave the tray consisting of the double 50 kKWAr capaciter banks. One of these 50
kKWVA- sections is rewired, along with additional contactcrs to be under single phase
cantral, described in the abowe diagram as a 'della filter’. Here, =ach of the three
phases is controlled by an individual contacter and will require two of those

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

Li=altoroo S0 KWAr
FFC Bank

Adcitional

Comacio s

Fupure 200 Bl - Rewdiodd 50 6 VA gollg Capacior Bank (Bank 4)

Mext, one of the 100kVAr banks is removed and. in the same manner described
abave, is rewired to be under single phase cantrol 1o form part of the delta connected
filter. Note that because each comlactor is used to control a single phase, the phase
current is paralleled across each of the three cantactor terminals. thus reducing the

required contactor size,
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Additional
Contactors

Figure 21 Photo - Rewidred 100 kVAr Dalta Capacior Bardk (Bank 5)

Another 100kWAr 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 connactor terminal for

the neutral point of the wye connection.

Additional Maytral Connection
Contactors Foint

Anditional DIN Rail

Figure 22 Photo - Rewirod 100 £WAr W Capacitor Bank (Bank 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 centrol 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.

Additional
; Meautral Coennestion
Addiitional DIN Rail oA P~
‘ Addiional DIM Rail

Figure 23: Photo - Rewired 2 x 50 kVAr Wye Capacifor Banks (Banks 6 & 7)
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4.3 Contactar Sizing

Each new additional contactor must be rated according to the capacitor size and
therefare current drawn by each capacitor, Capacitor values can be calculated from

their rated three phase power with the equations below:

1

el = {4-1)
] vz
= e ! {4-2)
By
R {4-3}
Banks 1 & 2: 100 kKVAr — 3¢ power factor correction

Fo 100000 = 145 A, per phase where VL._,IJ = 230 {";'ms

= A r—p & FeV—p

Bank 3: 50 kKVAr — 30 power facior correction

£ L0a0d

firges P Lo 725 A per phase where V,_y, =230 V...

Bank 4: 50 k'WVAr - 1d delta filter
Mote: only two of the three connection contactors will be closed

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

i ﬂuppurm.[ = (1rx + ﬂs'ﬂxj = 15(11-
! Pﬁquiwmimt = Pyp + 2 = 25kVAr
1=, == & jo B SO e,
===t 4/ = _‘u"]‘_]‘ e i L
o
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Bank 5: 100 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.
o
Chapmneny = 0L 050 Y= 156,
r—| Pequivaient = Py — 2 = S0KVAr
e
= p= 2 =300 _go54
Y11, A1)
o Csc
o
Banks 6 & 7. 50 kKVAr - 1D Wye filter
_ B3 sooopfad :
DT orfve T zasa(don)r 331 5
I I Papparent = Vz_d = V& 4(2r50)Ciq = 5509 VAr
—r b=t= i
Bank 8: 100 kVAr - 18 Wye filter
_ B rnonongy
I I I Cip = L it L 663.14F

Papparent = = = Viu(2050}C;p = 11020 VAr

i
IZF:4BAFMS
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The following contacter sizes are calculated {(some over rating allowed) as per the

above formuia and tabulated below. Also, note that three phase contactors being

used for a single phase may have their terminals paralleled.

Bank No. inér I Fu-ﬁctiun | Contactor
o1 [reokvar [PFc lgpA-30 |
| 2 100kVAr | PFC i 50 A - 30
|3 SCkvAr | PFC laza-a0 |
= 50kVAr | Deha A _axit
N T e O I
g BOKVAT Wy : SLA -l |
L7 | sokvar | wye . T
8 1G0KVAT | Wiye | 204 — 31D
|

Takle 1: Capacitor Bank Powers and Functions
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5 Simulation: Current Balancer

To ensure that the theory described in the previous sections is gecurate, and tha: the
system will have the desired effect in reality. the system is simulated using the

"MATLAB Simulink” computer simulation package.

51 Capacitor Power Flow Theory

Ta ensure that the equations that were calculated in section 3 are correct, a simple
simutation was set up as shown below to examine the power flow through the

capacitor and its effect on the line currents.

Jatrp—

Akl ]
[ [ -i- el
(I it Lhal

Woliage ana T ...."'E'.":
hizgscramerns

Figre 24 Simiation Schematn - Fower Flow Throwght o Capaciior

The load in the above setup was programmed to have a large impedance, thereby
allowing the power flow measurements that are calcufated from the voliage and
cuirent measurement block toc be influenced by the capacitor power flow onfy.
Voltage waveforms of voltages across and current through the capacitor. €1, are
examinad in detail below:

Lapac tor Tumren vaisus Lina oo ks Yolage

A NT

=
- \
: \\_\]_/ 3 ]

i ; ! ' | !

y 1 o -

| 11 | |
L
IHIl‘\-'.lllﬂl | Ilkﬁl’l | IIII\'J‘IX
1 63 0 045 ThFS aue 0 nes
Ture |£]

Figura 25 Sirmulation Waveform - Capacitor Current Versus Line Voltages
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It can be seen in Figure 25 that the current through capacitar C1 {green waveform)

leads the line voltage across the capaciter (blue waveferm) by 90° resulting in the

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

is now referenced to the line to neutral veltages vV, and Vv, that comprise the line to

line voltage V., the following results are seen:

Capaciter Cunesl Yeisus Line 1o Mealiral Yollages.

Magriude [vA]

SILYTEE

T

L
=
=2
P

Figure 268: Simutation Waveform - Capacifor Current Versus Line fo Neatral Voltages

oa3

(5

b 08

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

120° as predicted in secticn 3.2.1. Figure 15 By tabulating simulation results with

severa| 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 s000 10000
Predicted AP, ~2BE.7 14434 -2RG8E.8
Simulated AR, -2H3.5 14437 -28588
FPredictad APy 2837 14434 28868
Simulated AP, 288 14431 2826
Predicted AQ. -500 -2500 -5000
Simulated A, -&00 -2439 4090
Predictad AQ,, -500 -2500 -G080
Simulated AG, -500 =250 -5

Table 2 Comparison Betwearn Cument Unbalarce Theorny and Simulation
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5.2 Current Balancer Qverview

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:

Fouays Deita
Facto Connectad
COrreCion Fillers
jm————— - —————- Load
| |
I | | I'______l
: 1 I: £ | ‘l::;::l’ i
—a
b J_.::u_, Jd : i
=1 | | —
O . LI . 0 O = : I
u-@lu-—-nh o LY : :: : N 'rv‘m:l-l-:ﬂ
4 g o ; ! . L ; .
S et | | | e | = : '
S ) I I I A T (i e £ == N U iy
I i
s F s ! :' I : :____.. ,__,J_Fr w.‘:fff P dl
Mraseramants) - i ! |T T T? =
| ]
. L+J tbifye
i b Canfectd
[ s FFitas

Figure 27! Bimwiation - Curent Balancer

5.3 Phase Power Calculator

Mext, 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 compenszation capacitor values. Power

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

FE-(E

fril ¥
N LGB
[ >y "I |
Achvep&ﬂeacﬁve L
= —»R =
I:} Lt P .
Feal, kmag Compies ko .[ } > <
i nary Angieh
Fatianes

to Deorees

Figura 28: Phase Real and imaginary Power Calculator
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5.4 Unbalance Level Calculator

To be able to analyze the effect of the current balancer algorithim on the unbalance
seen by the source in the simulation in Figure 28. the level of unbatance is measured
bath 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:

0 | I
Bk
R o > (D)
2 LIrFRarse
wag M Tiain
4ac F1sifive i E
Eal.E1-Y
IFhase s5hei e o] +
Fpgaence I‘.I'Ial!rIEr L
Hegatree [

amgna’ rma

LB

Figure 25 Suniation - Unbalance Calculator

55 Unbkalance Reduction Algorithm

To test the unbalance reduction algarithm, an emhbedded MATLAB function was
created within the simulation that accepted the load real and imaginary powers and
returns the varicus delia filters, wye filters and power factar correction levels. This is

achieved in conjunction with the algerithm set out in section 3.2.3,

[zl
Fo
fia
o
I e Fec 0T
@"‘_" L. FFE—f= uﬁ
Embedded ‘
RIATLAE Furclcend

Figure 300 Simwiation - Unbalance Carntrol Afgocithm Funelion Biock

See Appendix D for the embedded function.
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568 Simulation Results

The current unbalance control block described in the section above (section 5.5) is
canfigured 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 available solution without
allowing the source to see a capacitive load. The algorithm achigves this by scaling
the capacitor values down until the phase with the least inductive load achieves unity
power factor. By running the simulation with several differing lead unbalances and
power factars, the effect of the system on unbalance can be seen in table form
below. An initial test was also performed on the contred algenthm where a purely
real. unkalanced load was placed onto the source. The algorithm returns a zero
value for all capacitive filters as regquired since any capacitor addition would result in

a leading power factor and less efficient energy consumption by the load.

LT 4
L AFilter S5 PEC St
Phase LYA Filter p
[lew] [V AT] (VAT | v ower (kW] [kvAr]
A 122624 o o a 122624 | O
B 78934 i i a 7034 | o
s FOSCECEEUN 3 P - Vet o= '_ ..... et
c 100970 0 f a 00910 ;0
Unhalance 25.00% 25004

Talafe 20 Birmudalion - Seqo inctocianae Food

Takle 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 achiegved.

Whye-
Load B-Filter _"" PFC Saurce
Phase A Filter
[kw] [kiAr] [icwAr] kA Power TkW] [k Ar]
A 122645 15107 15100 D 113918 o
B 78952 15102 15100 0 87717 © O
C 100833 15104 o 15095 100835 ' -140
Unbalance 24.76% 15.04%,

Taltde 4. Simwdation — Inductancs Stanved Load
Table 4 above shaws the simulation resuts of the balancer unit operating on a load
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that is badly unbalanced and is composed of a camplex load. However, the load is

nat inductive enough to be fully balanced by the balancer and enly a partial decrease

in the level of unbalance can he seen,

Load aiter | DY PEC SHEEL
Phase ¥ Filter o
[le¥] [kwvar] [kWAr] [KVAT] ower [kw] [K\Ar]
A 100820 30216 7 22500 . 7790 100818 200
B 10851 45252 _F5s00 13000 ' FEON 100754, -5
4 ; el
C 074 . 2L1ED 17500 0 i TR0 100860 -4
Unbalance 12.80% 0 16%

Taple & Simoloticr - Folly Balopced Lood

It can be seenin Table 5 that a load that is sufficiently inductive for the balancer can

be fully balanced from the source perspeactive.

Load Afilter | ¥e PFC Source
Phase Filter
{kwl fkvar] | DVATL L ag | Power (k] [kVAr]
A 122652 | 4037 3500 0 D 2290 100975 261
B 78923 o300 | 37500, 9 2290 100587 251
C 100885 | 24650 o' 22000 2290 * 00894 30
Unhbalance 20.27% {2,257

Falble G Spmoiation - Maxemir Unbalance Fowar

Table 6 shows an unbalanced load that reguires the maximum capacitor power
available to it by the current balancer (75 KVAr line to line plus 22 kVAr line to
neutral). The load unbalance (20%) reprasents the maximum unbatance that may be
compensated for a lcad of that particular size {average of 100 K\ per phase). As
average load size increases. so the maximum reducible unbalance decreases
proportionally. This propartionality is shown below where load networks of varying
gsizes ara balanced with maximum balancing power. Because power transfer through
delta connected filters accurs only from the leading phase to the lagging phase, the

aptimum 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 21630 kW [{maximum delta
filter power)/(sgrt(3)*2], whilst phase ‘B’ transfers power below average by 21650 kW
and phase 'C' transfers average power. Thig is because all delta filters can he
connectad across one ling to line voltage (phase “AE’ in this case). If the average
phase size in the situation described above is adjusted and the simulation run, a
graph of maximurn reducible unbalance versus load size may be plotted (see Figure
3tk

Toal 30 Load | Rcd e
Unbalance
300 20%
00 13%,
756 | 967%
1000 6.96%
1200 S587%
1500  498%
1700 . 4.22%
T Jpoo | 360%
2200 3.29%
2500 2 50%

Table 7: Simdation - Maximum Reducible Unbalance versus Load Size

Maximum Reducible Unbalance
25.00% W e ST

20 00

15.0005%

10.00%

S.A0%

Raeducible Unbalance [%]

(0121 S—— iz st
0 204 1000 15040 2000 2500 3000

Total Load Power [kKiAr]

Fiqtire 37: Sirmutation - Maximom Reducitie Unbalance Versus Load Size
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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:

8.7.1 Delta Connected Filter:

If only one phase requires compensation:

Power Level 0 1 .

Power [kVAr] 0 25 50

75

If two phases require compensation:

Power Level 0 1 2
Power (Major
Phase) [kVAr] 0 25 50
Power (Minor
Phase) [kKVAI] 0 0 25

§.7.2 Wye Connected Filter:

Any phase may have, simultaneously, the following power levels:

Power Level 0 1 2

Phase Power [kVAr] 0 55 11

16.5

22
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8.7.3 Power Factor Correction:

in unbalance correction mode, the following levels of power factor correction are
available:

Power Level 0 1 2 3 4 5
3® 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 () per wire, or 4.4 Q per phase). This aliows 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 Pholo - Contaelor with Ausidiary Rosistor Wires

To be able to determine the influence of the additional resistive wires, a contactor

switch-in cycle was simulated first without resistive wires. The model is shown below:

poe A 52.-"“""" -
Rz L1 l
1 :|: S

Figlies 33 Sndlalion - Comtactor Swiloh-rahow! Ausiliane Besistive Wires

To ensure that the worst possible case is accounted for, the switch 'S2° was
programmed to cloge at the peak of the voltage waveform. A source impedance of

15 m with inductance of 1 uH was estimated.
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Figure 34 Wavefornn - Current fransient withaut Resisfive Wires

It can be seen that the transient created has a maximum amplitude of 11 kA and

oscillates for approximately 1 ms.
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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 transient 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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Figure 37 Graph - Excoss Imaginary Power of Several Load Sizes Versus Pover Factor

Considering that the proto-type hybrid system may compensate for 500 kVAr of

reactive power, the reactive power far which the unit may compensate is graphed in

Figure 38 below.
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Figure 38 Graph - Available Imaginary Power Compensation of Severs! Load Sizes Versus Power

Factor
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By considering the influence that the hybrid system would have on a utility bill should

it compensate for all of the above imaginary power in accordance with the 'MINI

FLEX’ tariff schadule, the monthly savings achieved is graphed in Figure 38.

Monehly Saving = (Acvesy Choarge » Appurent Powet Saiity)

+ (Regotrive Facrgy Chargef = Compensatcd Bractive Power)
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Figure 38 Graph - Monthly Savings Due to Power Factor Correction Yersus Fower Factor
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By comparing the above monthly savings to the initial capital cost of the system

(RG1,000.00) as described in the hill of materials and costing, attached as appendix

G, the number of months to project break-even may be determined.
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Months to Break-Even
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Figure #0: Graph - Moniths fo Break-Even Versus Power Factor

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 campensate for, may take very many
mare months befare it has reached break-even point. It should also be nated that the
number of months to break-even increases steeply as each graph nears the D36
power factor mark since ng charges are applied to imaginary power beyond this

power factor.

The total value of the project may now be calculated as an annuity present valug
since the monthly savings gained will be approximately equal. The value of the
annuity is calculated according to the number of menths left in the project life after
break-even has been attained. It is estimated that the project life-span is 60 manths

{5 years) - befare the unit's contactars will have o be replaced.
Annuity Present Value = € (@) {6-3)

In the above equation. 1" 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
menthly savings attained, whilst t' is the number of months l&ft of the project life after
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project break-even. |t should be noted that a positive annuity present valug (APV)

indicates a financially viable project whilst a negative one indicates a poor financial

inyestrmernt,

Annuity Present Value
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Figuiree 1 Gty - Fecdcnt Aocaify Crosent Valoe Vorsas Poeor Eagfor

Figure 41 shows that for the 1MWA 1.5 MVA and 2 MY A loads. a positive AFY exists

indicating a financially viable preject. Positive APV's exist also for the 500 kKVA and

300 kWA loads, however, because the unit's full capacity is not being made use of,

the APV is cnly positive If the uncompensated |oads have wery poor power factar to

begin with. For the 500 kK'WVA lcad. a power factor of 087 arwarse is reguired before

the APY becomes positive. whilst a power facter of .77 or worse s required for the

300 kWA load.

Note that at the end of the project life-span, only the contactors will be considered as

‘used since all other compaonents do not degrade with time or usage. 4z a result. a

small additional capital injection could extend the project life-span. thus increasing

the AFY 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:

e The board is readily available
o There is easy access to sample code
e The board provides a stable platform on which to build a system

o Communication and programming software is readily available along with
technical support from MLT 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:

e 32 Bit, fixed point CPU
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On board memory (128KBE flash, ROM)

Serial peripheral interface port

2 USART (Univarsal Synchrongus Asynchronous Receiver Transmitter) ports

12 bit, 16 channel analogue to digital converter

Real Time
Clock Batlery
Backup TR

Q5P Core

Flash Card
Connactor

o

hWodem

Cannector

RS232
DEBUG Port

Interface
Board Connector

Inwarface
Board Connector

Figure 45 Photo - 5P Board. Batforn Side
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As explained in section 8, the DSP board will require an interface card to condition

the appropriate system signals and to act as a port expander for the DSF chip. The

OSF board will interface with the interface card via two 34 pin cennectors, the pin-

auts of which are shown in the below schematic:
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Figure 44 Schemalic — infer-hoard Connectors

The design of the interface board will thus need te céntre 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

ADCING-7

ADCINSE-11

Descriptiﬁn

Analogue to digital converter inputs, for use for current
measurements D=7

Analogue to digital converter inputs, for use for voltage
measurements 0-4

ADCINTZ

ADCINTE-15

’ Analégue to digital converter inputs, spare inputs to be

Analogue to digital converter inputs, for use for temperature
measurement

routed to & connector
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Net Name Description

UART_BUS_POUT3 | UART Communications, Peripheral Transmit (out)

UART_BUS_MOUT | UART Communications, DSP (master) out

SPISOMI SP! Communications, Slave OUT, Master IN.

SPISIMO 8P! Communications, Slave IN, Master QUT.

SPICLK SP! Communications, Clock source

SPISTEA3 P! Communications, Slave Transmit Enable
UART_2_IN UART Communications, DSP Debug Input
UART_2_0OUT UART Communications, DSP Debug Oufput

EM_STOP Emergency Stop input.

WIFI_PIC_RX UART Communications, WIF! PIC Controller Input
WIFI_PIC_TX UART Communications, WIF! PIC Controller Qutput
DSP_PROG '(?ori;;?ned r:?c;?g:sate Program Status of DSP and to Silence
RESET TRIGGER gzsri th::; from Keypad to both MIC Controller and DSP
RESET_IN_PIC Reset line to the MIC Controller, Driven by the DSP

GND D8P board ground connection

+5Y DSP Power Supply, 5 Volts

+12V DSP Power Supply, 12 Volts

-2V DSP Power Supply, -12 Volis

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 Peripherais

The DSP board itself, available from (8), has a multitude of peripherals, some of
which will be useful in this thesis. The board peripherals are detailed below:

o 16 channel, 12 bit ADC inputs

o 3 PWMPorts

o JTAG Interface

¢ Display Keypad Port

e Compact Flash Connector

e Real Time Clock with super capacitor backup
o RS232 Serial Interface port, two channels

o WiFi PIC Microcontroller

e GSM PIC Microcontrolier

¢ DBY Serial Modem Port

o Serial Peripheral Interface (SP1)

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 Muiti-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 |0 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 Dispiay

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 1O’s; 8 data bus lines, an enable line and a
register select line.
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Figure 45 Photo - Liguid Crystal Display

8.1.2 Keypad

To enable the user to view the varigus 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 MLT Drives (9). This keypad was chosen because of its

simplicity, cost and availability.

The keypad consists of 8 buttons (Up, Down, Enter, Menu, On/Stdby and Reset), 5
of which will require microcontraller 10's. The reset button will be hardwired to the

gontroller's reset line.

Flqure 46. Photo - Kevpad
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8.1.3 Communications

The DSP board will have to communicate information to the multi-interface board to
enable the microcontrolier 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 1O’s will be required.

8.2 BMulti-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
e 64 KB Enhanced flash memory
¢ Up to 10 million instructions per second operation

e Two USART ports
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» Master synchronous =erial port with SPI {(Serial peripheral interface) support

« 3 bit CPU architecture

8.2 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.

B.2.1 Board Power Supply

The MIC board will require several voltage levels to be 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 cutpuis. These supply voltages will need to be

conditioned and filtered as follows:
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Figure 49; Schemaliic - Conditioning of +3. 3V Power Snal from +5V Poweor Signal
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8.3.2 Voliage Measurement Signal Conditioning

The system must be able to measure the grid voltages for logging, infermaticn and
safety purposes. Thus the MIC board must accept the grid voltages and conditian
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 Volis, the input voltage
signal must be reduced from 230 Volts {line to neutral) to 3 Yolts (peak to peak} with
a DC offset of half of the ADC voltage (1.5 Volts}. The signal is diven a 1.5 Volt offset
so that the negative half cycle of the voltage wavefarm remains a positive signal far

the DEP's ADC. A potentiometer is added for fine adjustments:
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Figura 51 Schematic - Voltage Signal Canditioning Ciroeiny

It can be seen in Figure 51 that the grid voltage (line ta 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:

Y NEV __ 2/3x230
Max ADC Voltage 3

Required Gain < = (0.00375 (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 MQ, requiring
the differential amplifier to have a resistance of 7500 Q 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 Q, 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:

1.5

0.00285V3 372V (8-2)

Maximum Input Voltagepys, v =

The TMS320F2812 has a 12 bit ADC, vielding 2' (4096) individual digitized levels.
This results in a voltage waveform resolution of:

. Maximum Signal Spread _
Resolution = Number of Digitised Levels (8 3)
Resolution = 372X2V2 _ 0.26 V per bit (8-4)

4096

8.3.3 Current Measurement Signai Conditioning

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 transfarmer as follows:

P=1R (8-5)
10 = 52R
R=040

The maximum valtage developed aver the current transformer is thus;

Vs = Lo R = (50004} = 2 Vg (8-6)
Vopeuw = 242 = 283V (8-7)

r

Thus, given that the maximum allowable voltage is 3 V, the conditioning circuitry

required should have a gain of .5 to allow far 2 1.5 volt offset.
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Figure 52: Schomatic - Current Measuremeant Signal Conditioning

The resolution that the ADC achieves for the current measurements then depends
an what maximum current the current transformer is rated for {i.e. the turn ratio of the
current transfarmer). This rating will be dependent on the lnad size, but resclution
may be caleulated as follows:

70



ADC Volts per Division = ﬁ = 0.73mV per bit (8-8)

Input Signal Resolution = (0.73 x 1073)(Circuit Gain) = (0.73 x 107%)(2)

= 1.46mV per bit
(8-9)
TS d c ¢ Resoluti = (2 X 3) + Load Resistor _ 6+ 04
econdary Current Resolution 7096 = 2096
= 3.66 mA per bit
{8-10)
CT Pri Resolution = CT Secondary Current Resolution A bit]
rimary resotution = 1/CT Turns Ratio per bt
(811}

This means that for a 1500 A to 5 A current transformer with 0.4 Q 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 V. signal, driven by the MIC board.
This means that the MIC board will need a 220 V_y 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 V_y and requires a 12 V drive signal. Thus, an interface
circuit is required between the PIC’s IO 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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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

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 a 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

s0 that excessive woltages are not generated due to coil inductance during shut off.
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8.3.5 Completed MIC Board

Emergency Stop

Cortacter  Relay LED Connectar Valtage Inputs

e N

INpLsS
Figura 54 Fhoto - Completed inferface Board
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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:

e Store system set points in non-volatile memory.

o Monitor the system keypad for button presses, de-bounce button presses.
o Write to the LCD.

o Operate a menu structure for the LCD screen.

o Monitor USART port for communications with the DSP.

e Monitor acknowledge lines from all inputs (contactors).

e Drive relay control signals.

¢ Monitor USARTZ2 port for debug via RS232 to a personal computer.
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9.2.1 Soffware Overview

System Initialization:

Declare Pointers to Register Addresses |
Declars Variables i

kain Function

Initialize Wariables to Initial Valuss
Set up DSF Registers (Comms, 1O
portz, Timers, Watchdog Timer)
Clear all Cutputs

Initialize LCO Screen

Startup Code:

v

LCD

F 3

¥

K.eypad

Check Keypad (de-baunce)

Adjust Menu Level

Write to LCD Screen if needed
Synchronize Outputs according to
‘output tabls’

Check for Faults (to dizplay on LCD)
Check for Emergancy Stop Status
Frocess Background Services

Main Loop:

Interrupt Request

e

Continuous
Loop

Low Priority Interrupt:

UARTT Tranzmit
UARTZ Tranzrmit

High Priority Interrupt:

+ UART1 Receive
UARTZ Regeive

o e s e  rad  rr al ra aad a ola Ta? rad a  lol - i

i o Timer 1 Overflow [10HZ) s« SPI Interrupt

Figure 55: Flowchart - 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 fo initial values whilst all timer registers,
communication channel registers and input/output 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 1O 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).

$.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:

From Main Loop

l

Clear all ‘Bufton Press
Detected’ Variables.

Y
Button Currently Depressed?
N
¥
Decrement Button Increment Button
Temporary Variable Temporary Variable

T 1
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is Button Temporary Variable = 1007
Y

Set Button Pressed Flag = 1

is Button Temporary Variable = 0
And is Set Button Pressed Flag = 17

Y

Clear Button Pressed Flag
Set Button Press Detected

i

Back to Main Loop

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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8.2.3 LCD Menu Structure Flowchart

Figure 57: Flowchart - Menu Structure Diagram for LCD Screen
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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 0x00 (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 O0x21. The operation of the set point editor (screen 0x21) is
illustrated below:

Assume, set point ‘X’ is being viewed on screen 0x20-x

v 1

Screen 0x20-x

Has ‘Enter’ Been Pressed?

1

Jump to Screen 0x21-x

v

L.CD Curser Flashing

Has ‘Up’ Been Pressed?

Qf

Increment Set Point )

Has ‘'Down’ Been Pressed?

.
<
Z

Decrement Set Point 'Y

Has ‘Enter Been Pressed?

?

LCD Curser Off

!

Jump to Screen 0x20-x

Figure 58: Flowchart - LCD Screen Sef point Editor
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8.24 LCD Module Interface and Controf

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 Ves Power Supply - Ground
2 Vg Power Supply — Positive
3 Vo Contrast Adjust
4 RS Register Select Signal
5 RW Data Read/Write
& E Enable Signal
7 DBo Data Bus Line
8 DB1 Data Bus Line
9 DB2 Data Bus Line
10 DB3 Data Bus Line
11 Di4 Data Bus Line
12 DBs Data Bus Line
13 DBe Data Bus Line
14 Da7 Data Bus Line

¢ 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

Table 9: LCD Moduie Pin-ouis

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 controlied by a PiC 10 line.




To save on the number of IO 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 IO 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

A 4

Set 10 pins (ports HO,H1 and D0-7) of PIC to Outputs

A

RS =0, EN = 0, Data Bus = 0x0

A 4

Data Bus = 0x3F, Strobe EN line

k

Data Bus = 0x0C, Strobe EN line

A

Data Bus = Ox01, Strobe EN line

Data Bus = 0x06, Strobe EN line

v

Data Bus = 0xB0, Strobe EN line

Figure 59: Flowchart - LCD Initialization

Put Module in 8 bit mode,
2 line display, 5x10 dot
characters

Display On, Curser Off

Clear LCD

Specify Entry  Mode:
Increment Curser Mode,
No Display Shift Mode.

Sets DDRAM (Display

Data RAM) address to
ZEro.
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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:

Data Bus = 0x00

RS =1

Figure 80: Flowchard - Witing Characters fo LCD Module

Where ‘NN’ represents high and low nibbles of the character byte as shown in the

ASCI table below:
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Figure G1: ASCH latfe for LOD Charactors
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8.2.5 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
0 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), fauit 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: 0x0001 = 0000 0000 0000 0001

Fault Name: High Vap

Condition: Vab_ms > OverVolts set point

Action: Remove all capacitors from utility grid, display “Fault: High V"

on LCD Screen, Log fault, Wait for user to clear fault by pressing
‘Enter’ on system keypad.
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Fauit Code:
Fauit 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:

0x0002 = 0000 0000 0000 0010
ngh Vbc
Vbe_ms > OverVolts set point

Remove all capacitors from utility grid, display “Fault: High Vi
on LCD Screen, Log fault, Wait for user to clear fault by pressing
‘Enter’ on system keypad.

0x0004 = 0000 0000 0000 0100
High Vea
Vea_ms > OverVolts set point

Remove all capacitors from utility grid, display “Fault: High V¢’
on LCD Screen, Log fault, Wait for user to clear fault by pressing
‘Enter’ on system keypad.

0x0008 = 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.

0x0010 = 0000 0000 0001 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.

0x0020 = 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: 0x0040 = 0000 0000 0100 0000

Fault Name: Phase Rotation Error
Condition: (Vb < 0) and (V. > 0) at zero crossing of Vg
Action: 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.

Fault Code: 0x0080 = 0000 0000 1000 0000

Fault Name: Source Over Current

Condition: Any Source Phase Currentrus > Source Maximum Current
Action: 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.

Fault Code: 0x0100 = 0000 0001 0000 0000

Fault Name: Load Over Current

Condition: Any Load Phase Currentrus > Load Maximum Current

Action: 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 Controller Software

The DSP board peripheral functions were described in section 7.3 however, not all of

these peripherals will be needed for this thesis 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.

931 DSP Software Overview
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Figure 62 Flowchart - DSP Software Cverview
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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.

q—ﬁ- Frune Detacor s Pl VOONCH b %
4
% e Ponprammaile
Copmtnr (00

Figure 63: Phase Locked Loop Biock 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, 1s, 10s and 1m) are
set by the 1 kHz interrupt routine.

8.3.2 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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Figure 64: DSP System Clock and PLL Block Diagram (24)

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 SCl and
SPI modules). Each group is run off its own clock source, derived from the CPU
clock source, ‘CLKIN’, and each with its own seftable clock pre-scalar. Taking the
above information into consideration, the clock speeds may be calculated as follows:

SysCLKOUT = XHKINxPLlaider 300900 o 150 x 106 Bz (9-1)
, . SysCLKOUT  _ 150x105 6 .
Hi Speed Clock = — v 25x10°Hz (9-2)

. SysCLEOUT  _ 150%x10% 6
Lo Speed Clock = o Specd Prescaimr = & = 25x10°Hz (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 1kHz interrupt is shown below:

Clock Frequency (9 _4)
Regquired Interrupt Frequency

Timer Cycles =

12.5x10%

2248 = 1250 (9-5)

20kHz Interrupt Clock Cycles =

12.5%10%

1kHz Interrupt Clock Cycles = = 25000 (9-6)

Both timers 2 and 4 will be set up into a contihuous up/down count mode, where the
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tirmer 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 zerg each time, an intarrupt is generated which will then activate the AGC {if
it is timer 2) or increrment time flags (f it is timer 4).

Timer Pericd Register Walue

Timer Countar
Register Value

-

f f f- Time
I I I
I I I

Interrupt Imterrupt Irterrupt

Because the timer counter register must count up to the timer period registar and
down again sach cycle, the process of which must take precisely 1250 clogk 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
penod register must be loaded with a value of 2500042 or 12500,

9.3.3 USART Commurnications and Protocol

To be abie to communicate to the MIC 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 haud rate. The baud rate may be calculated as a function of the
low speed peripheral clock and the BRR hits in the SCIHBAUD and SCILBAUD
registers, as shawn below (25):

LEPCLE  _ Zawin®
Buuel Ruke <8 115Zp0xa

HHHdH::imer = —1=26=0x0014 {Q-T}

This will allow the DSP to transmit bytes of information to the MIC PIC (and vice
versa). Some form of communication pratocol must now be formed such that
particular command bytes yield some desired response from either party. For this
purpose, the cammunication protocol farmed by (9), the DSP board manufacturer,
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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. '

89.3.4 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:

ADCTRLA(11
(AcQ |

—— L
L—o.n SOC puise | SH cloek
Bt a0y - generator | pigoq
N ADCTRL1[T}*0
(CPa=0)

7 » ADCCLK
(ADCLKPsB:a)

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
ADCTRL1[bit 7] will be set to ‘1’ resulting in an ADCCLK frequency of HSPCLK/4 =
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 ADCTRL1[bits 11-8].
This will result in an acquisition time of (17 x (1/6.25x10°%)) 2.72 ps and a conversion
time of (18 x (1/6.25x10°)) 2.88 ps. If 16 signals are sampled at each ADC start of
conversion, then total conversion time is 46.08 ps, 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 ADCRESULTR to adcoffstempin)

\ 2
Increment adcoffs_counter

N
is adcoffs_counter = Ox1FFF (0.41s at 20kHz) ?

Y
Adcoffs{n] = adcoffstemp[n}/65536

”
i

3
Variable[n] = AdcRegs. ADCRESULTn - 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 (2'%. The user may thus set the calibration factor ‘x’
to either increase or decrease the sampled waveform by a factor (x/1024).

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=nxx/1024

\ 4

Square ‘n’ and add to temporary
variable, temp[n].

v
Increment RMS_Counter

Has RMS_Counter reached Ox1FFF (0.41s at 20kHz) ?
Y

Divide temp[n] by Ox1FFF

\ 4
Find sqri(tempin])

\ 4
Update nrys value

A
Clear temp[n], RMS_Counter

]

v

Figure 67: Flowchart - RMS Calculations

9.3.8 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 l,, 1g are calculated with the Clarke transform (see appendix B):

IF=I I (t - —11) (9-8)

F=la(t=3)+1 (9-9)
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Iz =la+1p(t- ) (9-10)

7=l (t=2)+1 ©-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:

I;lag < ‘}Igz"*'fgz (8-12)

Inag = |12+ 157 (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:

Unbalance = Bustlins » 109 (9-14)
RMS
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89.3.6 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

A4 Clear Relays & Standby Mode
N ]

System Status Change Detected? <>Y—> Record New Status

N v

Clear Relays and Control
Variables

Emergency Stop Active and/or System In Standby Mode?

v
Log Status Change
1|

Change in Control Priority Detected? <>Y_, Log New Priority

Clear Relays and Control
Variables

Control Priority?
Unbalance PFC

- Y Y
Calculate Filters Run Mode? Calculate PFC Levels
1 N N e 1
Y No Faults, not In Manual Y
! Set Rel
Set Relays é Vode? é—» Relays
1 i N N f T
Main Loop Main Loop

Figure 68: Flowchart - Main Control Algorithm
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10 Laboratory Setup

Because the hybrid system is rated to 4686 kVAr equal to a line curent of 675
ampetes, finding 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 lasses should a failure occur, as well as a spare 700 ampere breaker
for the unit's connechion, It was decided that the untested unit should undergo its
initial testing in a laboratory enviranment, such that proper test results could be
achieved. For this purpose it was decided to de-rate the unit by adding. in series with
each capacitor bank connection, additional capacitors 8s shown below. A readily
available, three phase connection at the University of Cape Town was a8 25 ampere
per phase connection. It was thus decided to scale the unit to 1 in 30, such that at
fill power the connection will be fully wtilized, Additional capacitor sizes. their
connection and caiculations are shown in section 10.1. It should be noted that to
ensure that all software will operate correctly when the system is placed into a real
industrial environment, each retevant amalogue to digital sample {(currents and
valtages) will be multiplied up by a factar of 30 such that possible overflow errors

plus other miscellaneous errors can be detected.

1801 Hybrid System De-Rating

Each capacitar bank will ke de-rated by adding in series with each phase additional

capacitors as shown below:

A =2 [
Banks 1 & 2 & 5 {Criginal): !J 3 Q
P it Livig Currens = 145 4
A R 230
L Input fmpedanee — T 1.64

Reguired fmpedance — 47610 (L6 » 300

A 3| C
"l ¥
Meziied Banks. [ 5 $ Thus an sddiboral 48 0 capaoifar 58 raguirad on
5 i ¥ each phase,
¢ 1
M= = J— e = 692uf
et T dmfX,. S0 x 46 :
i i i
e 3, |
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A B c

Banks 3 & 4 {Original}: l l
Line Current =725 4
= Il
mis s Input tmpedance = it I i
- o 725
s o ¢ | Reguired mpedance= 960 (3.2 x30)

Modified Banks:

Thusz, ar addiional 93 11 capacilor & required on
each phase;
i 1
Y=g == = 34.3uF
., ;&.# i 2ofX, 2n30 x93 #
i | ;
s———{}—:—+———4f—:—l

Banks & & 7 {Originalj:

Ling Current — 24.2 4
1.3y

23
! I dance = —— =952 4
aput Impeodane s A7

Reguired fmpedance = 28643 (495 = 30)
Thus, an addifional 276 5 O capacitor 8 reguired on

gach phaze:
1 P
i . B = = 11.54F
Modified Banks: nf¥, - IS0 % 93 I
120
5= M.5u
A B C
Bank & (Original): ! ' '
Line furrent =483 4
dance = —— = 476 82
fnmiat hmpedance i5a
Required fmpedence = 1438 (95 x 30)
Modified Bank: Thus, an aoditonal 1538 0 cavacifor is required on
A B C each phase:
' foi = X = : = 23ufF
’ SNl Zeabxiam
?1|- ?31-; Z3
= _[ P m.r
i
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Figure 68, Photfo - Addifional De-rafing Capaciior Barwks

Figure 69 above shows the additional capacitars added to the system as calculated

in section 10.1.

Figure 70: Fhojo - Comection of Addiional Capacitors, Discharge Resistors

Figure 70 shows the connection of ane bank of additional capacitors and their
discharge resistors. The discharge resisters are added for safety purposes, where
the capacitors are discharged after disconnection of the systemn from the utility grid.
The discharge resistors have a resistance of 100 k) and dissipate the capacitor
charge to safe levels (less than 40 valts) within 10 secands of discannection.
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Ciguire 71: Photo - Completed Installaion

10.2 Current Transformer Setup

Originally, the scoftware for the hybrid system was designed such that the current
transformers were divided into two seis, one far the source currents and aone for the

load currents as shawn in Figure 72 below,

R— i s Camverl
L i Transformers Transformens
Zonnection ;
e
i ;
i :
Hybrid |
! Byslam ! r
: Hardware | £
i 2
: —T ; L
1 "
- pEP R ey :
hac
. Ao b Boards

Figive 72 Sypatem Ovenvtew - Sivvent [ransfonmer Placameant
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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.

Cusrrevt
Udety Grid Transfonmers
: rans
LAY LI |
1) ¥
i o - v Cistrend
! ! Transfomes
i .
i
| Hybrid
| Sirstem

P mﬁ’ oo - Logiing

Figure 73 System Ovendew - Mew Current Transformer Flacerstent

This change of placement now means that the unit may be installed at any stage
after the utility 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 lpad instead. The load currents may be
calculated by using Kirchhoff's current law where the sum of ali currents entering a

junction is zero {28}, as shown below.

I.h‘aurfe + JIr,e.:m't o JI1.4:lusr:azt =10 “ D'”

S0 ;Laud = "I.S'Durcr.' FE ;unir {1 0'2}

The =ize of the current transformers required for the lpad also now becomea smaller,
as only the unit's currents are measured (up to 700 amperes) instead of the full load
current. Alse, should the unit be installed oniine, then only the source current
transfarmers 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 will be connected has a
main incoming hreaker of 1680 Ams per phase, with an average load of approximately
45 A per phase. Howewver, a current transformer set with a 400 to 5 ampere
winding ratio were readily available and were small encugh to install into the DB
itself. A load resistance of 0235 ( was chosen for the current transformers because
a 1.175 Vs signal will be generated across its terminals at full current (5 amperes).

This resistance was created with two 0.47 Q resistors in parallel,

Using equations {8-10) and (8-11}:

= {2 x3) = Load Resistor 6+ 0.235
A096 T 4096

£.T Secondury Current Resalutinn

= 6.23 mA per hit

0.00623
1/80

T Primary Resolution = = 0.5 [A per hit]

Figure 74 Fhalo - Maw Distribulion Board. Source Cument 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 into the unit.
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10.2.2 Unit Current Transformers

Because the hybrid system is rated to a maximum of 875 A; per phase, 800 A
current transformers are reguired to be able to measure the units current
consumption. Nete that although real current flow will be one thirtieth of the current
flew when the system is not being de-rated, 800 Ams current transformers were still
installed in preparation for industry trials. To increase the current resolution of such a
large winding ratic, a larger resistance (2.2 Q) was placed across the transformer

terminals resulting in a larger current signat.

Using equations (8-10 and {(8-11}:

CT Secondary C  Resolution L2 X B) = Load Resistor _ 6 + 2.2
COOM AT LRYTER ERAIUTLan T _ -

= 0.66 mA per bit

0.000666

—— =} 107 : 1
17160 .107 [4 per hit]

T Primary Resolution =

Figure 75 Pholo - Uit Current Tranzfonmers

Figure 75 shows that current transformers used to measure the unit's current. These
are installed at the bottemn of the system’s cabinet. Clearly visible are the 22 O load

resistors and signal wires (green and white wires).
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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 Resulls

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 successfuily
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:

Expected Actual
" Power Current Flow
Bank | Filter [kVAr] Phase (100%) Current Flow | Current Flow
{3.3339%) {3.333%)

A 145 4.83 4.9

1 PFC 100 2] 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 s
A 72.5 2.42 2.6

3 PFC 50 8 72.5 2.42 2.6
C 72.5 242 2.6
A 62.5 2.08 2.2

4 A 25 B 62.5 2.08 2.2
C 62.5 2.08 2.2
A 125 4,17 4.2

5 A 50 B 125 4,17 4.3
C 125 4.17 4.3
A 23 0.77 0.9

6 Wye 55 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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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
mA of the expected current flow and, given that the current clamp had a resolution of
100 mA, 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:

Ca_pacitive Power | Source Reactive Load Reactive R eg&?\?: tpzl or Expected Impact
(Line to Neutral) Power [kVAr] Power [kVAr] [KVAr] [kVAr]
5 kVAr 22 28 6 5
11 kKVAr 15 27 12 11
16 kKVAr 11 28 17 16
22 kKVAr 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]
Aleslclals]clalelclale|c
25 kVAr 286 | 269 | 266 | 285 | 276 | 260 | 1 | 7 | & | O | 72 | 72
50 kVAr 281 | 218 | 271 | 279 | 233 | 258 | 2 | 16 | -13 | O | -144 | 144
75 kVAr 296 | 213 | 282 | 295 | 236 | 261 | 1 | 23 | 21| 0 | -216 | 216

Table 12: Impact of Delta Connected Filters on Real Power Flow
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Impact on

Capacitive Power | Source Reactive Load Reactive . Expected Impact
Reactive Power
{Line to Line: BC) Power [kVAr] Power [kVATr] [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] 125 ] 125
50 kVAr 19 4 -5 19 28 1 19 | 0 -24 24 | 0| -25 -25
75 kVAr 19 9 |16t 17 | 27 1 21 |2 -38 -37 10| -375 | -375

Table 13: Impact of Deita 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 Filter

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 EMI. 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.

LED Medule

Ferraus
Toroidal Gore

Figure 76 Photo - LCO Modute Signal Fifter
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11.2 Harmonic Impact on the Utility Grid

(ne of the 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 Transfom of the current waveform.

To determine the impact of different filter types on the current harmonics, a
comparizon is performed for full power factor correction, for full delta compensaticn

and for full wye compensation.

11.2.1 Uncompensated Utility Grid Voltage and Current Waveforms

To be able to make an accurate comparison of the impact of the various filters on the
harmonic content of the voltage and current waveforms, the uncompensated

waveforms are first analyzed below:

EIERAASESS=SSTETENI S SRR F AN

.' oltega
r’r-—" fﬁ i: I,-'ﬁ-.l IHI--"F-"'.II f H'-.I
A/ A S 4 - I' \J
E: Currenk
|

Figure 77 Oscifoscope Trace - Matural Grid Voltage and Current Waveforms

Figure 77 shows the laboratory voltage (blue trace) and current (pink trace)

waveforms without systerm compensation. |t can be seen that both waveforms are
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severely non-sinusoidal and are thus subject to several additional harmanics. These
additional harmonics will be amplified with system compensation, as explained in
section 3.3. The harmanic content of the uncompensated utility grid is shown below
and was attained with the use of the 8334 Qualistar power analyzer from Chauvin-
Arnoux (29).

Vho1 ()1000x (21000x 3:1000x
231.3v 2299v 2313v

+00n* +000* +000°
% & ey
204 ik
3L
Lz
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1 i3]
s

35?911!3151?19212325

v ----“

Figura 78: Harmonic Camposition of e Mafural God Viltages

Ah01 ()1000x &1000x 3 100.0x
42.5a 30.8a 246 4

+000° +00n* +00nre
= E Fa
20 3 “
3L
o »
e —
3 08 7 89 1313 15 718 a1 23 25

m A EERE WO O8N e

Figure 79: Harmanic Composifion of the Natural Grid Curments

Figure 78 and Figure 79 show the percentage composition of the harmanic 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 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

Ta 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:

Woltags

Figure 80: Uttty Gricd Voltage and Currentt Waveform undet Full Power Factor Correction
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Figure 81 Valtage Wavelarm Harmonic Conterd under Full Power Factor Cormotion
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Firpope: B2 Cureent Wavoform Hamonie Content unider Full Power Factor Correchion

Comparing Figure 81 with Figure 78 shows that an increase is seen in the harmonic
cantent of the voltage waveforms. particularly the 57 and 7" harmonic. A comparison
of Figure 82 with Figure 79 shows that an increase is also seen in virtually all current
harmonics, with the largest gain seen in the lower, odd order harmenics. This
increase in both voltage and current harmonics correlate with expectations, as laid

cut in section 3.3
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11.2.3 Impact of Full Deita Fitter Compensation

To determine the impact of delta connected filters on the harmonic content of the
voltage and current waveforms, the system was again placed into manual mode and
both delta filter banks were inserted across phases 'B' and 'C’. The resulting

wavefarms are shawn below {Figure 83);

Figure 83: Utility Grd Voltage and Currerd Waveforms under Full Dolfa Componsation

B ——————
Vhol (O1000x (&1000x (3:1000x

2312v 2300y 231.7v
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Figure 84 Voltago Weavefarm Harmonie Content under Fult Delta Compernisation
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tigure 85 Currerit Waveforrn Harmorne Content under Full Defta Compensation

Clearly visible in Figure 85 above is the introduction of additional harmonics in the
current waveform, when compared to Figure 72. The introduction of even order

harmenics and the amplification of odd order harmonics can be seen.

11.2.4 Impact of Full Wye Compensation

To determing the impact of wye connected fiters on the hammenic 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'.

k%‘”—x;f &x | XJ’“ ﬂg.f-f ~
,i

Figure 86: O=ciftoscape Trace - Grgd Viltage and Current Wavelorrms with 22 kVAr Wye Filter
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Figure 87 Voltage Wavelorm Harmaonic Content under Fult Wie Compensation
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Figure 88: Current Wavelorm Hatmaonie Content under Full Wye Compensation

A small increase may be seen in the phase ‘B’ harmonic content (brown line), mostly

on the 3, 5" and 13" order harmonics.



11.3 Contactor Testing

11531 Auxiliary Timing

As stated in section 5.8, each comtactor is equipped with an  auxiliary
contactorfresistor wire set. This additional set is intended to extend the lifespan of
the main contactor termiinals by reducing the inrush current to the capacitor bhanks.
Te he able to determine the imipact a switch-in cycle an the utility grid current
wavefarm, the timing of the contactarfauxiliary set must be determined. This was

performed by repeated switch-in cycles of a contactar in the following setup:

Sirtact s undar Test

Figtere 880 Bohwamalic - Camtactcr Tes! Sehun (9)

The voltage potential developed across the contactor will thus he the full supply
voltage {12 /) when completely open, half supply voltage (6 V) when only the
auxiliary s clesed and zero wolts when the main contactor i= closed. Repeated
switch cycles were perfarmed and the voltage measured across the contactor under

testwas recorded.

F_m Rta:
| Creange Trace —Volkage

= = o o R . R I LM P S G"EE” —,ECE Cl.lrre'-:

Figure B0 Waveform - Cantactor Tes! 1(89)
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(see point ‘A, Figure 92).
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Graan Trace - Curre::
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Cranga ~rarc —Vatage
Groo- Traoe = Surmoes

It can be seen in all three contactor test cycles (Figure 90 to Figure 92} that some
switch-bounce takes place by both the auxiliary and the main contactor contacts.
This results in the recorded voltage and current waveforms oscillating between
voltage levels before settling. Shown on each test waveform (s the length of time that
lapsed hetween the first auxiliary switch and the last main contact switch, if theze
values are averaged, then the average auxiliary conduction time is 4.2 ms. Figure 92
also shows thal the switch-bounce experenced by the main contactor may be
severe enough to cause the contactor to fully disengage before engaging once again
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11.3.2 Current Wavefaorm Transients

To be ahle to confirm results found in section 5.8, the current waveform of a 100

k'WAr capaciter bank was recorded during 8 switch cycle with a contactor equipped
with auxiliary resistor windings. The schematic of the laboratory test is shown below:

UG i ——

%):"

E3]

ik 1 3 i

|: T i SR |
%1.2 %1.1

[l

Ciguree 9.5 Sehoematic - Current (ransient Test Sefup (%)

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 current

trace igreen trace) has a scale of 1k4 per division.

Maote:
Crange Traoe —Volkage
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Ligure 34 Wenvelonm - Current Transient 1 (8]
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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 Waveform 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 Unhalance Estimation Afgorithm

It can be seen in Figure 108 abkove that the source unbalance level s generally
higher than the load unbalance level, contrary to expectations. As stated previousiy,
a reduction in unbkalance of up to 8 percent may he seen for such a lead size. but
gxpectations lie in the 2 to 3 percent range {depending an phase currents relative to
each other, since to achieve maximum compensation the unit must be able to use all
delta connected filter across ane line to ling voltage). An analysis of the impact of
harmenic content an the urbalance algorithm was performed using computer
simulation software, MATLAB 7 (see Appendix H) and was found to be the causze of
the increase it unbalance shown above. To be able to accurately determine the
impact of the system an the utility grid, the authar cansidered the use of the NEMA

definition (307 of unbalance:

Maximum Deviation from the Mean of (1,,1,.1,)
Mean(i,.1..L)

irnbalance =

P1i=l
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| Unbzalance - NEMA Definition
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Figure 109 abowve shows the impact of the syztem on the source unbalance using the
NEMA definition. An improvement of approximately 2 to 3 percent of the source side
currents may now be seen, hawever. referring to (30), it can be seen that only the
current that is furthest from the average of the three phase currents is acgounted for.
This means that the true impact of the systermn on the supply currents s understated
and another measure of the system’s impact is required. This new measure of
unbalance s calculated by using the real and reactive power flow in each phasze
frefer to Appendix 1) and is thus not directly influenced by harmonic content (since
RS value for current and voltage are used), nor is any phase neglected. Here, the
standard dewviation of the phase real and reactive powers from the average Is used
gz a rativ of the average phasze real and reactive power. The unbalance results.

using this new measure 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

performed. This is achieved by programmming the simulation with a Inad equal to the

average load recorded in Figure 102 and Figure 104 After running the simulation,

the following impact on unbalance was seen;

Source and Load Bnkakbnos Leves

b — L

1 I 1 i i 1 L i i

i oz o3 i 4 (B 0g oy 0g 039 1
Tame (8]

Frgare 1080 Grapt - Sirmdabon of oot ae Unbalance Loeved
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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:

e A hybrid power factor/unbalance compensator unit could be built easily and
cost effectively by modifying a standard power factor correction unit.

o 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.

o 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.

e 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.

e Calculations show that a project based on the hybrid system would be
financially viable subject to load size and load power factor restrictions.

o 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.

s 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 retumed 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 o 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 [).

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

foliows:

e Connect the unit to a full scale, unbalanced load and test the operability of
the system under those conditions.

e 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.

o 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 A-Y and Y-A Transformations

L A-¥ Transformation

Figure: Deita Wye Equivalent Circuits [11]

If it is assumed that R, Ry and R from the delta configuration is known, then if N3 is
not connected in the delta configuration [11]:

. Rp(Ra+R) _ RaRy+RyR
Resistance from Ny to No(4), Riyinz) = Rpll(Rg + Re) = RZ‘*‘:b‘*';c = +bRb :R:

Resistance from Ny to N,(4), Rgyynzy =Ry + R

Thus, Ry + R, = JafbtReRe (44

Rg+Rp+Re
Similarly: R, + R, = 28atfe  (5y  gpg Ry + R, = RaftBaRc (3

Rag+Rp+R, Rg+Rpy+Rc

By adding the two equations (1) and (3), and subtracting (2) yields:

__ RpRg+RyR; . RpRo+RaR. , RRo+RpR.

R R Ri+R,—R,— R, =
1+ R+ Ry 3 2 3 ™ Ra+Rp+R; = Rg+Rp+R; W Rg+Rp+R¢

RgRp
h P LU .
Thus Ry Rq+Rp+R;
.. . RpR
Similarly R, = Py
R.Ry

Ry = —cfa
37 Ra+Rp+R,



i. Y- A Transformation

Beginning with the equations calculated in section I

RaRb RbRc

=27 Ry= ot (2 R
R, + R, +R, @ 27 Ry + Ry +R, 2) 3

R,

Multiplying each equation pair yields:

= Hafife = _FERR _ _RaRpRE _
RiR, (Ra+Rp+Rc)? (4)  RiRy (Ra+Rp+Rc)? ) RaRy (Ra+Rp+Rc)? (6)

Summing all three equations above yields:

RZR,R. + R RER. + R, R,R?

R]_Rz + R1R3 + R2R3 - (R T Rb T R )Z
a [+

)

Dividing (7) by Ry and substituting (1) into the result yields:

RyRy+R1R3+RaR;3 - RC(Ra+Rb+RC) (8)
Ry Rg+Ry+R,

RiRz+R1R3+R:R
Thus: R, =%fetfifathels (o)
1

Similarly, by dividing (7) by Rz and substituting (2), and by dividing (7) by Ra and
substituting (3) yields the equations for R, and Ry:

RiRy + RyR3 + RyR3
Ry = R
2

RyR, + RyR; + RyR
(9) sz 1482 11?33 2483 (10)




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 ° 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 X

"Ph AZAxis

Ph C-Axis ./

Figure: Combination of Individual Phase Vectors to Creale the Resultant Space Vector [10]



The resuitant 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:

- 2 27 47
I = -3-[Ia + I,e'3 + I.e’ 3] (D

Ph C)-Axis’/'

Figure: Resuftant Space Vector in the Slationary Reference Frame [10]

Thus:

L=ig+jig (2

By equating equations (1) and (2), the Clarke transformation is derived.

- 2 2% A
L= |+ he's +1ef 7|
2 2m, . fem dmy . 4w
=3 [Ia + Iy (cos (?) + j sin (?)) + 1, (cos (——3—) +j sm( 3 ))]

So:

— 2 1. V3. 1. 3
Iy = '?:[Ia—ilb tigh—5lk—iFlk



And:

Thus:

2 1 1
’«“3[’a"z"b“§’c]
2[ V3 43
Iﬂ —5[] 71}, —71‘-]
1 2|t =Yy =Y



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, +120° displacement and negative
sequence.”

Positive Sequence:  “Positive sequence components, consisting of three phasors
with equal magnitudes, +120° displacement and positive

sequence.”
Zero Sequence Posltive Sequence Negative Sequence
Ic-l» lb—

lp+
le-

Figure: Decomposed Sequence Veclor Diagrams



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:

Ia 1 1 1 IO
i=11 a* alllt
Ie 1 a a?ll.

LETL
Where a = 1e/3 = ~14 ;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]:

11 1
Determinant(A) =1 a* a
1 a a?

|A|=1IC:12 ;zl—lli :zl-i-lli ﬁt:a‘*—az—a2+a+a-az

But, since a = ejon, thena*=a

|A] = =3a? + 3a
‘A’ Thus has a non-zero determinant and may be invertible.
Finding the cofactor matrix of A [34]:

(a*—-a?) (a=—a?) (a—a?)
Cofactor(A) ={(a—a?) (a*-1) (1-a)
(a=a*) (A=-a) (a*-1)



Thus:

1
" (az—l) (1—a)
i 1
Al= -A—Cofactor(A) =3 a-a? a - a?
i L (1—a) a? -1
a— a* a— a?

But: (Z:;) = (aa_z;_ll) = (aia::ll) =aq (since a* = a™1)
Also: (E)=GS)=i=a=0

11
A'1=§1 a a*

1 a* a

The current sequences can now be written in terms of the current vectors:

] 11 1 1}[l
I = §[1 a a*||h
I 1 a* alll,

Thus, for a positive sequence utility grid connection, the Clarke transformation may
be represented as follows:

1 1 V3 1 3
I+=Ia+]I,B=§(la+(——2'+191b+(_i_]7)1c)
1

1
[o]-|" 2 72 lo
le]7} V3 3|,/

2 T2



Appendix D Embedded MATLAB Function Code

function {Pcab,Pcbe,Peca,Pea,Peb.Poc PFC] = fon(Pa, Qa, Pb.Qb, Pe.Qc)

%% %% %% %% %N % %% %% % %HWNWN U K% W% %N %N W% % %% %% %% WU W% %% %% %% %% N %N WH %% %N % %% % BN %N % %%
% 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 %
Y% % %% % % % % % % % % % % %9 % % % %96 % % % % % % %96 %% % %6 %696 %6 %6 % % % % 96 5696 96 % % % %% % % % % % % % % % % %%

Pave = (1/3)*(Pa + Pb + Pc); % Calculate average real power flow per phase,
deltaPa = Pa - Pave; % Calculate deviation per phase from the mean,
deltaPb = Pb - Pave;
deltaPc = Pc - Pave;

s=0 % Clear all variables.
Pcab =0,

Pcbe = 0;

Peca = 0;

Pea=(;

Peb=0;

Pec=0;

PFC=0;

Seale = 0;

if deftaPa>0 % Find the number of deviations that are above
§ = §+1; % the mean. Because at least one of the deviations
erd % must be negative, 's' must eitherbe 1 or 2.

if deftalPb>0
8= g+1;
end

if deltaPc>0
§=s+1;

end

% Start of actual algorithm

if {8 == 1) % If only one deviation is above the mean.
if deftaPa >0
Pcab = delftaPa’2*(sqr{®)); % Calculate required delta filter capacitors
Pcbe = -deltaPc*2*(sqrt(3)); % According to: Pbc = 2°sqri(3)*DeltaPn
end
if dettaPb >0

Pche = deltaPb 2" (san(3));
Pcea = -deltaPa"2*(sqri(3));
End



if deltaPc >0
Peca = deltaPc2%(sart(3));
Pcab = -dettaPb*2"(sqrt(3));
end
end

fs==2) % If two deviations are above the mean.
if deliaPa <0
Pcbe = deltaPb*2*(sqri(3)),
Poea = (deltaPb + delfaPc)*2*(sqrt(3));
end

if deltaPb <0

Pcca = deltaPc2*(sqrt(3));

Pcab = (deltaPc + deltaPa)* 2" (sqri(3));
end

if deltaPc <0
Peab = deltaPa*2"(sqrt(3));
Pcbe = (deltaPa + deltaPb)*2*(sqrt(3));
end
end

% So that the systern 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 faciors
if ({(0.5*Pcab + 0.5°Pcca) > Qa) || ((0.5*Pcab + 0.5°Pcbe) » Qb) || ((0.5*Pcbe + 0.5*Pcca) » Qo))

% 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°Pcbe - Qb)) && ((0.5°Pcab + 0.5°Pcca - Qa) » (0.5*Pebe + 0.8°Pcca - Qc)))
Scale = Qal(0.5"Pcab + 0.5"Pcca);

End

% if Phase "B’ will be the first phase to enler a leading power factor state, scale untii 'B' is unity power factor.

f (((0.5°Pcab + 0.5'Pcbe - Qb) » (0.5"Peab + 0.5"Pcca - Qa)) && ((0.5°Pcab + 0.5°Pcbe - Ob) > (0.5'Pcbe + 0.5%Pcca - Qo))
Scale = Qb/(0.5"FPcab + 0.5"Pcbe),

End

% if Phase 'C’ will be the first phase to enter a leading power factor state, scale urdii 'C' is unity power faclor.

if {{(0.5"Pcbe + 0.5"Pcea - Qo) > (0.5"Pcab + 0.5"Pcca - Qa)) &8 ((0.5"Pcbe + 0.5"Peca - Qo) > (0.5*Pcab + 0.5'Pcbe - Qb))
Scale = Qo/(0.5°Pcbe + 0.5*FPcca);

end

Pcab = Scale * Pcab; % Scale each capacitor value down if needed.
Pche = Scale * Pebe,

Poca = Scale * Peca,

end



% Calculations for Wye connected Caps:
Pca = Qa - (0.5*Pcab + 0.5*Pcca);
Pch = Qb - (0.5*Pcab + 0.5*FPche);
Pee = Qo - (0.5*Pche + 0.5*Pcea);

if{(Pca>0 && Pcb>0 && Pec»0)

% If 'A’ is the least lagging phase.
if(Pca<Pcb &8& Pca<Pcc)

PFC = Pca;
end

% If 'B' is the least lagging phase.
{Pcb<Pca && Pcb<Pcc)

PFC = Pch,
end

% If 'C' Is the least lagging phase.
#{Pcc<Pca && Pec<Pchb)

PFC = Peg;
end

Pea = Pea - PFG;
Pcb = Peb - PFC;
Pec = Pec - PFC;

end

% Calculate {otal required Wye filter levels.

% If all three wye filters are needed,
% Increase power faclor correction level
% to the minimum of {Pca, Pcb, Pec}.
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Multi-Interface Controller Board Schematics
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Appendix F

Set-point and Data-point Descriptions
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Appendix G

Bill of Materials and Costing



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.

+ T
+ T
Ig —-Ia(t— Z)+I‘B

- T

_ T
I; =—1a(t-z)+1,,

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.

Resuits:
Harmonic Content Nil 50 A 100 A

Harmonic Order N/A 3¢ 3¢
Phase ‘A’ Current 1060 A 1060 A 1060 A
Phase ‘B’ Current 860 A 860 A 860°A
Phase ‘C’ Current 1300 A 1300 A 1300 A
Returned Unbalance 14.64 % 18.1% 16.32 %




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
% algorithr 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_Frequency = 150; % Harmonic Frequency (80 xn)
a_amplitude = 1060; % Phase currents with unbalance

b_amplitude = 860,
¢_amplitude = 1300;

% Calculating vector of instantaneous curent samples

la = a_amplitude*sin{100*pi*t + 0) + Harmonic_Amplitudesin(2*pi*Hamonic_Frequency*t + 0);

ib = b_amplitude®sin{100”pi"t - 2.0044) + Harmonic_Amplitude”sin(2"pi*Harmonic_Frequency™ - 2.0944);
lc = ¢_amplitude*sin(100°pi't + 2.0844) + Harmonlc_Amplitudesin(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 80 degrees back

la_80 = a_smplitude*sin{100°pi*t + 0 + offset) + Harmonic_Amplitude”sin(2*pi"Harmonic_Frequency™t + 0);

Ib_80 = b_amplitude’sin(100"pi*t - 2.0844 + offset) + Harmonic_Amplitude*sin(2*pi*Harmonic_Frequency®t - 2.0844);
Ic_80 = ¢_amplitude*sin(100*pi*t + 2.0844 + offset) + Harmonic_Amplitude*sin(2*pi*Harmonic_Frequency™t + 2.0844);

% Clarke transformation for instantaneocus currenis
i_aipha = {{Ia) - (Iv2) - (Ic/2));

I_beta = (((sqri(3y/2)"1b) - ((sqrt(3)/2)"ic));

|_zero = (la + b + lcy3;

% Clarke transformation for shifted instantaneous curents
1_90_alpha = ((la_90) - (Ib_80v2) - (lc_80/2));

1_80_beta = {({(sar¥{3)/2)"1b_80) - ((sqri(3)/2)*Ic_90)):
1.980_zero = (la_80 + Ib_80 + lc_80)/3;

% Calculate orthoganal components of positive sequence
ipos_alpha = |_alpha - {_80_beta;

Ipos_beta = |_80_alpha + |_beta;

Ipos_mag = sari{mean(ipos_alpha A2 + Ipos_beta.*2));




% Calculate orthoganal components of negative sequence
Ineg_alpha = I_alpha + |_80_beta;

Ineg_beta =|_beta - |_80_alpha;

Ineg_mag = sgri(mean{ineg_alpha.*2 + Ineg_beta.A2));

{_zero_mag = sgri(mean(l_zero.A2)), % Calculate magnitude of zero sequence
Unbalance = 100°(I_zero_mag + ineg_mag)ipos_mag % Calculate actual unbalance.

% Plotting Options for Debug/testing purposes:
%plot(t.la'r tia_80,'D%

plot(t,_alpha,’r" t,1_beta,'b' tI_zero, kY,
%plot(t,i_90_alpha,'c't,l_80 beta 'm'L1_90_zerov);
%pilot(t,ipos_alpha,'r Lipos_beta, b’ t.Ipos_mag. k)
%plot(t,Ineg_alpha,r i.ineg_beta,b' Lineg mag,'K);
%plot(t.Ipos_mag,'r' tineg_mag.'b't,|_zero_mag,'k);



Appendix | 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:

imagkVAr] 4
A
x oooo
¥ B
¥ -y
e {‘X}\ o
d - c
o~
~
-~
~
-
-~
e 3l o
Real [k
Note: eal kW)
AB & C are the location of each phase power.
‘0" Is the location of the average phase power.
v

'd’ is the distance from the origin to 'O’

's’ marks the locus of the standard deviation of

the distances from ‘A", 'B’ and 'C’ t0'O".

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 ‘O’ 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



calculation (using standard deviation from the mean) and the proper method {using
sequence decomposition). For this reason, the test pedormed to caleulate the
maximum reducible unbalance in section 5 of the main document bady is repeated

using the new unbalance calculation method.

. Maxirmum
: Lu;k::jize Unbalance [%]
: [Std Deviation)
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Another unbalance method comparison may be performed where the returnad

unbalance percentages from the two methods are directly compared. This is

achieved by running the simulation with the fallowing load sizes:

FPhasa A: 200000 + x  [W]
Phase B: 200000 —-x W]
Phase C: 200000 W]

Where 'x' is incremented in increments of S000 VWatts. The results from 2ach

unbalance method is recarded and graphed below:

Returned Unbalance [%]
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